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ABSTRACT 

The purpose of this study was to determine the influence of transiently elevated endogenous hormone 

concentrations during exercise on strength training adaptations. Nine subjects performed four unilateral 

strength training session per week on the elbow flexors for 11 weeks. During two of the weekly sessions, 

leg exercises were performed to acutely increase the systemic anabolic hormone concentration 

immediately before the exercises for one of the elbow flexors (L+A). On the two other weekly training 

sessions, the contralateral elbow flexors were trained without prior leg exercises (A). By randomizing 

one arm of the subjects to serve as a control and the other as experimental, both conditions have the 

same nutritional and genetic environment. Serum testosterone and growth hormone was significantly 

increased during the L+A training session, while no hormonal changes occurred in the A session. Both A 

and L+A increased 1RM in biceps curl, peak power in elbow flexors at 30% and 60% of 1RM, and 

muscle volume of the elbow flexors (p<0.05). However, only L+A achieved increase in CSA at the part 

of the arm flexors with largest cross sectional area (p<0.001), while no changes occurred in A. L+A had 

superior relative improvement in 1RM biceps curl and favorable muscle adaptations in elbow flexors 

compared to A (p<0.05). In conclusion, performing leg exercises prior to arm exercises, and thereby 

increasing the levels of serum testosterone and growth hormone, induced superior strength training 

adaptations compared to arm training without acute elevation of hormones. 
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INTRODUCTION 

Strength training increases muscle size and strength due to combinations of multiple and integrating 

factors, i.e. mechanical stress, metabolic demands, endocrine activities, and neuromuscular control 

(Harridge 2007). A well known endocrine response to a bout of strength training is an acute and 

relatively short lasting increase in circulating levels of anabolic hormones (e.g. testosterone and growth 

hormone (GH)), and the catabolic hormone cortisol (Kraemer et al. 1990). The findings of transient 

increases in GH and testosterone during and after a strength training session has led to strength training 

strategies which maximizes the acute hormonal response to strength training by using multiple exercises, 

multiple sets, heavy loads, and relatively short rest periods (i.e. Fleck and Kraemer 2004; Kraemer and 

Ratamess 2004; ACSM 2009; Kraemer et al. 2002).  

 

Although training regimes eliciting acute elevations in testosterone and GH are well adapted within 

some strength training milieus (e.g. “testosterone boosting exercise” used by bodybuilders), the 

documentation for a possible additive effect of training with transient increases in testosterone and GH 

are equivocal. The basal effects of androgens on muscle mass are, however, well documented; e.g. 

physiological levels of androgens are necessary for normal strength and muscle adaptations to strength 

training (Kvorning et al. 2006) and supraphysiological doses of testosterone induces muscle hypertrophy 

(Bhasin et al. 1996; 2005; Storer et al. 2008). Furthermore, androgen receptor antagonists, which inhibit 

testosterone from binding to the androgen receptor, impair muscle growth during synergist overload 

(Inoue et al. 1994). Consequently, the role of the acute hormone responses to exercise can theoretically 

be important because anabolic hormones, i.e. testosterone and GH, can increase protein synthesis in 

muscle cells (Fryburg and Barrett 1993; Ferrando et al. 1998). Therefore, exercise-induced stimulation 

of the endocrine system may be a trigger for additive adaptation processes in skeletal muscle cells, 

leading to increased content of contractile proteins. In fact, testosterone is considered the major promotor 



 3

of muscle growth and subsequent increase in muscle strength and in response to strength training in men 

(Vingren et al. 2010). 

 

It has been suggested that the acute response of GH to strength training may be most prominent for 

tissue remodeling (Kraemer and Ratamess 2005). Nevertheless the acute increase of GH to strength 

training has been found to correlate with the magnitude of muscle fiber hypertrophy during a period of 

strength training (McCall et al. 1999). This relationship could indicate that the transient increase in GH 

during each exercise bout has a positive effect on the cellular adaptations to strength training. Strength 

training programs that elicit the greatest acute testosterone and GH response are however, similar to 

programs which elicit the greatest cortisol response (Kraemer and Ratamess 2005). In peripheral tissue, 

cortisol increases protein degradation and decreases protein synthesis in muscles cells resulting in 

greater release of amino acids into circulation. Furthermore, it has been observed that physiologically 

elevation of cortisol may reduce the activity of the hypertrophy promoting pathway protein kinase B 

(Akt) (Spiering et al. 2008). Because of its possible role in tissue remodeling, acute changes of cortisol 

during strength training is often examined (Kraemer and Ratamess 2005). 

 

It has been suggested that the acute hormonal response induced by a single strength training session is an 

important contributor to muscle hypertrophy during long-term strength training (Kraemer et al. 1990; 

Kraemer and Mazzetti 2003; Vingren et al. 2010). However, there is no consensus regarding the long-

term effects of the transient exercise induced increase in anabolic hormones on strength training 

adaptations. It has, however,  been observed that acute increases in circulating factors have an additive 

effect on strength training adaptations (Hansen et al. 2001; Madarame et al. 2008) and that acute 

elevation in endogenous testosterone (by strength training) potentiates the androgen receptor response to 

a strength training session (Spiering et al. 2009). On the other hand, it has been observed increased CSA 

and strength after strength training without any acute elevations in circulatory hormones (Wilkinson et 
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al. 2006) and that exposure of loaded muscle to exercise-induced elevations in endogenous anabolic 

hormones do not enhance strength training adaptations (West et al. 2010). The latter may be related to 

the observations that physiological elevation of cortisol may reduce the activity of the hypertrophy 

promoting pathway protein kinase B (Akt) (Spiering et al. 2008). The reason to this discrepancy in the 

literature remains unclear. However, the results of West et al. (2010) may be affected by the order of the 

exercises, since the exercises which were supposed to acutely elevate the circulatory hormones were 

performed after the exercises of the target muscles (elbow flexors). Therefore, in the present study the 

exercise order was reversed, meaning that the legs are exercised first, and therefore the elbow exercises 

were performed simultaneously as the hormone levels were elevated.     

 

Consequently, the purpose of this study was to investigate the influence of transient exercise induced 

elevations in endogenous hormone concentration preceding exercising elbow flexors on muscle strength, 

power, and hypertrophy responses to strength training. Due to the potent effect of testosterone and GH in 

stimulating protein synthesis, we hypothesized that an acute increase in the levels of anabolic hormones, 

induced by performing leg exercises before arm exercises would induce superior strength training 

adaptations in arm muscles compared to the effect when training arm exercises only.  
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METHODS 

Subjects  

Eleven untrained male subjects (20-34 yrs, weight: 79±3 kg, height: 181±3 cm) volunteered for the 

study, which was approved by the Southern Norway regional division of the National Committees for 

Research Ethics in Norway. All subjects signed an informed consent form prior to participation. None of 

the subjects had performed any strength training during the preceding 6 months. Two of the subjects did 

not complete the study due to illness during the intervention period and their data are excluded.  

