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ABSTRACT

Mazzolari, Raffaele 2015. Effects of a 24-week samsession combined endurance
and strength training program on physical performarce and serum hormone levels
in recreational endurance runners. Department of Balogy of Physical Activity,
University of Jyvaskyla. Master’s Thesis in Sciencef Sports Coaching and Fitness
Testing. 90 pp.

Combining endurance (E) and strength (S) loadintgsthe same training session might
be an efficient time-saving strategy for enduraneeners that want further develop
performance thanks to the benefits obtained by raddirength training. However,
performing strength training repeatedly after pngled runs may generate a superior
degree of stress on both neuromuscular and en@osyistems that, especially at high
training frequencies, may compromise long-termnsgitie training adaptations. This, in
turn, might have important implications on endueangnning performance. This study
investigated the longitudinal changes in the acegponses to a same-session combined
endurance and strength training and their influemce the long-term physical
performance and serum hormone levels in recredt@rurance runners.

Eleven male recreational endurance runners (32i&rsyecompleted a 24-week
periodized combined training program consisting@ ikcombined endurance and strength
training sessions (E+S) and 3-4 endurance-onhnitrgi sessions per week. Basal
measurements of endurance performance (Vpeak, ldotate at submaximal running
speed), neuromuscular performance (MVC, 1RM, F500@K1J) and endocrine
function (testosterone, cortisol, GH, TSH and SHB@)e performed in the first week
of training (week 0), after 12 weeks (week 12) amdhe end of the training period
(week 24) under controlled conditions. Acute newsaular and hormonal response to
the combined training session and early recoveas@lwere also assessed in the same
weeks of basal measurements with a specificallygdes training session, before E
(PRE), after E (MID), after E+S (POST) and aftera2d 48 h of recovery.

The combined training session lead to significgm0(05) decreases at POST in
neuromuscular performance (MVC, F500ms and CMJ) boiveek 0 and 24 but not in
power capacity (F500ms, CMJ) at week 12. Signifiq@r0.05) increases occurred in
testosterone, cortisol, GH at MID at week 0, 12 &4 however, a longitudinal
reduction was observed in the acute cortisol antl T&ponse at POST during the
intervention period. Whereas MVC, F500ms and CMdewecovered at 24 h, cortisol
and TSH remained (although not always significgrdigpressed at 24 and 48 h at week
0, 12 and 24. No long-term improvements in neuraulas performance were detected
during the study period. Significant increases pe¥&k (p<0.01) and blood lactate at 15
km h' (p<0.05) occurred in the last 12 weeks of traini8ignificant correlations were
observed between F500ms at MID and Vpeak (r=0.668,05) and F500ms at MID
and blood lactate at 15 kn'lfr=-0.673, p<0.05) but only at week 12.

The present study confirmed that, training streraditays after endurance may lead to
an augmented stress to the endocrine system thattake several days to recover.
Despite minor adaptations, this training design misypede strength and power
development, counteracting the benefits of stretrgihing on endurance performance.

Keywords: combined training, fatigue, recovery, chonic adaptations, strength,
hormones, endurance running



ACKNOWLEDGEMENTS

The present study was carried out at the DepartofeBiology of Physical Activity in
the University of Jyvaskyla under the supervisidrPmfessor Keijo Hakkinen as part
of a bigger research project (doctoral dissertadioMoritz Schumann, M.Sc.). | would
like to express my deepest gratitude to my supenisofessor Keijo Hakkinen for his
guidance and support towards my studies. | woidd Bke to express my appreciation
to Moritz Schumann for permitting me to take parhis project and collect the data for
this thesis. Finally, a sincere thank you is owedlt the people who participated in this

research project. Without their effort, the predéssis could not have been conducted.



CONTENTS
ABSTRACT
CONTENTS
L INTRODUCTION ...ttt ettt e e e e e aneee e 6
2 PHYSIOLOGICAL DETERMINANTS OF ENDURANCE RUNNING
PERFORMANCE ....ooiiiiiiiiitie ettt e e 9
2.1 Aerobic and anaerobic metabolism in enduraec®mpnance ...................... 8
2.1.1 Oxygen’s role: is V&haxreally so critical? ..........cocoevveiiiiieeecenieiin, 10
2.1.2 The dual aspect of the anaerobic contributian..................cccoeeeeeinnnnn... 10
2.1.3 Best runners are those who are more econbmica.............c.ceeeeeveeennne 12
2.2 Neuromuscular characteristics in distance nmperformance .................... 13
2.2.1 Race pace: a question Of POWET ... ccecieiiiiiiee e ee e 13
2.2.2 Are the most explosive runners also the moshomical? ...................... 14
2.3 The endocrine system in endurance and SpAOrpenCe ................cceeevveee 15
3 ENDURANCE AND STRENGTH TRAINING RESPONSES ..................... 17
3.1 Chronic adaptations to endurance rUNNING ce....eeeveeieeeiiee e e e 17
3.1.1 Cardiorespiratory and metabolic adaptatiorendurance running .......... 17
3.1.2 Hormonal adaptations to endurance running.............ccccceeeeeevvveeenennnn. 19
3.2 Acute responses to endurance rUNNING cooceeoeeeeeiieeeeeieeeeein e e 0.2
3.2.1 Acute neuromuscular and metabolic respomsesdurance running ....... 20
3.2.2 Acute hormonal responses to endurance running............cccceeeeevvennnn.. 21
3.3 Chronic adaptations to strength training. .ccccc....ooviveeiieiiiiiie e 22
3.3.1 Neuromuscular and metabolic adaptationsgémgth training ................. 22
3.3.2 Hormonal adaptations to strength training...............coovevvviviiinneeeenennnne 24
3.4 Acute responses to strength training . .occceeeeooooeiieeiiiiiiie e 25
3.4.1 Acute neuromuscular and metabolic respomsssedngth training .......... 25
3.4.2 Acute hormonal responses to strength training.............ccccceeeveeeeiieennnne 27
4 COMBINED ENDURANCE AND STRENGTH TRAINING .......cc.ccoieeannnn. 28
4.1 Underlying mechanisms of concurrent trainingpmpatibility ..................... 29
4.1.1 The chronic hypothesis: from molecules toat@ss...............cccoeeeeeennnnne.. 29
4.1.2 Combined training: a potential source of G@@ming? ...............cccceevvnene 31

4.1.3 The role of fatigue and recovery in the “ifaeence phenomenon”.......... 33



4.2 The effects of strength training on distanaenimg performance .................. 34

4.2.1 Underlying mechanisms of combined traininggrenance enhancement. 34

4.2.2 Optimal strength training design for longtaice runners ...........cc......... 36
4.2.3 Is intra-session combined training desigrebelal for runners? ............. 38
5 PURPOSE OF THE STUDY ..o 40,
5.1 RESEArCN QUESLIONS .......uuiiieii et immmmmmm e ettt e e e e ee e e e e e e ennn s 40
5.2 Research NYPOtNESES ........oiiiiiiii e 40
B METHODS ..ottt e e e 42
6.1 SUDJECES ... 42
6.2 Experimental deSigN .......cooviii i e 43
6.3 TESLING PrOCEAUIES .....vuuiiiiiii e e et e e e et e e e et e e e et e e s enneeeens 44
6.3.1 Basal strength measurements ........cccccccciieieeiiiiiieeeciee e 44.
6.3.2 Acute strength measurements and reCoVerY..............cc.veeeevvviieeeennnnn. 45
6.3.3 ENAUranCe MeaASUIES ............uiiiieeimme e eeaa 46
6.3.4 Venous blood sampling and body composition...................ccceeeeeeennn. 46
6.4 TTAINING ..eteee ettt ettt e e e e e et et et e e e e e e et es e e e e eennnes 47
6.5 StatistiCal aNaAlYSIS ........ooii i 52
7 RESULT S o e e e 53
7.1 ANTNIOPOMEIIY oottt e et e eeennn s 53
7.2 Treadmill runniNg tESt ... .ciiiiiii e eea 53
7.3 Chronic strength adaptations ... e 55
7.4 Acute Strength reSPONSE ......vueiiiieceeee e e 55
7.5 Chronic hormonal adaptations ..........cocccceeviiiiiiiiie e 58
7.6 Acute hormonal rESPONSE .......uiiiiiiieeee e 59
7.7 Acute blood lactate reSPONSE .......ciiceeeeceiiieiiee e 63
7.8 Correlations between the variables ... 64
8 DISCUSSION ...iiiiiiiiiiiee ettt eeeee et e et e e e e e e e eeeeeeeaeees 65
8.1 Changes in acute neuromuscular and hormonadmes ...................cceeeeveeee 65
8.2 Chronic adaptations in physical performanceeamrdbcrine function ............ 69
8.3 Strengths and limitations of the current study..............cccoeeeiiiiinieninnnnnn. 27
8.4 Conclusions and practical applications ......c....ccoooveieiiiiiiiiiinieeeeeeeeiiennnn 73

9 REFERENCES ... 74



1 INTRODUCTION

Distance running is one of the most common typesnofurance activities as well as a
recurring component in many sports. Maximal oxyggrtake (VQmnay has been
generally considered the best indicator of cardoutar fithess and endurance running
performance (Davies & Thompson 1979). In alreadwd@mned runners, however,
other aerobic variables have been demonstratedetanbre sensible indexes of
performance than V&« (Conley & Krahenbuhl 1980; Tokmakidis et al. 1998)

Growing evidence has revealed that neuromuscularacteristics also play a
significant role in determining long distance rumpiperformance (Paavolainen et al.
1999a; Nummela et al. 2006). These results, powesedn increasing interest in
optimizing performance, have kicked off a furtheries of studies based on the effects
of strength training on running performance andtsmphysiological determinants. The
most significant finding was that, when the stréngitining stimulus is adequate in
volume, intensity and frequency, the performanceuohers may benefit even without

observable changes in ¥R« (Paavolainen et al. 1999b; Beattie et al. 2014).

However, endurance training has also been demdedtta be capable to blunt long-
term strength and power development, especiallynwiigh in volume and intensity

(Hickson 1980; Wilson et al. 2012). Differencestraining adaptations may partly

explain this interference. Strength training stinsuproduces, in fact, an increase in
strength and power performance through improvementsoth neural and muscular
components (Folland & Williams 2007; ACSM 2009). @re contrary, endurance

training does not induce significant improvemenntghese variables and, occasionally,
it may also depress some aspects of them (Kraenagr¥95; Fitts & Widrick 1996).

A sort of interference may therefore exist in trenaurrent adaptations to the two
different training programs (Hickson 1980; Nadef@0 This incompatibility may be

further aggravated by the superior stress indugecbimbined training program that, if
too high in frequency, may increase the risk ofrme@ching or overtraining conditions
in the long term (Kraemer et al. 1995; Bell et24100).



Distance runners generally require higher endurarai@ing volume, intensity and
frequency than untrained subjects in order to raanphysical fithess and/or to achieve
highly trained condition. Same-session combinethittyg might then become a useful
training approach in these subjects. Performingnsfth after endurance has shown to
provide advantages in terms of endurance perforenanpreviously untrained subjects,

while this does not seem to apply to the inverselilog order (Chtara et al. 2005).

Despite the lower degree of interference and tipersor tolerance to high volumes and
intensities observed in endurance trained indiviglutae implications that fatigue might
have in determining long-term training outcomethiese subjects should not be ignored
(Hunter et al. 1987; Leveritt et al. 1999). Thegladegree of stress imposed to the body
by this combined training design might in fact reeluif not cancel, the benefits
provided by adding strength training on enduranedgopmance. Today, knowledge of
the effects of same-session combined training olummnce conditioned individuals is
limited. A systematic study of sufficient durati@xamining both acute and chronic
responses would permit to obtain important infororaibout the effectiveness of this

type of training on performance development in eadoe runners.
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RUNNING PERFORMANCE

Endurance exercise can be defined as a cardioasaciivity in which muscles are
exercised for an extended period of time (Joyn&d&le 2008). This definition covers
sports such as cross-country skiing, duathlorg ldistance races, marathons, cycling,

racewalking and rowing, triathlon and ultramarathdRunning is one of the most used

PHYSIOLOGICAL DETERMINANTS OF ENDURANCE

endurance exercise modalities aside from beingtagial part in many sports.

A basic principle of exercise physiology says thaimman body requires a certain
amount of energy to achieve and maintain a spewitick rate for a given duration
(figure 1) (Joyner & Coyle 2008). In endurance tiagnthis capacity is the resultant of

a complicated interplay of many physiological fuoos including cardiorespiratory,

neuromuscular and endocrine components.
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FIGURE 1. Hill's original plot. The horizontal axiepresents the world record performance

time while the vertical axis indicates the averpggformance speed. Men’s running is reported

in the middle tracing and women’s running by th&dma tracing (Joyner & Coyle 2008).



2.1 Aerobic and anaerobic factors in endurance peosfmance

The human body is a sophisticated machine capdhtaresforming chemical energy in
mechanical energy, able to move muscles and jolitts.energy to perform any muscle
contraction is provided by the adenosine triphosph@\TP) which is, in turn,
continuously resynthesized by different energy watfs as fast as it is used (Gastin
2001). The phosphagen (ATP-PC) and the myokinastersy constitute the immediate
energy system. These systems are based on simgai@azth reactions that permit them
to provide energy quickly. The main limitation dfese systems seems to be related to
the limited amount of supply of fuel and build upby-products of metabolism causing
a decrease in the recycling of energy (Gastin 20@&Yycolysis is defined as the
breakdown of glucose to pyruvate, which in turn mbg converted to lactate
(anaerobic) or Acetyl-CoA (aerobic). A large amouwrft power is produced by
glycolysis but not quite as much or as quickly adgsi by the ATP-PC system.
Dependently by the energy rate required, this aysteay be limited by either fuel
supply or by-product accumulation that may impa&rformance before the depletion of
the energetic substrate occurs (Gastin 2001; CabAs). The oxidative system may be
seen as an extension of glycolysis. In the presehogygen, in fact, pyruvate produced
by glycolysis is converted in Acetyl-CoA and funthmetabolized through the Krebs
cycle and the electron transport chain, similadytiiat which occurs with the fatty
acids. While the anaerobic systems are mainly wrealduring intense bouts of few
seconds, oxidative system becomes predominantlaftermore than a minute (Gastin
2001). These energy systems work simultaneouslytla@gredominance of one over

the others is dictated by the characteristics efpitysical activity performed (figure 2).
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FIGURE 2. Relative contribution of the three magmrergy systems to the overall energy

production required for any given duration of maairaxercise (Gastin 2001).
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2.1.1 Oxygen’s role: is V&)« really so critical?

The larger contribution of the aerobic system imglalistance races and the absence of
waste products accumulation have led ;MQ to have a primary role in running
performance (Davies & Thompson 1979). Mg represents the maximum aerobic
power and depends on the cardiac output, total gkyhim as well as its degree of
saturation, the blood flow in the muscles and oryggtraction from them (Joyner &
Coyle 2008). Elite distance runners have genenalyes 50-100% greater than the
ones observed in untrained individuals and incre@sé/O,max generally occur in the
first weeks of training (Daniels et al. 197®yner & Coyle 2008).

