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ABSTRACT 

 
Syväoja, Henna 2012. Changes in muscle CSA and force production of leg 
extensors during combined strength and endurance training in young men and 
women: Is there any order effect? Department of Biology of Physical Activity, 
University of Jyväskylä. Master’s Thesis in Science of Sports Coaching and Fitness 
Testing. 62 pp. 

In many sports strength training improves performance significantly more than bare 
sport specific training. Combined strength and endurance (SE) training can lead to 
similar cardiorespiratory and musculoskeletal adaptations compared to strength (S) or 
endurance (E) training alone. When both training types are performed in the same 
training session, strength training performed immediately after endurance training 
(E+S) may hinder strength development and improve endurance performance more than 
the opposite order (S+E). The purpose of this study was to investigate differences 
between S+E and E+S training during a 24-week combined training period in muscle 
CSA and force production. 

A total of 32 men and 26 women participated to this study. Subjects were randomly 
assigned to four groups: men S+E, men E+S, women S+E, women E+S (mS+E, mE+S, 
wS+E, wE+S) and they performed two 12 weeks training periods with measurements at 
weeks 0(pre), 12(mid) and 24(post). Measurements included neuromuscular (1RM, 
isometric strength, MVC500, power), cardiorespiratory (VO2max, time to exhaustion) 
and muscle size (ultrasound, DXA) measurements. Subjects trained twice a week during 
weeks 0–12 and five times in two weeks during weeks 13–24. In the first training period 
the strength training included loads of 40–60% (weeks 0–2) 60–80% (weeks 3–7) and 
80–95% (weeks 8–12) of 1RM. The endurance training included two different training 
sessions. The first training session included continuous cycling around the aerobic 
threshold for 30–45min, whereas the second training session was interval training. The 
training program both for strength and endurance was similar during training period 2, 
but the loads were increased based on the development. 

All training groups improved significantly 1RM (all groups p<0.001), isometric strength 
(mS+E and wS+E p<0.01, mE+S and wE+S p<0.001), MVC500 (mS+E, mE+S and 
wS+E p<0.01, wE+S p<0.001), power (mS+E p<0.001, mE+S, wS+E and wE+S 
p<0.01), time to exhaustion (all groups p<0.001), CSA (VL50% (mS+E p<0.001, 
mE+S, wS+E and wE+S p<0.01), and lean mass of legs (all groups p<0.001) during the 
24-week training period. In VO2max all except mE+S improved significantly (mS+E and 
wS+E p<0.01, wE+S p<0.05). In the ultrasound measurement wE+S increased CSA in 
VL50% significantly more than wS+E (18.7±11.2% vs. 8.8±8.7%, p<0.05) and mE+S 
(18.7±11.2% vs. 10.4±8.4%, p<0.05). In time to exhaustion, wE+S improved 
significantly more than mE+S (21.7±10.9% vs. 13.1±8.6%, p<0.05). 

According to this study, muscle CSA, muscle strength and endurance performance 
improved with combined single session strength and endurance training independently 
of the training order. In addition, wE+S showed larger muscle hypertrophy (CSA) than 
that of observed when training by the opposite order and larger than in men using the 
same E+S order. 

Keywords: CSA, force production, combined single session training, order effect, 
men, women. 
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1 INTRODUCTION 

 

 

Strength training can increase strength, power and muscle size. However, the qualities 

that increases the most, depends on the type of training, for example sets, repetitions, 

load, recovery time, intensity, total volume and performance technique. (Bomba 1999, 

315–342, Campos et al. 2002.) According to Widrich et al. (2002) muscle size and 

absolute maximal strength have a linear relationship. However, Tan (1999) has shown in 

his study that it is possible to increase maximal force without hypertrophy. Moreover, in 

individuals without earlier experience of regular strength training, increases of strength 

may be caused by neural factors in the beginning of strength training period with minor 

hypertrophy (Moritani & deVries 1979, Häkkinen & Komi 1983, Häkkinen et al. 1998, 

Jones and Rutherford 1987). In turn, endurance training improves the capacity for 

respiratory control in skeletal muscle. Furthermore, it includes greater blood flow to 

muscles, greater fatty acid oxidation for energy, greater size and amount of 

mitochondria and decreased catecholamine release for the same absolute power output. 

(McArdle ym. 2007, 470–507.) 

 

Concurrent strength and endurance (SE) training can lead to similar cardiovascular or 

musculoskeletal adaptations compared with strength (S) or endurance (E) training alone 

(Izquierdo et al. 2005 and Hendricson et al. 2010). However, some studies have reported 

attenuated cardiovascular and musculoskeletal results with combined SE training 

(Aagaard et al. 2011). Perhaps training adaptations after combined SE training, are just 

minor compared to strength or endurance training alone (Holviala et al 2010). 

According to some studies, also training intensity, frequency and duration have an effect 

on training adaptations, when combined SE training has been used (Karavirta et al. 

2011). 

 

Many researchers (Dudley & Djamil 1985, Glowacki et al. 2004, Hendrikson et al. 

2010, Häkkinen et al. 2003) have found that concurrent SE training does not hinder 

strength development. Also Holviala et al. (2010) and Tan (1999) reported increased 

strength after combined training. However, they concluded that endurance training will 
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cap the upper limits of strength gains, due to minor changes of increase compared to the 

strength group (Holviala et al. 2010 and Tan 1999). 

 

There are different results of peak power development after combined SE training. 

According to Häkkinen et al. (2003), combined SE training has an inhibiting effect on 

improvement of peak power production, whereas Hendricson et al. (2010) and Izquierdo 

et al. (2005) reported that combined SE training might not interfere with improvements 

in power. Furthermore, a same kind of dilemma concerns muscle hypertrophy. Some 

authors report that concurrent training does not effect in muscle hypertrophy (Häkkinen 

et al. 2003), while others report attenuated hypertrophy, especially, over a prolonged 

period of combined SE training (Aagaard et al. 2011,  Karavirta et al. 2011, Losnegard 

et al. 2011, Putman et al. 2004). 

 

Only a few studies have investigated differences between men and women in the 

development of strength and endurance after SE training. The same concerns 

adaptations to strength and endurance performances, when combined SE training is 

performed in two different orders (order effect): strength training performed before 

endurance training and strength training performed immediately after endurance 

training. According to Cadore et al. (2010) endurance training performed before 

strength training can hinder strength development and according to Chtara et al. (2005), 

the same order can improve endurance performance significantly more than opposite 

order or strength and endurance performed separately. Considering this, the purpose of 

this study was to find out, how results diverge when combined strength and endurance 

training is done in two different orders: S+E and E+S. Another interest was to 

investigate differences between young men and women during combined single session 

SE training.  
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2 NEUROMUSCULAR ADAPTATIONS TO STRENGTH TRAINING 

 
 
The function of the nervous system is to determine the level and timing of muscle forces 

and send instructions to the muscles to coordinate body movement. In turn, the muscles 

produce the forces and move bones via the joints. The parts of the nervous and muscular 

system, which coordinate movements, compose the neuromuscular system. (Watkins 

2010, 187–208.) The purpose of strength training is to increase the ability to create 

muscle strength which is possible through the development of the neuromuscular 

system (Bomba 1999, 315–342). The load, the amount of repetitions and sets, recovery 

time, performance technique and total load of training orders what kind of strength 

abilities are trained (Bomba 1999, 315–342, Campos ym. 2002, Cormie ym. 2009). 

 

2.1 Muscle activation 

 

The spinal cord is the major prosessor for muscular activity and distribution center for 

motor control (McArdle 2007, 402). The motor unit is the functional unit of skeletal 

muscle (Figure 1) (Watkins 2010, 219). It consists of alpha motor neuron and the 

specific muscle fibers it innervates. Alpha motor neuron include dendrites, cell body and 

axon, which together allow transmission of an electrochemical impulse from the spinal 

cord to the muscle. Dendrites bring the nerve impuls to the body cell, from which nerve 

impuls continues along axon to the muscle fibers. (McArdle 2007, 402–403.) Muscles 

associated with fine motor control have motor units with just a few muscle fibers to 

innervate and forceful movements need muscles with motor units, which innervate even 

3000 muscle fibers (Watkins 2010, 219).  
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FIGURE 1. Motor Unit. (Silverthorn ym. 2007, 416). 

 

The increased number of motor units recruited and the increased frequency of motor 

unit discharged are the two mechanisms, which order the force of muscle action. The 

more motor units are recruited, the more muscle force is increased. Moreover, to 

produce the desired coordinated response, neural control selectively recruits and fires 

pattern of the fast-twich and slow-twich motor units. Slow-twich motor units have the 

lowest threshold for activation and are recruited selectively during light and moderate 

effort. During rapid and powerful movements fast-twich fatique resistant (type 2a) units 

are progressively activated up through the fast twich fatigable (type 2b) units at peak 

force. Motor unit firing is a major factor that separates skilled performance from 

unskilled and specific athletic groups. Weight lifters recruit many fast-twitch motor 

units simultaneously during lifting to generate force quickly for desired lift. In contrast, 

endurance athletes have just some motor units fired, while others recover, and they use 

predominantly slow-twich motor units to continue performance with minimal fatigue. 

(McArdle 2007, 408–409.) Consequently, strength training will effect on muscle fiber 

type distribution, which changes the contractile properties of the muscle and finally 

affects the performance of the athlete. Therefore, strength training is nowadays used 

almost in all sports in which high intense work is conducted. (Andersen and Aagaard 

2010.)  
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The changes in the nervous system function will cause rapid and large strength increase 

early in the training (Holtermann et al. 2007, McArdle 2007, 540–541). It includes 

greater efficiency in neural recruitment patterns, increased motor neuron exitability, 

increased central nervous system activation, improved motor unit synchronization and 

increased firing rates, lowering of neural inhibitory reflexes and inhibition of Golgi 

tendon organs. With these changes muscle contraction is faster and more effective, 

which regenerates muscle force output. (McArdle 2007, 540–541.) According to 

Holtermann et al. (2007), motor unit recruitment and discharge rate during maximal 

voluntary contraction (MVC) supports that with training achieved enhanced net 

excitatory synaptic input or excitability of motoneurons are more likely to increase rate 

of force development (RFD) than to contribute to gained strength. 

 

The electrical signal from motor neurons continues to muscle fibes as action potential. 

This electrical signal in muscle fibers can be recorded with an electromyogram (EMG). 

EMG can be used to estimate muscle force and identify adaptations in the 

neuromuscular system, when muscle force has changed. It can also be used to diagnose 

problems in the neuromuscular system or to determine the requirements of job-related 

tasks. EMG is measured with electrodes, which can be placed on the skin over the 

muscle (surface EMG) or in the muscle between muscle cells (subcutaneous EMG). 

Surface electrodes measures an action potential activity in the underlying muscle, 

whereas subcutaneous electrodes records single action potentials in a few adjacent 

muscle fibers. (Enoka 2002, 46–50.) 

 

Neural adaptations occur during the initial phase of resistance training (Moritani & 

deVries 1979, Häkkinen & Komi 1983, Holtermann et al. 2007). In the study of 

Häkkinen et al. (1998), middle-aged and older people (men and women) had a 

progressive heavy-resistance training program combined with explosive types of 

exercises. Because in all groups the maximal voluntary activation of the agonist muscles 

increased to a much greater extent than muscle CSA and the coactivation of the 

antagonists reduced significantly in the elderly, they suggested that neural adaptations 

play a greater role than muscle hypertrophy when explaining large strength and power 

gains. (Häkkinen et al. 1998.) An intense 20-day period of eccentric training in 

previously untrained individuals caused also increased agonist activation and decreased 

antagonist coactivation in the study of Krentz and Farthing (2010). These activation 



10 
 

chances are early neural adaptations that reflect improved neural coordination of 

movement (Krentz and Farthing 2010). 

 

2.2 Maximal strength and power 

 

Strength is the ability of the neuromuscular system to produce force against an external 

resistance, whereas maximal strength is the force that a muscle or muscle group can 

generate. Changes in neural-, hormonal- and muscular system, causes the development 

in maximal force (Tan 1999). In addition, the maximal strength depends on the number 

of recruited motor units, the motor unit firing rate, the amount of motor unit 

synchronization, the use of the stretch shortening cycle, the degree of neuromuscular 

inhibition, the muscle fiber type and the degree of muscle hypertrophy (McArdle 2007, 

510–553). The use of the highest possible load and the highest possible movement 

velocity is the most effective way to develop maximal strength. The most notable 

increase in maximal force has been noticed, when used 4–8 movements in practice, 3–6 

sets of every movement, 1–6 repetition in every set. Recovery time must last 1–5 

minutes depending on loads and repetitions. Training loads are 85–100% of one 

repetition maximum (1RM), even 110%. While aiming to intense increase of maximal 

strength, trainings should take place 3–5 times a week and they should be divided to two 

separate training sessions a day. (Tan 1999.) 