 

Experimental design  

The tests were conducted at the start (pre-intervention) and the conclusion (post-intervention) of the 11-

week intervention. The subjects performed four unilateral strength training sessions per week on the 

elbow flexors. During every second session three leg exercises were performed immediately before three 

exercises for one of the elbow flexors to acutely increase the systemic anabolic hormone concentration 

(L+A). On the two other weekly training sessions the contralateral elbow flexors were trained with the 

identical protocol as the L+A, but without prior leg exercises (A). Whether the dominant arm should be 

trained after the leg exercise or not was randomized. By randomizing one arm of the subjects to serve as a 

control and the other as experimental, both conditions have the same nutritional and genetic environment. 

Hormonal response to the L+A and A training program was measured in the 5th week of the training 

intervention.   

 

Testing  

The pre- and post-intervention tests were divided into two separate test days. Magnetic resonance 

tomography (MR) for determination of cross sectional area (CSA) and muscle volume of the elbow 

flexors was performed on one day. All subjects performed pre-and post-tests in strength and power on 

another day with the same test order: 1) maximal strength (1RM) in elbow flexors, 2) maximal strength 
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(1RM) in knee extensors, 3) peak power output in elbow flexors. The subjects were instructed to refrain 

from intense exercise the day preceding a test and to consume the same type of meal before testing. They 

were not allowed to eat during the hour preceding a test or consume coffee or other products containing 

caffeine during the last three hours before a test. The pre- and post-intervention tests were performed at 

the same time of the day to avoid circadian variance, and the post test was carried out 3-5 days after the 

last strength-training session. 

 

Maximal strength  

Maximal strength in right and left elbow flexors was measured as 1 repetition maximum (1RM) in 

biceps curl. Strength tests were always preceded by a 10-min warm-up on a cycle ergometer. Prior to the 

baseline test, two familiarization sessions were conducted with the purpose of instructing the subjects in 

proper lifting technique and testing procedure. Subjects were seated with the testing arm supported on a 

bench. The test was conducted using a cable pulley, and to get the lift accepted the weight had to be 

lifted from full extension in the elbow to full flexion of the elbow with supination of the forearm during 

the lift and without any compensatory movements from the body. This procedure was repeated to 

determine the 1RM to the closest 1.25 kg. The rest period between each attempt was 3 min. After testing 

1RM in biceps curl, maximum strength in the leg was tested as 1RM in leg press. The model of leg press 

utilized was a 45 degree angled hip sled (Gym 80 International, Gelsenkirchen, Germany), in which 

plates were loaded on each side of a foot platform. The depth of leg press in the 1RM test was set to a 

knee angle of 90°. To ensure similar knee angles during pre- and post-tests, the subject’s leg press depth 

was carefully monitored and marked on a scale on the leg press machine. Thus, each subject had to reach 

his individual depth marked on the scale for the lift to be accepted. Similarly, the placement of the feet 

was monitored for each subject to ensure identical test positions during all tests. Before testing 1RM in 

elbow flexors and leg extensors the subjects performed a standardized and specific warm-up protocol 

consisting of 3 sets with gradually increasing load (40%, 75%, 85% of predicted 1RM) and decreasing 
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number of repetitions (10, 7, 3). The first 1RM attempt was performed with a load approximately 5% 

below the predicted 1RM load. After each successful attempt, the load was increased by 2-5% until the 

subjects failed to lift the same load after 2-3 consecutive attempts. The pre- and post-intervention tests 

were conducted using the same equipment with identical positioning of the subject relative to the 

equipment and monitored by the same investigator. The coefficient of variation for test-retest reliability 

for the 1RM test has previously been shown to be ≤5% (Rønnestad et al. 2007) and was <3% in the 

present study. 

 

Peak power output  

After the 1RM test in leg press, peak power output in right and left elbow flexors was tested with the 

same equipment and positions as in the 1RM test. Peak power was measured using a load of 30% and 

60% of 1RM biceps curl. Between each trial there was 3 minutes of rest. The best result out of 3-4 trials 

for each load was used in statistical analysis. The same absolute load as in the pre-test was used in the 

post-test. The subjects were instructed to execute a maximal contraction. The peak power output was 

assed using a Muscle lab (Ergotest Technology AS, Langesund, Norway). The Muscle lab measures 

power output by a linear position transducer. The time spent in the concentric phase, as well as the work 

distance, was measured. Using a similar method to measure peak power in our lab, the coefficient of 

variation has been reported to be <4% in repeated examinations in 17 subjects (Rønnestad 2009). 

 

Elbow flexor cross-sectional area and muscle volume measurement  

Magnetic resonance tomography (MR) (Magnetom Avanto 1.5 Tesla, Siemens AG, Munich, Germany) 

was used to measure CSA of the elbow flexors. Subjects were scanned in the supine position. The 

scanned arm was stretched behind head, and centred in the middle of the machine. Nine cross sectional 

images from caput humeri against elbow joint were taken with 35 mm interslice gap. Each image 

represented a 5 mm thick slice. The resolution of the MR machine was 320 pixels x 256 pixels. The 
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images were subsequently uploaded to a computer for further analysis. The analyser was blinded for 

what kind of training that had been performed. The CSA of the arm flexors was measured at the four 

most distal images (image 6-9), where image 6 and 7 was defined as the proximal part and image 8 and 9 

was defined as the middle part. Using a similar method, the coefficient of variation has been reported to 

be 2% in repeated examinations in eight individuals (Moss et al. 1997) and was <2% in the present 

study. The volume V of the muscular portion between every two consecutive scans was calculated from 

the equation: 

 

tbabaV ×++×= )]([3/1  

 

where a and b are the CSA of the elbow flexors in the two scans and t is the inter-scan distance (length) 

between the adjacent areas. The volume of the elbow flexors from scan 6 to scan 9 was calculated by 

summing up all of the inter-scan muscular volumes.  

 

Hormonal analysis 

The hormonal response was analyzed in serum samples drawn from an antecubital vein during two 

training sessions in the 5th week of the intervention. The decision of measuring the hormonal response in 

the middle of the intervention period and not pre and post was based on previous findings of no large 

changes in acute hormonal response during a short term strength training period (Athiainen et al. 2003). 