However, VQmaxhas been demonstrated not or just minimally rdlatieh performance

in a group of well-trained endurance runners (Le§aese et al. 2005). Despite large
initial gains, the long-term trainability of VM.« is limited and several years of training
have not produced any increase in this value ite elistance runners (Daniels et al.
1978; Legaz-Arrese et al. 2005). These limitatigisess how, despite being a
prerequisite for successful runners, Mg ceases to be a sensible parameter to assess

performance development in the long term (Joyn€rale 2008).

2.1.2 The dual aspect of the anaerobic contribution

Despite a negligible amount of energy is provided dnaerobic pathways during
marathon, it can supply up to 10-20% of total ATBdopiction in shorter distances (i.e.
5/10-km) (Joyner & Coyle 2008). Anaerobic contribot may then become a
determinant factor in those events where runninge pgannot be maintained almost

entirely by the use of aerobic metabolism (Bulbuks al. 1986; Houmard et al. 1991).

A physiological consequence of the use of anaergbycolysis is the increased
production of lactate (Cains 2006). Lactate foromtilepends mainly on exercise and
muscle characteristics (Holloszy & Coyle 1984). ddhiondria concentration and
oxidative enzymatic activity are the main determisaof lactate oxidation during and
after exercise (Holloszy & Coyle 1984). A curvilarerelationship between blood

lactate levels and running distance can be obsdfigeate 3) (Costill 1970).
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FIGURE 3. Changes in blood lactate at differenerdistances. Decreased levels reflect the
diminished contribution of anaerobic glycolysighe total energy supply (Costill 1970).

While lactate by itself may not be detrimental toe tperformance, by-product
accumulation related to the anaerobic metabolissnbeen indicated as muscle fatigue
inductor (Cairns 2006). The main line of actionmedo be through impairment in the
contractile properties of the muscles themselvesr(€ 2006). The latter are resulting
from a reduction in G sensitivity and release associated with a decrigatee ATP
replenishment rate (Cairns 2006). It is clear, thibat a speed corresponding to M

cannot be sustained for more than a few minutggélo% Coyle 2008).

Because lactate production is strictly related whih extent of the use of the anaerobic
metabolism, blood lactate level can be used asuus®rker of exercise intensity and
fatigue condition (Cairns 2006). By the term “laetéhreshold”, we generally refer to a
valuation of a breakpoint on the lactate-velocityve with regard to the intensity of the
exercise (Tokmakidis et al. 1998). This value appnates the maximal sustainable
exercise intensity in function of the degree otdée accumulation. Despite the variety
of methods available to determine this parametes, dorrelations between resulting
lactate threshold and running performance remaongt(Tokmakidis et al. 1998). It is
widely accepted that any rightward deviation of bheod lactate-running speed curve
results in an increased speed at the lactate tice§hokmakidis et al. 1998).

The dual aspect of the anaerobic contribution maless how, to be successful runners,
the goal is not limited to improve the maximum ausible velocity before reaching the
onset of fatigue. It is also important to be aldeptoduce and maintain the required
level of power in those conditions when glycolydind oxidative pathways are highly
activated and muscle contractility may be redu@ahyolainen et al 1999c).
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2.1.3 Best runners are those who are more econbmica

Another reason why V&.«is not a sensitive predictor of running performargecdue to
the existing differences in running economy (RE)agilong distance runners (Joyner
& Coyle 2008). RE refers to the energy consumptbra given running pace and
determines the energy demand required for any fspégpe of effort (Saunders et al.
2004). The variation in oxygen consumption at segigpeed may reach 30% among
runners with a similar aerobic capacity (Conley &aKenbuhl 1980). This inter-
individual variability depends on a plurality of ctars, including anthropometric,

physiologic and biomechanical aspects (Saundeais 2004).

Best runners are characterized by a better REHgdim turn, permits them to run at a
lower relative VQmax (figure 4) (Saunders et al. 2004). The lower redaintensity
reflects in a higher sustainable speed in thosg lasting more than 2 hours (h) (Costill
1970; Joyner & Coyle 2008). At the same time, #duced use of anaerobic glycolisys
for a given velocity may stress the importance Bfdkso in those performance where a
large amount of energy is produced through the afsthis metabolism. For these
reasons, in well-trained distance runners, RE le&#s Isuggested as a better predictor of
performance than V.« (Conley & Krahenbuhl 1980; Saunders et al. 2004).
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FIGURE 4. Comparison of two elit€0-km runners. The first subject has a better mmni

economy than the second at any measured submasqeed (Saunders et al. 2004).
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2.2 Neuromuscular characteristics in distance runmg performance

There is a scientific consensus stating how VO, lactate threshold and RE explain the
vast majority of the variance in long distance running events (Joyner & Coyle 2008).
Nonetheless, there is also growing evidence about the importance of neuromuscular
characteristics in conditioning performance, especially in athletes with similar VOsax
(Paavolainen et al. 1999a; Nummela et al. 2006). This term ‘neuromuscular
characteristics’ refers to the interaction between the neural and muscular system. It
includes the degree of neural input to the muscles, motor wgtuitment pattern and
synchronization, muscle stiffnegsgulation (Paavolainen et al. 1999bAll these

variables are crucial in converting cardiorespiratory capacity into required movement.

2.2.1 Race pace: a question of power

The achievement of a proper race pace is a matorfé@ excel in any running event.
Running velocity is strictly related to the neurcoular capacity to counteract ground
reaction forces (GRFs) generated during the stghsese (Kyrolainen et al. 2001;
Weyand et al. 2010). In running, ground contacet@CT) is short and this limits the
time available to develop the maximum strengthufig5) (Bosco 2002, 325-327;
Weyand et al. 2010). Fast force production capdmtyomes then an essential variable

in defining successful runners (Paavolainen e1239a; Nummela et al. 2008).
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FIGURE 5. Vertical GRF at different running veloe. The magnitude of the GRF increases
with the velocity while the time available to demelforce decreases (Bosco 2002, 325-327).
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These concepts find agreement in Noakes (1988) suggested that muscle power
factors, such as rate and force of cross-bridgeigctmay strongly affect endurance
running performance not allowing the optimum useogrygen. The contribution of

these factors has been described intocael that explains 5-km and 10-km run time,
confirming how the limiting factors in these rungiavents are not solely metabolic in

nature (Paavolainen et al. 1999a; Paavolainen &08Bc; Nummela et al. 2008).

2.2.2 Are the most explosive long distance runatss the most economical?

Rapid muscle contractions are associated with atgrerecruitment of fast twitch
muscle fibers that may increase the metabolic abghhe run anticipating the onset of
fatigue (Roberts et al. 1998). This evidence isewhat conflicting with the importance
of muscle power factors in endurance performanaaved¥er, one must keep in mind

that other variables, than purely muscular, conte aation in determining RE.

Among these aspects, stretch-shortening cycle (H€jency has proven to be an
important determinant in RE and, more generallgueance performance (Paavolainen
et al. 1999b). During running, the elastic compaserf the musculotendinous complex
deform under the load, storing potential energyrduthe eccentric phase to reuse it in
the subsequent concentric phase, acting like aggNicol et al. 2006). This allows

muscle to operate at slower shortening velocifeseducing greater mechanical force

and power output while also using less metabolergn (figure 6) (Komi 2000).
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FIGURE 6. On the left: the 3 SSC phases, EMG ams/and GRFs during running at moderate
speed. On the right: force-velocity curves measuredth both pure concentric actions in

isolated muscle and during SSC at two differentig velocities (modified from Komi 2000).
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The central nervous system (CNS) is determinatitermodulation of SSC. Lower limb
muscle preactivation enhances musculotendinousnesg (MTS), optimizing the
exploitation of stored elastic energy, thanks atsthe contribution of the stretch reflex
(figure 6) (Kyrolainen et al. 2001; Nicol et al. @8). A higher muscle preactivation,
shorter GCTs coupled with a lower electromyograpgtvity during the propulsion
phase have been detected in the faster and masbracal runners (Paavolainen et al.
1999a; Paavolainen et al. 1999c; Nummela et al8RORyrolainen et al. (2001)
observed how these variables vary with running dgeggesting SSC as a mechanism
to sustain higher GRFs. An earlier onset of fatipas been observed in those runners
whose neuromuscular function is dropping (Paavelaiat al. 1999c; Nummela et al.
2008). These evidences stress the importance thurance runners of maintaining an
efficient SSC mechanism in order to produce foa@dly and repeatedly throughout

the duration of the race (Paavolainen et al. 198@enmela et al. 2008).

2.3 The endocrine system in endurance and sport dermance

Hormones are chemical messenger that transmitlsigiaen a cell (or a group of cells)
to another, regulating most of body functions vigeration in cell metabolism.
Endocrine hormones are generally released in thedstream by their own host gland
in response to nervous, chemical or hormonal stifiiremer & Rogol 2005, 1-3).
They can circulate either free or bound with speaifrrier proteins that may alter or
inhibit their actions. Each hormone requires thterection with a specific receptor to
carry out its functions. Once the receptor is bouht leads to a cascade of cellular

events culminating in specific physiological respes (Kraemer & Rogol 2005, 3-4).

Blood hormonal levels do not exactly reflect thdeef induced by hormones on
metabolism. The magnitude and time course of hoahoasponse vary due to
secretion, fluid volume shifts, degradation ratkssue clearance, interactions with
binding proteins and receptors (Kraemer & Ratan2€8%). Nevertheless, the extent of
the metabolic effect of hormones remains principaklated to the number of
circulating hormone molecules that affects the liil@dd for hormone-receptor
interactions (Kraemer & Ratamess 2005). Finallfgsstate and materials availability

exerts a deep impact upon the optimization of ingimdaptations (Hawley 2009).
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Hormones are of primary importance in sport perfomoe, maintaining homeostasis
during exercise and mediating training adaptatmssvell (Kraemer & Rogol 2005, 2;
Kraemer & Ratamess 2005). Glucocorticoids, paridylcortisol, have an important
function in the metabolic control during exercibeough a permissive effect on lipid
mobilization and amino acids metabolism (Kraemer Rbgol 2005, 194-195).

Glucocorticoids may be also involved in the mitootieal biogenesis process in
skeletal muscle (Goffart & Wiesner 2003). At higbncentrations, they may alter
anabolic processes leading muscle hypertrophytamsidompromising strength training
adaptations (Kraemer & Ratamess 2005). Differerastbyte elevations may indicate a

remodelling process occurring in skeletal muscleéter & Rogol 2005, 330-331).

Opposite to cortisol, testosterone promotes strelagid power development through
both neural and morphological adaptations, infliggmpoiervous system and stimulating
tissue repair and muscle growth (Kraemer & Rogdl52(831-334). Most of circulating
testosterone is bound to sex hormone-binding giob{8HBG) (Kraemer & Rogol
2005, 290-293). A decreased percentage of this troerbound to SHBG may reflect an

augmented effectiveness in maximizing strengthgéitiikkinen et al. 1988).

Among its functions, growth hormone (GH) (in the-K2 isoform) promotes muscle
tissue anabolism, in part through the mediatiomstilin-like growth factor | (IGF-I)
(Kraemer & Rogol 2005, 2; Vijayakumar et al. 2018cute GH action stimulates
lipolysis in adipose tissue and skeletal musclepstting the glycogen-sparing action
of cortisol during exercise (Kraemer & Rogol 20882-603; Vijayakumar et al. 2010).

Similarly to cortisol and GH, thyroid-stimulatingphmone (TSH) may affect energy
metabolism, inducing a permissive action on lipidhifization via stimulation of
thyroid hormones (Kraemer & Rogol 2005, 2). Funthere, TSH may also indirectly

promote mitochondrial biogenesis in muscle tissbeffart & Wiesner 2003).

Biological factors as age, gender and circadianiatians influence hormonal
concentrations at rest (Kraemer & Ratamess 20@ickney & Viru 2008). While
emotional and environmental stressors may alsataffee endocrine system, training
characteristics, recovery, nutrition and trainizgerience remain the main determinants
of hormonal responses to exercise (Kraemer & RatarB805 Hackney & Viru 2008).
The consideration of all these variables is of amdntal importance in order to
safeguard the validity of the data in a researofept (Hackney & Viru 2008).
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3 ENDURANCE AND STRENGTH TRAINING RESPONSES

Training adaptations are the result of the longataccumulation of particular proteins
induced by specific exercise stimuli (Hawley 2008¢ute training responses provide
the biological bases for the development of thecifigetraining-induced phenotype
(Kraemer & Ratamess 2005; Hawley 2009). Whereasiéigeee of stress produced by
exercise loadings can be evaluated by the acuteal®e in physical performance, the
anabolic and catabolic processes occurring in respto the training session are mostly
reflected in transient alterations in endocrine ction (Hackney & Viru 2008).
Although a single session of endurance or strefigtining does not generate stable
physiological adaptations, it induces temporaryluta modifications that, when

repeated several times, lead to the specific trgimduced phenotype (Hawley 2009).

3.1 Chronic adaptations to endurance running

3.1.1 Cardiorespiratory and metabolic adaptatiorentlurance running

Long-term endurance training improves performanteseveral ways. Increases in
cardiac output and blood volume are the most evidemdiovascular adaptations
(Joyner & Coyle 2008). Moreover, increases in numded size of mitochondria,
oxidative enzymes and capillary density are geherdserved in the trained muscle
fiber within few weeks by the beginning of an erahge training program (Holloszy &
Coyle 1984; Joyner & Coyle 2008). These physiolagithanges determine the high
VO2max Values observed in endurance runners (Joyner &eCaQ08). The increased
oxidative capacity and capillarization in the skalenuscle also contributes to reduce
lactate concentration at submaximal velocity (Hstp & Coyle 1984; Joyner & Coyle
2008). A rightward shift of the whole blood lactatenning speed curve is a common
adaptation observed in distance runners (figuréRAczek 1989; Holloszy & Coyle
1984; Joyner & Coyle 2008).
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FIGURE 7. Shift in lactate-velocity curves in lodgstance and marathon runners (M). On the

top of each curve there is reported the genddrefunner and year of the study (Raczek 1989).

The positive effects of endurance training on¥Qand lactate metabolism may be in
part mediated by the improvements in RE observeéer &&w months of training in
previously untrained runners (Moore et al. 2012)ede initial gains seem mainly due to
a self-optimization process of running gait (Moeteal. 2012). Differently, long-term
RE development appears to be related with traiexgerience as a consequence of

changes in a wide variety of factors (Saunders. &084; Joyner & Coyle 2008).

Proper training stimulus, length of the traininggnam and training status have been
demonstrated to affect the magnitude of enduraraiaing adaptations (Holloszy &
Coyle 1984; Joyner & Coyle 2008). Few months ointregy are sufficient to induce
significant training gains in previously untrainetners (Daniels et al. 1978; Moore et
al. 2012). Longer periods are instead necessagbserve improvements in already
conditioned runners with lack of progress that megur in those characteristics that are

already at or close to the maximal potential (Dsres al. 1978; Legaz Arrese 2005).

