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Abstract 
 
Doping with growth hormone (GH) is a well-known problem both among elite athletes and 
among people training at gyms. It is mainly the anabolic and, to some extent, lipolytic effect 
of GH that is valued by its users. However, no reliable method to detect GH doping has been 
available, and the role of GH as an effective doping agent has been discussed.  
 
The aim of this thesis was to investigate markers of the GH/IGF-I axis and specific bone 
markers in athletes in connection with a maximum exercise test and longitudinally for one 
year, to validate the use of these markers in a forthcoming doping test for GH. Furthermore, 
the effects of one month’s administration of supraphysiological GH doses on body 
composition, exercise performance and IGFBP-4 and IGFBP-5 concentrations in well-trained 
healthy subjects were studied. 
 
The response to a maximum exercise test displayed a fairly uniform pattern, with peak 
concentrations of markers of the GH/IGF-I axis and bone markers immediately after exercise, 
followed by a subsequent decrease to baseline levels. The time to peak value for GH was 
significantly shorter for females compared with males.  
 
Some of the markers show strong evidence of high inter- or intra-individual variations in 
resting samples during one year, based on analyses focusing on the right tail of the 
distribution in relation to a normal distribution. Post-competition values differed from resting 
values for several of the GH/IGF-I axis and bone markers. Ranges for post competition values 
and for each marker in each gender at specific time points in connection with a maximum 
exercise test, are presented. 
 
The administration of supraphysiological doses of growth hormone for one month causes a 
dramatic increase in IGF-I levels, a reduction in body fat and an increase in the extracellular 
water volume. However, no significant increase in intracellular water volume was found, 
indicating limited anabolic effects by the supraphysiological GH doses. 
 
Administration of supraphysiological doses of GH during one month did not improve power 
output or oxygen uptake in a bicycle exercise test.  
 
Serum levels of IGFBP-4 and IGFBP-5 are increased by supraphysiological GH doses. Some 
of the effect of GH on IGFBP-4 and IGFBP-5 appears to be IGF-I dependent. However, the 
results do not support an obvious role for IGFBP-4 and IGFBP-5 as potential markers in a test 
for detecting GH doping. 
 
In conclusion, this thesis describes different aspects of markers of the GH/IGF-I axis and 
specific bone markers in connection to rest and exercise, to be used in a forthcoming test for 
GH doping, in which IGFBP-4 and IGFBP-5 do not seem to have a role. Finally, no obvious 
anabolic effects on body composition or performance-enhancing effects were seen with 
supraphysiological GH doses; thus, questioning the role of GH as a potent doping agent. 
 
 
Key words: Growth hormone, IGF-I, bone markers, doping, athletes, maximum exercise test, 
variability, supraphysiological, body composition, physical performance, IGFBP-4, IGFBP-5.  
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Introduction 
 
Athletes should be freed from the use of clay and mud and other irksome medicines. 
Gymnastikos, 200 A.D (Flavius Philostratus) (1) 
 
 
Doping in sports  
The use of performance-enhancing substances and other artificial methods to enhance 
physical performance in sport (doping) is not a new phenomenon. It has been a feature of 
human competition since the beginning of recorded history. In fact, it has even been argued 
that the first instance of doping occurred in the Garden of Eden when Adam and Eve ate the 
forbidden fruit to acquire godlike powers. Knowledge of different performance-enhancing 
substances has then evolved with time and the use of different drugs and substances has been 
described in several different cultures and times during history, such as the ancient Egyptians, 
ancient Greek athletes and Roman gladiators. However, quite contrary to the opinion today, 
the use of performance-enhancing drugs has not always been regarded as cheating (2, 3). 

  
It is believed that the word doping is derived from the Dutch word ‘dop’, a term that refers to 
a stimulant drink used in tribal ceremonies in South Africa in order to enhance prowess in 
battle. The word ‘dop’ first appeared in an English dictionary in 1889 and was then described 
as a narcotic potion used for racehorses (3, 4).  
 
In the 19th century, cyclists and different endurance athletes often used alcohol, caffeine, 
cocaine and strychnine to fortify their performances and the first restrictions regarding drug 
use in sports were presented. In 1928, the International Amateur Athletic Federation (IAAF) 
was the first international sport federation to ban the use of stimulating substances (doping). 
Several other federations followed suit, but as no tests were performed, the restrictions were 
ineffective. The advent of anabolic-androgenic steroids (AAS) in the 1930s made the problem 
of performance-enhancing drugs worse and the pressure to introduce drug tests was further 
increased by the findings of traces of amphetamine, in the autopsy of a Danish cyclist, who 
died while competing at the Olympic Games in Rome in 1960 (3). 
 
The start of the systematic use of AAS in sport has been ascribed to reports of their use by the 
successful Soviet weight-lifting teams in the early 1950s and, at the World Championships in 
Weight-lifting in Vienna in 1954, a U.S. team physician was reportedly told by his Soviet 
counterpart that the Soviets were taking testosterone (2).  
 
The International Olympic Committee (IOC) instituted a Medical Commission in 1963 and 
the first list of prohibited substances was introduced in 1967. Drug tests were then first 
introduced in 1968 at the Winter Olympic Games in Grenoble and at the Summer Olympic 
Games in Mexico City. A reliable test method for AAS was introduced in 1974 and the IOC 
included anabolic steroids in the list of prohibited substances in 1976 (3). 
 
The World Anti-Doping Agency (WADA) was established in Lausanne in 1999 to promote 
and co-ordinate the fight against doping in sport internationally. WADA was set up on the 
initiative of the IOC with the support and participation of several organisations and 
governments and, since 2004, the list of prohibited substances has been administered by 
WADA. The list of prohibited substances includes both prohibited substances and prohibited 
methods and is updated annually. The prohibited list is an international standard identifying 
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the substances and methods prohibited in-competition, out-of-competition and in particular 
sports. The substances are classified by categories (e.g. steroids, stimulants, gene doping) and 
the list is divided into four major parts: substances and methods prohibited at all times (in- 
and out-of-competition), substances and methods prohibited in-competition, substances 
prohibited in particular sports and specified substances.   
 
One important achievement in the fight against doping in sports was the launch of a set of 
anti-doping rules, the World Anti-Doping Code (Code) that came into force on January 1 
2004. One major advantage of the introduction of the Code is the harmonisation of a system 
that previously had rules that varied and in some cases did not exist. The Code also formalises 
rules and respective responsibilities regarding “non-analytical” violations, such as refusing or 
failing a doping test without compelling justification. 
 
There are strict rules about the use of performance-enhancing substances and methods in sport 
and doping is defined as the occurrence of one or more of the anti-doping rule violations set 
forth in specific articles of the Code (3).  
 
Several different hormones are used as doping agents. The most common apart from AAS, are 
growth hormone (GH), insulin and erythropoietin (EPO). However, AAS have been and still 
are the most common doping substances used in and outside sports (2, 5). There is reason to 
believe that the use has decreased among elite athletes since the test methods have been 
improved. Furthermore, the top-rank results in track and field disciplines such as shotput and 
discus, where doping has been highly suspected, appear to be levelling off, indirectly 
speaking in favour of a decrease in AAS use among elite athletes. In spite of this, use among 
non-elite athletes in for example gyms, for example, may not have decreased.  
 
Doping with GH is a well-known problem in the world of sports and it has been known for 
decades (6). GH was described as a potent performance-enhancing anabolic agent in The 
Underground Steroid Handbook first published in California in the early 1980s (7). Its misuse 
has since increased, especially since the advent of recombinant GH in the late 1980s, and 
users can currently be found both among elite athletes and among people training at gyms (8, 
9). It is mainly the anabolic and, to some extent, lipolytic effect of GH that is valued by users.  
 
 
GH - historical background 

The existence of a growth-promoting substance in the anterior hypophysis was described in 
animals in the 1920s (10). Human GH was first isolated by Li et al. in 1956 and, in the early 
1970s, the structure of GH was subsequently shown to consist of a single polypeptide chain of 
191 amino acids with two disulphide bridges and a molecular weight of 22 kDa (11-13). It 
was then stated that 22kDa GH is the major isoform of GH but a 20kDa GH variant comprises 
5-10% of the pituitary GH and that a number of other isoforms produced by the pituitary also 
exist (14, 15). The gene for GH has been cloned and characterised and synthetic GH is 
currently produced in bacteria using recombinant DNA technology (16). 
 
Children with growth hormone deficiency (GHD) have been treated with GH since the 1950s, 
when it was demonstrated that treatment with human GH, purified from cadaver pituitaries 
increased linear growth (17). The first paper describing GH treatment in adults was presented 
in 1962 and described the treatment of a 35-year-old GHD woman with human GH. The 
patient noticed ‘increased vigour, ambition and sense of well-being’ after two months of 
treatment (18). Treatment with GH was however initially restricted by the limited supply of 
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GH, before the advent of widely available recombinant human GH in the mid-1980s. The 
introduction of recombinant GH made it possible to further study the effects of GH in adults 
and the consequences of the clinical entity of GHD, including its treatment, have been well 
described (19-22). 
 