During the L+A session 8.5 ml blood was sampled before the session started, immediately after the leg 

exercises, immediately after the arm exercises, and 30 min after the session was finished. During the A 

session blood samples were taken before the start of the session, immediately after the arm exercises, 

and 30 min after the session. The blood samples were taken in the time interval from 10:00 to 14:00. 

Therefore, the blood samples were obtained at different times during the day among subjects, but at the 

same time of the day for each subject for the L+A and A condition to limit influence of diurnal 



 9

variations. Two hours before the first blood sample subjects ate the same meal for both the L+A and A 

condition.  

 

All hormone analyses were performed at the Hormone laboratory at Aker University Hospital, Oslo, 

Norway. Total testosterone in serum was analysed with a commercial competitive radioimmunoassay 

(RIA) from Orion Diagnostica (Espoo, Finland). The coefficient of variation (CV) in this kit is less than 

6%. Cortisol was analysed with a commercial competitive luminoimmunoassay (LIA, CV<8%) from 

Siemens Medical Solutions Diagnostics (Los Angeles, USA) and growth hormone was analysed with a 

commercial non-competitive immunofluorometric assay (IFMA, CV<5%) from PerkinElmer Life 

Sciences, Wallac Oy (Turku, Finland).  

 

Training  

At the start of each strength training session, subjects performed a ~10-min warm-up at self-selected 

submaximal intensity on a stationary cycle ergometer. In the L+A sessions, the general warm-up was 

followed by two warm-up sets in leg press with gradually increasing load. The leg exercise protocol was 

based on prior studies showing that involvement of a large muscle mass, high in volume, moderate to 

high in intensity, using short rest intervals; tend to produce the greatest acute hormonal elevations 

(Raastad et al. 2000; Smilios et al. 2003; Kraemer and Ratamess 2005). Leg exercises performed were: 

leg press, knee extension, and knee-flexion. Three sets with 10RM and 60-90 sec rest between sets were 

performed on all leg exercises. Subjects were instructed to relax their arms while performing leg 

exercises. The elbow flexor training exercises were similar for both the L+A and A sessions: two warm-

up sets in biceps curl with gradually increasing load were followed by biceps curl, hammer curl, and 

biceps curls with pronated forearm. During the first five weeks, subjects trained with 10RM sets at the 

first weekly session and 8RM sets at the second weekly session. During the final six weeks, sets were 

adjusted to 8RM and 6RM for the first and second weekly sessions, respectively. Subjects were 
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encouraged to continuously increase their RM loads throughout the intervention period and they were 

allowed assistance on the last repetition. The number of sets in each exercise on the elbow flexors was 

always two. The heavy strength training on both arms and legs was conducted with the concentric phase 

and eccentric phase lasting around 2-3 s. Since the present study had a within-person design and thus 

both test conditions had the same nutritional environment, there was no strict control of the nutritional practice. 

However, the participant was encouraged to consume proteins and carbohydrates during and after each bout 

of exercise throughout the intervention. All subjects were supervised by an investigator at all workouts 

during the first two weeks, and thereafter at least once every week throughout the intervention period.  

 

Statistics 

All data in the text and figures are presented as mean±SE. Pre- and post-intervention measurements for 

each training mode were compared using paired Student’s t-test. To test for differences between A and 

L+A at pre-intervention, paired Student’s t-tests were used. To test for differences in relative changes 

(from pre- to post-intervention) between A and L+A in, paired Student’s t-tests were performed.  

For each training mode, changes in hormones were compared using one-way repeated ANOVA. If there 

was significant difference, a Tuckey´s HSD test was pre selected for post hoc analysis. In serum 

testosterone there was a statistical power of 80% to detect difference from before the leg exercises to 

after the leg exercises of 2.8 nmol·l-1, using a significance level (alpha) of 0.05 (two-tailed). Two-way 

repeated measures ANOVA (time of intervention period and section where CSA was measured as 

factors) with Bonferroni post hoc tests were performed to evaluate differences (post- vs. pre-values) in 

elbow flexor CSA in all measured sections (section 6-9) within training mode. In addition, CSA along 

the elbow flexors, values for each section were analyzed by a two-way repeated measures ANOVA 

(group and section where CSA was measured as factors) with Bonferroni post hoc tests for evaluation of 

differences in relative changes (post- vs. pre-values) between training modes. One-way ANOVA was 

performed using GraphPad InStat (GraphPad Software, Inc. CA, USA), Two-way ANOVA analyses 
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were performed in GraphPad Prism 5 (GraphPad Software, Inc. CA, USA), and Student’s t-tests were 

calculated in Excel 2003 (Microsoft Corporation, Redmond, WA, USA). All analyses resulting in p≤0.05 

were considered statistically significant, except for multiple comparisons (1RM, muscle volume, peak 

power at 30% and 60% of 1RM) where p ≤ 0.013 was considered significant due to Bonferroni 

correction.   

 

RESULTS 

Baseline 

There were no significant differences between the arms which performed the L+A and A training before 

the intervention period with respect to 1RM, CSA, peak power at 30% and 60% of 1RM (Table 1).   

 

(Insert Table 1 approximately here) 

 

Body weight and training load 

There was no significant change in body weight from before to after the training intervention. Both L+A 

and A increased their training load in the elbow flexor exercises during the intervention period (p<0.01) 

with no significant difference between them (Figure 1). 

 

(Insert Figure 1 approximately here) 

 

Hormonal response 

Immediately after the leg exercise, significant increases in serum testosterone and GH were observed in 

the L-A session (p<0.05), while these increases were not evident in the A session (Figure 2). Serum 

cortisol did not change significantly in either session, although there was a tendency of increased values 
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after the arm exercises in the L+A session (p=0.16). Hormone values approached pre session values 30 

min after the L+A session with no significant difference between the L+A and A session (Figure 2).  

 

(Insert Figure 2 approximately here) 

 

Maximum strength and body weight 

During the intervention period the 1RM in leg press was increased by 23±4% (p<0.001, Figure 3). 

Strength, measured as 1RM in biceps curl, increased in both A and L+A arm (from 39.2±2.1 kg to 

44.7±2.7 kg, and from 37.5±2.8 kg to 45.3±2.2 kg, respectively, p<0.001). The L+A training resulted in 

superior relative improvement in 1RM biceps curl compared to A training (p<0.05, Figure 4).  