The principle of training specificity indicates abric training as mean to improve in
endurance performance. This may include long digtarperformed at constant pace
(CT) or shorter distance but at high intensity ¢ work (HIIT). There is some debate
regarding which type of training induces larger fpenance gains. HIIT has
demonstrated to be similar or superior to CT inrowvpg cardiovascular and metabolic
parameters in the short term (Helgerud et al. 206iwever, prolonged periods
characterized by many high intensity training sessimay also lead to overreaching
condition (Seiler & Tgnnessen 2009). Combine low aigh intensity workouts in a
periodized manner has been suggested as a goodaappto optimize training

effectiveness while limiting the risk of overtrangi (Seiler & Tgnnessen 2009).
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Running activities do not evoke maximum activatiorworking muscles (Sloniger et
al. 1997). Given the importance of the latter immstating anabolic processes
associated with strength development, regular emsher training practice has no or
little effect on this capacity or muscle size (Kraer et al. 1995; Fitts & Widrick 1996).
High-volume endurance running programs may insteadice atrophy in skeletal
muscle fibers and impair strength and power perémece (Fitts & Widrick 1996).

These neuromuscular changes might be in part celadethe long-term effect of

endurance training on endocrine parameters (Hackhal 2008; Skoluda et al. 2012).

3.1.2 Hormonal adaptations to endurance running

Although moderate distance running has no or justimal impact on resting

testosterone, intensive and prolonged trainingmegi have been associated with a
significant reduction of this hormone (Kraemer &g®b2005, 298-299; Hackney et al.
2008). Testosterone levels of highly trained distanunners can drop up to half of
those observed in their untrained counterpartroflar age (Hackney et al. 2008). This
exercise-hypogonadal condition seems to be a coesegq of both peripheral (i.e.

testicles) and central (alterations in luteinizihgrmone and/or prolactin release)

adaptations occurred in the hypothalamic—pituitgoradal axis (Hackney et al. 2008).

Prolonged strenuous endurance exercise and repphyesical stress have been also
proposed as possible reasons of the elevatedalortifies observed in these subjects
(Skoluda et al. 2012). A dose-response associagbmneen training volume and cortisol

levels has been noticed in amateur endurance rsiffigure 8) (Skoluda et al. 2012).
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FIGURE 8. The plot shows the correlation observetlvben hair cortisol levels and kilometers

run per week in the preceding three months of earthgr training (Skoluda et al. 2012).
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Three weeks of reduced training failed to normaliesting testosterone and cortisol
concentration in male distance runners whilst nérteatosterone levels have been
observed after 36 weeks (Kraemer & Rogol 2005, @&8arinejad et al. 2009). These
data suggest how these alterations in endocrinetitm may be a long-lasting

component of the training adaptation process oggyin endurance runners.

3.2 Acute responses to endurance running

3.2.1 Acute neuromuscular and metabolic respomsesdurance running

Endurance running is a physically demanding agtivdind acute neuromuscular
impairments associated with strength and poweritosgrking muscles are commonly
observed after prolonged events such as marathicol(&t al. 2006). Changes in GRFs
and GCTs reflect deterioration in RE and exercegacity occurring during this kind of
performances (Komi 2000). These alterations apfgede mainly related to a reduced
neural capacity to activate muscles and regulat& Miluced by repeated stretch loads
(Nicol et al. 2006). A nonlinear relationship beemethe duration of exercise and the

degree of neuromuscular fatigue generated hasrixgaed (Nicol et al. 2006).

Some subjects may recover quickly from prolongetiout in other cases alterations in
neuromuscular parameters may last up to one weegklgAet al. 1999; Nicol et al.

2006). Despite a large inter-individual variabiliomi (2000) has proposed a bimodal
recovery pattern, with acute reduction induced bstaholic fatigue (e.g. glycogen

depletion) and a second prolonged decrease aseidth muscle damage (figure 9).
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FIGURE 9. Changes in maximum voluntary muscle @miton (MVC) and maximal rate of

force production in response to exhaustive SSCcesess (Avela et al. 1999; Nicol et al. 2006).
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Changes in neuromuscular performance may also ofmdlowing relatively short
endurance runs (i.e. 5/10-km), although being milden those in longer events
(Paavolainen et al. 1999c; Nicol et al. 2006; Nuranet al. 2008). The higher speed
required to compete at these distances leadsame Use of anaerobic metabolism that
becomes a major source of fatigue (Joyner & Co@lé82. Even though a bimodal trend
may be detected, the limited muscle damage genkbgtéhese performances generally

makes a full recovery can be achieved within twygsd&licol et al. 2006).

Although long distance runs are characterized barge degree of neuromuscular
disturbance, high-level runners have proven tcstdatigue better than low-level ones
(Paavolainen et al. 1999c; Nummela et al. 200&)yekmse in neuromuscular parameters,
especially those related to rapid force productapacity, may even be observed in
these subjects after intense runs (Vuorimaa €08i6; Boullosa et al. 2011).

3.2.2 Acute hormonal responses to endurance running

The overall stress imposed to the body during eserexpressed mainly as a function
of intensity and duration, has proved to strondfga the endocrine system (Bunt et al.
1986; Tremblay et al. 2005). The intensity requidedling the vast majority of long
distance races70-80% VQOnmay evokes significant increases in testosterondjsobr
GH and TSH response already after 30-40 minutesrofing (figure 10) (Galbo et al.
1977; Pritzlaff et al. 1999; Vuorimaa et al. 2008yolonged exhausting runs (e.g.
marathon) may induce a 2- to 5-fold increase inisor (Kraemer & Rogol 2005, 602-
603). A shift to a more catabolic environment hagrb detected after 80 minutes of
running (Tremblay et al. 2005). The decrease itostsrone levels observed after 3-4 h
of running may further accentuate this conditioma@mer & Rogol 2005, 602-603).

Training status may modulate the magnitude of theeahormonal response to exercise
(Bunt et al. 1986; Hesse et al. 1989; Vuorimaa |e2@08). Despite having lower
baseline testosterone levels than untrained caquarterendurance runners showed a
greater acute response to strenuous exercise iansistent manner with a better
capacity to tolerate stress (Hackney et al. 198v)a similar way, subjects who are
already conditioned for endurance show a loweilismrtsimilar or higher GH and TSH
response at the same relative exercise intensimpt(Bt al. 1986; Hesse et al. 1989;
Vuorimaa et al. 2008).
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FIGURE 10. GH responses to 30 minutes runningfédrdint intensities (Pritzlaff et al. 1999).

Exercise characteristics influence also the regotiere course of endocrine function.
While strenuous running bouts may depress testostercortisol and TSH levels after
60-120 minutes of recovery for 24 to 48 h, modesdferts may not necessary induce
prolonged endocrine alterations (Tanaka et al. 198@sen et al. 1991; Daly et al.
2005; Tremblay et al. 2005; Hackney & Dobridge 20Mifferently from what has

been observed for the above mentioned hormonek, iBfegrated GH concentration

does not result affected by a single enduranceitgisession (Wideman et al. 2002).

3.3 Chronic adaptations to strength training

3.3.1 Neuromuscular and metabolic adaptationgémgth training

It is proven that strength training induces impotrtaeuromuscular adaptations in both
short and long term (Folland & Williams 2007; ACSNI09). Improvements in neural
function associated with a variable increase in cleusnass are the most common
changes (Folland & Williams 2007; ACSM 2009). Adgon in myofibrillar protein
isoforms, increases in anaerobic substrates anglreasz buffer capacity may also be
observed (MacDougall et al. 1977; Folland & Willian2007; ACSM 2009). The
magnitude of these adaptations depends mainly ®stilength training characteristics,
length of training program and training statushaf subjects (table 1) (ACSM 2009).
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TABLE 1. Strength training programs characteristicselation to the training goal for novice
and advance subjects. *=in a periodized manmefter main exercise$safter complimentary

exercises’=after high-repetition setésafter low-repetition sets (adapted from ACSM 2009)

INTYENSITY VOLUME REST FREQUENCY
POWER NOVICE 0-60% 1RM 3-5sets/ex |>2-3min'/ 1-2 min?| 2-3 days/wk
ADVANCED 0-100% 1RM* multiple sets* |>2-3min'/ 1-2 min?| 4-5 days/wk

STRENGTH NOVICE 60-70% 1RM / 8-12 reps 1-3sets/ex |22-3min'/ 1-2 min?| 2-3 days/wk
ADVANCED | 80-100% 1RM/ 1-6 reps* | multiple sets* |>2-3 min'/ 1-2 min?| 4-5 days/wk
HYPERTROPHY| NOVICE 70-85% 1RM / 8-12 reps 1-3 sets/ex 2-3min' / 1-2 min? | 2-3 days/wk
ADVANCED | 70-90% 1RM/ 6-12 reps* | multiple sets* | 2-3 min'/ 1-2 min? | 4-5 days/wk
MUSCULAR | NOVICE | 40-60% 1RM/10-15reps| >1-3sets/ex | 1-2min®/<1min*|2-3 days/wk
ENDURANCE | ADVANCED |40-60% 1RM / 10-25 reps*| multiple sets* | 1-2 min®/ <1 min* | 4-5 days/wk

Power training needs high contraction velocity taximize training outcomes (ACSM
2009). Plyometrics can further contribute to powdewvelopment due to its potent
influence on the elastic and neural componentsSiE FACSM 2009). Although some
improvements in maximal strength and muscle sizg & observed, the low to
moderate intensity generally used in this typeraining are not suitable for optimal
long-term gains in these variables (ACSM 2009; Ssezz de Villareal et al. 2010).

High training loads are instead important to maxenstrength gains (ACSM 2009).
Power improvements may also occur with this trajrabove all in previously no or low
conditioned subjects (ACSM 2009; Cormie et al. 20Ithe combination of both
strength and power training stimuli in the samegprn may induce superior gains than
the single training modality alone (ACSM 2009; S&exz de Villarreal et al. 2010).

The large metabolic stress due to the high trainioyime and short rest periods
characterizing hypertrophy schemes may be critcalptimize muscle gains (ACSM
2009). The optimal milieu for hypertrophic develogmhis also favored by the strong

anabolic hormone response evoked by these prodkmmemer & Ratamess 2005).

Strength training, above all when metabolically deding, may even induce minor
improvements in V@nax and endurance capacity in previously untrainedviddals
(ACSM 2009; Lo et al. 2011). These changes maylyaesult from increases in
mitochondrial enzyme activity, muscle fibre capiltation, shift in myosin isoforms
and improvement in buffering capacity observedhiese subjects after few weeks of
training (Tang et al. 2006; ACSM 2009).
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Previously untrained subjects generally achieveatgrestrength gains than already
conditioned athletes showing also a minor degrespetificity in regard to the training
program used (Ahtiainen et al. 2003; ACSM 2009;ieret al. 2010). One of the main
reasons of this behaviour lies in the large degfeeural adaptations that occurs during
the first weeks of training (Folland & Williams 2ZBOACSM 2009).These adaptations
include, but not limited to, a greater motor urgicnuitment and synchronization,
increased firing frequency and enhanced reflexviggt(Folland & Williams 2007;
ACSM 2009). A better intermuscular coordination, aagesult of an improved co-
activation of synergists associated with a redunedktivation of the antagonists, has
also been observed (Folland & Williams 2007). Thelsenges allow increases in both
strength and power without significant changes usale size. Nevertheless, a specific
and progressive training stimulus remains criticaldetermining long-term training
gains (figure 11) (Hakkinen et al. 1985a, b; ACS802).
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FIGURE 11. Effects of heavy resistance strengtlinimg and explosive strength training

programs on maximal isometric force and force-toharacteristics (Hakkinen et al. 1985a, b).

3.3.2 Hormonal adaptations to strength training

Some studies have observed a significant increaskeasal testosterone levels and
testosterone/SHBG (T/SHBG) ratio after strengthining period in athletes and
previously untrained subjects (Hakkinen et al. 13@&ron et al. 1994). However, other
studies suggest how these changes may not always ocmay be a transient response
to changes in training characteristics (volumeenstty) rather than a chronic adaptation
(Hakkinen et al. 1987; Ahtiainen et al. 2003; Krae& Ratamess 2005).
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Changes in resting cortisol may indicate the degfdeng-term training stress imposed
to the body (Kraemer & Ratamess 2005). While ineesahave in fact been observed
after very stressing training periods, chronic expe to strength training generally
reduces or does not affect resting levels of thisrone (Staron et al. 1994; Ahtiainen
et al. 2003; Kraemer & Rogol 2005, 224; Kraemer &dtness 2005).

Strength training does not seem to affect sigmifiiyaresting GH concentration,
stressing the importance of repeated acute respamsuaediator of exercise-induced
adaptations (Wideman et al. 2002; Ahtiainen eR@D3; Kraemer & Ratamess 2005).
Despite the lack of chronic changes in baseline ,T®&hsient alterations have been
observed in athletes after one week of intensengtnetraining, indicating a potential
relation between stress and TSH (Alén et al 199&jd\ik 2011).

3.4 Acute responses to strength training

3.4.1 Acute neuromuscular and metabolic respormssisdngth training

Strength loadings have demonstrated to stronglgctafthe neuromuscular system
(Hakkinen & Pakarinen 1993; Linnamo et al. 1998 (Malley et al. 2009, Walker et al.
2012). Even though temporary increases in stremgith power performance after
repeated muscle contractions may be observed wgmfee conditions, acute strength
training response is generally characterized byiiigint decreases in muscle function
(Hakkinen & Pakarinen 1993; Linnamo et al. 1998,(0dalley et al. 2009; Walker et al.
2012). The magnitude of these impairments dependsnlyn on the training

characteristics that, in turn, determine the amaidinthe metabolic and neural demand
(Hakkinen & Pakarinen 1993; Linnamo et al. 1998;Qdalley et al. 2009). Larger

decreases in maximal strength and rapid force mtomu capacities are related with
“metabolic” strength exercises (e.g. hypertrophizesnes) rather than with “neural”
loadings (e.g. explosive strength training sesgi¢ingure 12) (Hakkinen & Pakarinen

1993; Linnamo et al. 1998; McCaulley et al. 2009wever, the high degree of stress
imposed on the CNS by particularly intense strertgdiming sessions may lead to
significant reductions in neuromuscular performarae well due principally to

deterioration in neural drive to muscles (McCaulgl. 2009; Walker et al. 2012).
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FIGURE 12. Force-time curves measured on isomieigipress dynamometer and blood lactate

in response to maximal strength (MSL) and explo@a®L) loadings (Linnamo et al. 1998).

A reduced acute lactate response to exhaustingisganay be observed after 10 weeks
of high volume strength training program in predlyuuntrained subjects (Kraemer et
al. 1999). This result seems most likely relatedhe cardiovascular and metabolic
adaptations induced by this type of strength trn{Tang et al. 2006; ACSM 2009).
However, not all studies confirm this finding (eAhitiainen et al. 2003). The high
strength level, muscle mass and glycolytic enzyrovity generally characterizing
strength athletes may also induce a greater lastafgnse in these subjects compared
to untrained individuals, above all during exhawgtstrength training protocols (Brown
et al. 1990). However, given the interplay of npl#i factors in determining acute
neuromuscular response to strength exercise, latigdl increase in lactate response

may not necessary exclude improvements in fatiglesance (Walker et al. 2013).