 
Physiology of GH secretion 
GH is secreted in a pulsatile pattern from somatotrope cells in the anterior hypophysis, 
regulated in a complex pattern by two hypothalamic peptides; a stimulating hormone, GH 
releasing hormone (GHRH), and an inhibiting hormone, somatostatin (23-26).  
 
GH secretion is influenced by several normal and pathophysiological conditions, such as 
gender, age, sleep, physical exercise, nutritional state and other metabolic factors.  
Gender. A difference between men and women in the GH release at rest, with greater release 
in young women than in age-matched men, has been described (27-29). Gonadal steroids 
interact with GH and the administration of oestrogen increases serum levels of GH (30-34). 
Testostereone and GnRH treatment in hypogonadal men has been shown to increase GH 
secretion (35). Oestrogens enhance GH secretion, mainly indirectly by inducing GH 
resistance resulting in higher serum levels of GH in females of reproductive age, a somewhat 
different secretion pattern and GH production rate (26, 34). 
Age. It has been estimated that there is a 14% decrease in GH secretion per decade of adult 
life, following a peak during puberty (36) 
Sleep. The GH levels are highest during slow wave sleep and lowest during rapid eye 
movement sleep (37). 
Physical exercise. Physical exercise has a stimulatory effect on GH secretion (38). The GH 
levels rise in response to acute exercise, with a threshold level of approximately 30% of VO2 
max (39), and a twofold rise in GH concentrations after a year of high-intensity aerobic 
training has been shown in subjects who exercised consistently above the lactate threshold 
(40). 
Nutritional state and other metabolic factors. Fasting results in enhanced GH production (41), 
while it is suppressed by glucose (42) and fatty acids (43). Certain amino acids such as 
leucine and arginine enhance GH secretion (44, 45).  
Hormones. Hyperthyroidism is associated with increased GH secretion (46), while 
hypothyroidism is associated with low GH levels (47). The net effect of corticoids is 
inhibition of the GH secretion (48). 
Neurotransmittors. Both α2-adrenergic agonists and cholinergic agents stimulate GH secretion 
(49), the latter probably via suppression of somatostatin release (50).  
 
 
GH and muscles 

GH is an important and powerful metabolic hormone. An anabolic effect by GH in normal 
adults was demonstrated in 1958 by Ikkos et al. who observed a nitrogen-retention effect after 
GH administration (51). Patients with untreated acromegaly have shown a markedly increased 
body cell mass estimated from assessments of total body potassium (52). The body cell mass 
in acromegalic patients decreases in response to surgical treatment (53). Furthermore, it has 
been shown that acromegaly causes myopathy with hypertrophic, but functionally weaker 
muscles (54, 55). This could indicate that there are negative effects on muscle function 
following exposure to high levels of GH for a long period of time. 
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GH promotes the positive protein balance in skeletal muscle by increasing protein synthesis 
and possibly by inhibiting protein breakdown (56).  
 
Adult GHD patients have a reduced muscle mass, isometric muscle strength and functional 
exercise capacity compared with healthy controls (57, 58). Furthermore, isokinetic muscle 
strength and local muscle endurance are reduced or in the lower range (57, 59-61). The 
reduced muscle mass and isometric strength could be an effect of reduced muscle cross-
sectional area in GHD patients (62), but it could also be caused by a reduction in the peak 
torque per muscle area (63), suggesting that contractile properties and neural activation might 
be responsible for the reduction in muscle strength in adult GHD patients 
 
GH replacement therapy in GHD adults increases lean body mass (LBM), exercise capacity, 
muscle volume, muscle mass and maximum voluntary isometric muscle strength (20, 57, 60, 
64-68). The changes in muscle mass and maximum voluntary isometric muscle strength has 
been shown to become apparent after approximately one year of therapy (60). However, 
dynamic muscle strength has not shown any obvious increase in response to GH treatment 
(65, 69).  
 
The proportion of fast-twitch, type-2 muscle fibres is increased in hypophysectomised rats 
(70). However, the histology of muscles from GHD patients does not appear to differ from 
that of healthy adults (71) and it has not been possible to detect any changes in the proportions 
of muscle fibres in adult GHD patients receiving GH treatment  (71, 72).  
 
 
Lipolytic effects of GH 
The lipolytic effects of GH have been known for decades. GH-induced lipolysis was first 
demonstrated in humans in 1959 (73). Lipolytic effects have also been demonstrated in GHD 
and acromegaly patients. GHD patients have increased total body fat and reduced body cell 
mass and extracellular water (ECW) (74, 75). GH treatment given to these patients improves 
the body composition (22, 59, 76). Furthermore, patients with untreated acromegaly have a 
marked decrease in adipose tissue mass compared with normal individuals (52) and surgical 
treatment results in an increase in the fractions of adipose tissue in the subcutaneous trunk and 
the intra-abdominal depots, while the fractions of adipose tissue in peripheral depots decrease 
(53). 
 
Meals inhibit GH release, whereas fasting conditions amplify the pulsatile pattern of GH 
secretion (77), indicating that the main impact of GH is in the fasting state. Dose-dependent 
action by GH on the induction of lipolysis has been demonstrated, with an elevation of 
circulatory free fatty acids (FFAs) and glycerol and increased lipid oxidation rates (78). These 
effects occur despite increased insulin levels, indicating that relatively low doses of GH can 
overcome the lipogenic actions of insulin. GH stimulates lipolysis by activating hormone-
sensitive lipase activity, with a subsequent increase in lipid oxidation (79). 
 
 
Anti-natriuretic effects of GH 

A sodium-retention effect with the simultaneous expansion of extracellular water (ECW) after 
GH administration was demonstrated in 1952 (80). Even though it is not the main focus of 
attention in a doping situation, the anti-natriuretic effect of GH is still of interest.  
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The sodium and water-retaining effect of GH is complex. To summarise, both GH and IGF-I 
are capable of causing fluid retention by stimulating Na+K+ATPase activity in the distal 
nephron (81). However, the stimulation of the renin-angiotensin-aldosterone system (RAAS) 
(82), the down-regulation of atrial natriuretic peptide (ANP) (83) and increased endothelial 
nitric oxide (NO) function have also been proposed as possible mechanisms (84). 
 
The anti-natriuretic effects of GH explain the reduction in ECW that is found in adult patients 
with severe GHD and the marked increase in ECW found in acromegalic patients (52, 74). 
However, the exact mechanisms behind these effects are unknown. ECW is increased by as 
much as 25% in untreated acromegaly patients, an increase that normalises after successful 
treatment (85). After treatment, the excess ECW correlates with the GH concentrations (85). 
Further studies of acromegalic patients suggest a curve-linear dose-response relationship 
between GH concentrations and excess ECW (85, 86). 
 
 
GH effects on bone 
GH has a stimulating effect on both osteoblasts and osteoclasts and is thereby involved in the 
regulation of bone metabolism (87-89), leading to both bone formation and resorption (90, 
91). The osteoclasts, osteoblasts and components of the bone matrix release several peptides 
and proteins into the circulation during bone resorption and formation, peptides and proteins 
that can be used as biochemical markers of bone metabolism. 
 
In adult GHD patients, both normal (92) and reduced (93) serum levels of biochemical 
markers of bone turnover have been shown. Several studies of hypopituitary patients have 
shown that GH treatment accelerates bone turnover (90, 94, 95). Furthermore, it has been 
shown that biochemical markers of bone formation and bone resorption increase within a few 
weeks after the initiation of GH treatment in GHD adult patients (96).  
 
 
Doping with GH 
This misuse of GH is undesirable for both medical and ethical reasons. The lack of a test for 
detecting GH doping is unfortunate and the need to develop a reliable test is pressing. 
 
Several issues make the development of a method for detecting GH doping complicated (97). 
It is, for example, not possible to distinguish exogenous recombinant GH from endogenous 
GH in a blood or urine test. Furthermore, GH secretion is influenced by many different factors 
such as exercise, food intake, sleep and stress (28). The lack of an official method to discover 
GH doping, might partly explain the strong position GH enjoys as a doping agent in elite 
sports.  
 
The GH-2000 project was initiated by the International Olympic Committee (IOC) with the 
aim of developing a method for detecting GH doping among athletes. The project was funded 
by the European Union (EU) BioMed2 Research Programme, with additional support from 
industry and the IOC.  
 
Prior to the start of the GH-2000 project, Wallace et al. studied the effects of exercise and 
supraphysiological GH administration on the GH/IGF-I axis and bone markers in 17 athletic 
adult males. To summarise, acute exercise increased all the molecular isoforms of GH, with 
22kDa GH constituting the major isoform, with a peak at the end of acute exercise (98). The 
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proportion of non-22kDa isoforms increased after exercise, due in part to the slower 
disappearance rates of these isoforms. With supraphysiological GH administration, these 
exercised-stimulated endogenous GH isoforms were suppressed for up to four days (99). 
Moreover, all the components of the IGF-I ternary complex transiently increased with acute 
exercise and GH pre-treatment augmented these exercise-induced changes (100). 
Furthermore, acute exercise increased the serum concentrations of the bone and collagen 
markers, bone-specific alkaline phosphatase, carboxy-terminal cross-linked telopeptide of 
type I collagen (ICTP), carboxy-terminal propeptide of type I procollagen (PICP) and 
procollagen type III  (P-III-P), while osteocalcin was unchanged. GH treatment resulted in an 
augmented response to exercise of the bone markers PICP and ICTP (101). 
 