 

(Insert Figure 3 and 4 approximately here) 

 

Peak power 

Peak power in elbow flexors at 30% of 1RM increased from before to after the intervention in both A 

and L+A (from 94±6 W to 107±9 W, and from 96±8 W to 112±7 W, respectively, p<0.05), with no 

difference between groups (Figure 5, upper panel). Both A and L+A increased peak power in elbow 

flexors at 60% of 1RM (from 115 ±10 W to 135±13 W, and from 112±9 W to 149±12 W, respectively, 

p<0.05). There was no statistical significant difference between A and L+A (p=0.11; Figure 5, lower 

panel).  

 

(Insert Figure 5 approximately here) 

 

Elbow flexor muscle cross-sectional area  

Both L+A and A increased their volume of the elbow flexors from section 6 to 9 (from  
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144.9±7.0 cm3 to 159.5±7.9 cm3, and from 144.9±7.8 cm3 to 158.0±8.9 cm3, respectively, p<0.001). 

ANOVA analyses revealed that both groups increased the CSA of the two proximal sections, while only 

L+A increased the elbow flexors´ CSA at the two middle sections where the CSA of elbow flexors was 

largest (p<0.05, Figure 6).      

 

(Insert Figure 6 approximately here) 

 

Discussion 

In agreement with our hypothesis, transient elevations in endogenous hormone concentrations during 

exercise potentiated adaptations to strength training. Specifically, performing leg training before arm 

training in the same session induced elevations of circulating testosterone and GH and resulted in 

superior relative improvement in 1RM biceps curl compared to the changes observed in the arm trained 

without preceding leg exercises. Furthermore, training the arms under exercise induced elevations in 

anabolic hormones augmented the increase in CSA at the part of the elbow flexors with the largest CSA. 

 

The finding of acute increase in testosterone, GH, and tendencies for increased cortisol during the L+A 

training, which contained multiple exercises involving large muscle mass, multiple sets, heavy loads, 

and relatively short rest periods, is in line with previous studies (e.g. Kraemer et al. 1990; Häkkinen and 

Pakarinen 1993; Gotshalk et al. 1997; Raastad et al. 2000; Ratamess et al. 2005). Furthermore, the 

finding of no change in hormonal levels during the A training, which included low muscle mass and low 

training volume, is also in line with previous findings (Häkkinen and Pakarinen 1993; Gotshalk et al. 

1997; Ratamess et al. 2005). We do not know exactly how long the trained muscles are in recovery mode 

and we can not exclude the possibility that the leg training-induced increase in hormones may affect the 

adaptations in the A arm as well. However, if that is the case we still find significant differences between 

the L+A arm and A arm, so at least the effect is larger in the L+A arm than in the A arm. Furthermore, 
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acute elevations in endogenous testosterone potentiate the androgen receptor expression to a single 

strength training session and thereby improve the testosterone-receptor interaction (Spiering et al. 2009). 

This may be an important factor in explaining why passive tissue does not get bigger when blood is being 

circulated through the body with higher hormones and has classically been shown in studies where upper body 

training does not impact lower body musculature (Kraemer et al. 1995).  

 

The ~21% increase in 1RM biceps curl in L+A is in line with other studies using similar strength training 

intervention, while the ~14% increase in A is slightly below the expected improvement (McCall et al. 

1996; Moss et al. 1997; Hansen et al. 2001; McBride et al. 2003). The observations of superior gains in 

1RM biceps curl and CSA in the L+A arm indicates that the acute elevations in circulating hormones 

contributes to strength training adaptations. The findings of no difference between training modes in 

improvement of training loads was somewhat surprising, but are probably explained by central fatigue 

(due to residual fatigue from the leg exercises). The majority of subjects also expressed their subjective 

feelings of reduced abilities to exert force when the arm exercises where preceded by leg exercises. The 

latter is also supported by the findings of reduced training volume when exercises involving large 

muscle mass precede exercises involving small muscle groups (Bellezza et al. 2009). The present 

findings indicate that the effects of acute elevations of hormones are not solely systemic. Muscles ability 

to interact with the circulating levels of endogenous hormones seems to be important (Harridge 2003). 

The majority (~98%) of testosterone in blood is bound to either sex hormone binding-globulin or 

albumin (Hayes 2000), therefore only the unbound testosterone is considered to be biologically active 

and able to diffuse across the sarkolemma and interact with intracellular receptors. The increased 

testosterone level observed after strength training exercise is typically not associated with changes in sex 

hormone-binding globulin (Fry et al. 1998; Fahrner and Hackney 1998). Furthermore, acute increase in 

plasma testosterone has been observed to increase the level of biological active unbound testosterone 

(Kraemer et al. 1998; Durand et al. 2003) and thereby potentially increase the interaction between 

androgen hormones and androgen receptors.   
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Androgen receptor mRNA and protein have been observed to increase after 1-3 strength training 

sessions where levels of serum testosterone was acutely elevated (Bamman et al. 2001; Willoughby and 

Taylor 2004; Hulmi et al. 2008; Spiering et al. 2009). Furthermore, administration of testosterone 

(without strength training) increases the content of androgen receptors in animal muscles (Carson et al. 

2002; Lee et al. 2003) and humans (Ferrando et al. 2002). This is in line with the suggestion that 

androgens increase their receptor expression (Bhasin et al. 2001; Esposito et al. 2002; Gobinet et al. 

2002). Furthermore, a correlation has been observed between the content of androgen receptors in the m. 

vastus lateralis and 1RM (Ratamess et al. 2005). These findings indicate that the content of androgen 

receptors may contribute to strength changes during strength training. It has recently been found that 

acute elevation in endogenous testosterone (by strength training) potentiates the androgen receptor 

response to a strength training session compared to no acute elevation of endogenous testosterone 

(Spiering et al. 2009). It might therefore be speculated that the acute elevations of testosterone in L+A 

increased the androgen receptor expression and via improved testosterone-receptor interaction, increased 

protein synthesis, and consequently, superior strength training adaptations was achieved.  

          

Administration of GH has not been shown to increase muscle growth and strength in normal exercising 

men (Yarasheski et al. 1992; Frisch 1999). However, it has been hypothesized that the brief rise in GH 

can cause interaction with muscle cell receptors and thereby aid in subsequent recovery and stimulates 

muscle hypertrophy (Kraemer et al. 1998). Furthermore, the acute increase of GH to strength training 

has been found to correlate with the magnitude of muscle fiber hypertrophy (McCall et al. 1999). It has 

been suggested that GH and cortisol are involved in the regulation of the mRNA expression of IGF-I and 

myostatin (Rennie et al. 2004). This is in line with the findings of increased IGF-IEa and mechano 

growth factor expression after GH treatment in older subjects (Hameed et al. 2004) and myostatin has 

been shown to be up regulated in response to elevated serum glucocorticoids (Lang et al. 2001; Ma et al. 
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2003). However, reviews of the metabolic effects of GH on human skeletal muscle concludes that the 

balance of evidence suggests there are no major anabolic effects of exogenous recombinant human GH 

in stimulating muscle protein accretion, muscle size, muscle strength, or muscle fiber characteristics in 

normal, healthy adult men or women, including the elderly (Rennie 2003; Liu et al. 2007; 2008). 