The magnitude of fatigue and the nature of thenimgi stressor affects, in turn, the
recovery time. Whereas two hours seem to be seiffidior a complete recovery after
light and explosive resistance exercise, exhaustegabolically demanding strength
loading may alter strength and power capacity érger than 48 h (Linnamo et al.
1998; McCaulley et al. 2009). However, when higairting loads are used and a
sufficient volume is reached, neural strength trajrprotocols may also lead to a high
degree of fatigue due to central nervous origin @nolonged need for recovery
(McCaulley et al. 2009).
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3.4.2 Acute hormonal responses to strength training

Strength training stresses the endocrine system similar manner to endurance and
parallels in the patterns of acute hormonal respoiis the two different stimuli have

been observed when equated for intensity and durgtigure 13) (Jensen et al. 1991;
Wideman et al. 2002). The anaerobic glycolytic eysstrongly stimulates testosterone,
cortisol and GH release (Kraemer & Ratamess eR@05). Highest acute hormonal
concentrations have been observed in responsepirthyphic schemes while smaller
or no changes occur after neural loadings (Hakk&dtakarinen 1993; Linnamo et al.

2005; McCaulley et al. 2009). The impact of metabstress on the endocrine system
may also influence the length of recovery. Whemashanges generally take place
after neural strength training protocols, metatadljc taxing workouts may lower

testosterone levels during recovery longer thah @8akkinen & Pakarinen 1993).

Training experience has been in part related witlteatestosterone, cortisol and, less
clearly, GH response (Wideman et al. 2002; Kraegn&®atamess 2005; Walker et al.
2013). Some, but not all, studies suggest thamgthetraining practice may increase the
testosterone response to subsequent acute ex@gécagmer et al. 1998; Ahtiainen et al.
2004). Although the effects of strength trainingtbe hypothalamic—pituitary—adrenal
axis is still a topic of discussion, a recent stoflyvValker et al. (2013) found a decrease
in cortisol response after 20 weeks in recreati@adive individuals. Differently, the
magnitude of acute GH response may either increassEmain unchanged after strength
training conditioning (Kraemer et al. 1998; Ahtiamet al. 2003; Walker et al. 2013).
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FIGURE 13. Time course of testosterone in respdans®0 minutes of strengthA) and
endurance q) training equalized for intensity and duration. Mignificant differences were

observed in testosterone levels between the twWerdiit training stimuli (Jensen et al. 1991).
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4 COMBINED ENDURANCE AND STRENGTH TRAINING

Despite some similarities, endurance and strerrgihimg may bring to divergent and
potentially competing neuromuscular, metabolic dmmadmonal adaptative responses
(Chromiak & Mulvaney 1990; Leveritt et al. 1999hé& decades of studying concurrent
development of endurance and strength adaptati@ve mesulted in conflicting
evidence about the chronic effects of this typerofss-training. While no significant
changes occurred in aerobic capacity in most of stiuelies, combined training has
shown to be able to blunt the long-term hypertrotyength and power development
(Hickson 1980; Dudley & Djamil 1985; Hunter et 4B87; Craig 1991; Hennessy &
Watson 1994; Kraemer et al. 1995; Bell et al. 2008kkinen et al. 2003; Glowacki et
al. 2004; Mikkola et al. 2012). This is especidilye when the training volume and
intensity are high and the duration of the combitrathing period is long (figure 14).

However, other studies found no or just minimal @nments in strength outcomes after
combined training (Sale et al. 1990a; McCarthyletl895; McCarthy et al. 2002; de
Souza et al. 2013; Cantrell et al. 2014). Thestemihces suggest that, even if the
combination of the two different stimuli may limdptimal strength gains in some
circumstances, this does not always imply a higjreke of incompatibility between the

two different programs.
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FIGURE 14. Maximum strength development (1RM) isp@nse to strength (S), endurance (E)
and high-volume combined (S+E) training periodd @fveeks (adapted from Hickson 1980).
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4.1 Underlying mechanisms of combined training inampatibility

4.1.1 The chronic hypothesis: from molecules toclass

From a molecular standpoint, endurance and stremgihing lead to increase muscle
protein synthesis through different intracellulagnsiling pathways, the activation of
them is in turn dependent to the type of exerceséopmed (Nader 2006; Hawley 2009;
Fyfe et al. 2014). The PIBK/AKT/mTOR pathway is smered a main mediator for
contractile muscle accretion in response to sttetrgining stimulus, by regulating both
protein synthesis and degradation (Nader 2006; ejw009; Fyfe et al. 2014).
Adaptations to endurance training (i.e. mitochoaldbiogenesis) have been instead
associated with the activation of the 5’AMP-actaprotein kinase (AMPK) signaling,
a master regulator of cellular homeostasis (NaG662Hawley 2009; Fyfe et al. 2014).
Being regarded as an energy stress sensor, a lcfus@ion of AMPK is to inhibit
cellular processes that lead to energy consumptiohstimulate those leading to energy
production in response to decreased energy leetdted to muscle contraction (Nader
2006; Hawley 2009; Fyfe et al. 2014).

In this regard, a sort of incompatibility betwedre tdifferent signaling networks has
been proposed (Nader 2006; Hawley 2009). AMPK atitwm might in fact suppress via
crosstalk at several steps in the PISK/AKT/mTORhpaty, potentially resulting in a
blunt muscle hypertrophy in the long term (figurg) INader 2006; Hawley 2009).
However, limited evidence supports the applicapiit this model on humans. MTOR
phosphorylation and myofibrillar protein synthesiay not necessarily be reduced after
acute combined training session (Fyfe et al. 20R\)en if a sort of molecular
interference occurred, the very short-lived AMPKiation would have a negligible
effect on the net muscle protein accumulation betwteaining sessions (Lundberg et al.
2014). Furthermore, long-term anabolic gene expesnd muscle development seem
not to be affected by 5 weeks of combined traimegjmen (Lundberg et al. 2014).

These discrepancies must be contextualized in bfjlthe complex interplay existing
between the different molecular mechanisms and iimdét of potential training

variables that condition both endurance and sthemgtining adaptations. For these
reasons, the “AMPK-PKB switch hypothesis” cannoulsed as an ultimate explanation

of the interference phenomenon (Fyfe et al. 2014).
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FIGURE 15. The proposed model of interference bebsée different signaling pathways that

mediate skeletal muscle responses to strengthrahdance training stimuli (Nader 2006).

Although endurance and strength training may deinates similar trends in muscle
fiber type conversions, specific differences existween the two different training-
induced muscle phenotypes. The combination of Iatiming stimuli into the same
program could then alter the characteristics oftraatile proteins respect to single
training modes (Chromiak & Mulvaney 1990; Levegttal. 1999; Nader 2006). The
majority of the studies found no or just a mininadteration in the fiber distribution
pattern between combined training and strengthitrgionly (Nelson et al. 1990; Sale
et al. 1990a; Kraemer et al. 1995; McCarthy e28D2). Nevertheless, Putman et al.
(2004) observed how a greater fast-to-slow MHC asof transitions occurred when
both types of training are performed in the sanmgm@m. In the same study a 2- to 9-
fold increase in the size of the type | musclershafter strength training only compared
to combined training was also observed (figure T lack of hypertrophy of slow-
twitch muscle fibres (observed also in Kraemerlei@95; Bell et al. 2000; McCarthy
et al. 2002) and, to a lesser extent, slower mugme phenotype have been associated
with the reduced long-term strength developmeneniexl after this type of training
(Kraemer et al. 1995; Bell et al. 2000; Putman.e2@04).

In line with the principle of training specificitysome authors have suggested that
skeletal muscle cannot adapt metabolically or malgdically to both strength and
endurance training simultaneously (Kraemer et @85] Leveritt et al. 1999). Despite
some evidences may support this hypothesis, the thégning volume and frequency
characterizing most of the above mentioned resestroild be taken into account when

studying muscle adaptations and, more generalmpared training incompatibility.
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FIGURE 16. Change in CSA of type | fibers in respoto different 12-week training programs.

No increase occurred after combined strength addrance training (Putman et al. 2004).

4.1.2 Combined training: a potential source of tred@ming?

The augmented stress resulted from the summatigheofwo different training loads
may lead to an interference effect due to the rattant of overtraining condition
(Chromiak & Mulvaney 1990; Nelson et al. 1990; Kre et al. 1995; Leveritt et al.
1999; Nader 2006; Wilson et al. 2012). This hypsthés supported by evidences from

both neuromuscular and endocrine perspective.

Despite an initial normal development may be olegnstrength performance may
result impaired after 6-8 weeks of combined tragnprograms when high training
frequencies are used (Hickson 1980; Dudley & Djad®B5; Hunter et al. 1987,
Hennessy & Watson 1994; Kraemer et al. 1995; Bedll.e2000). An increase in basal
cortisol levels has been also observed after 6-8kweof high-frequency combined
training (Kraemer et al. 1995; Bell et al. 2000heTlarger catabolic environment has
been related with the blunted long-term musclensgtite and hypertrophy observed in
these studies. Specifically, high cortisol levedsra to contribute enhancing the rate of

catabolic events in slow twitch muscle fibers (Kres et al. 1995; Putman et al. 2004).

On the contrary, low-frequency periodized combitrathing programs<3 sessions per
week) have shown to avoid significant impairments strength and hypertrophic
adaptations without increasing in catabolic hornsofMcCarthy et al. 1995; McCarthy
et al. 2002; Hakkinen et al. 2003; Glowacki et 2004; Shawn & Shawn 2009; de
Souza et al. 2013; Mikkola et al. 2012; Cantrekle2014). Furthermore, type | muscle
fibers characteristics do not seem significanttgrald at these frequencies compared to
strength training performed in isolation (McCarttyal. 2002; Hakkinen et al. 2003).
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However, in most cases fast force production caypaesults still significantly impaired
similarly to what observed at higher frequencidgufle 17) (Hékkinen et al. 2003;
Glowacki et al. 2004; Mikkola et al. 2012). A reedcneural capacity to rapidly
activate the muscles as response to combinedricaimas been proposed as primary

cause of blunt power development (Leveritt et 889, Hakkinen et al. 2003).
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FIGURE 17. 21-week low-frequency combined endurarge strength training program versus
strength training alone. No differences occur in MYetween the programs while long-term

power performance results impaired in the combingiding group (Hékkinen et al. 2003).

A recent meta-analysis has indicated that the nhadmiof the interference response on
neuromuscular adaptations is mostly influencedHhsy ftequency and duration of the
endurance component (Wilson et al. 2012). A subsstgstudy found how, when

strength training component remains unchanged aedald frequency is maintained

relatively low, the ratio between the endurance stnehgth training volumes is directly

related with the degree of interference (Jonesl.eR@l3). These findings seem to
provide more support to the hypothesis of physiclgncompatibility tharto the one

of overtraining.

A solid opinion concerning the role of overtrainimgdetermining training interference
is missing due to the paucity of studies focusingtlze contribution of the endocrine
system in this phenomenon. Whereas a prolongedhaatecondition is undoubtedly
harmful for strength gains and hypertrophy, thesenee of some aspects of combined
training incompatibility also at low training fregncies reinforces the idea that
endurance training stimulus might be an independaator in limiting long-term
strength development (Hakkinen et al. 2003; Mikketlal. 2012).
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4.1.3 The role of fatigue and recovery in the ‘“ifeeence phenomenon”

Combined training-induced strength impairments Hasen observed to be specific for
the muscles activated (Hunter et al. 1987; Craigl.e1991; Hennessy & Watson 1994;
Kraemer et al. 1995). These results point out trenlynlocal action of combined
training incompatibility suggesting a potentialtical role of peripheral fatigue in the
development of this phenomenon (Craig et al. 19%Veritt et al. 1999). Endurance
loadings, especially when prolonged and/or interm®duce acute decrements in
neuromuscular performance (de Souza et al. 2087 ¢ombined training program,
these decreases, if not totally recovered, may tead reduction in the quality of
subsequent strength training sessions that, ifmetatly repeated, may in turn affect
optimal strength and power development (Leveritaket1999). From an endocrine
perspective, endurance loading may blunt the faligwstrength-induced acute GH
response when the two different loading are peréatrin the same training session
(Goto et al. 2005; Schumann et al. 2013; Schumaral. €2014a). Moreover, when
endurance precedes strength (E+S), depressed téuelstosterone have been observed
up to 48 h after combined training session (Schumetnal. 2013). These prolonged
alterations have been speculated to reflect a mupgiress imposed on the endocrine

system by this loading order (Schumann et al. 2013)

Although E+S order may negatively affect muscleuntdry activation in the long term,

no impairments in strength gains and muscle mase baen generally noticed in

previously untrained subjects when moderate trgimensity, volume and frequency
were used (McCarthy et al. 2002; Shaw & Shaw 2@&nd et al. 2014). Under these
conditions, relatively large adaptations seem tupcegardless of the timing of the two
different stimuli or their order (Schumann et @12a; Schumann et al. 2014b; Eklund
et al. 2014). Moreover, the altered testosterospamese observed during recovery from

E+S was almost normalized after 24 weeks of trgif®chumann et al. 2014a).

Differently, intense or exhausting loadings perfedrin the same training session, or
even in the same day, may exacerbate the traintegérence even when the frequency
is low, with the source of fatigue that may be bogural and metabolic in nature (Sale
et al. 1990b; Craig et al. 1991, Chtara et al. 20@8dberg et al. 2014). However, the
superior degree of residual fatigue related tonsgeor exhausting endurance training

protocols may not necessary lead to impairmenteiuromuscular performance.
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No loadings order effect on strength developmerst Ib@en in fact detected at high
training intensities if the frequency is kept lo®@oflins & Snow 1993; Chtara et al.
2008). It has to be noted that, differently fromawhas been observed at higher training
frequencies, the hypertrophy development does ppea to be affected by these
training protocols when the frequency is maintaihed irrespective of the loading
sequence (Sale et al. 1990a; Sale et al. 1990ky&hkt al. 2008; de Souza et al. 2013;
Lundberg et al. 2014). The resultant between thesase overall stress in response to
the training session for the benefit of an augnkrkeration of recovery between the
different training sessions has been proposedpasemtial explanation of these findings
(Fleck & Kraemer 2014, 152-154). The normal inceeesmuscle hypertrophy and its
contribution on strength performance might in tesplain the physiological strength
development observed in some studies despite tkenged occurrence of neuronal

and/or molecular interference (Folland & Willian@0Z; de Souza et al. 2013).

Finally, careful considerations concern the diffgréraining modalities. The lower
fatigue associated with a moderate and prolongestclawstimulation occurring during
cycling is compatible with the lower degree of r@uuscular impairment observed
with this training modality (Gergley et al. 2009;ilgén et al. 2012). Differently, the
superior neuromuscular fatigue and muscle damageacterizing prolonged runs

seems to exacerbate the interference phenomenogl€¢¢2009; Wilson et al. 2012).