 

Maximal power in turn, is the product of speed and muscular strength (McArdle 2007, 

510–553). To increase muscle power, intensity of training must be maximal and loads 

should be between 30–60% of 1RM. Moreover, 3–6 sets per exercise and 1–5 

repetitions per set are advisable. Rest between sets shoud be 2–5 minutes to prepare for 

next maximal effort. (Kraemer & Häkkinen 2002, 20–36.) Maximal power can be 

expressed with force-velocity curve (Figure 2), where movement velocity decreases, 

when an external resistance increases. A resistance training program can focus to the 

high-force portion or high-velocity portion of the force-velocity curve. (McArdle 2007, 

510–553.) Power improvements appear to be important especially to older adults, 

because it improves walking speed and short physical performance battery (Bean et al. 

2010). 
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FIGURE 2. Force-velocity curve. (Fleck and Kraemer 2004, 225). 

 

Progressive overload is needed to increase strength, which means that training variables 

should be manipulated as the muscle adapts to the training stimulus.  (Bompa 2009, 

259–284.) For example, in the study of Marshall et al. (2011), subjects were male and 

they had used 4-sets in their strength training. They were shared to 1, 4 and 8-sets 

groups. The purpose of the study was to compare improvements in one repetition 

maximum (1RM) squats, when three groups performed squats twice per week at 80% of 

1RM. Strength improved significantly more in the 8-set group than in one-set group, 

therefore, they recommended multi-set resistance training programs for resistance 

trained individuals. (Marshall et al. 2011.) 

 

High levels of muscular strength are significantly related to sport performance. Training 

programs should be constructed to transfer strength development into performance 

requirements. (Bompa 2009, 259–284.) In the study of Bogdanis et al. (2011), strength 

training with high loads and moderate load-program were compared in professional 

soccer players. This study showed that high loads is superior to a moderate-load 

program in soccer players, because with high loads strength increases without a change 

in muscle mass and running economy. Additionally, game-specific endurance and 

repeated sprint ability improved more than with moderate loads. (Bogdanis et al. 2011.) 
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2.3 Muscle hypertrophy 

 

An increase in muscle hypertrophy is the most significant morphological change noted 

in response to increased workload in most resistance training studies (Bompa 2009, 

266–267, Seynnes et al. 2007). To be more specific, muscle hypertrophy means 

significant increases in the cross-sectional area of the skeletal muscle fibers (Figure 3 & 

4) and it can result in an increase in contractile materials and an increase in the 

pennation angle (Bompa 2009, 266–267). Genes, physical activity, diet, endocrine 

system, environment and neuromuscular activity have an impact on development and 

maintenance of muscle hypertyrophy (McArdle et al. 2007). Typically in hypertrophic 

strength training 60–80% loads of 1RM has been used. Purpose is to achieve exhaustion 

in every set, which means 6–12 repetitions in one set. 4–6 sets of every movement have 

been used and recovery between sets has been short, 1–2 minutes. (Ahtiainen & 

Häkkinen 2009, Kraemer & Häkkinen 2002, 20–36.) In this type of training, the 

purpose is to achieve a high total load of training, which leads to extreme acute fatigue 

of the neuromuscular system, acute hormonal response and high level of lactate. Due to 

that, it takes quite a long time to recover from this type of training session. (Kraemer & 

Häkkinen 2002, 20–36.)  

 

Muscle hypertrophy results from repeated training induced muscle fiber injury. More 

specifically, it means that mechanical stress on the components of the muscular system 

triggers signaling proteins to activate genes that activate translation of messenger RNA 

and stimulate protein synthesis in excess of protein breakdown (Chesley et al. 1992). In 

addition, the overcompensation of protein synthesis occurs especially, when effects of 

insulin are combined with adequate amino acid availability and it produces a net 

anabolic effect. The response achieves its peak approximately 24h following the 

training session and remains elevated for 36–48h. (Chesley et al. 1992, Komi 2003, 

252–261, MacDougall et al. 1995, Phillips et al. 1997, Welle et al. 1999)  Strength 

training also activates satellite cells, which have regenerative function on cellular 

growth and impact on muscle hypertrophy (Phelan & Gonyea 1997). As a result cell's 

myofibrils thicken and the amount of myofibrils and sarcomeres increases (Komi 2003). 

Likewise, anaerobic energy stores (intramuscular ATP, PCr and glycogen) increases 

considerably, which contribute to the rapid energy transfer required in resistance 

training. (McArdle 2007, 541–543.)  
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FIGURE 3. The structure of muscle (Modified from Komi 2003). 

  

 

 

FIGURE 4. Muscle fiber hypertrophy: Strength training stimulates muscle hypertrophy. 

Hypertrophy can be found in single muscle fibers, but also in the whole muscle. (Modified from 

Komi 2003.) 

 

In the initiation of resistance training, motor learning and coordination are primary 

adaptations. When learning effect decreases, hypertrophy and structural changes 

become more markable adaptations to increase muscle strength. (McArdle et al. 2007, 

509–553.) According to Seynnes et al. (2007) changes in muscle size at macroscopic 

level were observed after only 3 weeks of resistance training, when bilateral leg 

extension were performed three times per week. Consequently, they suggested that 

neural factors contribute to the early strength gains as previously reported, but 

contribution of hypertrophy to strength gains during training occur earlier than 

previously reported. (Seynnes et al. 2007.)  

 

High–tension eccentric (lengthening contraction) strength training will lead to the 

greatest increases in strength, when overload principle is strictly followed (Kraemer & 

Häkkinen 2002, 20–36). It causes delayed muscle soreness, which activates muscle 

regeneration. (Kraemer & Häkkinen 2002, 53; McArdle 2007, 541–543). However, in 

the study of Flann et al. (2011) eccentric exercise increased muscle size and strength 

independently of symptoms of muscle damage. Eccentric exercise has low energy 
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requirements and high force-production abilities, which is important for individuals who 

could benefit from increased muscle strength, but are exercise-limited (Gosker et al., 

2000; Volpi et al., 2004). In turn, in previously untrained individuals intense eccentric 

training performed every second day led to prolonged impairement of muscle strength. 

Muscle thickness increased and strength decreased, what is a sign of muscle damage 

leading to swelling and impaired muscle function. (Krentz and Farthing 2010.) 

Neverheless, according to Moore et al. (2012), contraction type has just little impact on 

the training-induced increase in muscle size and strength, when important training 

variables such as exercise intensity and volume of work are equivalent. However, with 

eccentric training, greater volume of work can be performed in fewer repetitions and 

possibly at a lower metabolic cost (Moore et al. 2005; Ryschon et al. 1997). Over a 

period of short-term training, eccentric training may provide a time and energy efficient 

strategy to enchance hypertrophic adaptations. (Moore et al. 2012.) 

 

In older individuals, the development of hypertrophy is more robust compared to young 

individuals, especially men (Kosek et al. 2006, Martel et al. 2006). Particularly the 

development of type I muscle fiber is more slow than in young individuals. In turn, 

young men appear to have greatest hypertrophic capacity compared to young women, 

older men and women. These differences in muscle hypertrophy may be due to varying 

expression of cellular components known to impact muscle fiber hypertrophy. All 

groups had hypertrophy also in type 2 fibers after heavy resistance training. (Martel et 

al. 2006.) However, the functional benefits of resistance training for older adults are 

remarkable. After 16 weeks of resistance training, older adults were capable to restore 

myofibers to the pretraining fiber sizes, and therefore, age-specific training programs 

should be evaluated. (Kosek et al. 2006.) 

 

2.3.1 Muscle fiber size  

 

An increase of the cross-sectional area of the skeletal muscle fibers is one reason for 

muscle hypertrophy (Bompa 2009, 266–267). The muscle fiber hypertrophy is typically 

observed with heavy resistance training (HRT) programs (Green et al. 1999; Wang et al. 

1993). Type 2 muscle fibers have been noted to exhibit hypertrophy faster in response to 

resistance training and and also atrophy faster with detraining. Increase of type 2 fiber 
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size alters significantly the ratio of type 2 fibers to type 1, when considering muscle 

fiber cross-sectional area. This is beneficial to maximal strength and power generating 

capacity. (Bompa, 2009, 265–267.) Also in the study of Wang et al. (1993), type 2B 

fibers were hypertrophied to the greatest extent and transformed into type 2A fibers 

after 18 weeks of HRT, which altered the fiber type composition. The extent of these 

changes depends on the increase in the amount of myofibrils, mitochondria, lipid 

droplets and capillaries. (Wang et al. 1993.) In turn, after 12 weeks of the HRT period, 

Green et al. (1999) demonstrated that, depending of the different fiber types, either the 

capillarization or the oxidative potential is the way to cause decent fiber hypertrophy. 

However, the mechanisms, which links HRT with these adaptive changes is not clear, 

but apparently it is related to the muscle force development and duration of activity 

(Wang et al. 1993). 

 

In the study of Hostler et al. (2001), elastic resistance training devices were used. For 

utilizing lower loads and higher amount of repetitions compared with free weight 

training. This method induced minor changes in fiber type composition, fiber size and 

capillarization. Despite a high number of repetitions in elastic resistance training, 

muscular adaptation appeared to be more similar to traditional resistance training than to 

aerobic forms of training. However, the extent of these changes was less than reported 

for short-term training programs using free weights. (Hostler et al. 2001.) An alteration 

in muscle fiber type is another positive morphological adaptation to resistance training. 

The change from type 2X to type 2A is the most consistent fiber type adaptation 

(Bompa, 2009, 266–267). McCall et al. (1996) studied twelve male subjects, who 

completed 12 week intensive resistance training for all major muscle groups. Subjects 

had recreational resistance training backgrounds. After the training period, there was 

hypertrophy in total muscle CSA and capillary changes were proportional to muscle 

fiber growth, but estimated fiber number did not changed. (McCall et al. 1996.) 
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2.3.2 Muscle cross-sectional area (CSA) 

 
2.3.2.1 Measurement and growth of CSA 

 

The greatest absolute force is generated by individuals with the largest muscle cross-

sectional area (McArdle 2007, 515). Additionally, measurement of the CSA and volume 

of the human quadriceps femoris muscle is useful for monitoring the effects of 

immobilization as a consequence of sarcopenia as well as assessing the response of the 

muscle to physiotherapy and to training in sport (Hides et al. 1995, Reeves et al. 2004, 

Walton et al. 1997), which is important especially when the limb is painful and it is 

impossible to measure muscle strength. That being the case, evaluation of muscle 

strength must rely on measurements of muscle size (Walton et al. 1997). In addition to 

research studies which are focused on measuring changes in muscle size, direct 

measurements of muscle size are essential (Stokes 1985). Moreover, in the CSA 

measurement with ultrasound, the mid-thigh region CSA of the vastus lateralis muscle is 

reliable to measure, but in distal regions, it is difficult to get valid and repeatable images 

(Ahtiainen et al. 2010, Noorkoiv et al. 2010). 

 
Strength training causes an increase in muscle anatomical cross-sectional area, in 

muscle fiber area and in fascicle angle after 10 weeks of resistance training. Moreover, 

these changes are also highly related to maximal strength. In turn, endurance training 

does not evoke these morphological changes, which supports that fiber hypertrophy and 

fascicle angle are interrelated (Figure 5) (Farub et al. 2012.) In the study of Lamas et al. 

(2012), eight weeks of training in the strength training and power training groups 

increased both maximal strength and CSA. However, there were no changes in muscle 

activation. Despite a non-significant interaction effect, there seemed to be a trend that 

the strength training group had greater muscle fiber hypertrophy (in 1, 2A and 2B fiber 

types) than power training group. In type 1 fibers, CSA decreased 5% after power 

training (Lamas et al. 2012.) 

 
With increasing age, the decline in maximal strength could be related to the weakening 

in the muscle CSA (Häkkinen et al. 1996). According to Häkkinen et al. (1996), 

explosive strength may decrease even more than maximal strength with ageing, 

suggesting that atrophying effects of aging may be greater on fast-twich muscle fibers 

than on slow-twich fibers. 
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FIGURE 5. Fiber cross-sectional area of vastus lateralis muscle. The values are for mean fiber, 

type 1 and type 2 CSA after 10 weeks endurance (END) or resistance (RE) training. *Significant 

difference between pretraining and post training. (Farub et al. 2012.) 