A forthcoming method to discover GH abuse will probably necessitate the use of specific 
markers of the GH/IGF-I axis and bone markers, with the prerequisite that these variables are 
more sensitive to exogenous GH administration than to exercise. As a result, it will be 
important closely to study how the levels of these variables are influenced by a maximum 
exercise test in comparison to rest and by other factors such as gender, age, fitness, type of 
sport, medication, menstrual status or illness.  
 
 
GH and exercise 
Physical training has been shown to change circulating levels of GH and, more inconsistently, 
IGF-I in normal subjects in relation to improvements in oxygen uptake and muscle strength 
(102-105).  
 
It is well known that acute exercise above a certain intensity is one of the most potent 
stimulators of GH secretion and the magnitude of the GH response is closely related to the 
peak intensity of exercise, rather than to total work output (38, 39, 106). Exercise not only 
mediates the acute effects on GH secretion. It has been shown that one year of endurance 
training above the lactate threshold, increases the basal 24-h pulsatile GH release (40). 
Interestingly, subjects training below the lactate level did not show any change in the GH 
release, indicating that the training intensity may be important in regulating the GH-axis as 
well as fitness. This physiological GH increase in response to exercise and to other stimuli 
such as hypoglycemia makes it difficult to use measurements of GH itself in blood as a 
doping marker, as it would be difficult to discriminate a high exercise-derived endogenous 
GH level from that resulting from exogenous GH.  
 
In addition, bone markers have been shown to respond to exercise and the effects of low-
intensity endurance-type activity or brief high-intensity or resistance exercise have shown no 
acute change (107-109), increased markers (110, 111) or transient decreased markers (109). 
Furthermore, studies of high-intensity exercise showed no rise in PICP or ICTP in response to 
exercise (107, 109, 111). This could suggest that the duration of exercise is important in the 
response by bone markers to acute exercise.  
 
 
Variability  

Acute exercise above a certain intensity is one of the most potent stimulators of GH secretion. 
It is well known that elite athletes are able to train at much higher intensities than the normal 
population and that, during a training season, there are significant differences in training 
intensity, which might influence GH secretion. Many of the GH-related mediators, binding 
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proteins and markers do not exhibit the same fluctuations as GH and there is a real lack of 
knowledge about the seasonal stability of markers of the GH/IGF-I axis and circulating bone 
markers in athletes. A study of seasonal patterns of sleep stages and secretion of cortisol and 
GH during 24-hour periods in northern Norway revealed no difference in GH secretion as a 
function of season of the year (112). Another study reveals no circannual rhythm of plasma 
GH in pre-pubescent subjects (113). 
 
There is some evidence that biological rhythms of bone turnover over long periods, such as 
circannual variation, exist (114-121). Woitge et al. have shown that seasonal variation 
contributes to the biological variability in bone turnover and needs to be taken into account 
when interpreting the results of bone marker measurements (121).   
 
 
Supraphysiological doses of GH - effects on muscles, power, exercise capacity and body 
composition 
GH plays a regulatory role in the maintenance of normal body composition through its well-
known anabolic, lipolytic and antinatriuretic actions. These effects are easily demonstrated 
when GH-substitution therapy is initiated in patients with GHD, reversing muscle atrophy and 
decreasing central abdominal adiposity and dry skin, signs typically associated with GHD (20, 
22, 122). The anabolic actions of GH include stimulated protein synthesis through the 
mobilisation of amino-acid transporters, which is reflected in vivo by an increase in the 
metabolic clearance rate of amino acids. IGF-I also directly stimulates protein synthesis, 
albeit to a lesser extent than GH, while insulin inhibits protein breakdown (123-127).  
 
Even though GH has been regarded as an effective ergogenic drug among athletes since the 
1980s, only a few controlled studies of the effectiveness of GH in relation to physical 
performance and the effects on body composition in athletes have been performed. These 
studies involving supraphysiological doses of GH have used somewhat lower doses than those 
reportedly used by GH abusers and have included only male subjects. A study of 16 young, 
healthy, adults revealed no differences between the GH or placebo group in terms of muscle 
size, strength or muscle protein synthesis after GH (40µg/kg/day) or placebo treatment for 12 
weeks combined with heavy-resistance exercise. However, fat free mass (FFM) and total 
body water (TBW) increased in both groups but significantly more among the GH recipients 
(128). Another study of 22 power athletes assigned in a double-blind manner to either GH 
treatment (30µg/kg/day) or placebo for a period of six weeks revealed no difference between 
the groups in terms of maximum voluntary strength (biceps or quadriceps) and no change in 
body weight or body fat, but a remarkable increase in IGF-I was noted (129). Crist et al. 
found increased fat free weight and decreased body fat in eight well-trained adults when given 
2.67 mg  of GH 3 days/week daily for six weeks (130).  Finally, a study of healthy, 
experienced male weight-lifters before and at the end of 14 days of subcutaneous GH 
administration (40 µg/kg/day) revealed no increase in the rate of muscle protein synthesis or 
reduced whole body protein breakdown, metabolic alterations that would promote muscle 
protein anabolism (131).  
Some studies performed on elderly men show the same results. A study of healthy, sedentary 
men with low serum IGF-I levels who followed a 16-week progressive resistance-exercise 
program (75-90% max strength, 4 days/week) after random assignment to either a GH (12.5-
24 µg/kg/day) or placebo group showed that resistance-exercise training improved muscle 
strength and anabolism, but these improvements were not enhanced when exercise was 
combined with daily GH administration (132). Further supportive findings of the lack of 
effect are found in elderly but not particularly GH-deficient men. Taffee et al. were unable to 
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see any increase in strength, muscle mass or fibre characteristics after GH treatment during a 
resistance-exercise training programme (133, 134). 
 
 
GH effects on IGFBP-4 and IGFBP-5  
IGFs are present in serum and other biological fluids bound to a family of structurally related 
proteins, the IGF-binding proteins (IGFBPs). The family of at least six IGFBPs, distinct from 
the IGF receptors, modulates the effects of IGFs in different tissues, including bone (135-
141). IGFBP-4 was originally isolated from bone as an inhibitory IGFBP (142). IGFBP-5 is 
regarded as a stimulatory IGFBP in osteoblastic proliferation (143, 144). It has been shown 
that IGFs are important modulators of IGFBP levels in conditioned medium of several cell 
lines, including bone cells and IGFs have been described to decrease the level of IGFBP-4 
and increase the level of IGFBP-5 in cultures of human bone cells and fibroblasts (145-151). 
 
There are few clinical studies of GH and IGFBP-4 and IGFBP-5. However, GH treatment 
given to GHD patients has been shown clearly to increase serum levels of IGFBP-4 and 
IGFBP-5 (152, 153). Furthermore, treatment with GH secretagogues has been shown to 
produce an increase in serum levels of IGFBP-5 and a transient increase in serum IGFBP-4 
(154). 
 
IGFBP-4 and IGFBP-5 were not included in the original GH-2000 battery of potential doping 
markers investigated by Wallace et al. (100, 101). However, they might have a potential as 
markers of GH doping. 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 17

Aims of the thesis 
 
 
 
The main objectives of this thesis were to study different aspects of specific GH dependent 
markers from the GH/IGF-I axis and bone markers in order to be used in the development of a 
test for detection of GH abuse in sports. Furthermore, different effects after administration of 
supraphysiological doses of GH were studied. The specific aims were: 
 
 
I. To examine the response of the serum concentrations of specific GH dependent markers 

from the GH/IGF-I axis and bone markers in elite athletes of both genders from 
different sports to a maximum exercise test. The aim was also to present reference 
ranges for each marker in connection to the maximum exercise test.  

 
 
II. To investigate the stability and variability of specific GH dependent markers from the 

GH/IGF-I axis and bone markers in elite athletes during one year and in connection to a 
competition.  

 
 
III. To study the effects on body composition after one month’s administration of 

supraphysiological doses of GH in physically active, healthy, young adults of both 
genders with normal GH/IGF-I axis using a placebo-controlled trial design.  

 
 
IV. To evaluate the effects on exercise capacity after one month’s administration of 

supraphysiological doses of GH in healthy young adults with normal GH/IGF-I axis. 
 