4.2 The effects of strength training on distance mning performance

4.2.1 Underlying mechanisms of combined trainindgrenance enhancement

In the past, strength training was not common amdistance runners because of
concerns about possible side effects of musclesgaincapillary density, mitochondrial
and enzymatic capacity (Yamamoto et al. 2008). &lth earlier studies seemed to
confirm this hypothesis, latest evidence has shtwat strength training may even
increase oxidative enzymatic function in previousttrained individuals (Tang et al.
2006). While the high level of endurance conditgnimpedes further improvements in
aerobic variables in endurance runners after coeabtraining, it has to be noted that

neither adverse effects have been found in thebgeds (Hickson et al. 1988).
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Similarly, the majority of studies conducted so Fave not detected any significant
effect induced by combined training on W development when compared to
endurance training alone (Hickson et al. 1988; Blaaiven et al. 1999b; Millet et al.
2002; Spurrs et al. 2003; Turner et al. 2003; Sarmdt al. 2006; Mikkola et al. 2007,
Staren et al. 2008; Guglielmo et al. 2009; Berrymeaial. 2010; Ferrauti et al. 2010;
Barnes et al. 2013; Sedano et al. 2013).

The improvements observed in strength performanaesponse to combined training

have been almost entirely attributed to neural tadegms to the strength training

component and no significant increases in totalykat muscle mass occurred in most
of the studies (Hickson et al. 1988; Paavolaineal.e1999b; Millet et al. 2002; Spurrs

et al. 2003; Turner et al. 2003; Saunders et &628taren et al. 2008; Mikkola et al.

2011). However, small increases in the size of tfen trained muscle have been
occasionally observed (Mikkola et al. 2007; Taipateal. 2010). The lack of muscle

gain may be the result of a combination of sev&elors. These include the relative
short length of the studies (6-14 weeks), no hypphy-specific training design and

potential interference effect related to the highining volume and frequency used in
these studies (Millet et al. 2002; Taipale et alL@,.

Despite being potentially lower than those gengraliserved during strength training
isolated, the neuromuscular improvements obsenftel @ombined training may
improve RE and endurance performance without nacgsaffecting VQnax (figure
18) (Hickson et al. 1988; Paavolainen et al. 19%8itiet et al. 2002; Spurrs et al. 2003;
Saunders et al. 2006; Stagren et al. 2008; Gugliatral. 2009; Berryman et al. 2010;
Taipale et al. 2010; Barnes et al. 2013; Sedaral.€2013; Ramirez-Campillo et al.
2014). The enhanced neuromuscular characteristiag atso indirectly affect the
contribution of anaerobic glycolysis at submaximalocities (Rgnnestad & Mujika
2013). Some studies report no or little changénelactate threshold in runners, above
all when it is calculated as percentage ohMQ(Hickson et al. 1988; Paavolainen et al.
1999b; Stgren et al. 2008; Ferrauti et al. 201@weler, substantial increases in
velocity at lactate threshold have been observeaimiiion et al. 2006; Mikkola et al.
2007; Guglielmo et al. 2009). Improvements in aobierrunning power have been also
reported after combined training, potentially poirg additional benefits to endurance
performance (Paavolainen et al. 1999b; Mikkolal.e2@07).
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FIGURE 18. Probable interconnected mechanismsaffett endurance running performance

during combined endurance and strength trainingnegs (modified from Beattie et al. 2014).

4.2.2 Optimal strength training design for longtaince runners

Given the positive effect of strength training arderance performance, several studies
have been designed in the attempt to determindisé strength training strategy to
optimize these outcomes. Heavy strength trainiregmams have been speculated to
improve RE and delay the onset of fatigue mainlg &iteration in neuromuscular
recruitment pattern (Hickson et al. 1988; Tanak&w®ensen 1998; Millet et al. 2002;
Bonacci et al. 2009; Rgnnestad & Mujika 2013). Aarease in strength and power of
the slow twitch muscle fiber may in fact postpohe tecruitment of the more fatiguing
fast twitch fibers at submaximal velocities. Thigght in turn decrease the amount of
muscle mass activated, permitting a “reserve” ghhintensity that can be used for
some short sprint phases at the right time duriogpetition (Tanaka & Swensen
1998). Some researchers hypothesized how fatiguerndimants may be further
influenced by the myosin-isoform transition indudey strength training (Tanaka &
Swensen 1998; Yamamoto et al. 2008; Rgnnestad &kM®2j013). However, to date,
there is no evidence about this shift within muditlers isoforms in endurance runners

who integrated strength training into their runniogtine.
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The principal way on which explosive type of strdngraining may affect running
performance seems to be via increased muscle totiveate and changes in MTS
regulation (Spurrs et al. 2003; Mikkola et al. 2p0Fhe first study using this kind of
training in endurance runners pointed out the irgyare of high velocities and reaction
forces to develop endurance performance (Paavol&nal. 1999b). Subsequent studies
confirmed this approach, also emphasizing the itapoe of plyometric component in
the optimization of training outcomes (Spurrs et28l03; Turner et al. 2003; Saunders
et al. 2006; Guglielmo et al. 2009; Berryman e28l10; Taipale et al. 2010; Barnes et
al. 2013). However, not all studies found a cotretabetween the improvements in
neuromuscular characteristics (e.g. changes in Ma®&J performance variables
investigated (Turner et al. 2003). Differencesraining designs and methods should be
taken into consideration when interpreting thes#laing results (Turner et al. 2003;
Bonacci et al. 2009; Guglielmo et al. 2009; Berrpneaal. 2010; Beattie et al. 2014).

Some studies have stressed the superiority of eeethe other training modes for the
optimization of running outcomes (Guglielmo et aD09; Berryman et al. 2010).
However, the differences between maximal and eimostrength training programs
(or a mix of both) are, in most cases, minimalhaligh strength training adaptations
have been shown to be specific for each exercisdema large inter-individual
variability in the training response has been ole®ramong endurance runners
(Taipale et al. 2010; Mikkola et al. 2011; Barnasak 2013; Taipale et al. 2013).
Generally, both types of resistance training appedre more effective in improving
strength and power in endurance runners than gitoggrams (i.e. muscle endurance)
untill a sufficient training stimulus is maintainédaipale et al. 2010; Mikkola et al.
2011; Sedano et al. 2013; Taipale et al. 2013; dlait al. 2014a). The strength
training frequency seems to be the most criticetioiain optimizing performance. Even
though a modest development in neuromuscular cteaistics may be observed also at
low training frequencies, a certain threshold magdito be reached for improvements
in endurance performance related variables (Md#letal. 2002; Stgren et al. 2008;
Taipale et al. 2010; Mikkola et al. 2011; Taipateak 2013). A periodized strength
training program with a frequency of, at leastinets per week is generally considered
sufficient to achieve significant strength gainsaiperiod compatible with the duration

of the majority of the studies (Yamamoto et al. 20Rgnnestad & Mujika 2013).
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4.2.3 Is intra-session combined training desigrebeial for runners?

The addition of the strength training componenth® program of endurance runners
that already perform a large volume of work maych&e combine the two different
loadings in the same day or, sometimes, even isdhee training session. Intra-session
combined training might also be a time-saving etygtfor recreational runners or
fitness enthusiasts who have a limited amountroé tio dedicate to training. However,
because of greater loads, volumes and frequenmesesded for further improvements
in already trained individuals, this particular danmed training design might expose

endurance runners to a higher degree of interferéran the untrained population.

When the two different loadings are performed claseeach other with the aim of
optimizing endurance performance, solid concernukhbe made about their order,
especially in already conditioned distance runnérgvious literature has advocated
that strenuous strength loadings negatively af&etand running performance for 6-8 h
after the bout, even in subjects already accustotoesirength training (Palmer &
Sleivert 2001; Doma & Deakin 2014). Under theseditons, the running load might
augment the physiological response induced by gtinetraining (i.e. fatigue, muscle
damage) leading to a cumulative stress that mayfere also with the quality of other
endurance training sessions (Doma & Deakin 2013tully of Chtara et al. (2005) has
shown that the benefits of strength training onnimg performance may be canceled

when endurance training sessions are repeatedtged by acute strength bouts.

The better outcomes in endurance performance \‘asiaeem to suggest E+S order as
the preferred choice for endurance runners. Thi@initrg sequence reflects
recommendation for subjects competing under fatigumnditions to develop
neuromuscular characteristics under similar comwl#ti (Fleck & Kraemer 2014, 189-
192). Moreover, recent research stated how traength within few minutes after
moderate to intense runs might also benefit froenahigmented acute strength response

observed at this time point in endurance trained/iduals (Boullosa et al. 2011).

However, although endurance trained individualsnmsde be less sensible to the
interference phenomenon, the implications thatgfeti generated with this training
design at high training frequencies may have oength development should not be
underestimated (Hunter et al. 1987; Craig et a@1)9At moderate to high running
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volumes, intra-session combined training has shdawnblunt strength training
adaptations in trained distance runners similadywhat observed in previously
untrained population (Taipale et al. 2010; Mikke@tal. 2011; Taipale et al. 2013).
Whether the residual fatigue has played or not tergenant role in these results is
difficult to say with the research design usedhese studies. Nonetheless, it is worth
nothing how, despite no long-lasting alterationda@sal catabolic hormones have been
observed in endurance runners undergoing this tpdraining, fluctuations in
testosterone and SHBG have been noticed (Taipadé @013; Taipale et al. 2014a).
These endocrine alterations may suggest an inaeasgerall training stress occurred
despite the relatively low intensities used durihgse protocols (Taipale et al. 2013;
Taipale et al. 2014a). When performed in the saramihg session endurance and
strength training, alteration in force producti@pabilities have been observed up to 48
h after the session (figure 19) (Taipale & Hakkirgd13; Taipale et al. 2014b). Then,
cumulative fatigue resulting from the sum of theo tdifferent loadings might become
an important aspect worthy of consideration alsénguthis loading sequence.

On the one hand, the cross-sectional design usesbnme of these studies has not
provided information about the influence of proledgraining on fatigue and endocrine
response. Moreover, the lack of longitudinal stadmeonitoring acute changes and
recovery phase has limited the knowledge concermiageffects of neuromuscular and
endocrine alterations on long-term strength devakm and, in turn, endurance
performance. A systematic study incorporating keatbte and chronic responses needs

to determine the effectiveness of this type of ciomdh training in endurance runners.

Force CMLI Helght

ACE Fed
- {A%:) 15 (A%)

I5

" 1Es SE *1 wa

¥

04 - with ES SE
=5
=10 4

+++

=15
=2 5

: * *
=25 4 p -
=30 <+ - - -

PRE

M POST MK 44 PRE MID | & I-.'s'i 2 h Im‘h
FIGURE 19. Relative changes in MVC and countermaamnump (CMJ) height in response to
different loading sequences completed in the sasgian and recovery (Taipale et al. 2014b).

#*
L3
L B
#

Seaxion Recovery Session Recovery



40

5 PURPOSE OF THE STUDY

The main purpose of the current study was to etaliemgitudinal changes in the acute
response and recovery of neuromuscular performandeserum hormone levels to a
prolonged same-session combined training periodhvgteength training is repeatedly
preceded by endurance loading (E+S). A furtherailye was to ascertain whether and
to what extent these changes might influence lengrtstrength training adaptations

and endurance performance in recreational enduramncers.

5.1 Research questions

1) Does/How a prolonged same-session combined endurand strength training
program affect the acute neuromuscular and hormoesponse to the single
training session and related recovery time coursedreational endurance runners?

2) Does/How these changes affect long-term strengiiming adaptations and
endurance performance development?

5.2Research hypotheses

The hypothesis to the proposed research questierasdollows:

1) The summation of the training loadings will resalacute decline in neuromuscular
performance and/or alterations in endocrine fumctidich may also be observed
after 24 and 48 h of recovery (Schumann et al. 20a%ale et al. 2014b). In case
of positive adaptations to the training prograne, nhagnitude and duration of these
responses will be reduced at week 12 and 24 (Samuretal. 2014a). The time
course of the endocrine function will not necesszmincide with neuromuscular
performance (Taipale & Hakkinen 2013; Schumann.&(i4a).
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2) Limited improvement in neuromuscular charactersstare expected due to the
specific loading order (E+S), intra-session comdirteaining design and high
training frequencies used in the present trainiag@m (Craig et al. 1991; Jones et
al. 2013). Modest strength training adaptations| wibt significantly affect

endurance running performance development.
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6 METHODS

6.1 Subjects

16 recreationally endurance trained males fromJthwvéiskyla region participated in this
study. The subjects were recruited by the followingwspaper advertisements, flyers
were placed around campus and the city, advertisesmweere also seen on websites and
the University of Jyvaskyla websites, and e-maisaevsent out to the University staff
as well as students. The training level was asdebgea self-reported description
concerning the endurance and strength training dvackd. All the subjects had a
minimum of 1 year of endurance running practicehvidt6 sessions (at both moderate
and high intensity) per week and no strength tr@rbefore the beginning of the study.
A meeting was arranged with all the staff of theeaach project prior the start of the
project where subjects were fully informed abowd #tudy purpose and measurement
procedures. An informed consent was signed by sabject, stating the full knowledge
of the subjects about the benefits and risks digyation in this research project. All
subjects filled a questionnaire related to theiralthe status, a 12-lead resting
electrocardiogram (ECG) was recorded and blood spres was checked by a
cardiologist as part of a medical screening. Abjsats reported not having acute and
chronic illness, injury and not taking medicatioogntraindicated intense physical
efforts and not altering the endocrine function.ighe was measured with a wall-
mounted metric tape (accurate to 0.1 cm) and weiglst measured with a digital scale
(accuracy 0.1 kg) in a fasted state, without healoghing but with shoes. Not all
subjects recruited were able to complete the sfplyod successfully. Factors like
minor injuries, medical reasons, motivational aedspnal issues reduced the number of
subjects to 11 who completed the full study peribite demographic characteristics for
all subjects who completed the study were as fal@gwean+SD): age 3215 years, body
height 17944 cm and body weight 79.8+5.9 kg. Thisdg was approved by the
University Ethical Committee and it was conductextarding to the most recent

Declaration of Helsinki.
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6.2 Experimental design

This study was taken as a part of a bigger experiahedesign conducted between
Autumn of 2011 and late Spring of 2013 by the Depant of Biology of Physical
Activity of the University of Jyvaskyla. A longitugal protocol, involving 24 weeks of
combined training, was used to investigate the amebe hypotheses. Before the
beginning of the training period, a familiarizatipariod of 1 week, concerning training,
equipment and measurement protocol, was performyedllbsubjects. Thenceforth,
basal measurements of body composition and strgqegfbrmance were conducted and
serum hormone concentrations (testosterone, cbrtidbl, TSH) and SHBG were
determined. Acute strength and endocrine respomsesombined loadings were
evaluated at PRE, MID and POST of a specificallyigieed combined training session
and recovery capacity was assessed by follow-upduwzted at 24 and 48 h. Endurance
performance and related blood lactate response determined by an incremental
exhaustive running test performed in the first mdrthe combined training session. In
order to ensure adequate recovery, this combirading session was separated by
baseline tests by at least 48 h of rest. All messents were repeated after 12 and 24
weeks and were performed with regard to the timdayf (within £1 h of the testing
time at week 0) in order to minimize the effectundd by circadian variation in the
measured variables (Kraemer & Ratamess 2005; Hgcknéru 2008). The overview

of the study design is presented in figure 20.
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FIGURE 20. Overview of the study design.
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6.3 Testing procedures

6.3.1 Basal strength measurements

Strength measurements involved both static and rdimégests focusing mainly on the
leg extensor muscles. In order to allow bettergisiof the effect of the training
program on strength characteristics, differentngjtie assessment methods have been
used (Leveritt et al. 2003). All subjects were poesgly instructed about the correct way
to perform tests and required not to drink alcdbolthe 24 h and caffeine for the 12 h
preceding the beginning of the measurements. Emthwas performed at the least three
times preceded by a warm up. In case of a differdngher than 5% between the last
two trials up to two additional trials were perfadi One minute was generally allowed
between the trials. The best trial for each test wsed for statistical analysis. As part of
a larger experimental design only some measurermets used for the data analysis in
the current study. The tests performed are lis&ldvb and their reliability has been

previously reported (Viitasalo et al. 1980; Bosc&/#&tasalo 1982).