 

2.3.2.2 Musle CSA in men and women 

 

In the study of Jaworowski et al. (2002), men were significantly taller, heavier, had 

considerably larger muscle CSA and relatively larger type1 and 2 fibers than women. 

Maximal activities of the glycolytic enzymes, lactate dehydrogenase (LDH) and 

phosphofructokinase (PFK), were also significantly higher in men than in women. This 

difference did not appear in activities of muscle enzymes involved in the oxidation of 

carbonhydrates and fat. In conclusion, differences in enzyme activities were related to 
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height, weight, anatomical CSA and relative CSA of type 2 fibers (Jaworowski et al. 

2002.) 

 

Kanehisa et al. (1994), determined fat, muscle and bone tissues by ultrasound on the 

upper arm and thigh. Women had significantly larger fat CSA and smaller bone and 

muscle CSA than men. Regardless of the measurement site, the largest difference 

between men and women were found in fat CSA, and the differences in bone and 

muscle were larger in the upper arm compared to the thigh. When strength was 

expressed per unit of muscle CSA, there were no significant sex differences observed 

for the elbow flexors and extensors. Although the difference between sexes in muscle 

CSA was smaller in the thigh, men had significantly higher strength per muscle CSA 

compared to women for the knee flexors and extensors (Kanehisa et al. 1994.) Kanehisa 

et al. (1994) concluded that this might due to untrained women being less able to recruit 

motor units during dynamic muscle action and/or the differences between sexes in the 

musculoskeletal system. 

 

According to Häkkinen et al. (1996), age does not change relationship between men and 

women in strength, because both men and women have an age related decline in the 

muscle CSA. However, the force per CSA in older women (W70) was significantly 

smaller than in other groups (W50, M50, M70) (Figure 6). This might due to a decrease 

in maximal voluntary neural input to the muscle and/or changes in the charasteristics of 

the muscle tissue itself (Häkkinen et al. 1996.) 
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FIGURE 6. Left: Muscle CSA of the quadriceps femoris muscle for the left (A) and right (B) leg 

in the middle-aged (50yrs) and elderly (70yrs) men and women. (*p<0,05; **p<0,01; 

***p<0,001) (Häkkinen et al. 1996). Right: Maximal force of the knee extensor muscles per 

cross-sectional area of the quadriceps femoris muscle averaged for the right and left leg in the 

middle-aged (50 yrs) and elderly (70 yrs) men and women (*p<0,05) (Modified from Häkkinen 

et al. 1996). 
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3 NEUROMUSCULAR ADAPTATIONS TO COMBINED 

STRENGTH AND ENDURANCE TRAINING 

 

 

3.1 General neuromuscular effects 

 

Usually maximum strength is combined with endurance training or power training, 

whereas single-mode training for maximum strength in rarely done. (Tan 1999.) In the 

studies concerning effect of combined strength and endurance training, subjects have 

usually been untrained-to-moderately trained individuals. Some of these studies have 

reported attenuated cardiovascular and musculoskeletal results with combined S and E 

training. In contrast, other studies have reported similar cardiovascular or 

musculoskeletal adaptations with concurrent S and E training compared with S or E 

alone. Only few studies have evaluated this effect in highly trained endurance athletes. 

(Aagaard et al. 2011.) 

 

According to previous studies, combined strength and endurance training may interfere 

with optimal neuromuscular adaptation in young subjects, depending on the training 

intensity, frequency and duration (Karavirta et al. 2011). Despite that, McCarthy et al. 

(2002) found that concurrent strength and endurance (SE) training led to same results as 

strength-only training in all neuromuscular measures over the short term.  Also Dudley 

& Djamil (1985), Glowacki et al. (2004), Hendrikson et al. (2010), Häkkinen et al. 

(2003) agree that concurrent SE training does not hinder strength development (Figure 

7). Althought Holviala et al. (2010) also reported increased strength after combined 

training, increase was minor to changes in the strength group. Perhaps in combined 

training light endurance program does not bother maximal strength gains, but endurance 

training will cap the upper limits of strength gains (Tan 1999). 
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FIGURE 7. Percent changes in 1-RM squat, 1RM bench press, squat jump and bench press 

throw after 12 weeks of combined resistance and endurance training, resistance training, 

endurance training and no training (control) (Modified of Hendrikson et al. 2010). 

 

Dudley & Djamil (1985) and Häkkinen et al. (2003) suggested that concurrent SE 

training (even lowfrequency) will hinder explosive strength development, which might 

due to the limitations of rapid voluntary neural activation of the trained muscles 

(Häkkinen et al. 2003). In contrast, Izquierdo et al. (2005) suggested that prolonged low 

frequency combined SE training in untrained middle-aged men hinder leg strength 

development, but it might not affect leg muscle power compared to strength training 

alone. Also Hendrikson et al. (2010) reported that an 8 week concurrent training period 

does not interfere with improvements in power. Bell et al. (2000) suggested that long 

term concurrent SE training may lead to an elevated catabolic state, decreased skeletal 

muscle hypertrophy and impaired strength gains. On the contrary, short term (less than 

7±10 weeks) concurrent training will promote increases in many aspects of strength and 

endurance. However, also Häkkinen et al. (2003) reported that high overall frequency 

and/or volume of concurrent SE training will lead to large strength gains during initial 

weeks of training, but only with limited strength development during later months of 

training. 
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Ronnestad et al. (2012) studied well-trained cyclists and recreationally active 

individuals. The cyclists composed combined S+E group (heavy strength training was 

added to their normal endurance training) and recreationally active individuals 

composed S group (the same strength training as S+E, but without endurance training). 

During the 12 week training period both groups increased thigh muscle CSA, squat 

jump performance and one repetition maximum (1RM), but the relative improvements 

in S were greater than in S+E. S increased also peak rate of force development (RFD), 

but S+E did not. (Ronnestad et al. 2012.) Ronnestad et al. (2012) concluded that 

strength training response on 1RM strength, thigh muscle CSA and squat jump 

performance is attenuated in well-trained endurance athletes during a period of 

concurrent S+E training. Also Häkkinen et al. (2003) studied differences between S+E 

and S groups after 21-week training period. Althought the S group improved CSA a bit 

more than the S+E group (S7%, S+E9%), there were no significant differences between 

groups (Häkkinen et al. 2003). 

 

In the study of Sunde et al. (2010), competitive road cyclists performed maximal 

strength training for 8 weeks supplement to their normal training. Cyclists improved 

cycling economy and efficiency and increased time to exhaustion at maximal aerobic 

power, without change in maximal oxygen uptake, cadence, or body weight (Sunde et 

al. 2010). Also according to Cadore et al. (2011) and Storen et al. (2008), strength 

training concurrently with endurance training may improve the neuromuscular economy 

more than endurance training alone. This can be seen in decreased electrical activity in 

the quadriceps muscle during aerobic activity, which means that fewer motor units were 

recruited for same load (Cadore et al, 2011). 

 

According to Putman et al. (2004), 12 weeks of strength training (S) and combined 

strength and endurance training (SE) induced similar increases in CSA of type 2A 

fibers. In contrast, S group increased CSA of type 1 fibers more than SE group (Putman 

et al. 2004). Putman et al. (2004) concluded that concurrent SE training resulted in 

greater fast-to-slow fibre type transition and attenuated hypertrophy of the type 1 fibers. 

Also Karavirta et al. (2011) indicate diminished muscle hypertrophy in previously 

untrained 40–67-year-old men, when combined SE training are combined over a 

prolonged period. When maximal muscle strength is elevated without muscle fiber 

hypertrophy after concurrent SE training, strength appears to be a result of 
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neuromuscular adaptation. This is interesting to top-level endurance athletes athletes in 

sports, where muscle forces are generated against gravity (for examble running and 

uphill cycling) and where gains in body mass are undesirable. (Agaard et al. 2011.) 

Losnegard et al. (2011) investigated the effects of high volume endurance training and 

heavy strength training in elite cross country skiers. During a 12 week period, strength 

improved in leg and upper body muscles, but CSA in the thigh muscles changed only a 

little. Also VO2max improved. (Losnegard et al. 2011.) 

 

3.2 Order effect of neuromuscular adaptation 

 

In the study of Cadore et al. (2010), 65±4 yeas old men were studied and they were 

assigned into three groups: concurrent, strength and endurance group. All goups trained 

three times per week during 12 weeks. Strength enhancements in this study show that 

endurance training performed before strength training can hinder strength development 

in elderly men (Figure 8), when the same muscle group is activated in both types of 

training. At least in part neural adaptations seem to explain interference effect in 

concurrent E+S taining, because a catabolic state in hormonal concentrations was not 

observed. (Cadore et al. 2010.) 

 

 

 

FIGURE 8. Lower-body 1 RM values before and after 12 weeks of combined strength and 

endurance training (CG), strength training (SG) and endurance training (EG). *Significant 

difference from pre training values (Cadore et al. 2010.) 
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Also Cadore et al. (2012a) and Cadore et al. (2012b) studied 65±4 yeas old men, who 

trained three times per week during 12 weeks. They were placed into two combined 

training groups: strength prior to (SE) or after (ES) endurance training. In both of the 

studies (Cadore et al. 2012a and Cadore et al. 2012b), both training groups increased 

muscle thickness with no difference between groups. In the group that performed 

strength training prior to endurance training, a significantly greater improvement in the 

lower-body 1RM and in the force per unit of muscle mass was observed. (Cadore et al. 

2012a.) Also, in the study of Cadore et al. (2012b) both groups increased upper- and 

lower-body 1RM and increase in lower-body 1RM was higher in SE than ES. In 

addition, the maximal EMG and neuromuscular economy of vastus lateralis increased in 

both SE and ES, but the neuromuscular economy of rectus femoris improved only in SE 

group. (Cadore et al. (2012b.) According to Cadore et al. (2012b), performing strength 

prior to endurance exercise during concurrent training resulted in greater lower-body 

strength gains as well as greater changes in the neuromuscular economy in elderly.  

 

Chtara et al. (2008) examined the influence of the sequence order of high-intensity 

endurance training and circuit training on changes in muscular strength and anaerobic 

power. The subjects were students of physical education who were divided into four 

groups, (strength, endurance, S+E and E+S groups) in which they trained for 12 weeks. 

In this study no markable differences were noticed, whether endurance training were 

performed before circuit training (E+S) or conversely (S+E). Group, which trained only 

strength, improved muscular strength and explosive strength and power significantly 

more than combined training groups, regardless of the intrasession sequencing. (Chtara 

et al. 2008.) 
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4 CARDIORESPIRATORY ADAPTATIONS TO COMBINED 

STRENGTH AND ENDURANCE TRAINING 

 

 

4.1 General cardiorespiratory effects 

 

Studies of combined strength and endurance training have different results of 

cardiorespiratory adaptations when compared to endurance training alone. In the study 

of Bell et al. (2000), Dudley & Djamil (1985) and Hendrikson et al. (2010), gains in 

VO2max were similar with concurrent training, but according to Glowacki et al. (2004) 

concurrent training may hinder improvements in aerobic capacity. In addition, Izquierdo 

et al. (2005) suggested that prolonged low frequency combined training in untrained 

middle-aged men might not affect cardiovascular fitness. In ageing men, oxygen uptake 

increased in combined SE training group, however, increase remained minor compared 

to endurance training group. However, combined SE training might be superior 

compared to S or E training, when it is about performance of load carrying walking 

exercise test, where both strength and endurance are benefical. (Holviala et al. 2010.)   

 

Bastiaans et al. (2001) recommended replacing a portion of endurance training by 

explosive strength training, because it prevents a decrease in short-term performance 

without decrease in endurance performance of trained cyclists. In another study of 

cyclists combined ES training improved maximal isometric strength and prevented the 

decrease in the cadence, which was mostly observed due to exercise duration 

(Hauswirth et al. 2010). Garcia-Pallares et al. (2009) found that 12-week periodized 

combined heavy strength and endurance training is effective for improving both 

cardiovascular and neuromuscular markers of highly trained top-level athletes. This can 

be seen also in the study of Mikkola et al. (2007), where young distance runners 

performed concurrent explosive strength and endurance training. They improved 

anaerobic and selective neuromuscular performance charasteristics without decrease in 

aerobic capacity, which could be primarily explained by neural adaptations. (Mikkola et 

al. 2007.) Also in the study of Paavolainen et al. (1999), explosive strength training was 

included to sprint and endurance training, which did not change VO2max in well-trained 
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endurance athletes. Instead, muscle power, running economy improved, which approved 

5km running performance significantly (Paavolainen et al. 1999). 