 
V. To study the effects on IGFBP-4 and IGFBP-5 after one month’s administration of 

supraphysiological doses of GH in healthy young adults with normal GH/IGF-I axis and 
to evaluate the possible use of IGFBP-4 and IGFBP-5 as potential markers of GH 
doping. 
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Subjects and methods 
 
 
 
Subjects 
 
Papers I+II 
 
Paper I. One hundred and seventeen (117) elite athletes from Denmark, England, Italy, and 
Sweden (84 males and 33 females; mean age 25 years; range 18-53), competing in different 
sport categories were included in the study. The sport categories and the number of subjects 
were: alpine skiing (21), cross-country skiing (23), long-distance cycling (9), sprint cycling 
(3), decathlon (2), football (10), rowing (16), running (6), swimming (1), tennis (3), triathlon 
(8) and weight-lifting (15). All subjects were volunteers. The athletes were all at the national 
or the international level. One hundred and twelve (112) of the athletes were Caucasians, four 
were Blacks and one was Oriental.  
 
Paper II. A total of 261 elite athletes (177 males and 84 females; mean age, 26 years; range, 
17-53 years) from Denmark, England, Italy and Sweden, competing in eleven different sport 
categories were included in the study. The sport categories and the number of athletes were 
alpine skiing (26), cross-country skiing (28), long-distance cycling (12), sprint cycling (4), 
football (10), rowing (90), tennis (5), swimming (28), triathlon (8), track and field (32) and 
weight-lifting (18). The athletes were volunteers and were competing at a national or 
international level. Some of the athletes (117) included in this study were also included in 
Paper I.  
 
 
Papers III-V 
 
In Papers III-V, thirty healthy, physically active, volunteers (15 males and 15 females) mean 
age 25.9, range 18-35 (males: 27.4 years, range 18-35; and females: 24.8 years, range 21-30) 
participated.  
The participants were recruited from military personnel and students at the Göteborg 
University. Inclusion criteria’s were: age 18-40 years, regular exercise at least twice a week 
for at least the past 12 months. None of the participants was active in any organised sport 
competitions during the year of the study.  
 
 
Study protocols 
 
Paper I 
 
In summary, sampling was performed in a standardised way during a maximum exercise test 
performed under laboratory conditions. Cannulation was done in a forearm vein 30 minutes 
before the test and a baseline sample was taken immediately before the start of the test. The 
following samples were taken at the end of the test and thereafter at +15, +30, +60, +90 and 
+120 minutes post-exercise.  
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Paper II 
 
In summary, the athletes were followed during one year, with blood samples under different 
training conditions during the year. One to four samples were taken at rest and one sample 
after a competition.  
In conjunction with every sampling occasion data was collected concerning age, ethnic origin, 
sport, level of sport, medication and inter-current illnesses. Also at each sampling situation 
specific details were registered such as time since last exercise.  
The resting blood samples were taken at 1-4 occasions at an ideal three months interval over a 
12 months training cycle.  
The post-competition blood samples were taken at one post-competition occasion. The 
competition was on the national or international level and the samples were, in the majority of 
the cases, taken within one hour after the event, mostly within 15 minutes post exercise.  
 
 
Papers III-V 
 
The study was designed as a randomised, double-blind, placebo-controlled, parallel study 
with three groups (n=10, 5 males and 5 females in each group): Placebo (P), GH 0.1 
IU/kg/day [0.033 mg/kg/day] (GH 0.1) and GH 0.2 IU/kg/day [0.067 mg/kg/day] (GH 0.2). 
The mean dose of GH was 3.9 mg (11.7 IU) per day for males and 3.0 mg (9.0 IU) per day for 
females. Half the final dose was given the first week and the dose was reduced by 50% in case 
of unacceptable side effects. IGF-I values were analysed on day 0 (baseline), day 21, 28 (end 
of treatment), 30, 33, 42 and 84. 
 
 
Paper III 
 
Body weight, body height, body mass index (BMI) and body composition (DXA, BIS) were 
measured at baseline and at end of treatment (day 28).  
 
 
Paper IV 
 
The performance at baseline and at the end of treatment (day 28) was evaluated in terms of 
computerised electrocardiography recordings during the bicycle exercise test. Concomitant 
sampling and analysis of breathing gases were performed. Systolic and diastolic blood 
pressures were measured at rest in the supine position and sitting on the bicycle before and 
after the test. Systolic pressure was measured each minute through out the test.  
 
 
Paper V 
 
During the GH-treatment period, blood samples of IGFBP-4 and IGFBP-5 were drawn at day 
0 (baseline), 7, 14, 21 and 28 (end of treatment). Post-treatment samples were drawn at day 
30, 33, 42 and 84 from baseline.  
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Ethical aspects 
All the studies were approved by the Ethics committee at the Göteborg University and for 
Papers III-V by the Medical Products Agency in Sweden. All of the participants were 
volunteers and were given oral and written information about the studies and an informed 
consent was signed in accordance with the Declaration of Helsinki.  
 
 
Methods 
 
Standardised maximum exercise test  
The athletes were tested in different ways according to country and type of sport. 
 
Rowing test 
Rowers were tested on a Concept II rowing ergometer (Concept II, Inc. Morrisville, VT). The 
protocol consisted of 4 times 5 min sub-maximal stages with a one minute break between the 
stages. After the final sub-maximal stage subjects were allowed a 10 minute rest, after which 
an "all out" test (6 minutes for males and 7 for females) was performed. The sub-maximal 
stages corresponded roughly to 55, 65, 75 and 85% of VO2-max, respectively. The highest 
VO2 attained during the test was registered as the VO2max-value. Heart rate was measured 
continuously by a heart rate monitor (Polar Sport tester, Kempele, Finland).  
 
Cycle test (long distance) 
Long distance cyclists were tested on a biking ergometer (Ciclo Training, Politecnica 80, 
Padova, Italy). The protocol consisted of 4 times 5 minutes sub-maximal stages as described 
in the rowing test. After a 10 minutes rest a 5 minutes "all out" test was performed. HR and 
VO2 were measured as previously described. 
 
Cycle test (sprint) 
Sprinters were tested on a biking ergometer (Monark, Sweden). The protocol consisted of 3 
times 15 seconds "all out" sprinting separated by 15 minutes rest. 
 
Weight lifting test 
The weight-lifting tests were performed on a contact carpet (Newtest, Oulu, Finland). The 
protocol consisted of 5 times 3 maximal jumps on the carpet: 1) squat jump, 2) counter 
movement jump, 3) counter movement jump with 50% body weight overload, 4) counter 
movement jump with 100% body weight overload, 5) counter movement jump (12). 
Countermovement is a concentric dynamic muscle contraction that is preceded by an 
eccentric stretching of the muscle with the person starting from an upright position. 
 
Treadmill 
Cross country and alpine skiers were tested on a treadmill. There was an initial period of 
warming of about 10 min on a biking ergometer, with a workload of 200W and mean heart 
rate (HR) of 140-150 beats per minute (BPM) during the last two minutes of warming up. 
Calibration of airflow and volume before the test was made with a syringe pump. A facial 
mask was used to collect the expiratory gases for analyses. The test was performed on a 
treadmill (Spectra) with an elevation of 3 degrees from start. The speed was adjusted to the 
running capacity of the athlete with a HR of 160-170/min during 3-4 minutes. There was an 
increase in workload each minute (speed or elevation), starting after 4 minutes. A rise in HR 



 21

with 5-10 beats/min was aimed for each new level of workload. The number of increase in 
workload was 8-12 until VO2 reached a plateau. Respiratory quotient (RQ) and other 
parameters were followed during the test. 
 
Cycle test (for non-cyclists) 
Tennis players, football players, swimmers, decathlon athletes, triathletes and two Swedish 
cross-country skiers performed a cycle test. The test performed on a biking ergometer 
(Cardionix) followed the same principle as the running test. The athletes started with a 
workload of 200W for 4 minutes and thereafter a rise every minute monitored by HR. 
Approximate rise was 25W/minute. HR monitoring and analyses were made with the same 
equipment and in the same way as for the running test.  
 
Body weight, body height and BMI  
Body weight was measured in the morning to the nearest 0.1 kg using a Stathmos balance. 
Body height was measured to the nearest 0.5 cm using a wall-mounted stadiometer. 
BMI was calculated from the formula: BMI=body weight/height² (kg/m²). 
 

Body composition analysis  

DXA (Paper III) 
DXA was performed using a LUNAR DPX-L scanner (Scanexport Medical, Helsingborg, 
Sweden). The system uses a constant potential x-ray source and a K-edge filter to achieve a 
congruent beam of stable dual-energy radiation. Whole body scans were performed at the 
scan speed suggested by the system for each subject. Body fat, lean tissue mass, total body 
bone mineral content and density were analysed using software version 1.33. 
 
 
BIS (Papers III and IV) 
Body composition was also determined using bioelectrical impedance spectroscopy (BIS). In 
short, reactance and resistance were determined by a Xitron 4000B Bio-Impedance Spectrum 
Analyzer (Xitron Technologies, San Diego, CA, USA). Resistance and reactance were 
measured at 50 frequencies from 5kHz to 500kHz using Xitron Technologies BIS 4000 
System utility version 1.00D from which resistance at frequencies zero and infinity were 
predicted (155). These predictions correspond to the extracellular resistance and the TBW 
resistance, respectively, and are combined with body weight, height and resistivity of 
extracellular and intracellular water, to calculate the total body water volume (TBW) and 
ECW. Intracellular water (ICW) was calculated as the TBW subtracted with the ECW 
(ICW=TBW-ECW).  
 