Isometric horizontal leg press. A horizontal leg press dynamometer (designed and
manufactured by the Department of Biology of Phgkiéctivity, University of
Jyvaskyla, Finland) was used to measure MVC antbsige force production capacity
Hip and knee angle were set at 110 and 107 degesgsctively and were determined
by a hand-held goniometer during the familiarizatiperiod. The reference for this
setting was the distance between seat and fodd. plae latter was obtained through a
measuring tape fixed to the dynamometer also duttvegfamiliarization period. To
minimize differences in knee angle through the wtoeriod, all subjects were required
to use the same model of shoes during each measuaresassion. Subjects were
instructed to grip the handles in both sides ofrttaehine with their hands, keeping the
back on the seat and pushing faster and strongegtdan for at the least 3 seconds
following a verbal command. Verbal encouragemens waed to attain the maximal
effort. The force signal was low-pass filtered @tt2z and subsequently analyzed by
specific software (Signal 4.04, Cambridge Electrobiesign Ltd, Cambridge, UK).
MVC was defined as the highest value of force (Bgorded during the test. The
average force (N) produced during the first 500ms0Qs) from the start of the

contraction was instead calculated in the the ttiroe analysis (Hakkinen et al. 2003).
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Countermovement jump. A force platform (Department of Biology of Phydidectivity,
Jyvaskyla, Finland) was used to measure maximakepoivlower limbs. After a couple
of warm ups, subjects performed three maximal ChBEisding the knee as close as
possible to 90° with the hands on the hips. Thedaignal was low-pass filtered at
20Hz and subsequently analyzed by specific softw8mgnal 4.04, Cambridge
Electronic Design Ltd, Cambridge, UK). The CMJ trgigias calculated from the flight
time through the equation: h%2g, (h=jump height, v=take-off velocity) (Komi &
Bosco 1978).

One repetition maximum. 1RM test was conducted on dynamic horizontal lezs®
device (David 210 dynamometer, David Sports Ltdiski&i, Finland) after a warm up
(1 set of 5 repetitions at 70% of estimated 1RMsel of 2 repetitions at 80-85% of
estimated 1RM, 1 set of 1 repetition at 90-95% sifneated 1RM). Seat distance from
the plate was set in the way that movement woule manged from approximately 60°
till full knee extension (180°). The same instrao8 concerning the position of the
hands and the back given during the isometric leggtest were repeated in this test.
The 1RM was defined as the greatest weight thasuigect could successfully lift. An

accuracy of 1.25 kg was accepted as 1RM.

6.3.2 Acute strength measurements and recovery

MVC, F500ms and CMJ have been evaluated at PREaa@d h and 48 h under the
same methodological conditions used during thellsisngth measurements. Only two
series for each strength test were instead pertbah® 1D (around 10 minutes after the
endurance load) and at POST (immediately aftesttength load) in the same order as
during the basal strength measurements but witly @Bl seconds of rest between.
Capillary blood samples (2d) were taken from the fingertip through small diapies

at PRE, MID and POST immediately before acute gttemeasurementnd put into
capsules containing a hemolyzing and anticoagudalution. Afterward, samples were
analyzed with Biosen analyzer (C-Line Clinic, EKMagdeburg, Germany), with a
sensitivity of 0.5 mmol . For avoiding diluting effects on bodily fluidsahcould
interfere with the measured blood variables, ondl} @f water were given to individuals

who had requested at MID after blood sample wagscield.
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6.3.3 Endurance measures

Incremental running test. An incremental treadmill protocol was performed &y
subjects under controlled conditions immediatelgraficute strength measurements at
PRE. The test started without any warm up with aning velocity of 9 kmh®
increasing by 1 kmheach three minutes till exhaustion with a consiraeitne of 0.5%
(Taipale et al. 2014a). The condition to stop t& tvas the inability to maintain the
running velocity after a first verbal encourageveé=minutes of running on treadmill at
the initial speed (9 km™) were performed as cool down. Treadmill was stdpfpe the
last 15-20 seconds of each step, when capillargcbkamples (2Ql) were taken from
the fingertip and stored into reaction capsulesssequently analyzed. Blood lactate-
running speed curve and maximal lactate accumulatiere calculated. Peak treadmill
velocity (Vpeak) was also calculated and used adigtors of endurance performance
(Noakes et al. 1990). Vpeak was calculated asvislio/peak=speed of the last whole
completed stage (km*(running time (s) at exhaustion—30 seconds)/(380—

seconds)*1 km-h (Peserico et al. 2014).

6.3.4 Venous blood sampling and body composition

Venous blood samples (10 ml) were collected ingady morning (between 7.00 and
9.00 a.m.) immediately before baseline strength smesments. Additional blood
samples were taken also at PRE, MID and POST ddin@gombined training session
at week 0, 12 and 24nd at the respective 24 h and 48 h follow-up. $hecific
instructions for baseline samples were fastinglihdnours before the blood collection
and sleeping at least 8 hours. The sampling wdenpeed from the antecubital vein by
a qualified laboratory technician using sterile dies. Collected whole blood was then
divided in heparinized tubes (Venosafe, Terumo Ma&dCo., Leuven, Belgium) and
centrifuged at 3500 rpm for 10 minutes (Megafug@Rl.Heraeus, Germany). Serum
obtained by this process was subsequently storeRDAE until analysis (approximately
4-8 weeks). Samples were used for determinatioseaim testosterone, cortisol, GH
(22-kD), TSH and SHBG. Baseline testosterone/aar{it/C) and T/SHBG ratios were
also calculated. Analyses were performed using da@niuminescence techniques
(Immunlite 1000, Simens, New York, USA) and hormapecific immunoassay Kkits

(Siemens, New York, NY, USA). The sensitivity f@aram hormones were: testosterone
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0.5 nmol-T, cortisol 5.5 nmol, GH 0.03 mIU-T, TSH 0.004 mIU-t and SHBG 0.2
nmol-I*. The intra-assay coefficients of variation fortosterone, cortisol, GH, TSH
and SHBG were 8.7+2.7%, 7.1+1.1%, 6.0+0.5%, 7.1%4ahd 6.4+1.7% respectively.
The inter-assay coefficients of variation for tes¢éoone, cortisol, GH, TSH and SHBG
were 10.6£3.2%, 7.9+1.2%, 5.8+0.3%, 11.1+4.3% abd1.4%, respectively.

A dual-energy X-ray absorptiometry (DXA) (LUNAR Rligy, GE Healtcare, Madison,
WI) was used to determine body composition of thikjects (Norcross & Van Loan
2004). The DXA machine was calibrated on the samenimg of the measurements.
Subjects were asked to wear only underwear witmatallic accessories and lay supine
on a DXA scanner table. Lower extremities were sstwvith inelastic straps and the
arms were positioned along the body with the pdansg the legs. Automatic analyses

(enCORE, version 14.10.022) calculated total batyrfass and fat free mass values.

6.4 Training

All subjects participating in this study performdmbth single session combined
endurance and strength trainings than endurangetomihing sessions in the same
training schedule. The first 12-weeks training péiincluded two mandatory combined
endurance and strength sessions (with strength éaaded out within 10 minutes
following endurance) plus other three mandatory uesmdce-only sessions with an
optional forth training session per week. In theosel 12-weeks training period all the
four endurance-only training sessions became mandalo permit sufficient time for
recovery, the two combined training sessions wepaited by at least 48 h and either
rest or perform just a light run (35-40 minutes;688% of HRn.) was allowed to the
subjects on the day before the combined E+S sesSmmbined training sessions were
performed in laboratory and supervised by traintdf svhile the other endurance
training sessions were performed outside the ldlvigually but constantly controlled
and recorded by heart rate monitors (RS800cx, Héleactro Oy, Kempele, Finland)
through pre-programmed exercise routirssed workouts were signed and retrieved.
All subjects were requested to continue their haiphysical activities throughout the

study period. The main training characteristicseaset as it to be followed.
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Endurance training (at week 1-12/12-24). The aerobic conditioning was achieved
through a periodized training design, includinghbebntinuous and interval training
sessions. Most of training sessions were perfortmgdunning. Cycling or cross-
country skiing were occasionally allowed in orderréduce the risk of injuries. The
exercise intensity was settatget percentages of maximal heart rate {s)Rmeasured
during the incremental treadmill protocol (at we®knd 12) and was monitored by a
Polar® HR-monitor during each endurance trainingsgm. Exercise intensity ranged
between 60% and 85% of HE in the first 12-weeks training period. Short indr
training sessions of greater intensity (85-95%kRwere introduced during the second
12-week period (table 3).

Srength training (at week 1-12/12-24). The strength training program was mainly
composed by maximal and explosive strength trairéagsions. Because the lower
limbs include the major muscle groups at work imning, the choice of exercises
focused mostly on that, though addiction arm andKrexercises were also included.
The intensity of the loads was set on individuaMLBalculated during the preceding
baseline strength measurement. During the firstvé@k period, training intensity was
progressively increased while training volume dasesl. During the last 12 weeks,
instead, both training volume and intensity werereéased in order to maximize
maximal and explosive strength gains. Strengthnimgi program and exercises

performed during the course of the training progeamshown in table 4.

Acute strength loading protocol (at week 0, 12 and 24). A modified training protocol
was used for the acute strength measurements (Seimuet al. 2013). After a maximal
incremental running test, a three-strength loadiraglel mixed with sets of explosive,
maximal and hypertrophic strength was performedhenleg press (David 210, David
Sports Ltd., Finland) (table 5). A detachable hamttbnnected to a dynamometer was
used to assist the repetitions when required. Aimmamx of 10 minute break was
allowed in the transition between the two differgaining loads. The overall duration

of this combined training session ranged betweean80 minutes.
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TABLE 5. Strength training acute loading. Numbersefies, repetitions, intensity (% of 1RM)
and rest period duration are reported. '=additioreagjht was added if the previous set appeared

to be too light for the subject in order to achiavéeast one set of repetition maximum.

10x40% Leg press explosive
3min rest
Explosive 10x40% Leg press explosive
3min rest
10x40% Leg press explosive
3min rest
3x75% Leg press
3min rest

3x90% Leg press

Maximal 3min rest
3x90% Leg press?

3min rest
3x90% Leg press!

2min rest

10x75% Leg press

2min rest
10x80% Leg press!

Hy-pe l'tmpic 2min rest
10x80% Leg press!

2min rest

10x75% Leg press



52

6.5 Statistical analysis

Means, standard deviation (SD) and percent cha@@ggsvithin group were calculated
with standard statistical methods. Shapiro-Wilk &edene’s Test were used to verify
the normal distribution and homogeneity of the paeters, respectively. Logarithmic
transformation was performed when necessary. Imally distributed parameters,
within-group differences were assessed by repeatezhsures ANOVA using
Bonferroni adjustments by multiplying all pairwige values with the number of
comparisons. Bivariate correlations were computsithgi Pearson’s product moment
correlation coefficients (r). In non-normally dibited parameters after log
transformation, within-group differences were amely by Friedman test using
Wilcoxon signed-rank post-hoc test with Bonferrcajusted significance levels.
Bivariate correlations were instead computed uSpgarman’s rho (r). The level of
significance for all tests was set at *, 8§, #6®5, **, 8§, #=0.01, and ***, §8§,
###=p<0.001. Any observed trend (p<0.08) was also regdity, (8), (#)]. Statistical
analysis was performed using IBM SPSS 20.0 (SR®S, Chicago, IL, USA).
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7 RESULTS

7.1 Anthropometry

No significant changes were observed in body weighhe group of subjects during
the overall combined training period (79.8+£5.9 kgneek 0). A small but significant
decrease in fat free mass (-2.3+0.8%, p=0.044eaustoccurred after 24 weeks of

training (66.9+6.2 kg) counterbalanced by a sigalfit increase in total body fat mass.

7.2 Treadmill running test

Peak treadmill velocity. Vpeak (17.0+1.0 km-h at week 0) increased nonlinearly
during the 24-week combined training period (figlfg. A significant improvement in
Vpeak was observed at the end of the interventenog (+4+4%, p=0.009) with the

greatest increases that took place in the lastekksvof training (+3+2%, p=0.008).

Lactate kinetics. A significant reduction in blood lactate levels B km-i' and a
decreasing trend in blood lactate levels at 14 Knahd were observed in the last 12
weeks of training (14 km*h -15+19%, p=0.07; 15 kmh -20+17%, p=0.02) as well
as after the overall training period (14 ki: A18+28%, p=0.084; 15 km*'h-23+19%,
p=0.035) (figure 22). Also a significant reductionblood lactate concentration at 16
km-Hh® occurred after 24 weeks of training (-19+21%, p36). No significant changes

in maximal lactate accumulation were observed inrapasurement point.
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Peak treadmill velocity (km/h)
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17

week 0 week 12 week 24

FIGURE 21. Peak treadmill velocity (mean+SD) at lieginning, after 12 weeks and after the
whole 24-week training period. #=significant difface between time pointé#{=p<0.01).

18 +

Blood lactate (mmol/L)

16 -

|

10 -

- e E —

() Wk
el 1? wk
e 24 wk

&
0 T T T T T T T T T / 1
9 10 11 12 13 14 15 16 17 Lactate

Treadmill velocity (km/h) peak

FIGURE 22. Blood lactate-running speed curve andimal lactate accumulation during the
incremental treadmill test (meantSD) at the weektOyeek 12 and at week 24. *=significant
difference from week 0 to 24, 8=significant diffece from week 12 to 24 (*, §=p<0.05).
(*)=trend from week 0 to 24, (§)=trend from weekdrd 24 [(*), (§)=p<0.08].
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7.3 Chronic strength adaptation

The present 24 weeks of combined endurance andgsgtréraining program did not
produce any measurable change in MVC (2667+455 Nvedk 0) or in F500ms
(17694350 N at week 0). Neither 1RM (164.5+22 kgvatk 0) nor CMJ (32+3 cm at
week 0) demonstrated significant changes after Z2aveeks of training (figure 23).