 

Taipale et al. (2010), Aagaard and Andersen (2010) and Aagaard et al. (2011) reported 

same kind of results. According the study of Taipale et al. (2010) maximal and 

explosive strength training together performed concurrently with endurance training are 

more effective in improving strength, power and muscle activation in recreational 

endurance runners than concurrent circuit and endurance training. Strength, power and 

muscle activation improvements seemed to enchange also endurance performance by 

improving velocity at VO2max (vVO2max) and running economy (RE). (Taipale et al. 

2010.) In turn, Aagaard and Andersen (2010) studied that concurrent heavy-resistance 

training and endurance training can lead to enhanced long-term (30 min) and short-term 

(15 min) endurance capacity both in well-trained individuals and highly trained top-

level endurance athletes. Aagaard et al. (2011) noticed the same in 45-min time-trial 

performance in top-level (National Team) endurance athletes. In both studies these 

chances were accompanied to increased type 2A muscle fiber proportions and gains in 

maximal voluntary contraction (MVC) and rate of force development (RFD). Aagaard et 

al. (2011) suggested that these increases are responsible for the adaptive changes in 45-

min performance, because the group with endurance training only did not have these 

changes. In this study muscle fiber area and capillarization remained unchanged. 

(Aagaard et al. 2011.) In contrast, Bell et al. (2000) reported that concurrent ES training 

may increase capillarization more than endurance training alone. When maximal 

strength training is focused on neural adaptation, strength, particularly rate of force 

development has improved. As a consequence work economy has enhanced, which will 

lead to improved aerobic endurance performance (Hoff et al. 2002). 

 

4.2 Order effect of cardiorespiratory adaptation 

 

Chtara et al. (2005) studied adaptive responses of the intra-session order of strength and 

endurance training. Male sport students trained 12 weeks in four training groups 

(running endurance training, strength circuit training, S+E and E+S, who combined the 

two programmes in a different order during the same training session). The E+S group, 

which performed circuit training immediately after endurance training, improved 



27 
 

endurance performance and aerobic capacity significantly more than opposite order or 

each of the training programmes performed separately. (Chtara et al. 2005.) 

In contrast, Cadore et al. (2012a) studied older (65±4 yeas old) men, who trained three 

times per week during 12 weeks. They were placed into two combined training groups: 

strength prior to (SE) or after (ES) endurance training. However, the intra-session 

exercise sequence had little influence on endurance markers (Figure 9). They did not 

find significant differences between SE and ES, when the maximal aerobic power, 

maximal workload, and workload at the anaerobic threshold were observed. (Cadore et 

al. 2012.) 

 

 

 

FIGURE 9. Mean values of the peak oxygen uptake (VO2peak) before and after 12 weeks of 

concurrent training. SE, strength prior to endurance training; ES, endurance prior to strength 

training. * Significant difference from pre training values (Cadore et al. 2012.) 
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5 STRENGTH TRAINING INDUCED ADAPTATIONS IN MEN AND 

WOMEN 

 

 

5.1 Muscle strength and power development 

 

The greatest absolute force is clearly generated by individuals with the largest muscle 

cross sections. With reference measurements such as body mass, fat free mass (FFM), 

muscle cross section, limb volume or girth, it is possible to evaluate strength 

performance diffenrences between individuals. Women produce about 50% lower upper 

body strength and about 30% lower leg strength than men. (McArdle 2007, 515–517.) 

The clearer difference in the upper limb muscles might be due to the fact that women 

tend to have a lower proportion of their lean tissue distributed in the upper body (Miller 

et al. 1993).  

 

 
FIGURE 10. Mean fiber area in the vastus lateralis muscle in men and in women. † Men have 

significantly bigger fiber area in the vastus lateralis than women (Miller et al. 1993.) 

 

When muscle strength of men and women are divided by body mass, there is only minor 

gender differences left. Therefore, the gender differences are rather caused by muscle 

volume than muscle fiber architectural charasteristics or metabolic functions. When 

maximal strength is compared to proportions of fat free mass (FFM), men and women 

do not differ significantly in either upper- or lower-body strength. (McArdle 2007, 515–

517.) However, in the study of Miller et al. (1993) men tended to have stronger muscles 

than women in upper and lower limb muscles, althought units were relative to lean body 

mass. Also Lovell et al. (2011) reported that men were significantly stronger and more 

powerful in the upper body than women, although results were relative to body mass. 
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However, there were no significant gender differences in the number of muscle fibers, 

the number of motor units, the ability to activate motor units and strength per CSA in 

the study of Miller et al. (1993). According to that, the greater strength of the men is 

primarily due to the larger fibers (Figure 10) and this study suggests that it is largely 

caused by innate gender differences. (Miller et al. 1993.) In turn, Lovell et al. (2011) 

supposed that there might be some gender differences in force per cross-sectional area 

or in the manner in which the genders produce ATP during high intensity activity, which 

also affects differences in maximal strength and power. 

 
In the study of Delmonico et al (2005), men and women trained unilateral knee 

extension strength during 10-weeks. As a result, both men and women increased 

significantly their absolute and relative peak power. When the absolute results were 

normalized by muscle volume, only women increased peak power. Both men and 

women increased their absolute peak velocity and decreased their relative velocity, 

when results were not normalized for muscle volume. However, in men reductions were 

significantly greater than in women. This study suggests that strength training induced 

increases in peak power depending on muscular hypertrophy in men, but not in women. 

(Delmonico et al. 2005.)  

 

5.2 Muscle hypertrophy 

 
According to Ivey et al. (2000), men are able to gain approximately twice as great 

muscle mass as women, when expressed in absolute terms. Because men have larger 

initial muscle mass, men experience a greater absolute change in muscle size. 

Nonetheless, muscular enlargement on a presentage basis remains similar between 

genders (McArdle 2007, 547–548). Ivey et al. (2000) noted that men also experience 

larger losses in response to detraining than women. However, Clark et al. (2009) found 

that maximal strength recovery is slower in women than men after three weeks of limb 

immobilization. In the study of Ivey et al. (2000), where groups of young men, young 

women, old men and old women were compared to each other, young men were the 

only group that maintained muscle volume adaptation after 31 weeks of detraining (Ivey 

et al. 2000). 
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5.3 Adaptations to combined strength and endurance training 

 

In combined training studies concerning men, combined group gained the same results 

as strength group in strength (Glowacki et al. 2004; Häkkinen et al. 2003; Karavirta et 

al. 2010; McCarthy et al. 2002) and muscle hypertrophy (Häkkinen et al. 2003; 

McCarthy et al. 2002). However, in the study concerning only men (Karavirta et al. 

2011) and in the studies concerning both men and women (Losnegard et al. 2011), 

combined training had interference effect on muscle hypertrophy compared to strength 

training only. Results in muscle power among men are conflicting. For example, 

according to Häkkinen et al. (2003), combined training hinders explosive strength 

development, but according to Izquierdo et al. (2005), it does not. Similarly in the study 

where both sexies were in the same group, combined training reduced the magnitude of 

increase in muscle power (Dudley & Djamil 1985). In most combined training studies 

subjects are men or both sexies are in the same groups. In the study of Hendrickson et 

al. (2010), where subjects were women, combined strength and endurance training did 

not have an effect on improvements in strength or power compared to strength training 

alone. 

 

Ferketich et al. (1998) and Hendrickson et al. (2010) have shown that resistance training 

together with endurance training does not hinder cardiovascular adaptations compared 

to endurance training only, when subjects were only women. In men, only Cadore et al. 

(2011) found same increases in VO2max with combined training than with endurance 

training only. In the study of Paavolainen et al. (1999), the endurance group increased 

VO2max, but any increases were observed in the combined group. In turn, Glowacki et al. 

(2004) found out that combined training may even hinder development of VO2max. 

Mikkola et al. (2007) and Storen et al. (2008) studied distance runners, which included 

both men and women. In these studies no changes were observed in VO2max (Mikkola et 

al. 2007 and Storen et al. 2008). 
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6 RESEARCH PROBLEMS AND HYPOTHESIS 

 

 

The purpose of the study was to find out how the results diverge when a single session 

combined strength and endurance training is done in two different orders: S+E and E+S. 

The interest is focused on maximal leg strength, size of lower limb muscles and 

maximal oxygen uptake. Another interest concerns differences between young men and 

women according to combined SE training and order effect. 

 

The present research problems and hypotheses are: 

 

1. Is there any difference between S+E training and E+S training after 24 weeks of 

training on muscle hypertrophy? 

 

H1a: Strength training before endurance training (S+E) develops more muscle 

hypertrophy than strength training after endurance training (E+S). The increases in 

muscle anatomical cross sectional area, in muscle fiber area and in fascicle angle are 

highly related to maximal strength (Farub et al. 2012). Endurance training before 

strength training can hinder strength development, when the same muscle group is 

activated in both types of training in the single session (Cadore et al. 2010). 

 

H1b: There is no earlier information of differences between men and women in 

single session combined training. According to earlier information, it can be 

expected that men will demonstrate relatively more muscle hypertrophy than 

women. Combined training does not hinder development of muscle hypertrophy in 

men (Häkkinen et al. 2003; McCarthy et al. 2002), but in women combined training 

has interference effect on muscle hypertrophy (Losnegard et al. 2011). Young men 

appear to have the greatest hypertrophic capacity compared to young women, older 

men and women. This may be due to varying expression of cellular components 

known to impact muscle fiber hypertrophy. (Martel et al. 2006.) For example, 

maximal activities of the glycolytic enzymes such as lactate dehydrogenase (LDH) 

and phosphofructokinase (PFK) were significantly higher in men than in women, 
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which were related to height, weight, anatomical CSA and relative CSA of type 2 

fibers. (Jaworowski et al. 2002.) 

 

2. Is there any difference between S+E training and E+S training after 24 weeks of 

training in the leg muscle strength? 

 

H2a: Strength training before endurance training (S+E) develops more muscle 

strength than strength training after endurance training (E+S). Endurance training 

performed before strength training can hinder strength development (Cadore et al. 

2010). A significantly greater improvement in the lower-body 1RM, in the force per 

unit of muscle mass and in the neuromuscular economy is observed, when strength 

training is performed prior to endurance training (Cadore et al. 2012a and Cadore et 

al. 2012b).  

 

H2b: There is no earlier information of single session combined training between 

men and women. According to earlier information it can be expected that in men 

muscle strength improves relatively more than in women. Combined training has no 

negative effects on strength development neither in women (Hendrickson et al. 

2010), nor in men (Glowacki et al. 2004; Häkkinen et al. 2003; Karavirta et al. 

2010; McCarthy et al. 2002). Men have significantly higher strength per muscle 

CSA compared to women for the knee flexors and extensors. This might be due to 

the fact that untrained women are less able to recruit motor units during dynamic 

muscle action and/or the differences between sexes in the musculoskeletal system 

(Kanehisa et al. 1994.) 

 

3. Is there any difference between S+E training and E+S training after 24 weeks of 

training on maximal oxygen uptake?  

 

H3a: Maximal oxygen uptake will improve more when endurance training is 

performed prior to strength training. In the study of Chtara et al. (2005), E+S single 
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session training group improved endurance performance and aerobic capacity 

significantly more than S+E after 12 weeks of training. 

 

H3b: There is no earlier information about single session combined training between 

men and women. According to earlier information, it can be expected that women 

will improve VO2max relatively more than men. In men combined strength and 

endurance training may hinder the development of VO2max (Paavolainen et al. 1999 

and Glowacki et al. 2004), but in women combined training does not negatively 

influence on the magnitude of the increase in VO2max (Mikkola et al. 2007 and 

Storen et al. 2008).  
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7 METHODS 

 

 

7.1 Subjects 

 

A group of young men and women, a total of 58 volunteers were recruited for the 

current study from the Jyväskylä region. Subjects were physically active, but previously 

systematically untrained. Initially, they had to be free of acute illness and injuries and 

secondly could not be overweight (BMI<31kg/m²). The exclusion criteria included 

impaired glucose tolerance or metabolic syndrome as well as any form of cardiovascular 

or obstructive pulmonary diseases including use of medication for both. Type 2 diabetes 

or musculoskeletal diseases which may restrict the participation in prolonged physical 

activity were also defined as exclusion criteria. The subjects gave a written informed 

consent to participate in the sudy and they had the right to withdraw from the study at 

any time. The study was approved by the Ethics Committee of the University of 

Jyväskylä. 

 

TABLE 1. Background information of the subjects. 