 
Exercise electrocardiogram  
Computerised bicycle exercise electrocardiograms were performed, using previously 
described technology developed at Sahlgrenska University Hospital (156, 157). This includes 
the consecutive averaging of 10-sec intervals of the electrocardiographic signal. The ST-level 
is measured automatically 60 msec after the end of the QRS-complex. The ST-heart rate slope 
was automatically measured from the last five minutes of exercise. The computer program 
was developed locally and run on a standard PC. A bicycle ergometer (RE 820/830, Rodby 
Innovation AB Södertälje, Sweden), with automatic work load increase was used.  
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Oxygen uptake (Paper IV) 
A Sensor Medics ergospirometer Vmax 29c (Sensor Medics Corporation Yorba Linda USA) 
was used for gas exchange measurements. It measures tidal volume breath by breath using a 
flow sensor, an anemometer based on cooling a heated wire by the gas flow. The stated 
accuracy is ± 3%. The mass flow sensor was calibrated with a calibration syringe. 
Oxygen tension in inspired (PIO2) and mixed expired (PEO2) gas was analyzed using a 
paramagnetic oxygen sensor. Carbon dioxide tension in inspired (PICO2) and mixed expired 
(PECO2) gas was analyzed using an infrared absorption sensor; both had a response time less 
than 130 msec and an accuracy of ±0.02% (158, 159).  
The gas analysers were calibrated with two calibrated gases containing 16% O2 and 4.0% 
CO2, and 26.0% O2 and 0.0% CO2. Oxygen uptake (VO2) and minute ventilation (VE) were 
calculated breath by breath, and we used the mean value for the last 30 sec (160).  
The VO2 at peak exercise (VO2 max) was determined using a bicycle with increasing load. 
The test was terminated at the point of subjective exhaustion. The minute ventilation, VO2, O2 
pulse (oxygen pulse=VO2 per heart beat), carbon dioxide production, anaerobic threshold (by 
V slope method (161)), and RQ were determined. 
VO2 max (peak) was regarded as being achieved if the test met two of the following criteria: 
1) RQ greater than 1.0, 2) heart rate ± 10 bpm of age-predicted maximum, and 3) plateau in 
oxygen uptake with increasing workload. The volunteers were asked to breathe through a 
mouthpiece connected to a Sensor Medics Vmax 29c metabolic computer. All the volunteers 
breathed room air. 
 
 
Laboratory methods 
 
Papers I-V 
 
All analyses were performed in the laboratory of Per-Arne Lundberg at the Sahlgrenska 
University Hospital (total GH, GH 22kDa, IGF-I, osteocalcin, PICP, ICTP and P-III-P) and 
in the laboratory of Robert Baxter, Sydney, Australia (IGFBP-2, IGFBP-3 and ALS).  All 
samples were stored in a freezer, –70 degree Celsius, at each centre and then shipped to the 
laboratories where the analyses were to be performed. All the samples in the study where 
analysed at the same time. 
 
The serum concentration of total GH was determined by an immunoradiometric assay 
(Pharmacia & Upjohn Diagnostics AB, Uppsala, Sweden). The serum concentration of GH 
22kDa was determined by a fluoroimmunoassay (Wallac, Oy, Turku, Finland). The serum 
concentration of insulin-like growth factor I (IGF-I) was determined by a hydrochloric acid-
ethanol extraction RIA, using authentic IGF-I for labeling (Nichols Institute Diagnostics, San 
Juan Capistrano, CA, USA). The serum concentration of osteocalcin was measured by a 
double antibody RIA (International CIS, Gif-sur Yvette, France). The serum concentration of 
carboxy-terminal propeptide of type I procollagen (PICP) was measured by a RIA (Orion 
Diagnostica, Espoo, Finland). The serum concentration of the carboxy-terminal cross-linked 
telopeptide of type I collagen (ICTP) was measured with a RIA (Orion Diagnostica). The 
serum concentration of procollagen type III (P-III-P) was determined by a RIA (International 
CIS, Gif-sur Yvette, France). The serum concentration of IGF-binding protein 2 (IGFBP-2) 
was measured using in-house RIAs and polyclonal antibodies. The serum concentration of 
IGF-binding protein 3 (IGFBP-3) was measured using in-house RIAs and polyclonal 
antibodies. The serum concentration of the acid-labile subunit (ALS) was measured using in-
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house RIAs and polyclonal antibodies. The specific CVs of the analyses are presented in the 
original papers.  
 
 
Paper V  
 
IGF-binding protein 4 (IGFBP-4) in serum was measured by a specific RIA using 
recombinant human IGFBP-4 expressed in Escherichia coli as antigen, tracer and standard as 
described previously (162). IGF-binding protein 5 (IGFBP-5) in serum was measured by a 
specific RIA using recombinant human IGFBP-5 as antigen, tracer and standard, as described 
previously (163).  
 
 
Statistical methods 
 
Paper I 
 
All values are presented as mean ± the standard deviation (SD). The statistical analyses were 
done with non parametric tests in the Statview software package. Comparisons within groups 
were done with Wilcoxon Signed Rank test and comparisons between groups were done with 
Mann-Whitney U test. Correlations were tested with Spearman Correlation test. Results with 
P<0.05 were regarded as significant. 
 
 
Paper II 
 
All values are presented as mean ± SD.  

Statistics concerning the variability of resting samples 
For each individual and each variable the mean and SD were calculated. The variability 
within each individual was reflected by those standard deviations. Then the mean and SD 
were calculated for the means and for the standard deviations.  
 
If the mean level and the variability have normal distributions the maximum value will be 
limited. Under the assumption of normality, the probability that the maximum of n individuals 
exceeds x is (Φ((x - μ)/σ))n , where Φ is the standardised normal distribution function, μ the 
mean of the random variable and σ the standard deviation. Those probabilities were 
calculated with x equal to the observed maximum value of the corresponding variable. If the 
probabilities are high, that is more than 0.99, there is strong evidence that the variable does 
not have a normal distribution and that special reasons may cause an exceptionally high mean 
level or variability, respectively.  
 
Statistics concerning resting samples versus post competition samples 
A difference was calculated for each athlete: the mean from the resting samples (1-4) minus 
the corresponding post competition value. Fisher’s test for pair comparisons was then used to 
investigate if the differences differed from zero. 
  
 
 



 24 

Statistics concerning correlations 
Correlations with the values for the different markers at the first resting sample were tested 
with the use of Pitman’s test (164), a non parametric test. Results with P<0.05 were regarded 
as significant. Furthermore, to investigate correlations within the individual athletes regarding 
time since last exercise a regression coefficient was calculated for each athlete with x = time 
since last exercise and y = the different markers. Fisher’s test for paired comparisons was then 
used to test if the regression coefficient differed from zero, that is if x and y correlates. 
 
 
Paper III 
 
Values are presented as mean with SD. Data from the two growth hormone treatment groups 
were pooled together, as both doses of growth hormone given were considered 
supraphysiological. Comparisons between basal and post-treatment values in the groups were 
carried out with paired t-test, with Bonferroni-adjustment for multiple comparisons. Changes 
are expressed as mean % changes. Treatment was also assessed by unpaired t-test in treatment 
group (n=20) compared to placebo group (n=10), and between treated male (n=10) and female 
subjects (n=10), with Bonferroni-adjustment for multiple comparisons. Correlations between 
changes in IGF-I-levels and in body composition were assessed by linear regression analysis. 
Results with P<0.05 were regarded as significant. 
 
 
Paper IV 
 
The data are presented as the mean ± SD for background variables and the mean ± standard 
error (SE) for the study measures. The significance of differences between treatment groups 
was evaluated by analysis of variance (ANOVA) for changes from baseline to 28-days-
treatment values. Post hoc test (Bonferroni) was applied in the case of significant group 
differences. Pearson´s correlation coefficients were computed to evaluate relationships 
between changes in IGF-I, ICW or ECW and changes in measures of exercise capacity.  
 
 
Paper V 
 
Values are presented as the mean with SD unless otherwise stated. Changes are expressed as 
mean percentage changes. Data from the two GH treatment groups were pooled together, as 
both doses of growth hormone given were considered supraphysiological. Comparisons 
between women and men at baseline were carried out using unpaired t-tests. Analyses of 
differences in the response between the GH treatment and the placebo group were analyzed 
by one-way ANOVA for repeated measurements with study group as the independent 
variable. Post hoc analyses were performed using the Student-Newman-Keuls test. 
Correlations were assessed by Pearson’s correlation analysis. Furthermore, linear regression 
models were used to investigate the independent predictive role of different covariates. A p-
value of less than 0.05 was considered significant. 
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Summary of main results 
 
Paper I 
 
The hormonal responses to the maximum exercise test both among the GH/IGF-I axis 
hormones and the bone markers are shown in figures 1 and 2. Males and females are 
displayed separately. 
 