However, GH exists in many different isoforms other than the 22 kDa measured in this study and this is 

also the isoform used in most studies on GH effects (Kraemer et al 2010). Consequently, other isoforms 

of GH released in response to exercise might have more pronounced effects on muscle tissue. 

Furthermore, we should not rule out the possibility that the concurrent acute increase in testosterone and 

GH may lead to a synergetic positive effect on strength training adaptations.   

 

Strength training programs that elicit the greatest cortisol response are similar to programs which elicit 

the greatest acute testosterone and GH response (Kraemer and Ratamess 2005). While chronic high 

levels of cortisol have adverse effects, acute elevations may be part of a larger remodeling process in 

muscle tissue (Kraemer and Ratamess 2005). It has been observed that physiological elevation of 

cortisol may reduce the activity of the hypertrophy promoting pathway protein kinase B (Akt) (Spiering 

et al. 2008). The latter could potentially negatively affect the hypertrophic response to the L+A training. 

However, in the present study we observed only a small and statistically non-significant elevation in 

cortisol.  

 

The increase in volume of the elbow flexors by ~10% in both L+A and A is in agreement with the 10-

12% increase in CSA of elbow flexors in comparable studies (McCall et al. 1996; Walker et al. 2004). 

However, the finding of no statistical significant increase in CSA at the part of the elbow flexors with 

the largest CSA in A was not expected and the reasons remain unknown. However, the findings of 

regional differences in CSA adaptations to strength training are not unusual (e.g. Roman et al. 1993; 

Häkkinen et al. 2001). The findings of increased CSA at the part of elbow flexors with largest CSA in 
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L+A could be due to the acute elevation of anabolic hormones during the strength training. Furthermore, 

it has been observed that the largest CSA of a muscle determines the maximum strength of the muscle 

(Bamman et al. 2000; Klein et al. 2001), and consequently the increase in CSA in the L+A arm is the 

likely mechanism behind the superior 1RM improvement in L+A. The findings of increased CSA and 

strength after strength training without any acute elevations in circulatory hormones are in agreement 

with the findings of Wilkinson et al. (2006). They observed that unilateral leg training induced local 

muscle hypertrophy only in the exercised limb, which occurred in the absence of changes in systemic 

hormones. This is probably due the fact that hormonal changes is not the solely mechanism inducing 

muscle hypertrophy, for example are mechanical tension and local growth factors important in 

hypertrophic signaling (e.g. Goldberg et al. 1975; Adams and Haddad 1996).  

 

Both neural factors and factors related to increased muscle mass as well as transition in the quality of the 

contractile proteins could be involved in the observed adaptations to strength training. We can not 

address the impact of neural adaptations since no measurements of activation level were included in the 

present study. However, biceps curl is a coordinative easy exercise and by the twitch-interpolate 

technique it has been reported that untrained subjects have no or only minor activation deficits in simple 

movements (Shield and Zhou 2004). Thus, differences in neural adaptations should not explain the 

observed difference in 1RM biceps curl adaptations between L+A and A training. 

 

In contrast, it has been observed that performing exercises for the larger muscle groups subsequent to the 

elbow flexors had no additive effect on muscle strength and muscle hypertrophy (Walker et al. 2004; 

West et al. 2010). The reason for this discrepancy is unclear. Unfortunately the study of Walker et al. 

(2004) did not investigate the acute effects of the different protocols on hormonal changes, thus it is 

difficult to tell whether there was a difference between groups in the hormonal milieu while exercising. 

Differences in exercise order may contribute to explain different findings, since the subjects in the 
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present study performed leg exercises before arm exercises, while in Walker et al. (2004) and West et al. 

(2010), the subjects performed leg exercises after the arm exercises. However, in the study by Hansen et 

al. (2001) legs were also trained after arm exercises and a somewhat additive effect on isometric 

strength, but not on isokinetic and isotonic strength was reported. Another difference from the study by 

Walker et al. is that in the present study, one arm was subjected to L+A training, while the other arm was 

subjected to the A training. There may be individual responses to strength training and individual 

differences in hormonal and nutritional level which may lead to a large variation in the effects of 

strength training. By randomizing one arm to the control and the other as experimental, both conditions 

have the same hormonal, nutritional, and genetic environment. Thus, if there is difference between the 

training modes it may be easier to detect with the method used in the present study as compared to the 

method of Walker et al. (2004), where two different groups of subjects performed different strength 

training. West et al. (2010) took the latter into account and had roughly the same methodological 

approach as the present study, but found no differences between L+A and A in neither hypertrophy nor 

strength adaptations. One important difference might however be that West et al. (2010) performed leg 

exercises after the arm exercises. Consequently, we speculate that performing the contractions 

simultaneously as the hormones are elevated may be critical to get this additive effect on the training 

adaptations. Although the mechanisms behind this speculation are unclear, it seems logical that an 

additive training effect may be achieved when blood with elevated levels of testosterone and GH is 

directed to the working muscles during the heavy strength training. The current findings leads support to 

the notion that testosterone is one of the major promoters of gains in muscle mass and strength in 

response to strength training (Vingren et al. 2010). 

 

The present finding of increased peak power after strength training is in agreement with previous 

findings (i.e. Wilson et al. 1993; Young and Bilby 1993; McBride et al. 2002). It has been suggested that 

heavy strength training and slow velocities (like in the present study) leads primarily to improvements in 
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the high force/low velocity portion of the force velocity curve (Fleck and Kraemer 2004). This might 

explain why there were tendencies towards superior power development at 60% of 1RM in L+A 

compared to A (p=0.11) and no difference were observed on the peak power development at 30% of 

1RM. The load at 60% of 1RM was closer to the training load and the 1RM load in which L+A had 

superior improvement compared to A.  

 

In summary, subjects performed identical strength training exercises for the elbow flexors during which 

circulating endogenous testosterone and GH were experimentally manipulated via leg exercises. Herein, 

we have presented evidence suggesting that performing leg exercises and thereby increasing levels of 

serum testosterone and GH prior to arm exercises, induces superior strength training adaptations 

compared to arm training alone, without acute elevation of hormones. Specifically, superior gains in 

1RM biceps curl as well as favorable muscle adaptations in the elbow flexors were demonstrated when 

arm exercises were performed with physiological elevated concentrations of serum testosterone and GH 

compared to the identical arm training without elevated hormone levels.  