 Age (years) Heigth (cm) Weight (kg) BMI (kg/m²) 

Exp. S+E men 
(n=18) 

29.8±4.4 179±5.2 75.2±8.5 23.5±2.1 

Exp. E+S men 
(n=14) 

28.7±5.5 178±6.2 77.9±9.3 24.6±2.7 

Exp.S+E 
women (n=12) 

29.0±5.0 165±5.4 61.4±9.0 22.7±36 

Exp.E+S 
women (n=14) 

30.1±5.8 166±6.3 65.0±11.6 23.5±3.3 

Control group 
(n=8) 

28.4±5.7 180±4.8 76.7±11.3 23.6±3.1 
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7.2 Study protocol 

 

The present study included two 12 weeks training periods and 3 measurement phases 

(Figure 11). The first measurement phase (pre measurements) was performed before the 

training periods, second measurements phase (mid measurements) was performed after 

the first training period and the third measurement phase (post measurements) was 

performed after the second training period. Prior to the pre measurements, subjects had 

a familarization session in the lab to prepare them for the upcoming measurements and 

to adjust the measurement devices. Subjects were randomly assigned into four groups: 

1. Experimental S+E male (n=18), 2. Experimental S+E female (n=12), 3. Experimental 

E+S male (n=14), 4. Experimental E+S female (n=14). Ten subjects were randomly 

selected from the training groups to the control group, which performed the 

measurements also three weeks before the first measurement phase. 

 

 

 

 

 

 

 

 

 

 

FIGURE 11. Overview of the study design. 

 

 

 

 

 

 

 

 

 



36 
 

7.3 Training programs 

 

Subjects performed single session combined strength and endurance training over a 

period of 24 weeks. Half of the men and women performed strength training every time 

before endurance training and the other half performed strength training invariably 

immediately after endurance training. During weeks 0–12, subjects had two training 

session per week and during weeks 13–24 subjects had five training sessions every two 

weeks. 

 

7.3.1 Strength training program 

 

Strength training focused on knee flexors and extensors, although all major muscle 

groups were trained. The loads for strength training were determined by testing 

subjects` individual one repetition maximum (1RM). The first combined training period 

began with low loads of 40–60% of 1RM during the first 2 weeks and progressing to 

60–80% 1RM loads during weeks 3–7 and 80–95% during weeks 8–12. Explosive 

power exercises were included in weeks 8–12 with the loads between 30 and 40% 1RM. 

In the second combined training period the loads of the combined training period 1 were 

repeated, but percentages were calculated from 1RM results of the second measurement 

phase. 

 

7.3.2 Endurance training program 

 

Endurance training was performed with bicycle ercometer and intensity was controlled 

by heart rate zones that were determined after the initial maximal endurance test on a 

cycle ergometer. During the combined training period 1 there were two different 

endurance trainings sessions. The first training session included continuous cycling 

around the aerobic threshold for 30–45min and the second training session was interval 

training, where the heart rate started below aerobic threshold and raised over the 

anaerobic threshold. During the combined training period 2, the same training program 

was repeated with new thresholds. 
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7.4 Measurements 

 

All strength tests were performed in the same test session, and there were no more than 

five days between the last training session and strength tests. The endurance test was 

performed on the other test day, which was two days before or two days after the 

strength tests. The antropometric measurements were performed in a rested state after 

one day of total rest. However, DXA was performed after 12 hours fast and before 10.30 

am. 

 

7.4.1 Neuromuscular measurements 

 

Isometric strength and MVC500. Maximal isometric voluntary strength and force at 

500 ms timepoint were measured with the dynamometer and the analyses were done 

with the Signal 2.15, Cambridge Electronic Design Ltd. 1997–2004. Subjects were 

instructed to press with their whole foot, to push as fast and as hard as possible in the 

beginning and to hold the maximal force for approximately 3 seconds. Subjects were 

also instructed to keep their back and pelvis in contact with the bench throughout the 

movement and grasp the handle throughout the measurement. Subjects performed 2–3 

warm up trials, where they were instructed to push with sub-maximal effort. After that 3 

maximal trials with one minute rest were performed. 

 

1RM leg press. One repetition maximum was assessed using the leg press (David 210, 

David Fitness and Medical LTD., Helsinki, Finland). The correct technique was 

explained to subjects and it was controlled during the measurements (similarly as in 

isometric strength). To determine 1RM, warm up was started with approximately 70% 

of perceived capacity (5 repetitions), after that 2 repetitions with 80–85%, one repetition 

with 90–95% and finally 1RM. 50% from isometric maximal force was determined as 

the reference value for dynamic 1RM. After that the increase of the weight was either 5 

or 2.5 kg and subjecs had as many trials as 1RM was found. Between the trials, subjects 

were allowed to rest for one minute.  
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Leg press power. Leg press power was assessed using the leg press (David 210, David 

Fitness and Medical LTD., Helsinki, Finland), and the analyses were done with the 

Signal 2.15, Cambridge Electronic Design Ltd. 1997–2004. The technique was the same 

as in 1RM leg press, but now it was highlighted to push as fast as possible. The load 

was 50% of the assessed 1RM, and it was calculated from the new 1RM in every 

measurement point. The subjects had three trials, and between the trials they had one 

minute rest. 

 

7.4.2 Cardiorespiratory measurements 

 

VO2max and time to exhaustion. Maximal oxygen uptake (VO2max) and time to 

exhaustion for untrained subjects were measured using an incremental cycling protocol. 

Moreover, the subjects were briefed on the cycle ercometer protocol including starting 

speed, progression of the test and procedures for taking blood lactate. Subjects were 

also told to be free to stop the test for any reason if they would feel that it is necessary. 

Cycling was started at a load of 50 watts for both men and women and was increased by 

25 watts every 2 minutes. The test was performed until voluntary exhaustion. Blood 

lactate was measured and subjects personal RPE recorded after every stage. After 

exhaustion subjects had a 5 min cool down at a self selected intensity. Aerobic (AerT) 

and anaerobic (AnT) thresholds were determined using blood lactate, ventilation, VO2 

and VCO2 (production of carbon dioxide) according to Aunola and Rusko (1986). 

 

7.4.3 Muscle CSA and legs lean mass 

 

Ultrasound. Cross sectional area of the knee extensor muscles (vastus lateralis and 

rectus femoris) were measured using ultrasound (model SSD-2000, Aloka, Tokyo). 

Cross sectional images were conducted at 30%, 50% and 70% of the femur length. The 

three clear images from every measurement point were saved for analysis. A tattoo point 

were marked to subjects (place at the 50% of the femur length) to ensure that the 

measurement places are always the same. In every measurement, straight lines 

perpendicular to the measurement table were drawn along the thigh with a marker pen 

to ensure that the probe is moved along the straight line. Images were analysed with 

ImageJ (National Institute of Health, USA, version 1,42) program, and CSA were 
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measured by marking manually the lines of the muscles to the image. The two closest 

values of vastus lateralis and rectus femoris muscles were taken to account and the 

averages were calculated. 

 

Dual –energy X-ray Absorptiometry (DXA). Lean mass for lower body extremities was 

analysed from the results of Lunar Prodigy Advance (GE Medical Systems – Lunar, 

Madison WI USA) machine. During the measurement subject was lying on the 

measurement table for a few minutes, and at the same time generator was moving over 

the whole body from head to toes. The DXA measurement is based on two energy x-

rays, which goes through the body and can regognize bone, fat and lean mass because of 

their different desities. The measurement program makes its own analysis of the image, 

but it is not strict and that is why it should be done also manually. In the analysis, the 

body is divided to different secments with lines. The segments include head (not 

analysed), backbone, hands, legs, torso, lower and upper part of the body (line at the 

sacroiliac bones). The program calculates, for example, bone density and lean mass 

(includes everything else than fat and bone) to every segment. 

 

7.5 Statistical analysis 

 

Microsof Office 2007 Excel-program was used to calculate averages and standard 

diviations. The normality of the data was verified with Shapiro-Wilk normality test. 

Changes in the variables before and after training were compared with Paired-Samples 

T Test, if the data was normally distributed. If the data was not normally distributed, 

Wilcoxon Test of the Related Samples Nonparametric Tests was used. To compare 

differences between training groups Independent-Samples T Test were used, when the 

data was normally distributed. However, if the data was not normally distributed, 

Kruskal-Wallis Test of the Related Samples Nonparametric Tests was used. To calculate 

correlations between variables Pearson Correlation test were used. The statistical 

significance level was 0,05. The star symbols were used to illustrate statistical 

significance in the figures and tables (*** =p<0,001 ** =p<0,01, * =p<0,05). In the 

text, results are presented as mean ± SD.  
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8 RESULTS   

 

 

8.1 Effects of combined training on maximal strength and power 

 

Before the 24-week training period, the S+E and E+S training groups did not show 

significant differences in strength, either in men or women. After the 24 week training 

period, one repetition maximum, isometric leg press, maximal voluntary contraction and 

average leg press power improved significantly in all training groups (Figure 12, Table 

2). The relative changes were compared between the groups and no significant 

differences existed between the groups in any variables. Maximal strength and power 

correlated considerably both in men and in women. In the control group, 1RM was 

significantly larger at week -3 than at week 0 (162.9±26.6kg vs. 153.8±28.8, p<0.05), 

while no significant differences were observed in power. 

 

TABLE 2. The relative changes from week 0 to week 24 in strength variables. 
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FIGURE 12. 1RM, isometric leg press, MVC500 and average leg press power at week 

0, week 12 and week 24 in every group separately.  

 

8.2 Effects of combined training on VO2max and endurance performance 

 

Before the 24-week training period, no significant differences were noted in endurance 

variables between the training groups either in men or in women. Maximal oxygen 

consumption improved significantly from week 0 to week 24 in the women S+E group 

from 35.7±4.3ml/kg/min by 9.2±7.7% (p<0.01), in the women E+S group from 

32.5±4.3ml/kg/min by 7.5±9.8% (p < 0.05) and in the men S+E group from 

43.8±7.3ml/kg/min by 6.1±7.8% (p<0.01). Both women groups improved VO2max 

significantly from week 0 to week 12 (women S+E from 35.7±4.3ml/kg/min by 

6.8±9.2%, p<0.05, women E+S group from 32.5±4.3ml/kg/min by 7.3±10.4%, p<0.05), 

but not from week 12 to week 24. In men, no significant improvements occurred from 

week 0 to 12 or from 12 to 24 in VO2max.When comparing the relative changes (Figure 

13) between groups, no significant differences were observed. Time to exhaustion 

improved significantly in all groups from week 0 to week 12 (men S+E and women E+S 

p<0.001, men E+S p<0.01, women S+E p<0.05), from week 12 to week 24 (men E+S 

p<0.01, other groups p<0.001) and from week 0 to week 24 (all groups p<0,000). The 
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women E+S group improved time to exhaustion signifigantly more than the men E+S 

group (21,7±10,9% vs. 13,1±8,6%, p<0,05) (Figure 13). No significant differences were 

obserwed between the other groups. The values of strength variables did not correlate 

with the respective ones of endurance variables. 

 

 

 

FIGURE 13. Relative changes (mean+SD) in VO2max and time to exhaustion after 24 

weeks of training in all training groups. 

 

8.3 Effects of combined training on muscle cross-sectional area (CSA) 

 

The cross-sectional area of the training groups did not differ significantly before the 24 

week training period in men. In women, the S+E group had a significantly larger CSA 

in the vastus lateralis muscle at the 50% measurement point than the E+S group before 

the training period (21.7±3.7cm² vs. 18.0±3.4cm², p<0.05). In the vastus lateralis 

muscle, there was no significant group difference at the 70% measurement point in 

women. In the control group, there were no significant difference in the control (-3 

week) and pre (0 week) measurements in VL50% and VL70%. Both groups in men and 

women increased significantly CSA of the vastus lateralis muscle at the 50% and 70% 

measurement points during 24 weeks of training (Table 3). At the 50% measurement 
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point, men E+S and women E+S increased CSA significantly during both training 

periods, but men S+E increased only during the first training period (0–12 week) and 

women S+E increased only during the second training period (13–24 week). At the 70% 

measurement point men S+E, men E+S and women S+E increased CSA significantly 

during both training periods, but women E+S increased only during the second training 

period (13–24 week). 

 

TABLE 3. Muscle cross-sectional area (cm2) of the vastus lateralis muscle (50% and 

70% measurement point of femur legth) before, after 12 weeks and after 24 weeks of 

combined training in every training group.  