 
GH/IGF-I axis hormones  
The male and female athletes showed a rather uniform pattern in the serum concentrations of 
the different components in the GH/IGF-I axis with a peak value at the end of the test, 
followed by a subsequent decrease to baseline values within 30 to 60 minutes post exercise 
(Fig 1).  
 
The time from end of exercise to the peak value of both total GH and GH 22kDa was shorter 
in females compared to males. Thus, the mean time (calculated as the mean time point for 
each individuals maximum concentrations) was for total GH +10.56 ±9.95 min (males) and 
+0.26 ±4.24 min (females), (P<0.001) and for GH 22kDa +10.12 ±10.15 (males) and –1.21 
±5.87 min (females), (P<0.001), respectively. 
 
 
Bone markers 
The serum concentrations of PICP, ICTP, and P-III-P showed in both males and females a 
uniform pattern for each marker with a peak at end of exercise followed by a decrease below 
baseline values within 120 min. The osteocalcin concentrations, however, showed no 
significant changes during the test (Fig 2).  
 
 
Total minimal and maximal values 
The minimal and maximal serum concentrations with the 10-90 percentile ranges of the 
markers in the GH/IGF-I axis and bone markers based on all of the samples performed in 
connection with the maximum exercise test were analysed and are shown in table 1. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

Table 1. The minimal and maximal serum concentrations with the 10-90 percentile ranges of the markers in the GH/IGF-I axis and
bone markers based on totally all the samples, at any timepoint, performed in 84 male and 33 female elite athletes in connection to 
a maximum exercise test.

                              Males                             Females

Min Max Range Min Max Range 
(10-90 percentiles) (10-90 percentiles)

Total GH (mU/l) 0,0 203.4 0.3-51.2 0.6 202.4 2.0-84.4
GH22K (mU/l) 0,0 139.9 0.27-34.4 0.1 112.1 0.5-34.6
IGF-I (µg/l) 104 568 173-416 163 774 200-429
IGFBP3 (µg/ml) 2.6 6,0 3.2-4.7 3,0 6.5 3.5-5.5
ALS (nmol/l) 138 467 181-334 123 727 178-432
IGFBP2 (ng/ml) 114 325 139-296 42 365 65-315
Osteo (µg/l) 5,0 21.8 8.03-16.1 2.5 21.6 5.4-13.5
PICP (µg/l) 91.7 425 109-329 119 376 131-272
ICTP (µg/l) 2.2 9.2 3.0-6.3 1.8 7.3 2.5-5.4
P-III-P (kU/l) 0.16 1,00 0.37-0.70 0.23 1.07 0.39-0.78
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Figure 1. Serum-concentrations (mean±SD) of components in the GH/IGF-I axis in 84 male and 33 female elite
athletes in connection to a maximum exercise test. *=p<0.05, **=p<0.01, ***=p<0.001 indicate changes compared to 
baseline.
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athletes in connection to a maximum exercise test. *=p<0.05, **=p<0.01, ***=p<0.001 indicate changes compared to 
baseline.

P-III-P

0,00

0,25

0,50

0,75

1,00

S-
co

nc
. (

kU
/l)

Start  End 15 30 60 90 120 Min.

***

** **

***

** *** ** *

PICP

0

100

200

300

400

S-
co

nc
. (
μg

/l)

Start  End 15 30 60 90 120 Min.

* **

*

ICTP

0

1

2

3

4

5

6

7

S-
co

nc
. (
μg

/l)

Start  End 15 30 60 90 120 Min.

***
***

*
* ** *** **

Osteocalcin

0

5

10

15

20

S-
co

nc
. (
μg

/l)

Start  End 15 30 60 90 120 Min.

Males

Females

Males

Females

Figure 2. Serum-concentrations (mean±SD) of components in the bone markers in 84 male and 33 female elite
athletes in connection to a maximum exercise test. *=p<0.05, **=p<0.01, ***=p<0.001 indicate changes compared to 
baseline.



 27

Paper II 
 
Male and female athletes were handled as separate groups. The athletes contributed with 
resting samples as follows: one sample (n=116), two samples (n=41), three samples (n=60) 
and four samples (n=44). Consequently, 145 of the 261 athletes included in the study 
contributed with at least two resting samplings. Post competition samples were taken from 74 
of the athletes. All of the athletes that contributed with a post competition sample also 
contributed with at least one resting sample. 
 
 
Resting values concentrations during the time course of the study 
Samples were taken 1-4 times during one year, with an ideal interval of three months. In 
summary, signs of a high inter-individual variation were noticed for total GH, GH 22kDa, 
PICP and ICTP in males and for GH 22kDa and PICP in females. Signs for a high intra-
individual variation were noticed for IGF-I and osteocalcin in males and for IGFBP-2, 
osteocalcin, PICP and ICTP in females (Table 2). 
 
 
Post competition values 
The post competition values including mean, min, max and ranges (10-90 percentiles) are 
shown in table 3. The mean time between end of competition and sampling was 13.2 ± 9.0 
(range 3-44) minutes for males and for females 38.4 ± 59.4 (range 2-240) minutes. 
 
 
Resting values versus post-competition values 
In males, higher post competition values than resting values were seen for total GH (+1228%, 
P<0.05), GH 22kDa (+824%, P<0.001), IGFBP-3 (+8.3%, P<0.001), ALS (+11%, P<0.01), 
IGFBP-2 (+26%, P<0.001) and P-III-P (+11%, P<0.01) but lower post competition values for 
osteocalcin (-5.6%, P<0.05).   
The female athletes showed higher post competition values than resting values for ALS 
(+34%, P<0.01) but lower values for osteocalcin (-15%, P<0.001) and ICTP (-19%, P<0.01). 
 
 
Correlations to different variables 

Age. Apart from GH 22kDa and PICP all resting samples of the markers correlated negatively 
with age.  
Height. Positive correlations were found between height and IGF-I (ρ=0.169, P<0.05), 
IGFBP-2 (ρ=0.208, P<0.05), osteocalcin (ρ=0.156, P<0.05), ICTP (ρ=0.191, P<0.05) and P-
III-P (ρ=0.251, P<0.01) in males and a positive correlation was found between height and GH 
22kDa in females (ρ=0.278, P<0.05). 
Weight. In males, a positive correlation was found between weight and the resting samples for 
P-III-P (ρ=0.190, P<0.05) and a negative correlation for IGFBP-3 (ρ=-0.148, P<0.05). In 
females a positive correlation was observed for GH 22kDa (ρ=0.352, P<0.01). 
BMI. IGFBP-2 (ρ=-0.159, P<0.05) and PICP (ρ=-0.180, P<0.05) correlated negatively with 
BMI in males. 
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Paper III-V 
 
Side effects (Paper III-V) 

All subjects completed the study, although 14/20 subjects on active treatment experienced 
side-effects with sweating and fluid retention, compared with 3/10 subjects in the placebo 
group. In two subjects on active treatment, the dose was reduced to half due to the fluid 
retention. 
 
 
Paper III 
 
There was no significant difference in changes in IGF-I levels or in body composition 
between the group with lower (0.1) vs. higher (0.2) dose of GH, and as both doses are 
considered supraphysiological, the results are presented as pooled groups. 
 
Supraphysiological doses of GH resulted in significant increments in body weight, IGF-I 
levels, FFM, TBW and ECW compared to placebo. Percent changes are shown in figure 3 
(IGF-I, body weight, fat free mass, body fat) and figure 4 (TBW, ECW, ICW). 
 
 
 

Table 3. Post competition values for 261 elite athletes (177 males and 84 females) competing in different sports.