1RM (kg)
200
150
~
0
week 0 week 12 week 24

FIGURE 23. Changes in one repetition maximum angntarmovement jump performance

(meanzSD) occurred during the 24-week combined e and strength training period.

7.4 Acute strength response

Maximum force produced on the isometric horizontal leg press. At week 0, significant
decreases in MVC occurred both after E at MID (10%, p=0.03) and after E+S at
POST (-22+11%, p=0.014) and a decreasing trendolvasrved from MID to POST (-
12+14%, p=0.079) (figure 24). No significant decesiin MVC were longer observed
after E at MID at week 12 and 24 while significaatiuctions were still observed after
E+S at POST (week 12: -14+7%, p=0.01; week 24: 820+p=0.01) and also detected
from MID to POST (week 12: -12+9%, p=0.03; week 248+17%, p=0.018). MVC

was completely recovered by 24 h at all time points
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MVC (%)
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0 { |
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FIGURE 24. Relative changes (mean+SD) in maxim&ntary isometric contraction during
the acute loadings and recovery over the 24-wesking period. *=significant difference from
PRE to MID and from PRE to POST, §=significant eliince from MID to POST*( §
=p<0.05). (8)=trend observed from MID and POSTH(8&)0.08)].

Explosive force produced on the isometric horizontal leg press. At week 0, a moderate
downward trend was observed in F500ms after E & NHL2+3%, p=0.063) and
significant decreases occurred after E+S at PO34%(-3%, p=0.01) and from MID to
POST (-13x17%, p=0.049) (figure 25). No acute dases in F500ms were longer
observed after E at MID and after E+S at POST dffeweeks of training and the
F500ms measured after E+S at POST was significnglyer than the corresponding
value at week 0 (+6+19%, p=0.017). However, at w24k significant decreases in
F500ms were still observed after E+S at POST (-28t1p=0.01) and from MID to
POST (-15+16%, p=0.038) with the magnitude of teerdase at POST that returned to
what observed at week 0 (-7£8%, p=0.045). No sigaift reductions in F500ms were
detected at 24 h or 48 h during the study period.
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80

F500ms (%)
60 A
40
20 A
m 0wk
0 T

' H 12 wk
20 + 24 wk
40 -
-60 4
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g0 : > >
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FIGURE 25. Relative changes (mean+SD) in force peed in the first 500ms during the acute
loadings and recovery over 24 weeks of trainingidnificant difference from PRE to POST,
8=significant difference from MID to POST, #=sigodnt change at POST at different time
points ¢, 8§, #=p<0.05). (*)=trend observed from PRE to MID, [()<0.08].

Countermovement jump performance. CMJ remained statistically unaltered after E at
MID at week O while significant decreases were olese after E+S at POST (-12+9%,
p=0.023) and from MID to POST (-14+6%, p=0.01) (fig 26). An upward trend in
CMJ was detected after E at MID after 12 weeksaihing (+6+7%, p=0.063). Despite
CMJ decreased significantly after the strength ilnkggdrom MID to POST (-9+7%,
p=0.028), no significant reduction was observedhis variable after E+S at POST
compared to PRE at week 12 and a significant imrgmmant occurred also compared to
the corresponding measurement point at week 0 @%+1p=0.033). The increasing
trend in CMJ performance after E at MID was no kEmgbserved at week 24 and,
similarly to what has been observed at week 0,ifségmtly decreases were detected
after E+S at POST (-6+7%, p=0.049) and from MIDPOST (-10+6%, p=0.01). No

significant changes occurred in CMJ at 24 h or 48iting the training intervention.
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FIGURE 26. Relative changes (mean+SD) in counteam®nt jump performance during the
acute loadings and recovery over the 24-week trgimieriod. *=significant difference from
PRE to POST, 8=significant difference from MID t@¥T, #=significant change at POST at
different time points* §, #p<0.05). (*)=trend observed from PRE to MID, [(}J<0.08].

7.5 Chronic hormonal adaptation

No significant changes in the basal serum levelsoofisol (495+147mol I at week
0), GH (1.0¢1.7 mlU t at week 0) and in the T/C ratio (4+1% at week @rav
observed during the 24-week combined training pefiigure 27). Baseline serum TSH
level (1.94+0.82 mlUt at week 0) increased significantly during thetfit& weeks of
training (+25+24%, p=0.028) but it was no longesvalted at week 24. A large but not
significant decrease in basal serum testosterors (#8.8+15 nmol T at week 0) was
observed at week 12 (-13+35%) while a significamatéase occurred during the last 12
weeks (+46+42%, p=0.021). T/SHBG ratio (0.6+0.3vatk 0) followed a similar time
course to testosterone with a significant reductdaserved at week 12 (-16+18%,
p=0.004) and a subsequent significant increasenglutie last 12 weeks of training
(+25£23%, p=0.001) which reported T/SHBG ratio tetmining levels (figure 28).
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Testosterone (nmol/L) Y Cortisol (nmol/L)

35 850
- ) - - '

0 + 0
week 0 week 12 week 24 week 0 week 12 week 24

FIGURE 27. Changes occurred in baseline serumdestme and cortisol levels (mean+SD)
during the course of the 24-week combined endurandestrength training period (#=p<0.05).

T/SHBG (ratio) "

#H#
A A
19 ( \( |
0,8 -
0,6 -
0,4 -
0,2 -
0 +
week 0 week 12 week 24

FIGURE 28. Changes occurred in testosterone/SHEG (rmean+SD) during the course of 24-
week combined endurance and strength training gé#i#=p<0.01).

7.6 Acute hormonal response

Serum testosterone. A significant increase occurred in acute testosterresponse after
E at MID at week 0 (+30+£28%, p=0.049) and 24 (+32%3 p=0.013) (figure 29). An
upward trend was also observed in acute testogamsponse after E+S at POST at
week 0 (+23+29%, p=0.079) whereas a significantrebse occurred from MID to
POST at week 24 (-15+13%, p=0.01). No significdterations were observed in the
acute testosterone response at MID and POST at ##&dko significant changes were

detected in serum testosterone levels at 24 h &rdof recovery in the study period.
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FIGURE 29. Relative changes (meanzSD) in serumosésione levels during the acute
loadings and recovery over the 24-week trainindoger=significant difference from PRE to

MID, 8=significant difference from MID to POST,(8=p<0.05). (*)=trend observed from PRE
to POST, [(*)=p<0.08].

Serum cortisol. Significant increases in acute cortisol respors®ioed after E at MID
at week 0 (+41+28%, p=0.01), 12 (+51+34%, p=0.048) 24 (+38+30%, p=0.023)
(figure 30). Acute cortisol response remained stiatilly elevated after E+S at POST at
week 0 (+39£36%, p=0.012) but not at week 12 andA2decreasing trend in the acute
cortisol response was observed from MID to POSEraft2 weeks of training (-
14+16%, p=0.079), while a significant decline ocedrfrom MID to POST at week 24
(-15+9%, p=0.013). A decreasing trend in serumisolrtevels was observed after 24 h
of recovery at week 0 (-24+31%, p=0.057) while gigant decreases were detected at
this time point at week 12 (-28+27%, p=0.026) aAd-27+16%, p=0.007). Depressed
serum cortisol levels were also observed after 48f hecovery during the entire
duration of the training period (week 0: -31+21%0®15; week 12: -29+25%, p=0.02;
week 24: -26+26%, p=0.026).
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FIGURE 30. Relative changes (mean£SD) in serumsmevels during the acute loadings and
recovery over the 24-week training period. *=sigraht difference from PRE to MID, from
PRE to POST, from PRE to 24 h and from PRE to 483sjgnificant difference from MID to
POST ¢, §=p<0.05, *=p<0.01). (*)=trend observed from PRE 24 h, (8)=trend observed
from MID to POST [(*), (8)=p<0.08].

Serum growth hormone. Significant increases in acute GH response ocdiafeer E at

MID at week 0 (2154206 fold, p=0.01), 12 (227+190df p=0.01) and 24 (225+275
fold, p=0.01) (figure 31). The acute GH response @aiso significantly elevated after
E+S at POST at week 0 (59450 fold, p=0.01), 12 E5fold, p=0.018) and 24 (43161
fold, p=0.013) but with a significant reduction aced from MID to POST (week O: -
61+24%, p=0.01; week 12: -72+14%, p=0.01; week ZA9+11%, p=0.01). No

significant changes in serum GH levels were deteefter 24 h or 48 h of recovery

during the study period.
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FIGURE 31. Changes (meantSD) in serum growth hoarlewrels during the acute loadings
and recovery over the 24-week training period. gagficant difference from PRE to MID and
from PRE to POST, 8=significant difference from Mi®POST {, §=p<0.05).

Serum thyroid-stimulating hormone. No significant changes occurred in acute TSH
response after E at MID at week 0 and 24 but arangwrend was observed at week 12
(+22+24%, p=0.066) (figure 32). Significant increasin acute TSH response were
observed after E+S at POST (+46+45%, p=0.028) dsd rtom MID to POST
(+25+19%, p=0.021) at week 0. Only an increasimmpdrwas detected in acute TSH
response after E+S at POST after 12 weeks of im@i(0+37%, p=0.066) whereas no
changes occurred at week 24. No significant chamgssrum TSH levels were oberved
after 24 h of recovery at any time point but a gigant reduction was observed after 48
h of recovery at week 0 (-23£24%, p=0.044).
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FIGURE 32. Relative changes (meanzSD) in serum T®Hcentrations during the acute
loadings and recovery over the 24-week trainindoger*=significant difference from PRE to
POST and from PRE to 48h, §=significant differericam MID to POST f, §=p<0.05).
(*)=trend observed significant difference from PR& MID and from PRE to POST,
[(*)=p<0.08].

7.7 Acute blood lactate response

Blood lactate concentration significantly increasdtér E at MID during the training
period (week 0: 3.83+1.6 fold, p=0.01; week 12:8tB.16 fold, p=0.01; week 24:
3.71+1.82 fold, p=0.01) (figure 33). After 12 weeddstraining, a downward trend in
blood lactate levels was observed after E at MiDngared to week 0 (-33+51%,
p=0.075) and a significant increase in blood lactatlues was observed from MID to
POST (+75+£94%, p=0.038). No longitudinal changesewdetected in blood lactate
values after E+S at POST that remained signifigaentkelated compared to PRE at any
measurement point (week 0: 8.87+2.7 mmblg=0.01; week 12: 7.17+2.03 mmd, |
p=0.01; week 24: 7.84+2.13 mmd}, Ip=0.01).
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FIGURE 33. Acute blood lactate levels (meanzSD)irduithe acute loadings. *=significant
difference from PRE to MID and from PRE to POSTsignificant difference from MID to
POST ¢, 8=p<0.05). (#)=trend observed at MID at differeme:ipoints, [(#)=p<0.08].

7.8 Correlations between the variables

Significant positive correlations were observedwasstn the blood lactate values
measured after E at MID and after E+S at POST akweand 24 (week 0: r=0.607,
p=0.048; week 24: r=0.739, p=0.009). In the samekagsignificant correlations were
also detected between CMJ measured at MID and P@8&k 0: r=0.654, p=0.029;
week 24: r=0.685, p=0.020). At week 12, CMJ aftet MID was negatively correlated
with acute blood lactate response observed aft& &+POST (r=-0.771, p=0.009).

Significant correlations were observed between ¥@eal blood lactate at submaximal
speed at week 0 (14 km:hr=-0.635, p=0.036; 15 km*’hr=-0.695, p=0.018; 16 km-h
1 r=-693, p=0.018), 12 (14 km*hr=-0.802, p=0.003; 15 km*hr=-0.717, p=0.013, 16
km-h%: r=-732, p=0.010) and 24 (14 knmi:hr=-0.808, p=0.003; 15 km*h r=-0.833,
p=0.001, 16 km-f r=-871, p<0.001). Significant correlations wersoaobserved
between blood lactate at submaximal speed and FS@OMID at week 12 (14 km*h
r=-0.768, p=0.006; 15 km*h r=-0.673, p=0.023, 16 km*hr=-670, p=0.024) and 24
(14 km-h: r=-0.624, p=0.040; 15 km*'h r=-0.634, p=0.036, 16 km'h r=-637,
p=0.035) and between Vpeak and F500ms value at iNliibe same weeks (week 12:
r=0.663, p=0.026; week 24: r=0.689, p=0.019). Hnah strong correlation was
observed between the low basal levels of testastesnd the related reduced acute
responses observed at week 12 (MID: r=0.911, p40.BOST: r=0.947, p<0.001).
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8 DISCUSSION

The main purpose of the current study was to exarahranges in the acute response
and recovery during a 24-week intra-session contberelurance and strength training
program in neuromuscular performance and serum dmenconcentrations. The impact
of these changes on long-term strength trainingtatians and endurance performance
was further investigated. The main findings of tsisdy were: (1) The current same-
session combined endurance and strength trainirgigrdeinduced moderate but
significant acute loss in force production capéibsi observed both at week 0 and 24,
with the larger decreases observed after the strdogd. At week 12, however, power
performance was not significantly reduced at the: @frthe training session. (2) A large
overall acute endocrine response was observedgdtireacombined training session at
week 0. Although no longitudinal change took placéhe hormones investigated after
the running load, progressive acute decreases ritisaoand TSH responses were
observed at the end of the training session albegcburse of the study (3). While
recovery of force production after the combineddings was already completed at 24
h, prolonged endocrine alterations (cortisol antH)'&ere observed at week 0, 12 and
24. (4) No long-term improvements in neuromuscylarformance were detected
during the study period. (5) Significant increasesurred in endurance performance
during the course of the combined training peribitese improvements were correlated

with power performance only after the first 12 week

8.1 Changes in acute neuromuscular and hormonal rpense

As expected, the present same-session combinedngyasessions design resulted in
significant decreases in neuromuscular performaiceveek 0 and 24. Despite the
different loading characteristics, the magnitudéhelse declines was comparable to that
observed in recreational endurance runners aftailasi combined training sessions
(Taipale & Hakkinen 2013; Taipale et al. 2014bjetastingly, an upward trend in CMJ
performance was observed at MID after 12 weeksaiing and the same variable was
no longer reduced at POST compared to PRE.
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Both resistance exercises and prolonged runs hese $hown to lead to acute decrease
in force production capabilities (Linnamo et al989 Nicol et al. 2006). Specifically,
high-intensity running have shown to induce acuéxvaed neuromuscular fatigue in
large part due to the extensive use of anaerobtabnésm (Joyner & Coyle 2008).
However, an acute increase in power performance J)ICNas been also noticed
following intense running protocols in endurancairted subjects (Vuorimaa et al.
2006; Boullosa et al. 2011). An explanation forsenelifferences may come from Tillin
& Bishop (2009) stating how the acute strength oasp to exercise is the result of
opposing fatigue and potentiation effects on theromuscular system induced by
muscle contraction. Despite the exact mechanismhisfacute potentiation have not
yet been elucidated, changes in muscle activatimntd increased Gasensitivity and
enhanced stretch reflex activity have been propasednediating factors (Tillin &
Bishop 2009; Boullosa et al. 2011). Because thesepthysiological mechanisms are
also among those affected by metabolic fatigueh baireased potentiation and reduced
by-product accumulation may translate into an eobdnneuromuscular response
(Cairns 2006; Tillin & Bishop 2009). Since the lamglinal decrease in blood lactate
levels observed at MID after 12 weeks does notyfetkplain the improved CMJ
performance occurred at the same time point, arkéy played by neuromuscular

potentiation in determining these results shouldbeoexcluded (Tillin & Bishop 2009).