 

 

Acknowledgements 

The authors thank Stig Moland, Nils Einar Mæhlum, and Lars Amund Arntzen Toftegaard for their help 

in data collection. We also thank the dedicated group of test subject who made this study possible.   

 

 

 

 

 

 



 20

 References 

Adams GR, Haddad F (1996) The relationships among IGF-1, DNA content, and protein accumulation 
during skeletal muscle hypertrophy. J Appl Physiol 81:2509-2516 
 
American College of Sports Medicine (2009) American College of Sports Medicine position stand. 
Progression models in resistance training for healthy adults. Med Sci Sports Exerc 41:687-708  
 
Ahtiainen JP, Pakarinen A, Alen M, Kraemer WJ, Häkkinen K (2003) Muscle hypertrophy, hormonal 
adaptations and strength development during strength training in strength-trained and untrained men. Eur 
J Appl Physiol 89:555-563 
 
Bamman MM, Newcomer BR, Larson-Meyer DE, Weinsier RL, Hunter GR (2000) Evaluation of the 
strength-size relationship in vivo using various muscle size indices. Med Sci Sports Exerc 32:1307-1313 
 
Bamman MM, Shipp JR, Jiang J, Gower BA, Hunter GR, Goodman A, McLafferty CL Jr, Urban RJ 
(2001) Mechanical load increases muscle IGF-I and androgen receptor mRNA concentrations in 
humans. Am J Physiol Endocrinol Metab 280:E383-E390  
 
Bellezza PA, Hall EE, Miller PC, Bixby WR (2009) The influence of exercise order on blood lactate, 
perceptual, and affective responses. J Strength Cond Res 23:203-208 
 
Bhasin S, Storer TW, Berman N, Callegari C, Clevenger B, Phillips J, Bunnell TJ, Tricker R, Shirazi A, 
Casaburi R (1996) The effects of supraphysiologic doses of testosterone on muscle size and strength in 
normal men. N Engl J Med 335:1-7 
 
Bhasin S, Woodhouse L, Storer TW (2001) Proof of the effect of testosterone on skeletal muscle. J 
Endocrinol 170:27-38  
 
Bhasin S, Woodhouse L, Casaburi R, Singh AB, Mac RP, Lee M, Yarasheski KE, Sinha-Hikim I, 
Dzekov C, Dzekov J, Magliano L, Storer TW (2005) Older men are as responsive as young men to the 
anabolic effects of graded doses of testosterone on the skeletal muscle. J Clin Endocrinol Metab 90:678-
688 
 
Carson JA, Lee WJ, McClung J, Hand GA (2002) Steroid receptor concentration in aged rat hindlimb 
muscle: effect of anabolic steroid administration. J Appl Physiol 93:242-250  
 
Durand RJ, Castracane VD, Hollander DB, Tryniecki JL, Bamman MM, O'Neal S, Hebert EP, Kraemer 
RR (2003) Hormonal responses from concentric and eccentric muscle contractions. Med Sci Sports 
Exerc 35:937-943  
 
Esposito T, Astore E, Cardone A, Angelini F, Varriale B (2002) Regulation of androgen receptor mRNA 
expression in primary culture of Harderian gland cells: cross-talk between steroid hormones. Comp 
Biochem Physiol B Biochem Mol Biol 132:97-105  
 
Fahrner CL, Hackney AC (1998) Effects of endurance exercise on free testosterone concentration and 
the binding affinity of sex hormone binding globulin (SHBG). Int J Sports Med 19:12-15 
 



 21

Ferrando AA, Sheffield-Moore M, Yeckel CW, Gilkison C, Jiang J, Achacosa A, Lieberman SA, Tipton 
K, Wolfe RR, Urban RJ (2002) Testosterone administration to older men improves muscle function: 
molecular and physiological mechanisms. Am J Physiol Endocrinol Metab 282:E601-E607  
 
Ferrando AA, Tipton KD, Doyle D, Phillips SM, Cortiella J, Wolfe RR (1998) Testosterone injection 
stimulates net protein synthesis but not tissue amino acid transport. Am J Physiol 275: E864-E871  
 
Fleck SJ, Kraemer WJ (2004) Designing resistance training programs. 3rd ed. Human Kinetics Books, 
Champaign IL, USA 
 
Frisch H (1999) Growth hormone and body composition in athletes. J Endocrinol Invest 22:106-109 
 
Fry AC, Kraemer WJ, Ramsey LT (1998) Pituitary-adrenal-gonadal responses to high-intensity 
resistance exercise overtraining. J Appl Physiol 85:2352-2359 
 
Fryburg DA, Barrett EJ (1993) Growth hormone acutely stimulates skeletal muscle but not whole-body 
protein synthesis in humans. Metabolism 42:1223-1227  
 
Gobinet J, Poujol N, Sultan CH (2002) Molecular action of androgens. Mol Cell Endocrinol 198:15-24 
 
 
Goldberg AL, Etlinger JD, Goldspink DF, Jablecki C (1975) Mechanism of work-induced hypertrophy 
of skeletal muscle. Med Sci Sports 7:185-198 
 
Gotshalk LA, Loebel CC, Nindl BC, Putukian M, Sebastianelli WJ, Newton RU, Häkkinen K, Kraemer 
WJ (1997) Hormonal responses of multiset versus single-set heavy-resistance exercise protocols. Can J 
Appl Physiol. 22:244-255 
 
Hameed M, Lange KH, Andersen JL, Schjerling P, Kjaer M, Harridge SD, Goldspink G (2004) The 
effect of recombinant human growth hormone and resistance training on IGF-I mRNA expression in the 
muscles of elderly men. J Physiol 555:231-240  
 
Hansen S, Kvorning T, Kjaer M, Sjøgaard G (2001) The effect of short-term strength training on human 
skeletal muscle: the importance of physiologically elevated hormone levels. Scand J Med Sci Sports 
11:347-354  
 
Harridge SD (2007) Plasticity of human skeletal muscle: gene expression to in vivo function. Exp 
Physiol 92:783-797  
 
Harridge SD (2003) Ageing and local growth factors in muscle. Scand J Med Sci Sports 13:34-39  
 
Hayes FJ (2000) Testosterone-fountain of youth or drug of abuse? J Clin Endocrinol Metab 85:3020-
3023 
 