N mean SD Min Max       Range
                           (10-90 percentiles)

Males
Total GH (mU/l) 18 15.4 25.4 0.0 111.7 0.2 - 32.7
GH22K (mU/l) 53 18.2 19.3 0.0 76.8 0.6 - 48.8
IGF-I (µg/l) 53 314 93 118 546 184 - 427
IGFBP3 (µg/ml) 54 4.7 1.1 3.1 7.7 3.5 - 6.4
ALS (nmol/l) 47 250 69 151 552 172 - 329
IGFBP2 (ng/ml) 53 265 112 102 659 145 - 419
Osteo (µg/l) 52 12.7 2.9 6.6 19.7 9.0 - 16.2
PICP (µg/l) 33 216 104 96 682 121 - 290
ICTP (µg/l) 53 4.6 1.4 2.2 8.6 3.0 - 6.7
P-III-P (kU/l) 53 0.60 0.17 0.25 1.01 0.42 - 0.85

Females
Total GH (mU/l) 5 30.3 23.0 9.7 66.7 9.7 - 66.7
GH22K (mU/l) 21 25.0 27.4 2.1 97.9 3.8 - 75.5
IGF-I (µg/l) 21 375 78 235 550 267 - 482
IGFBP3 (µg/ml) 21 5.0 0.6 4.2 6.6 4.3 - 5.8
ALS (nmol/l) 16 403 120 88 562 288 - 553
IGFBP2 (ng/ml) 21 173 93 61 470 76 - 263
Osteo (µg/l) 18 8.8 2.7 4.2 14.0 5.2 - 12.9
PICP (µg/l) 16 195 58 129 366 132 - 261
ICTP (µg/l) 21 3.7 0.8 2.5 5.4 2.9 - 4.8
P-III-P (kU/l) 21 0.57 0.12 0.40 0.83 0.42 - 0.73
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Figure 3. Percent change from baseline (mean ± SD) after one-month administration of supraphysiological doses of 
GH (n=20) or placebo (n=10) in 30 healthy individuals (15 males and 15 females) for serum IGF-I concentrations (A) 
and body composition measured by DXA: body weight, fat free mass and body fat (B, C and D). *, P<0.05; **, 
P<0.01; ***, P<0.001, indicates changes in mean values, baseline vs. one month 

Figure 4. Percent change from baseline (mean + SD) after one-month administration of supraphysiological doses of GH 
(n=20) or placebo (n=10) in 30 healthy individuals (15 males and 15 females), for body water measured by BIS.  
*, P<0.05; **, P<0.01; ***, P<0.001, indicates changes in mean values, baseline vs. one month 
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Pooled groups 
In the pooled group on active GH treatment (n=20) IGF-I increased by 134% after one month 
(P<0.001). Body weight increased by 2.7% (P<0.001), with a 5.3% (P<0.001) increase in 
FFM by DXA, whereas body fat decreased by 6.6% (P<0.05). TBW, as measured by BIS, 
increased by 6.5% (P<0.001), with a sharp and significant 9.6% (P<0.001) rise in ECW but a 
smaller and non significant change by 3.6% detectable in the ICW. 
  
The changes in body composition could also be detected in different body compartments. 
Thus, lean arm tissue (non-bone, none-fat tissue) increased by 9.2% (P<0.001), lean leg tissue 
increased by 6.8 % (P<0.001), whereas trunk fat decreased by 6.7% (P<0.05).  
 
The quotient ECW/ICW changed, for the treatment group, from 0.95 at baseline to 1.00 after 
one month, which corresponds to a change in hydration in lean soft tissue of 0.776 vs 0.779, a 
difference of 0.4% (165). The measured change in FFM as estimated by DXA was 5.3% for 
the treatment group, that is at the most 0.4/5.3=0.075 (7.5%) of the change can be related to a 
shift in hydration.  
 
 
Males 
In the male subjects on active treatment (n=10) IGF-I concentrations increased by 149% 
(P<0.001). Body weight increased by 2.9% (P<0.01), body fat decreased by 10.3% (P<0.05), 
whereas FFM increased by 6.2% (P<0.001). TBW, as measured by BIS, increased by 6.6% 
(P<0.01), with a 13.0% (P<0.001) rise in ECW. The ICW showed a non-significant increase 
by 1.2%. Regional changes in body composition were also noted: arm lean tissue increased by 
9.5% (P<0.01), leg lean tissue increased by 8.2% (P<0.01), whereas trunk fat decreased by 
12.0% (P<0.001). 
 
 
Females 
IGF-I levels increased by 114% (P<0.01) for the female subjects on active treatment (n=10). 
No significant differences in basal or post treatment IGF-I levels were seen between females 
on oral contraceptives and females not using oral contraceptives (data not shown). 
 
Body weight and body fat did not change significantly on supraphysiological GH treatment, 
but FFM increased by 3.7% (p<0.05). TBW, as measured by BIS, increased by 7.0% which 
was outside statistical significance after Bonferroni-adjustment for multiple comparisons 
(p=0.14). A nonsignificant increase of 5.8% (P=0.07) was detected in ECW and a non 
significant increase by 7.4% detected in ICW. Some of the regional changes in body 
composition were also in part noted: arm lean tissue increased by 8.6% (P=0.067 after 
Bonferroni adjustment), leg lean tissue increased by 4.8% (P<0.05); no changes were 
detectable in trunk fat. 
 
 
Males vs. females  

The increase in IGF-I levels was more pronounced in the male subjects compared with the 
females; thus, on the lower dose of growth hormone (GH 0.1) the five male subjects showed a 
mean increase of 149% (P<0.05), whereas the five female subjects had a non-significant 
increase of 76%. On the high dose (GH 0.2) the five male subjects had the same 149% 
increase (P<0.01) as male subjects on the lower dose and the female subjects had a similar 
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response with a rise in IGF-I of 157% (P<0.05). The increase in ECW was significantly 
higher in males compared to females (13.0% vs. 7.0%, P<0.05), while the changes in IGF-I, 
body weight, FFM, body fat, TBW and ICW were not.  
 
 
Relationship between IGF-I and body composition 
The changes in body composition in the pooled group with supraphysiological GH treatment 
were correlated to the changes in IGF-I levels; Pearson correlation coefficient for changes in 
IGF-I levels was 0.73 for FFM (P<0.01). No significant correlations were observed for body 
weight (Pearson correlation coefficient 0.47), body fat (-0.29), TBW (0.35), ECW (0.52) or 
ICW (0.06).  
 
 
Paper IV 
 
In summary, GH treatment caused an increase in weight (Table 4). This increase in weight 
could be explained by an increase in ECW, and neither correlated to VO2 max nor power 
output. In contrast, individual changes in ICW correlated to VO2 max (r = 0.41; P < 0.05) and 
power output (r = 0.45; P = 0.02), but changes in ICW were not attributable to GH treatment. 
Thus, ICW did not differ significantly between treatment groups (Table 4), and there was no 
significant relation to changes in IGF-I, whereas changes in ECW were strongly related to 
changes in IGF-I (r = 0.66; P < 0.001). No significant alteration was found in heart rate or 
blood pressure at rest. In the placebo group, IGF-I did not change during treatment. IGF-I rose 
by 67% in the low dose group and more markedly (135%) in the high dose GH group (Table 
4).  
 
We found no relationship between changes in IGF-I and changes in oxygen uptake or 
maximum achieved power output. Neither at rest nor during exercise was there a significant 
difference in the electrocardiographic ST level between treatment groups (Table 5). There was 
no significant difference between the groups in maximum heart rate response to treatment. We 
saw no effect of treatment on systolic blood pressure at maximum exercise, nor was there any 
difference between groups in O2 pulse, carbon dioxide production, anaerobic threshold, or 
maximum expired volume.  
 
Importantly, we found no effect by low or high dosages of GH on maximum achieved power 
output during exercise. Some individuals in each group displayed a slight increase in achieved 

power output (Fig 5). Furthermore, there was no effect on maximum oxygen uptake (Table 5); 
the individual response of weight-adjusted VO2 is shown in figure 6. The individual gender 
response is illustrated in figures 5 and 6. No systematic difference in gender response was 
noted. 
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Table 4. Background variables

Variable Occasion Placebo (n = 10) Low GH (n = 10) High GH (n = 10) P  value (by ANOVA)

Height (m) Baseline 174.0 ± 10.1 175.7 ± 8.3 171.9 ± 10.8
1 month 174.1 ± 10.0 175.7 ± 8.3 171.7 ± 10.9
Change 0.0 ± 0.5 0.0 ± 0.6 –0.2 ± 0.7 0.6605

Weight (kg) Baseline 70.7 ± 17.1 72.5 ± 13.7 67.2 ± 10.5
1 month 71.0 ± 18.2 74.0 ± 14.8 69.0 ± 10.9
Change 0.3 ± 1.2 1.5 ± 1.4 1.8 ± 1.11 0.0279

Heart rate (beats/min) Baseline 72.2 ± 9.9 67.5 ± 11.6 72.9 ± 6.9
1 month 70.4 ± 8.2 68.1 ± 15.0 75.7 ± 9.3
Change –1.8 ± 16.1 0.6 ± 10.1 2.8 ± 9.1 0.7029

SBP (mm Hg) Baseline 122.8 ± 13.8 120.2 ± 17.2 116.8 ± 15.2
1 month 120.0 ± 7.2 118.4 ± 14.4 114.0 ± 13.0
Change –2.8 ± 10.6 –1.8 ± 12.1 –2.8 ± 13.3 0.9773

DBP (mm Hg) Baseline 70.8 ± 7.6 67.4 ± 9.9 73.0 ± 11.1
1 month 73.7 ± 9.4 73.4 ± 12.8 67.2 ± 11.2
Change 2.9 ± 8.8 6.0 ± 11.4 –5.8 ± 12.0 0.0573

IGF-I (µg/liter) Baseline 301 ± 69 316 ± 103 304 ± 96
1 month 296 ± 75 678 ± 267 769 ± 218
Change –5 ± 64 363 ± 2201 464 ± 1521 <0.0001

ECW (kg) Baseline 18.5 ± 4.1 19.3 ± 4.9 18.0 ± 3.4
1 month 18.8 ± 4.5 20.7 ± 5.6 20.3 ± 4.2
Change 0.3 ± 0.6 1.4 ± 1.5 2.3 ± 1.11 0.0054

ICW (kg) Baseline 19.4 ± 5.3 19.6 ± 5.4 19.9 ± 5.1
1 month 19.4 ± 4.9 20.2 ± 6.0 20.7 ± 4.1
Change 0.0 ± 1.2 0.6 ± 1.8 0.8 ± 2.1 0.6556

Values are the mean ± SD. DBP, Diastolic blood pressure; SBP, systolic blood pressure.
1 Significantly different from placebo.