One of the main issues to consider when plannimgessession combined endurance
and strength training is the impact of residuabfat on the quality of the strength load
(Craig et al. 1991). Whereas no deep analysis afameuscular function was performed
in the present study, significant correlationsdnthte values between MID and POST
were observed at week 0 and 24. These correlagioms parallel with those occurred in
CMJ performance at the same time points. Desp@eaéural component characterizing
explosive and maximal strength sets, the acutagtineload used in the current study
has been previously observed to evoke an elevatddté response associated with a
significant decrease in neuromuscular performaréehymann et al. 2013). The
aforementioned correlations may reflect a cumutathetabolic stress occurred during
the combined training session. However, at weeknb®e of these correlations was
detected but a negative relation has been establifletween the increase in CMJ
performance at MID and blood lactate at POST. Thieda seem to confirm how, when
an intense endurance load leads to a reductiotrength production capabilities, the

quality of the subsequent strength training sessiay be affected if performed before a
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complete recovery has occurred (Craig et al. 199ffferently, when potentiation
overcomes fatigue, the enhanced neuromuscular mespmight reduce the effort
required to sustain the subsequent strength loddcamsequently, the use of anaerobic
metabolism. This, in turn, could permit to perfomore work before the onset of
metabolic fatigue impairs physical performancesaggested by the significant increase
in lactate levels occurred after strength loadihgvaek 12 (Gorostiaga et al. 2014).
Despite only CMJ improved at MID and POST aftemieks, also F500ms exhibited a
similar time course, while MVC did not. The briafrdtion of the effect of potentiation
on subsequent muscle contractions (100-150 msyléfiedences in muscle action (SSC

vs isometric) may explain these results (Tillin &Bop 2009).

Differently from what has been previously obserueendurance runners undergoing
intra-session combined training, in the currentdgturecovery in strength related
variables was already achieved at 24 h (Taipaleé&Kihen 2013; Taipale et al. 2014b).
Among the several factors that may affect the thmerse of recovery in neuromuscular
characteristics, muscle damage has been suggestedé a main role in deterioration
of strength and power capacities, especially aftelonged runs (Komi 2000; Nicol et
al. 2006). Although the absence of markers of neudaimage makes it difficult to draw
definitive conclusions, it can be speculated thatrelatively short length of the running
load has resulted in a limited degree of damagauscle tissue compared to what has
been observed in other studies (Taipale & Hakkip@h3; Taipale et al. 2014b). The
low training volume characterizing the acute sttenigading and the prolonged rest
periods used in explosive and maximal strength settd have further contributed to

limit the duration of recovery (Linnamo et al. 1988cCaulley et al. 2009).

It is worth noting that, in the current study, theagnitude of the acute hormonal
response to the present combined training andeckletcovery time course did not
follow the same time course of neuromuscular perforce. This finding has been
already observed in both endurance runners andiomdy untrained individuals
performing different combined training session desi(Schumann et al. 2013; Taipale
& Hakkinen 2013; Schumann et al. 2014a). Whileastsrone levels were already
recovered at 24 h, cortisol and TSH levels dropgethg the early recovery, remaining
suppressed both at 24 and 48 h (even though thiegadialways reached the statistical
significance). Because the hormone receptor steismot been assessed in the present

study, these low levels may reflect either impaimisein the hypothalamic-pituitary-
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adrenal axis or an increased utilization of thesemones for remodeling processes.
Decreases in cortisol have been observed afteoqyet and exhaustive endurance runs
(Hackney & Dobridge 2009). TSH depression has hestead detected after prolonged
and intense resistance training (Alén et al. 199R)wever, a similar time course in
cortisol and TSH response during recovery has l@eo observed after combined
endurance and strength training session of modariesity and duration in previously
untrained subjects (Schumann et al. 2013, 2014ae ©an speculate how the
combination of the two different loadings has re=ililin a superior stress on the
endocrine system that might have in turn prolondpedneed of recovery independently
by the timing of neuromuscular response. Becausie fiarmones are also involved in
the modulation of endurance training adaptatiorcgsees, these changes might also
indicate a metabolic priority towards mitochondtiladn myofibrillar protein synthesis
during the early recovery phase (Goffart & WiesP@0d3; Taipale & Hakkinen 2013).

The greater increase in the overall hormonal respatserved at both MID and POST
reveals that the acute combined training protoselduin the current study was more
stressing for the endocrine system than the oné hgeTaipale & Colleagues, which
not resulted in prolonged alterations in hormomalels (Taipale & Hakkinen 2013;
Taipale et al. 2014b). Differently from other hommes, GH resulted in a blunted
response at POST at all time points as alreadyreédewith this loading sequence
(Goto et al. 2005; Schumann et al. 2013; Taipalelakkinen 2013; Schumann et al.
2014a). No important longitudinal changes occunedhe altered hormonal levels
during recovery in the present study. However,aitfh the degree of the endocrine
response at MID remained pretty constant for thereerdength of the study, the
magnitude of the cortisol and TSH response at P@&Feased progressively at week
12 and 24. These changes might indicate that gutatitan process occurred in response
to either the overall combined training sessiojust the strength loading (Walker et al.
2013). Despite the current research design camoeide an unequivocal answer, the
endurance training background of the subjects @paied in this study gives an
indication for the latter one. The lack of changeshe time course of recovery of the
endocrine function might then suggest that the Sopestress related to this acute
combined training design has overcome the endocsystem adaptability. Before
drawing conclusions, however, it should be streghat the follow-up measurements
were performed only at 24 and 48 h. Therefore,itadgal adaptations occurred in the

endocrine response over this time period (48 h) nwye excluded.
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8.2 Chronic adaptations in physical performance an@&ndocrine function

No chronic improvements in neuromuscular perforreanere observed after 12 and 24
weeks of combined training in the present reseafidhis is a surprising finding
considering the length and characteristics of trength training program as well as the
absence of a previous strength training backgranrttle subjects participating in this
study (ACSM 2009; Rgnnestad & Mujika 2013). Theklad strength development
might have occurred due to the particular chareties of the combined training design
used in the present study. A similar lack in lowedy strength gains was observed only
by Craig et al. (1991) in previously untrained ®adt$ undergoing strength training
immediately after endurance running three times week. Despite the periodized
approach used in the current study, the intra-sesdesign and the relatively high
training intensity and frequency might have leadatdarge degree of interference
impeding any strength development (Craig et al.119®nes et al. 2013). However,
great caution should be exercised when interpretiegresults since no experimental
group performing only endurance training was inellidh the present research design.
In fact, endurance conditioning may have a negaiimpact on neuromuscular
characteristics in the long term lowering strengthduction capabilities in endurance
trained individuals (Fitts & Widrick 1996). There& the contribution from the strength
training component in maintaining strength capaditying the course of the combined

training program cannot be excluded.

Previous research suggests that the summationeofwth different types of training
modes may overcome the recovery capacity of thg bEatling to an elevated catabolic
state which could, in turn, affect muscle mass strehgth development (Kraemer et al.
1995; Bell et al. 2000Despite the high training volume related to thérting design,
the baseline cortisol levels and T/C ratio did cloange significantly at any time point
and just transient alterations were observed itosésrone, TSH and T/SHBG ratio at
week 12. These fluctuations may result from sedswagdations in the endocrine
function (Leppaluoto et al. 1998; Smith et al. 201Bowever, they may also be
compatible with an augmented stress imposed tbadldy by the new training program
(Hakkinen et al. 1987; Taipale et al. 2013; Taimlal. 2014a). Significant correlations
have been noted between the low baseline testostdavel and the reduced acute

response for the same hormone observed both ataMDPOST at week 12. These
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relationships stress about the possibility thattthesient endocrine alteration observed
in basal testosterone after 12 weeks may have toned training adaptability at that
specific time point. Nonetheless, these alteratiwase no longer observed at week 24
and just minor changes occurred in muscle massgluhie course of the program.
These data suggest that, even if the endocrine dstass was initially perturbed,
subjects were capable to adapt to the new traistrgssor.When interpreting these
data, one must keep in mind that the charactesistiche strength loading used during
the acute measurements were intentionally seldgotegproduce the overall periodized
strength training stimulus through the combinatioh explosive, maximal and
hypertrophic leg press protocols. Differently, thening protocol used in the combined
training sessions performed during the normal tngirschedule was less demanding
compared to the one used during the acute loademsorements. Then, a lower strain
may have been pon the endocrine system compared to what has betentdd during
the acute measurements (Galbo et al. 1977; Vuorehahk 2008).

While the lack of strength gains might discouragmners from undergoing this
combined endurance and strength training plan, ratysis of longitudinal changes
occurred during the training period may still revaaportant information about the
impact of this program on running performance-ezlavariables. Increases in CMJ
performance after intensive runs have been mosthewed in well-trained endurance
athletes being strongly related with running exgece (Vuorimaa et al. 2006). The
increase in CMJ observed at MID after only 12 weekiaining might then reflect an
adjuvant effect provided by the strength trainimgnponent in improving this aspect of
running conditioning. Similarly, the improvementscarred in F500ms at the same time
point may indicate an enhanced capacity to maimaiscles activated under fatigue
conditions which generally characterize the faststi most economical runners
(Paavolainen et al. 1999c; Nummela et al. 2008k pbsitive correlations observed
between acute F500ms response at MID, blood laatagabmaximal speed and Vpeak
observed at week 12 further reinforce the idea tbaunitial contribution of strength
training adaptations in the development of endwanmning performance. Although
RE was not directly assessed in this study, theseslations suggest how endurance
performance may have benefited from the positifeced that enhanced neuromuscular
characteristics exert on mechanisms that determmatbolic fatigue, in accordance
with the current state of knowled@Rannestad & Mujika 2013; Beattie et al. 2014).
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Notwithstanding the potential implications of thesarly adaptations in conditioning
running performance, their importance has beerelgngeconsidered in the second part
of the training period. At the end of the 24 weeaksfact, CMJ performance measured
at MID was returned to its pre-training level, erapizing a discontinuity in the
potentiation phenomenon observed at week 12. Funtbre, although no further
improvement occurred in acute F500ms responseeitait 12 weeks and, both Vpeak
and related submaximal blood lactate response wegrgignificantly. The correlation
between these two variables became also strongéde what between Vpeak and
F500ms did not change. Importantly, once submaxitaeiate response had been
treated as covariate, no correlation was anymorgerobd between acute F500ms
response and Vpeak after 24 weeks. These resuiigesuthat the improvements
occurred in submaximal lactate response and Vpagkgithe last 12 weeks, that were
also the largest ones occurred during the traimmegrvention, have been probably
caused by other factors rather than by strengthitiga(i.e. increased endurance training
volume and intensity). For this reason, it can bactuded that, despite the strength
training component may have in part contributed th® running performance
development during the first 12 weeks of trainiitg,overall impact on these variable

during the present study has been modest, if any.

Using the same single session loadings order, €rearal. (2005, 2008) observed
significant improvements in both endurance andngtie performance. The gains in
endurance performance were larger than those @ztumrthe group performing only
endurance training. It should be stressed, howéwav,the subjects participating in that
study were moderately active but systematicallyainéd for both loadings. Since the
strength training part was more “aerobic” than ¢me used in the current study, this
may have favored the improvements observed i ¥Oand, in turn, endurance
performance. The reduced training frequency usethanh study (2 sessions per week)
may have also minimized the interference betweea tio different training
components and this may explain the occurrencérength gains despite the use of a
low-specific strength training protocol. No largeanges in VG@hax Were expected in
the present study, due to the endurance trainingdoaund of the subjects. Moreover,
the high training frequency and intensity requited endurance runners to further
develop their condition might have amplified theolgem of training interference,
above all with the same-session design used instbidy. This may have counteracted

the benefits generally achieved by endurance rgnmben adding strength training.
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It is worth noting that with a similar combined itring design but a slightly lower
training intensity than used in the current studwipale et al. (2010) observed
significant increases in neuromuscular performaaiter 14 weeks. Importantly, the
largest significant improvements in endurance perémce observed in that study
occurred after a subsequent period of reduceddgitréraining and increased endurance
training volume and intensity. According with theutl@ors, the neuromuscular
improvements occurred during the first 14 weeks rhaye contributed to enhanced
endurance performance by preparing subjects fosthsequent increases in endurance
training volume and intensity. These results sugthed different periodization schemes

might bring different training outcomes from thereacombined training program.

8.3 Strengths and limitations of the current study

The strengths of the current study are relatedhe¢owtell-planned, scientifically based,
longitudinal design. The large number of varialelesessed at both acute and basal level
throughout the 24 weeks of the study duration hasnjited to obtain a wide and
comprehensive overview of changes occurred duhirggderiod. However, the absence
of a group performing endurance training aloneihgsart limited the interpretation of
these findings. Because the nutrition status has peoven to affect hormonal response
to exercise, the lack of fasting blood samplesrduthe follow-ups may have affected
the information obtained (Hackney & Viru 2008). Hower, given that most of the
confounding factors were controlled, the impachofrition on the endocrine response
has been minimized. Despite all the combined tngisiessions have been carried out in
the lab, the large part of endurance training hesnbperformed by subjects on their
own. Although careful instructions and a HR-monitecording every training session
have been given to each subject, the adherende tvaining program cannot be fully
guaranteed. Lastly, the findings of this studyspecific for endurance runners and they

may not be applicable to populations from endurahseiplines other than running.
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8.4 Conclusions and practical applications

The present study provides important informatiomoawning the effectiveness of an
intra-session combined endurance and strengthrigagtesign in recreational endurance
runners through the analysis of the physiologieaponses occurred during the training
period. These results suggest that, although ttaditguof strength training can get
benefits when preceded by an intense running pogtdhis phenomenon does not
necessarily occur in every training session andnigact on the long-term running
performance development may be insignificant. Défely, the combination of the two
different training loads in the same session lewmsan augmented stress to the
endocrine system that may take several days toveecbrom a long-term perspective,
performing strength training always after enduraatehigh frequencies can impede
strength gains, offsetting the benefits that impmbweuromuscular characteristics bring
to endurance runners. For all these reasons, emthuraunners should perform
endurance and strength training sessions separatelising periodically also strength

and endurance orders.
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