 

Vastus lateralis 50% PRE (cm2) MID (cm 2) POST (cm2) 
p-value 

PRE-POST 
Women S+E 21.7±3.7 22.6±3.8 23.5±3.6 p<0.01 
Women E+S 18.0±3.4 19.4±2.9 21.2±3.3 p<0.01 

Men S+E 26.2±4.0 28.8±3.4 29.9±4.1 p<0.001 
Men E+S 27.9±3.6 29.4±4.7 30.8±4.2 p<0.01 

Vastus lateralis 70% 
    Women S+E 16.8±2.5 18.5±2.5 19.5±2.4 p<0.001 

Women E+S 15.6±2.6 16.7±1.9 18.7±1.9 p<0.01 
Men S+E 22.4±3.9 24.9±4.2 26.6±3.7 p<0.001 
Men E+S 24.3±4.5 26.7±4.5 28.5±4.8 p<0.001 

 

 

The relative changes in muscle CSA were compared between the S+E and E+S groups 

separately in men and women. Moreover, the comparison between men and women 

were done separately in the S+E group and in E+S group (Figure 14). In women, the 

E+S group increased muscle CSA of vastus lateralis 50% significantly more than the 

S+E group, (18.7±11.2% vs. 8.8±8.7%, p<0.05). In the E+S group, women increased 

vastus lateralis 50% CSA more than men (18.7±11.2% vs. 10.4±8.4%, p<0.05). No 

other significant differences were observed in muscle CSA between the training groups. 

Men showed a significant correlation between strength and muscle CSA, whereas 

women did not. 
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FIGURE 14. Group comparisons of relative changes (mean±SD) between 0 week and 

24 week in the muscle CSA. 

 

8.4 Effects of combined training on lean mass of legs 

 

Before the training period no significant group differences were observed in men or in 

women in lean mass of legs. Lean mass of legs increased in all training groups 

significantly from week 0 to week 24 (women S+E 16.3±1.6kg vs. 17.1±1.6kg 

(p<0.001), women E+S 16.9±2.1kg vs. 17.5±2.0kg (p<0.001), men S+E 23.9±2.5kg vs. 

25.3±2.6kg (p<0,001), men E+S group 23.5±2.2kg vs. 24.6±2.4kg (p<0.001). Lean 

mass increased also from week 0 to week 12 in all training groups (men S+E p<0.05, 

men E+S and women E+S p<0.01, women S+E p<0.001) and from week 12 to week 24 

in all but the men S+E group (men E+S p<0.01, women S+E and women E+S p<0.05). 

All in all, when comparing the relative improvements, no significant differences 

between the groups were observed (Figure 15). 
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FIGURE 15. Relative changes (mean±SD) of lean mass of legs from week 0 to week 24 

in every training group. 
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9 DISCUSSION 

 

 

9.1 Main findings 

 

The purpose of this study was to find out, how the results diverge after 24 weeks of 

training when combined strength and endurance training is performed in two different 

orders: S+E and E+S. According to the present results, thigh muscle CSA, maximal 

strength and endurance performance increased significantly in all groups. However, 

there were some differences between the groups so that w E+S showed larger muscle 

hypertrophy (CSA) than that of observed when training by the opposite order and larger 

than in men using the same E+S order. 

 

9.2 Differences between training groups in muscle hypertrophy  

 

All the training groups increased significantly muscle CSA in the 50% and 70% 

measurement points. The women E+S group increased VL50% significantly more than 

the women S+E and the men E+S groups. Thus, hypothesis one and two did not come 

true. Moreover, in women the hypothesis one went conversely. One reason might be due 

to the fact that our subjects did not have a systematic strength training background and, 

therefore, a large part of the strength development might be contributed by the nervous 

system (Moritani & deVries 1979, Häkkinen & Komi 1983, Holtermann et al. 2007). 

Althought every group increased muscle CSA significantly, only women had a 

significant group difference in VL50%. We have to take into account that the present 

resistance training program included maximal, explosive and hypertrophic strength 

training. Thus, our training program was not optimal for muscle hypertrophy, because 

the load, the amount of repetitions and sets, recovery time, performance technique and 

total load of training did not focuse only on hypertrophy (Bomba 1999, 315–342, 

Campos ym. 2002, Cormie ym. 2009). In addition, the endurance training consisted of 

cycling, which as such might be intensive enough for women to promote some muscle 

hypertrophy. The cycling load for 30 – 45 minutes training sessions was controlled with 

heart rate zones. Women E+S did endurance trainings every time in a rested state, while 
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wS+E did it after strength exercise, which might influence to heart rate during the 

endurance exercise. However, that might affect to some extent to the cycling loads. That 

is why we could assume that the total training load for legs was harder for wE+S than 

for wS+E, which might in part explain the group differences. In the case of men, our 

results support the studies of Cadore et al. (2012a) and Cadore et al. (2012b), where 

both training groups (SE and ES) increased muscle thickness with no difference 

between the groups. 

 

Our hypothesis was that men would increase relatively more muscle CSA than women, 

because the earlier studies have shown that men have significantly higher pre-exercise 

and exercise-induced serum testosterone levels, which will promote muscle growth 

(Häkkinen & Pakarinen 1995, Kraemer et al. 1991, Vingren et al. 2010). In addition, 

men recover faster than women after three weeks of limb immobilization (Clark et al. 

2009) and they experience larger losses than women in response to detraining (Ivey et 

al. 2000). However, in the E+S group women increased CSA relatively more than men, 

but in the S+E group there were no significant differences between the groups. 

Regarding this, maybe the present strength training program was not hard enough for 

men or maybe endurance training inhibited muscle hypertrophy in men. On the other 

hand, as mentioned earlier, cycling might be hard enough for previously untrained 

women to promote some muscle hypertrophy in thigh muscles. According to that, we 

can expect that women in the E+S group received more intensive training for the leg 

muscles than men, which might explain difference between men and women. For 

example, in the study of Losnegard et al. (2011) combined endurance and strength 

training led to improved strength with minor changes in muscle CSA. However, this 

study lasted 24 weeks, which is according to Bell et al. (2000) a too long a period of 

combined strength and endurance training. Bell et al. (2000) have suggested that long 

term concurrent SE training may lead to an elevated catabolic state, decreased skeletal 

muscle hypertrophy and impaired strength gains, while short term SE training will 

promote increases in strength and endurance (Bell et al. 2000). Despite the contrary, in 

the study of Häkkinen et al. (2003), there was no interference effect either in strength or 

in hypertrophy, althought they had a 21 week training period. Hickson (1980) has 

shown that also short term training might impaire strength gains if the amount of 

training is too high.  
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In this study muscle CSA was measured with ultrasound, which has been studied to be 

valid and repeatable for assessing the changes in skeletal muscle CSA (Ahtiainen et al. 

2010). However, we have to remember that this measurement has some defects. The 

main mistakes of the ultrasound measurement are caused by the movement of the probe 

which depends on an examiner. These errors are caused by pressure and angle of the 

probe. Pressure might cause compression and too small angle might cause 

overestimation (Esformes et al. 2002, Reeves et al. 2004). Besides, if the probe diverges 

of the line, this would result in scanning a different region of the muscle resulting as an 

invalid image (Reeves et al. 2004). The field of view is relatively limited in ultrasound 

(Ahtiainen et al. 2010) and identifying the fascia between the two muscle groups is 

difficult in some conditions (Martinson and Stokes 1991). In the present study results of 

VL30% and RF50% are not reported, because according to the control measurements 

and literature (Noorkoiv et al. 2010), the whole rectus femoris muscle and the distal 

parts of vastus lateralis muscle are too small to obtain reliable results in the ultrasound 

measurement. However, results of vastus lateralis 50% and 70% measurement points 

should be reliable according to the control measurements and literature (Ahtiainen et al. 

2010, Noorkoiv et al. 2010).  

 

In the DXA measurement lower limb muscle mass increased significantly in all training 

groups with no differences between the groups. The DXA results did not correlate with 

strength or CSA, althought all variables improved significantly in all our training 

groups. In our strength training program leg extensors were the main focus, but training 

included all major muscle groups.  DXA analyzes the entire lean body mass of the legs 

including all muscles of the thigh (Sillanpää et al. 2008). Thus, besides the knee 

extensors, DXA analyzes also flexors, adductors and abductors. In turn, ultrasound 

measures CSA in specific sites of individual muscles (Sillanpää et al. 2008). In this 

study the specific site was in the vastus lateralis muscle, which is one of the leg extensor 

muscles. We can estimate muscle mass with ultrasound and DXA, however, the 

procedure is so different that these two methods are hardly comparable (Sillanpää et al. 

2008). 
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9.3 Differences between training groups in maximal strength and power 

 
Both maximal strength and power variables improved significantly in all training 

groups, but there were no significant differences between the groups in any variables. In 

addition, maximal strength and power showed significant correlations in both men and 

in women. Because the subjects did not have any systematic training background, neural 

factors could have had a big role in strength development (Moritani & deVries 1979, 

Häkkinen & Komi 1983, Holtermann et al. 2007). Furthermore, in untrained subjects, 

neural adaptations contribute to both strength and power development (Häkkinen et al. 

1997), which might explain the significant correlation between strength and power. That 

might also be explaned by our strength training program, which included not only 

maximal, but also power and hypertrophic training.  

 
Our study supports the studies of Dudley & Djamil (1985), Glowacki et al. (2004), 

Hendrikson et al. (2010), Häkkinen et al. (2003) and Holviala et al. (2010), because 

strength and power improved significantly during the training period. Thus, this amount 

of combined strength and endurance training did not inhibit the strength and power 

development. However, we did not have the pure strength group, when it is difficult to 

evaluate, if the endurance training hindered the strength and power development 

(Hickson 1980). In the studies of Cadore et al. (2012a), Cadore et al. (2012b) and 

Cadore et al. (2010), S+E training led significantly greater improvements in the lower-

body strength than E+S training. In these studies, the training period lasted 12 weeks 

and in our study the training period lasted 24 weeks. Consequently, this might have an 

influence on the results, because long term concurrent SE and short term concurrent SE 

training with a high volume of training may lead to impaired strength gains (Bell et al. 

2000, Hickson 1980).  

 
On the other hand, our study supports the study of Chtara et al. (2008), where no 

markable differences were noticed between E+S and S+E groups, although the training 

period lasted only 12 weeks. Men showed the significant correlation between maximal 

strength and muscle CSA, whereas women did not. With the variables of this study, it is 

difficult to say, did the men have a better association between development of muscle 

activation and development of muscle hypertrophy than women? In addition, there were 

no systematic correlation between maximal strength and muscle CSA in men or in 

women, when every group was regarded separately.  
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9.4 Differences between training groups in VO2max and endurance 

perfomance 

 

Time to exhaustion improved significantly in all training groups. Also VO2max increased 

significantly in the women S+E, women E+S and men S+E groups, but in men the E+S 

group VO2max did not improve significantly. However, there were no significant group 

differences in time to exhaustion or in VO2max, but in the E+S group women improved 

time to exhaustion significantly more than men. In many studies (Aagaard et al. 2011, 

Aagaard and Andersen 2010, Holviala et al. 2010, Hauswirth et al. 2010, Mikkola et al. 

2007, Hoff et al. 2002, Paavolainen et al. 1999) endurance performance has improved 

with combined endurance and strength training even with only minor changes in 

VO2max, because the economy of performance has improved. In this study, women in the 

E+S group increased time to exhaustion and also CSA significantly more than men. 

That might suggest that women improved also cycling economy more than men in the 

E+S group. However, either women or men showed significant correlations between 

time to exhaustion and CSA. Moreover, no significant differences between the groups 

were observed in strength development, since both wE+S and mE+S improved strength 

significantly. Chtara et al. (2005) showed that the E+S group improved endurance 

performance and aerobic capacity significantly more than opposite order or each of the 

separately performed training programmes. The study of Cadore et al. (2012a) showed 

that the order of strength and endurance in combined training had just a little influence 

on endurance variables.  

 

It seems that time to exhaustion improved relatively more than VO2max, which supports 

earlier studies (Aagaard and Andersen 2010, Aagaard et al. 2011, Mikkola et al. 2007, 

Paavolainen et al. 1999 and Taipale et al. 2010), where endurance performance, velocity 

at VO2max and economy have improved without remarkable changes in VO2max.  Despite 

that, time to exhaustion and VO2max correlated significantly in the other groups, but not 

in women E+S. In this study we did not find any significant correlation between 

endurance and hypertrophy or between endurance and strength. The study of Holviala et 

al. (2010) supports this finding, because it suggests that combined training does not 

inhibit the development of strength or endurance, however, the development is minor 

compared to strength or endurance training alone.  
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9.5 Strengths and limitations 

 
Overall, the strength of this study was the possibility to study long term changes and 

group differences in combined single session strength and endurance training. Earlier 

studies of the order effect have lasted 12 weeks, whereas in this study the training 

period was twice as long. Besides, this study included training groups for men and 

women which gives the possibility to compare differences between sexes. The subjects 

in this study were recreationally active people, without any systematic training 

backround, which may have been the limit for the accuracy of this study. Therefore, the 

training backround should have been limited more accurately, because of the diverse 

training backgrounds of the subjects. On the other hand, this study gave us general 

aspects of recreationally active individuals. In this study, the strength training only and 

the endurance training only groups were missing. Although the purpose was only to 

compare the training order, these separate groups would have possibly further helped to 

explain the results of this type of training program. 