Hulmi JJ, Ahtiainen JP, Selänne H, Volek JS, Häkkinen K, Kovanen V, Mero AA (2008) Androgen 
receptors and testosterone in men-effects of protein ingestion, resistance exercise and fiber type. J 
Steroid Biochem Mol Biol 110:130-137 
 
Häkkinen K, Pakarinen A (1993) Acute hormonal responses to two different fatiguing heavy-resistance 
protocols in male athletes. J Appl Physiol 74:882-887 



 22

 
Häkkinen K, Pakarinen A, Kraemer WJ, Häkkinen A, Valkeinen H, Alen M (2001) Selective muscle 
hypertrophy, changes in EMG and force, and serum hormones during strength training in older women. J 
Appl Physiol 91:569-580 
 
Inoue K, Yamasaki S, Fushiki T, Okada Y, Sugimoto E (1994) Androgen receptor antagonist suppresses 
exercise-induced hypertrophy of skeletal muscle. Eur J Appl Physiol Occup Physiol 69:88-91 
 
Klein CS, Rice CL, Marsh GD (2001) Normalized force, activation, and coactivation in the arm muscles 
of young and old men. J Appl Physiol 91:1341-1349 
 
Kraemer WJ, Ratamess NA (2004) Fundamentals of resistance training: progression and exercise 
prescription. Med Sci Sports Exerc 36:674-688  
 
Kraemer WJ, Adams K, Cafarelli E, Dudley GA, Dooly C, Feigenbaum MS, Fleck SJ, Franklin B, Fry 
AC, Hoffman JR, Newton RU, Potteiger J, Stone MH, Ratamess NA, Triplett-McBride T; American 
College of Sports Medicine (2002) American College of Sports Medicine position stand. Progression 
models in resistance training for healthy adults. Med Sci Sports Exerc 34:364-380  
 
Kraemer WJ, Dunn-Lewis C, Comstock BA, Thomas GA, Clark JE, Nindl BC (2010) Growth hormone, 
exercise, and athletic performance: a continued evolution of complexity. Curr Sports Med Rep 9:242-
252 
 
Kraemer WJ, Ratamess NA (2005) Hormonal responses and adaptations to resistance exercise and 
training. Sports Med 35: 339-361 
 
Kraemer WJ, Häkkinen K, Newton RU, McCormick M, Nindl BC, Volek JS, Gotshalk LA, Fleck SJ, 
Campbell WW, Gordon SE, Farrell PA, Evans WJ (1998) Acute hormonal responses to heavy resistance 
exercise in younger and older men. Eur J Appl Physiol Occup Physiol 77: 206-211 
 
Kraemer WJ, Marchitelli L, Gordon SE, Harman E, Dziados JE, Mello R, Frykman P, McCurry D, Fleck 
SJ (1990) Hormonal and growth factor responses to heavy resistance exercise protocols. J Appl Physiol 
69:1442-1450 
 
Kraemer WJ, Mazzetti SA (2003) Hormonal mechanisms related to the expression of muscular strength 
and power. In: Komi PV (ed) Strength and Power in Sports. Blackwell Science LTD, London, pp 73-95   
 
Kraemer WJ, Patton JF, Gordon SE, Harman EA, Deschenes MR, Reynolds K, Newton RU, Triplett NT, 
Dziados JE (1995) Compatibility of high-intensity strength and endurance training on hormonal and 
skeletal muscle adaptations. J Appl Physiol 78:976-89 
 
 
Kvorning T, Andersen M, Brixen K, Madsen K (2006) Suppression of endogenous testosterone 
production attenuates the response to strength training: a randomized, placebo-controlled, and blinded 
intervention study. Am J Physiol Endocrinol Metab 291:E1325-E1332  
 
Lang CH, Silvis C, Nystrom G, Frost RA (2001) Regulation of myostatin by glucocorticoids after 
thermal injury. FASEB J 15:1807-1809 
 



 23

Lee WJ, McClung J, Hand GA, Carson JA (2003) Overload-induced androgen receptor expression in the 
aged rat hindlimb receiving nandrolone decanoate. J Appl Physiol 94:1153-1161 
 
Liu H, Bravata DM, Olkin I, Friedlander A, Liu V, Roberts B, Bendavid E, Saynina O, Salpeter SR, 
Garber AM, Hoffman AR (2008) Systematic review: the effects of growth hormone on athletic 
performance. Ann Intern Med 148:747-758  
 
Liu H, Bravata DM, Olkin I, Nayak S, Roberts B, Garber AM, Hoffman AR (2007) Systematic review: 
the safety and efficacy of growth hormone in the healthy elderly. Ann Intern Med 146:104-115 
 
Ma K, Mallidis C, Bhasin S, Mahabadi V, Artaza J, Gonzalez-Cadavid N, Arias J, Salehian B (2003) 
Glucocorticoid-induced skeletal muscle atrophy is associated with upregulation of myostatin gene 
expression. Am J Physiol Endocrinol Metab 285:E363-E371  
 
Madarame H, Neya M, Ochi E, Nakazato K, Sato Y, Ishii N (2008) Cross-transfer effects of resistance 
training with blood flow restriction. Med Sci Sports Exerc 40:258-263 
 
McBride JM, Triplett-McBride T, Davie A, Newton RU (2002) The effect of heavy- vs. light-load jump 
squats on the development of strength, power, and speed. J Strength Cond Res 16: 75-82 
 
McBride JM, Blaak JB, Triplett-McBride T (2003) Effect of resistance exercise volume and complexity 
on EMG, strength, and regional body composition. Eur J Appl Physiol 90:626-632  
 
McCall GE, Byrnes WC, Dickinson A, Pattany PM, Fleck SJ (1996) Muscle fiber hypertrophy, 
hyperplasia, and capillary density in college men after resistance training. J Appl Physiol 81:2004-2012 
 
McCall GE, Byrnes WC, Fleck SJ, Dickinson A, Kraemer WJ (1999) Acute and chronic hormonal 
responses to resistance training designed to promote muscle hypertrophy. Can J Appl Physiol 24:96-107 
 
Moss BM, Refsnes PE, Abildgaard A, Nicolaysen K, Jensen J (1997) Effects of maximal effort strength 
training with different loads on dynamic strength, cross-sectional area, load-power and load-velocity 
relationships. Eur J Appl Physiol Occup Physiol 75:193-199 
 
Raastad T, Bjøro T, Hallén J (2000) Hormonal responses to high- and moderate-intensity strength 
exercise. Eur J Appl Physiol 82:121-128 
 