 

9.6 Future directions 

 
In the future it would be interesting to study order effect in different sports with sports 

specific training programs, where strength or endurance play a larger role.  The sports 

specific study would give the opportunity to study subjects with a same type of training 

backgrounds, whereas athletes would get more specific information about training order 

for their own sport. It would be also interesting to clarify, whether men have a stronger 

association between the development of maximal strength and muscle CSA than 

women. In this study, men had the significant correlation between strength and muscle 

CSA during combined training, but women did not. However, it is difficult to argue that 

with the variables of this study. Furthermore, future studies should investigate, whether 

women can tolerate combined SE training better than men, because in this study training 

seemed to be most effective for women E+S group.  

 

 

 



52 
 

9.7 Conclusions 

 
According to the present study, subjects with no systematic training background 

increased muscle CSA and improved muscle strength and endurance performance with 

combined single session strength and endurance training with both training orders of 

S+E and E+S. Additionally, in this study combined training seemed to be most effective 

for the wE+S group in terms of CSA and cycling performance, because that group 

improved CSA more than by the opposite order as well as more than men with the same 

order.  

  



53 
 

REFERENCES 

 

 

Aagaard, P., Andersen, J. L., Bennekou, M., Larsson, B., Olesen, J. L., Crameri, R.,

 Magnusson, S. P. and Kjær, M. 2011. Effects of resistance training on endurance

 capacity and muscle fiber composition in young top-level cyclists. Scandinavian

 Journal of Medicine & Science in Sports, 21:298–307. 

Ahtiainen, J., Hoffren, M., Hulmi, J., Pietikäinen, M., Mero, A., Avela, J., Häkkinen, K.  

2010. Panoramic ultrasonography is a valid method to measure changes in skeletal 

muscle cross-sectional area. European Journal of Applied Physiology 108, 273–279. 

Ahtiainen, J. & Häkkinen, K. 2009. Strength athletes are capable to produce greater 

 muscle activation and neural fatigue during high-intensity resistance exercise than 

 nonathletes. Journal of Strength and Conditioning Research, 23:1129–1134. 

Andersen, J. L. and Aagaard, P. 2010. Effects of strength training on muscle fiber types

 and size; consequences for athletes training for high-intensity sport. Scandinavian

 Journal of Medicine & Science in Sports, 20:32–38. 

Aunola, S., Rusko H.1986.  Aerobic and anaerobic thresholds determined from venous

 lactate or from ventilation and gas exchange in relation to muscle fiber composition.

 International Journal of Sports Medicine, 19:161–166. 

Bastiaans, J., Van Diemen, A., Veneberg, T., Jeukendrup, A. 2001. The effects of

 replacing a portion of endurance training by explosive strength training on

 performance in trained cyclists. European Journal of Applied Physiology, 86:79–84. 

Bean, J., Kiely, D., LaRose, S., Goldstein, R., Frontera, W., Leveille, S. 2010. Are

 Changes in Leg Power Responsible for Clinically Meaningful Improvements in

 Mobility in Older Adults? Journal of the American Geriatrics Society, 58:2363–2368. 

Bell, G., Syrotuik, D., Martin, T., Burnham, R., Quinney, H. 2000. Effect of concurrent

 strength and endurance training on skeletal muscle properties and hormone

 concentrations in humans. European Journal of Applied Physiology, 81:418–427. 

Bogdanis, G., Papaspyroy, A., Souglis, A., Theos, A., Sotiropoulos, A., Maridaki, M.

 2011. Effect of two different half-squat training programs on fatigue during repeated



54 
 

 cycling sprints in soccer players. Journal of Strength and Conditioning Research,

 25:1849–1856. 

Bompa, T. 1999. Periodization: Theory and Methodology of training. Hunt Publishing 

 Company. United States of America. 

Cadore, E., Izquierdo, M., Alberton, C., Pinto, R., Conceicao, M., Cunha, G., Radaelli,

 R., Bottaro, M., Trindade, G., Kruel, L. 2012. Strength prior to endurance intra

 session exercise sequence optimizes neuromuscular and cardiovascular gains in

 elderly men. Experimental Gerontology, 47:164–169. 

Cadore, E., Izquierdo, M., Pinto, S., Alberton, C., Pinto, R., Baroni, B., Vaz, M.,

 Lanferdini, F., Radaelli, R., González-Izal, M., Bottaro, M., Kruel, L. 2012.

 Neuromuscular adaptations to concurrent training in the elderly: effects of intrasession

 exercise sequence. Age. 

Cadore, E., Pinto, R., Lhullier, F., Correa, C., Alberton, C., Pinto, S., Almeida, A.,

 Tartaruga, M., Silva, E., Kruel, L. 2010. Physiological Effects of Concurrent Training

 in Elderly Men. International Journal of Sports Madicine, 31:689–697. 

Cadore, E., Pinto, R., Pinto, S., Alberton, C., Correa, C., Tartaruga, M., Silva, E.,

 Almeida, A., Trindade, G., Kruel, L. 2011. Effects of strength, endurance, and

 concurrent training on aerobic power and dynamic neuromuscular economy in elderly

 men. Journal of Strength and Conditioning Research, 25: 758–766. 

Campos, G., Luecke, T., Wendeln, H., Toma, K., Hagerman, F., Murray, T.,

 Ragg,K.,Ratamess, N., Kraemer, W., Staron, R. 2002. Muscular adaptations in

 response to three different resistance training regimens: specificity of repetition

 maximum training zones. European Journal of Applied Physiology, 88:50–60. 

Chesley, A., MacDougall, J., Tarnopolsky, M., Atkinson, S., Smith K. 1992. Changes in

 human muscle protein synthesis after resistance exercise. Journal of Applied

 Physiology, 73:1383–1388. 

Chtara, M., Chamari, K., Chaouachi, M., Chaouachi, A., Koubaa, D., Feki Y., Millet, 

GP., Amri, M. 2005. Effects of intra-session concurrent endurance and strength 

training sequence on aerobic performance and capacity. Brittish Journal of Sport 

Medicine, 39:555–560.  



55 
 

Chtara, M., Chaouachi, A., Levin, G., Chaouachi, M., Chamari, K., Amri, M. &

 Laursen, P.B. 2008. Effect of concurrent endurance and circuit resistance training

 sequence on muscular strength and power development. Journal of Strength and

 Conditioning Research, 22:1037–1045. 

Clark, B., Manini, T., Hoffman, R., Russ, D. 2009. Restoration of Voluntary Muscle 

Strength After 3 Weeks of Cast Immobilization is Suppressed in Women Compared

 With Men. Archives of Physical Medicine and Rehabilitation, 90:178–180. 

Cormie, P., McBride, J., McCaulley, G. 2009. Power-time, force-time, and velocity-

 time analysis of the countermovement jump: impact of training. Journal of Strength

 and Conditioning Research, 32:177–186. 

Delmonico, M., Kostek, M., Doldo, N., Hand, B., Bailey, J., Rabon-Stith, K., Conway,

 J., Carignan, C., Lang, J., Hurley, B. 2005. Effects of moderate-velocity strength

 training on peak muscle power and movement velocity: do women respond differently

 than men? Journal of Applied Physiology, 99:1712–1718. 

Dudley, G., Djami. l, R. 1985. Incompatibility of endurance- and strength-training

 modes of exercise. Journal of Applied Physiology, 59:1446–1451. 

Enoka, R. 2002. Neuromechanics of Human Movement. Human Kinetics. United States

 of America. 

Esformes, J., Narici, M., Maganaris, C. 2002. Measurement of human muscle volume  

using ultrasonography. European Journal of Applied Physiology 87, 90–92. 

Farub, J., Kjolhede, T., Sorensen, H., Dalgas, U., Moller, A., Vestergaard, P., Ringgaard,

 S., Bojsen-Moller,J., Vissing, K. 2012. Muscle morphological and strength adaptations

 to endurance vs. resistance training. Journal of Strength and Conditioning Researh,

 26:398–407. 

Ferketich, A., Kirby, T. and Always, S. 1998. Cardiovascular and muscular adaptations

 to combined endurance and strength training in elderly women. Acta Physiologica

 Scandinavica, 164:259–267. 

Flann, K., LaStayo, P., McClain, D., Hazel, M., Lindstedt, S. 2011. Muscle damage and

 muscle remodeling: no pain, no gain? The Journal of Experimental Biology, 214: 674–

 679. 



56 
 

Fleck, S., Kraemer, J. 2004. Designing Resistance Training Programs. Human Kinetics,

 Champaign, IL., USA. 

Garcia-Pallares, J., Sanchez-Medina, L., Carrasco, L., Diaz, A., Izquierdo, M. 2009.

 Endurance and neuromuscular changes in world-class level kayakers during a

 periodized training cycle. European Journal of Applied Physiology, 106:629–638. 

Glowacki, S., Martin, S., Mauer, A., Baek, W., Green, J., Crouse. 2004. Effects of

 Resistance, Endurance, and Concurrent Exercise on Training Outcomes in Men.

 Medicine & Science in Sports & Exercise, 36:2119–2127. 

Gosker, H., Wouters, E., Vusse, G. and Schols, A. 2000. Skeletal muscle dysfunction in

 chronic obstructive pulmonary disease and chronic heart failure: underlying

 mechanisms and therapy perspectives. The American Journal of Clinical Nutrition,

 71:1033–1047. 

Green, H., Goreham, C., Ouyang, J., Ball-Burnett, M. and Ranney, D. 1999. 

 Regulation of fiber size, oxidative potential, and capillarization in human muscle by

 resistance exercise. American Journal of Physiology – Regulatory, Integrative and

 Comparative Physiology, 276:R591–R596. 

Hausswirth, C., Argentin, S., Bieuzen, F., Le Meur, Y., Couturier, A., Brisswalter, J.

 2010. Endurance and strength training effects on physiological and muscular

 parameters during prolonged cycling. Journal of Electromyography and Kinesiology,

 20:330–339. 

Hendrickson, N., Sharp, M., Alemany, J., Walker, L., Harman, E., Spiering, B.,

 Hatfield, D., Yamamoto, L., Maresh, C., Kraemer, W., Nindl, B. 2010. Combined

 resistance and endurance training improves physical capacity and performance on

 tactical occupational tasks. European Journal of Applied Physiology, 109:1197–1208. 

Hides, J., Richardson, C., Jull, G., Davies, S. 1995. Ultrasound imaging in  

rehabilitation. Australian Physiotherapy, 41:187–193. 

Hickson, R. 1980. Interference of strength development by stimultaneously training for

 strength and endurance. European Journal of Applied Physiology and Occupational

 Physiology 45(2–3):255–263. 

Hoff, J., Gran, A., Helgerud, J. 2002. Maximal strength training improves aerobic

 endurance performance. Scandinavian Journal of Medicine & Science in Sports,

 12:288–295. 



57 
 

Holtermann, A., Roeleveld, K., Engstrøm, M., Sand, T. 2007. Enhanced H-reXex with

 resistance training is related to increased rate of force development. European Journal

 of Applied Physiology, 101:301–312. 

Holviala, J., Häkkinen, A., Karavirta, L., Nyman, K., Izquierdo, M., Gorostiaga, E.,

 Avela, J., Korhonen, J., Knuuttila, V., Kraemer, W., Häkkinen, K. 2010. Effects of

 combined strenbgth and endurance training on treadmill load carrying walking

 performance in ageing men. Journal of Strength and Conditioning Research,

 24:1584–1595. 

Hostler, D., Schwirian, C., Campos, G., Toma, K., Crill, M., Hagerman, G., Hagerman,

 F., Staron, R. 2001. Skeletal muscle adaptation in elastic resistance-trained young men

 and women. European Journal of Applied Physiology, 86:112–118. 

Häkkinen, K., Alen, M., Kraemer, W., Gorostiaga, E., Izquierdo, M., Rusko, H.,

 Mikkola, J., Häkkinen, A., Valkeinen, H., Kaarakainen, E., Romu, S., Erola, V.,

 Ahtiainen, J., Paavolainen, L. 2003. Neuromuscular adaptations during concurrent

 strength and endurance training versus strength training. European Journal of

 Applied Physiology, 89:42–52. 

Häkkinen, K., Kallinen, M., Izquierdo, M., Jokelainen, K., Lassila, H., Mälkiä, E., 

Kraemer, WJ., Newton, RU., Alen, M. 1998. Changes in agonist-antagonist EMG, 

muscle CSA, and force during strength training in middle-aged and older people. 

Journal of Applied Physiology, 84:1341–1349. 

Häkkinen, K., Komi, P. 1983. Electromyographic changes during strength training and

 detraining. Medicine & Science in Sports & Exercise, 15(6):455–460. 

Häkkinen, K., Kraemer, W., Kallinen, M., Linnamo, V., Pastinen, U., Newton, R. 1996.

 Bilateral and Unilateral Neuromuscular Function and Muscle Cross-Sectional Area in

 Middle-Aged and Elderly Men and Women. Journal of Gerontology, 1:B21–B29. 

Häkkinen, K., Pakarinen, A. 1995. Acute hormonal responses to heavy resistance

 exercise in men and women at different ages. International Journal of Sports

 Medicine, 16(8):507–513. 

Ivey, F., Roth, S., Ferrell, R., Tracy, B., Lemmer, J., Hurlbut, D., Martel, G., Siegel, E.,

 Fozard, J., Metter, J., Fleg, J., Hurley, B. 2000. Effects of Age, Gender, and Myostatin



58 
 

 Genotype on the Hypertrophic Response to Heavy Resistance Strength Training.

 Journal of Gerontology, 11:M641–M648. 

Izquierdo, M., Häkkinen, K., Ibanez, J., Kraemer, W., Gorostiaga, E. 2005. Effects of

 combined resistance and cardiovascular training on strength, power, muscle cross

 sectional area, and endurance markers in middle-aged men. European Journal of

 Applied Physiology, 94:70–75. 

Jaworowski, A., Porter, M., Holmbäck, A., Downham, D., Lexell, J. 2002. Enzyme

 activities in the tibialis anterior muscle of young moderately active men and women:

 relationship with body composition, muscle cross-sectional area and fibre type

 composition. Acta Physiologica Scandinavica, 176:215–225. 

Jones, D. and Rutherford, O. 1987. Human Muscle Strength Training: The 

 Effects of Three Different Regimens and The Nature of The Resultant Changes. 

 Journal of Phyosiology, 391:1–11. 

Kanehisa, H., Ikegawa, S., Fukunaga, T. 1994. Comparison of muscle cross-sectional

 area and strength between untrained women and men. European Journal of

 Applied Physiology, 68:148–154. 

Karavirta, L., Häkkinen, A., Sillanpää, E., García-López, D., Kauhanen, A., Haapasaari, 

A., Alen, M., Pakarinen, A., Kraemer, W. J., Izquierdo, M., Gorostiaga, E. and 

Häkkinen, K. 2011. Effects of combined endurance and strength training on muscle 

strength, power and hypertrophy in 40–67-year-old men. Scandinavian Journal of 

Medicine & Science in Sports, 21:402–411. 

Kosek, D., Kim, J., Petrella, J., Cross, J. and Bamman, M. 2006. Efficacy of 3

 days/wk resistance training on myofiber hypertrophy and myogenic mechanisms in

 young vs older adults. Journal of Applied Physiology, 101:531–544. 

Komi, P. 2003. Strength and Power in Sport. A Blackwell Publishing Company.  

Kraemer, W., Gordon, S., Fleck, S., Marchitelli, L., Mello, R., Dziados, J., Friedl,K.,

 Harman, E., Maresh, C., Fry, A. 1991. Endogenous anabolic hormonal and growth

 factor responses to heavy resistance exercise in males and females. International

 Journal of Sports Medicine, 12(2):228–235. 

Kraemer, W. & Häkkinen, K. 2002. Strength Training for Sport. The Americans 

 Blackwell Publishing. 



59 
 

Krentz, J., Farthing, J. 2010. Neural and morphological changes in response to a 20-day

 intense eccentric training protocol. European Journal of Applied Physiology, 110:333–

 340. 

Lamas, L., Ugrinowitsch, C., Rodacki, A., Pereira, G., Mattos, E., Kohn, A., Tricoli, V.

 2012. Effects of strength and power training on neuromuscular adaptations and

 jumping movement pattern and performance. Journal of Strength and Conditioning

 Research. 

Losnegard, T., Mikkelsen, K., Rønnestad, B., Hallen, J., Rud, B., Raastad, T. 2011. The

 effect of heavy strength training on muscle mass and physical performance in elite

 cross country skiers. Scandinavian Journal of Medicine & Science in Sports, 21:389–

 401. 

Lovell, D., Mason, D., Delphinus, E., Eagles, A., Shewring, S., McLellan, C. 2011. 

 Does Upper Body Strength and Power Infl uence Upper Body Wingate Performance

 in Men and Women? International Journal of Sports Medicine, 32:771–775. 

MacDougall, J., Gibala, M., Tarnopolsky, M., MacDonald, J., Interisano, S., 

and Yarasheski, K. (1995). The time course for elevated muscle protein synthesis 

following heavy resistance exercise. Canadian Journal of Applied Physiology, 20: 

480–486. 

Marshall, P., McEwen, M., Robbins, D. 2011. Strength and neuromuscular adaptation

 following one, four, and eight sets of high intensity resistance exercise in trained

 males. European Journal of Applied Physiology, 111:3007–3016. 

Martel, G., Roth, S., Ivey, F., Lemmer, J., Tracy, B., Hurlbut, D., Metter, J., Hurley, B.

 and Rogers, M. 2006. Age and sex affect human muscle fibre adaptations 

to heavy-resistance strength training. Experimental Physiology, 91:457–464. 

Martinson, H. & Stokes, M. 1991. Measurement of anterior tibial muscle size using  

real-time ultrasound imaging. European Journal of Applied Physiology 63, 250–254. 

McArdle, W., Katch, F., Katch, V. 2007. Exercise Physiology: Energy, Nutrition &

 Human Performance. Lippincott Williams & Wilkins. 

McCall, G., Byrnes, W., Dickinson, A., Pattany, P. and Fleck, S. 1996.

 Muscle fiber hypertrophy, hyperplasia, and capillary density in college men after

 resistance training. Journal of Applied Physiology, 81:2004–2012. 



60 
 

McCarthy, J., Pozniak, M., Agre, J. 2002. Neuromuscular adaptations to concurrent

 strength and endurance training. Medicine & Science in Sports & Exercise, 34:511–

 519. 

Mikkola, J., Rusko, H., Nummela, A., Pollari, T., Häkkinen, K. 2007. Concurrent

 Endurance and Explosive Type Strength Training Improves Neuromuscular and

 Anaerobic Characteristics in Young Distance Runners. International Journal of Sports

 Medicine, 28:602–611. 

Miller, A., MacDougall, J., Tarnopolsky, M. and Sale, D. 1993. Gender differences in

 strength and muscle fiber characteristics. European Journal of Applied Physiology,

 66:254–262. 

Moore, D., Phillips, S., Babraj, J., Smith, K. and Rennie, M. 2005. Myofibrillar and

 collagen protein synthesis in human skeletal muscle in young men after maximal

 shortening and lengthening contractions. American Journal of Physiology

 Endocrinology and Metabolism, 288:E1153–E1159. 

Moore, D., Young, M., Phillips, S. 2012. Similar increases in muscle size and strength

 in young men after training with maximal shortening or lengthening contractions

 when matched for total work. European Journal of Applied Physiology, 112:1587–

 1592. 

Moritani, T. & deVries, H. 1979. Neural factors versus hypertrophy in the time course of

 muscle strength gain. American Journal of Physical Medicine 58(3):115–130. 

Noorkoiv, M., Nosaka, K., Blazevich, A. 2010. Assessment of quadriceps muscle cross- 

sectional area by ultrasound extended-field-of-view imaging. European Journal of 

Applied Physiology. 109, 631–639. 

Paavolainen, L., Häkkinen, K., Hämäläinen, I., Nummela, A. and Rusko, H. 1999.

 Explosive-strength training improves 5-km running time by improving running

 economy and muscle power. Journal of Applied Physiology, 86:1527–1533. 

Phelan, J. and Gonyea, W. 1997. Effect of radiation on satellite cell activity and protein

 expression in overloaded mammalian skeletal muscle. The Anatomical Record,  247:

 179–188. 



61 
 

Phillips, S., Tipton, K., Aarsland, A., Wolf, S., Wolfe, R. 1997. Mixed muscle protein

 synthesis and breakdown after resistance exercise in humans. American Journal of

 Physiology, 273:E99–E107. 

Putman, C., Xu, X., Gillies, E., MacLean, I., Bell, G. 2004. Effects of strength,

 endurance and combined training on myosin heavy chain content and fibre-type

 distribution in humans. European Journal of Applied Physiology, 92:376–384. 

Reeves, N., Maganaris, C., Narici, M. 2004. Ultrasonographic assessment of human  

skeletal muscle size. European Journal of Applied Physiology, 91:116–118. 

Rønnestad, B., Hansen, E., Raastad, T. 2012. High volume of endurance training

 impairs adaptations to 12 weeks of strength training in well-trained endurance

 athletes. European Journal of Applied Physiology, 112:1457–1466. 

Ryschon, T., Fowler, M., Wysong, R., Anthony, A. and Balaban, R. 1997. Efficiency of

 human skeletal muscle in vivo: comparison of isometric, concentric, and eccentric

 muscle action. Journal of Applied Physiology, 83:867–874. 

Seynnes, O., Boer, M. and Narici, M. 2007. Early skeletal muscle hypertrophy and

 architectural changes in response to high-intensity resistance training. Journal of

 Applied Physiology, 102:368–373. 

Sillanpää, E., Häkkinen, A., Nyman, K., Mattila, M., Cheng, S., Karavirta, L.,

 Laaksonen, D., Huuhka, N., Kraemer, W., Häkkinen, K. 2008. Body Composition and

 Fitness during Strength. Medicine and Science in Sports & Exercise. 950–958. 

Silverthorn, D., Ober, W., Carrison, C., Silverthorn, A., Johnson, B. 2007. Human

 Physiology, An integrated approach (4th edition). Pearson Education Inc, Benjamin

 Cummings, San Fransisco, CA, USA. 

Stokes, M. 1985. Reliability and Repeatability of Methods for Measuring Muscle In  
Physiotherapy. Physiotherapy Practice, 71–76. 

Storen, Q., Helgerud, J., Stoa, E. and Hoff, J. 2008. Maximal Strength Training

 Improves Running Economy in Distance Runners. Medicine & Science in Sports &

 Exercise, 40:1087–1092. 

Sunde, A., Storen, Q., Bjerkaas, M., Larsen, M., Hoff, J. and Helgerud, J. 2010.

 Maximal strength training improves cycling economy in competitive cyclists. Journal

 of Strength and Conditioning Research, 24:2157–2165. 



62 
 

Tan, B. 1999. Manipulating Resistance Training Program Variables to Optimize

 Maximum Strength in Men: A Review. Journal of Strength and Conditioning 

 Research, 13:289–304. 

Taipale, R., Mikkola, J., Nummela, A., Vesterinen, V., Capostagno, B., Walker, S.,

 Gitonga, D., Kraemer, W., Häkkinen, K. 2010. Strength Training in Endurence

 Runners. International Journal of Sports Medicine, 31: 468–476. 

Vingren, J., Kraemer, W., Ratamess, N., Anderson, J., Volek, J., Maresh, C. 2010.

 Testosterone physiology in resistance exercise and training: the up-stream regulatory

 elements. Sports Medicine, 40(12):1037–1053. 

Volpi, E., Nazemi, R. and Fujita, S. 2004. Muscle tissue changes with aging. Current

 Opinion in Clinical Nutrition & Metabolic Care, 7: 405–410. 

Walton, J., Roberts, N., Whitehouse, G. 1997. Measurement of the quadriceps femoris   

muscle using magnetic resonance and ultrasound imaging. Brittish Journal of Sport 

Medicine, 31:59–64. 

Wang, N., Hikida, R., Staron, R., Simoneau, J. 1993. Muscle fiber types of women after

 resistance training – quantitative ultrastructure and enzyme activity. European Journal

 of Physiology, 424:494–502. 

Watkins, J. 2010. Structure and Function of the Musculoskeletal System. Human

 Kinetcs. United States of America. 

Welle, S., Bhatt, K., Thornton, C. 1999. Stimulation of myofibrillar synthesis by

 exercise is mediated by more efficient translation of mRNA. Journal of Applied

 Physiology, 86:1220–1225. 

Widrick, J., Stelzer, J., Shoepe, T., Garner, D. 2002. Functional properties of human

 muscle fibers after short-term resistance exercise training. American Journal of 

 Physiology, 283:408–416. 