Ratamess NA, Kraemer WJ, Volek JS, Maresh CM, Vanheest JL, Sharman MJ, Rubin MR, French DN, 
Vescovi JD, Silvestre R, Hatfield DL, Fleck SJ, Deschenes MR (2005) Androgen receptor content 
following heavy resistance exercise in men. J Steroid Biochem Mol Biol 93:35-42 
 
Rennie MJ, Wackerhage H, Spangenburg EE, Booth FW (2004) Control of the size of the human muscle 
mass. Annu Rev Physiol 66:799-828 
 
Rennie MJ (2003) Claims for the anabolic effects of growth hormone: a case of the emperor's new 
clothes? Br J Sports Med 37:100-105 
 
Roman WJ, Fleckenstein J, Stray-Gundersen J, Alway SE, Peshock R, Gonyea WJ (1993) Adaptations 
in the elbow flexors of elderly males after heavy-resistance training. J Appl Physiol 74:750-754 
 



 24

Rønnestad BR (2009) Acute effects of various whole-body vibration frequencies on lower-body power 
in trained and untrained subjects. J Strength Cond Res 23:1309-15 
 
Shield A, Zhou S (2004) Assessing voluntary muscle activation with the twitch interpolation technique. 
Sports Med 34:253-267 
 
Smilios I, Pilianidis T, Karamouzis M, Tokmakidis SP (2003) Hormonal responses after various 
resistance exercise protocols. Med Sci Sports Exerc 35:644-654 
 
Spiering BA, Kraemer WJ, Vingren JL, Ratamess NA, Anderson JM, Armstrong LE, Nindl BC, Volek 
JS, Häkkinen K, Maresh CM (2009) Elevated endogenous testosterone concentrations potentiate muscle 
androgen receptor responses to resistance exercise. J Steroid Biochem Mol Biol 114:195-199 
 
Spiering BA, Kraemer WJ, Anderson JM, Armstrong LE, Nindl BC, Volek JS, Judelson DA, Joseph M, 
Vingren JL, Hatfield DL, Fragala MS, Ho JY, Maresh CM (2008) Effects of elevated circulating 
hormones on resistance exercise-induced Akt signaling. Med Sci Sports Exerc 40:1039-1048 
 
Storer TW, Woodhouse L, Magliano L, Singh AB, Dzekov C, Dzekov J, Bhasin S (2008) Changes in 
muscle mass, muscle strength, and power but not physical function are related to testosterone dose in 
healthy older men. J Am Geriatr Soc 56:1991-1999  
 
Vingren JL, Kraemer WJ, Ratamess NA, Anderson JM, Volek JS, Maresh CM (2010) Testosterone 
physiology in resistance exercise and training: the up-stream regulatory elements. Sports Med 40:1037-
1053 
 
Walker KS, Kambadur R, Sharma M, Smith HK (2004) Resistance training alters plasma myostatin but 
not IGF-1 in healthy men. Med Sci Sports Exerc 36:787-793 
 
West DW, Burd NA, Tang JE, Moore DR, Staples AW, Holwerda AM, Baker SK, Phillips SM (2010) 
Elevations in ostensibly anabolic hormones with resistance exercise enhance neither training-induced 
muscle hypertrophy nor strength of the elbow flexors. J Appl Physiol 108:60-67 
 
Wilkinson SB, Tarnopolsky MA, Grant EJ, Correia CE, Phillips SM (2006) Hypertrophy with unilateral 
resistance exercise occurs without increases in endogenous anabolic hormone concentration. Eur J Appl 
Physiol 98:546-555  
 
Willoughby DS, Taylor L (2004) Effects of sequential bouts of resistance exercise on androgen receptor 
expression. Med Sci Sports Exerc 36:1499-1506 
 
Wilson GJ, Newton RU, Murphy AJ, Humphries BJ (1993) The optimal training load for the 
development of dynamic athletic performance. Med Sci Sports Exerc 25:1279–1286 
 
Yarasheski KE, Campbell JA, Smith K, Rennie MJ, Holloszy JO, Bier DM (1992) Effect of growth 
hormone and resistance exercise on muscle growth in young men. Am J Physiol 262:E261-E267 
 
Young WB, Bilby GE (1993) The effects of voluntary effort to influence speed of contraction on 
strength, muscular power, and hypertrophy development. J Strength Cond Res 7:172-178 
 

 



 25

FIGURE CAPTIONS 

Figure 1 Mean training weight (kg) during 11 week training intervention in the elbow flexor exercises in 

the arm which performed leg exercises prior to the arm exercises (L+A) and the arm which performed no 

leg exercises prior to the arm exercises (A). *Different from pre in both L+A and A (p<0.01). 

 

Figure 2 Plasma testosterone, growth hormone, and cortisol measured before the strength training 

session (T-0), immediately after the leg exercises in the L+A session (T-1), immediately after the arm 

exercises for both the L+A and A session (T-2), and 30 min after the arm exercises in both L+A and A 

session (T-3). * Significant different from values before the session started (p<0.05).  

 

Figure 3 1RM in leg press before (Pre) and after (Post) the 11-week intervention period. *Different from 

Pre (p<0.001). 

 

Figure 4 Relative changes in 1RM for the arm which was trained immediately after leg exercises during 

elevated concentrations of anabolic hormones (L+A) and the arm which was trained without leg 

exercises before and with no elevation in anabolic hormones (A). *Different from Pre (p<0.001). 

#Difference between groups in relative change from pre-test to post-test (p<0.05).  

 

Figure 5 Relative changes in peak power at 30% and 60% of 1RM (upper and lower panel, respectively) 

for the arm which was trained immediately after leg exercises (L+A) and the arm which was trained 

without leg exercises before (A). *Different from Pre (p<0.05).  

 

Figure 6 Changes in CSA for the arm which was trained immediately after leg exercises (L+A; upper 

panel) and the arm which was trained without leg exercises before (A; lower panel) in different regions 
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of the elbow flexors. Section 6 is most proximal and section 9 is most distal. The space between each 

section is 35 mm. *Different from Pre (p<0.01). 
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FIGURE 2 
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FIGURE 3 
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FIGURE 5 
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FIGURE 6 
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Table 1     Baseline values for the elbow flexors which performed leg exercises immediately 

before arm exercises (L+A) and the elbow flexors which performed arm exercises only (A). 

L+A A 

37.5 ± 2.8 39.2 ± 2.1 

96 ± 8 94 ± 6 

112 ± 9 115 ± 10 

19.4 ± 1.2 19.1 ± 1.3 

24.2 ± 1.2 25.4 ± 1.4 

Values are mean±SE.  
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