Table 5 Measures of exercise reaction

Variable Occasion Placebo (n = 10) Low GH (n = 10) High GH (n = 10) P  value (by ANOVA)

STV5 rest (µV) Baseline 84 ± 19 77 ± 16 91 ± 15
1 month 79 ± 19 85 ± 26 97 ± 15
Change –5 ± 10 8 ± 27 6 ± 10 0.8547

STV5 max (µV) Baseline 154 ± 38 143 ± 62 181 ± 58
1 month 122 ± 47 271 ± 145 277 ± 78
Change –33 ± 34 129 ± 101 96 ± 32 0.1915

Power output (watts) max Baseline 284 ± 22 272 ± 16 270 ± 22
1 month 292 ± 20 282 ± 19 282 ± 22
Change 8 ± 3 10 ± 5 12 ± 5 0.8392

SBP max (mm Hg) Baseline 206 ± 8 206 ± 10 200 ± 11
1 month 206 ± 6 207 ± 8 206 ± 10
Change 0 ± 4 1 ± 4 6 ± 5 0.5925

Heart rate max (beats/min) Baseline 185 ± 3 180 ± 4 178 ± 4
1 month 184 ± 3 184 ± 4 181 ± 4
Change –1 ± 2 4 ± 2 3 ± 1 0.0844

VO2 max (liter/min) Baseline 3.22 ± 0.30 3.12 ± 0.25 3.10 ± 0.33
1 month 3.20 ± 0.27 3.19 ± 0.27 3.12 ± 0.27
Change –0.03 ± 0.07 0.07 ± 0.08 0.02 ± 0.12 0.7586

VO2 max (ml/kg·min) Baseline 45.2 ± 1.6 42.8 ± 1.6 44.8 ± 3.4
1 month 45.2 ± 2.1 42.8 ± 1.6 44.8 ± 2.2
Change –0.1 ± 1.1 0.0 ± 1.6 0.0 ± 1.0 0.9984

O2 pulse max (ml/beat) Baseline 17.5 ± 1.5 17.4 ± 1.4 16.8 ± 1.7
1 month 17.4 ± 1.3 17.3 ± 1.4 16.6 ± 1.3
Change –0.0 ± 0.3 –0.1 ± 0.5 –0.17 ± 0.7 0.9834

VCO2 max (liter/min) Baseline 3.54 ± 0.31 3.40 ± 0.26 3.42 ± 0.36
1 month 3.50 ± 0.25 3.47 ± 0.28 3.36 ± 0.27
Change –0.05 ± 0.11 0.06 ± 0.10 –0.06 ± 0.15 0.7307

VO2 at AT (liter/min) Baseline 1.49 ± 0.12 1.53 ± 0.18 1.68 ± 0.22
1 month 1.51 ± 0.12 1.76 ± 0.24 1.59 ± 0.11
Change 0.17 ± 0.20 0.23 ± 0.12 –0.09 ± 0.19 0.2310

VE max (liter/min) Baseline 116 ± 12 114 ± 6 119 ± 12
1 month 123 ± 9 119 ± 8 116 ± 11
Change 7 ± 5 6 ± 4 –3 ± 4 0.2776

Values are the mean ± SE. AT, Anaerobic threshold; SBP, systolic blood pressure; VE, volume expired (minute ventilation).
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Paper V 
 
Effect of age and gender on IGFBP-4 and IGFBP-5 
The baseline levels of IGFBP-4 were higher, while those of IGFBP-5 were lower in women 
than in men (Fig 7). IGFBP-5 levels were positively correlated to age (r=0.433, P<0.05) and 
age was a positive predictor of IGFBP-5 levels also after adjustment for gender (β=0.325, 
P<0.05). No correlation, however, was found between age and baseline IGFBP-4 levels. 
 
 
Effect of GH treatment  
As in Paper III, the GH 0.1 and GH 0.2 groups are pooled as both are regarded 
supraphysiological. GH treatment increased the IGFBP-4, IGFBP-5 and IGF-I levels vs. 
placebo at all the time points investigated during treatment (Fig 8).  
The effect on serum IGFBP-5 and IGF-I levels vs. placebo remained for 2 days in the post-
treatment period for IGFBP-5. No effect was seen on serum IGFBP-4 levels after the end of 
treatment. So, for both IGFBP-4 and IGFBP-5, the GH-effect could be detected after two 
weeks of treatment with a maximum effect seen after 3-4 weeks’ treatment. IGF-I displayed a 
similar pattern (Fig 8).  
 
 
Serum IGF-I as a mediator of the stimulatory effect of GH on serum levels of IGFBP-4 
and IGFBP-5  
Univariate correlations demonstrated that the percentage changes from baseline values for the 
levels of IGFBP-4 and IGFBP-5 at day 28 were well correlated to the percentage change in 
IGF-I levels (IGFBP-4; r=0.508, P<0.01: IGFBP-5; r=0.499, P<0.01). 
 
To investigate whether the effects of GH treatment on the percentage change in IGFBP-4 
and/or IGFBP-5 were mediated via affected serum IGF-I levels, a linear regression model 
including GH treatment, age and gender with or without the percentage change in IGF-I levels 
as covariates was used. GH treatment predicted the change in both IGFBP-4 and IGFBP-5, in 
regression models not including the percentage change in IGF-I. However, GH treatment was 
not able to significantly predict the IGFBP-4 and IGFBP-5 changes, when IGF-I changes 
were included as covariates in the regression model (Table 6). 
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Figure 8. Percentage change in IGFBP-4, IGFBP-5 and IGF-I levels at different time points during and post 
treatment with GH (pooled group) or placebo. *P<0.05; **P<0.01; ***P<0.001, indicate difference between the 
GH and the placebo group. Statistics analysed by one-way ANOVA for repeated measurements with study group 
as the independent variable. Post hoc analyses were performed using the Student-Newman-Keuls test. 
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Figure 7. Baseline serum levels for IGFBP-4 and IGFBP-5 in men and women. 
*, p<0.05 and **, p<0.01, indicate differences between men vs women
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*, p<0.05 and **, p<0.01, indicate differences between men vs women

IGF-I

IGFBP-5IGFBP-4

0      7     14    21   28 30 33     42                         84    Day

250

200

150

100

50

0

-50

Pe
rc

en
ta

ge
ch

an
ge

** ** **

0      7     14    21   28 30 33     42                         84    Day

* *** ***
*

0      7     14    21   28 30 33     42                         84    Day

*** ***

***

GH

Placebo

Treatment period

250

200

150

100

50

0

-50

Pe
rc

en
ta

ge
ch

an
ge

250

200

150

100

50

0

-50

Pe
rc

en
ta

ge
ch

an
ge

IGF-I

IGFBP-5IGFBP-4

0      7     14    21   28 30 33     42                         84    Day

250

200

150

100

50

0

-50

Pe
rc

en
ta

ge
ch

an
ge

250

200

150

100

50

0

-50

Pe
rc

en
ta

ge
ch

an
ge

** ** **

0      7     14    21   28 30 33     42                         84    Day

* *** ***
*

0      7     14    21   28 30 33     42                         84    Day

*** ***

***

GH

Placebo

Treatment period

250

200

150

100

50

0

-50

Pe
rc

en
ta

ge
ch

an
ge

250

200

150

100

50

0

-50

Pe
rc

en
ta

ge
ch

an
ge

250

200

150

100

50

0

-50

Pe
rc

en
ta

ge
ch

an
ge

250

200

150

100

50

0

-50

Pe
rc

en
ta

ge
ch

an
ge



 36 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 6. The predictive role of GH treatment for changes in IGFBP-4 and IGFBP-5 levels (percentage
change from baseline). Linear regression including GH treatment (no=0, yes=1), age and gender, with 
or without percentage change in IGF-I as covariates.

             Adjusted for gender and age Adjusted for gender, age and 
percentage change in IGF-I

β P β P

IGFBP-4 0.46 0.014 0.14 0.62

IGFBP-5 0.56 0.001 0.34 0.17
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General discussion 
 
 
 
Paper I 
 
Maximum exercise test 
The study comprising almost 120 elite athletes at national or international level, describes the 
hormonal profiles in the GH/IGF-I axis and among bone markers in response to a maximum 
exercise test. To summarise, the hormonal response in the GH/IGF-I axis displayed a fairly 
uniform pattern including a peak value directly post-exercise and a successive decrease to 
baseline values within 30-60 minutes post-exercise, although this pattern was less obvious 
among the bone markers. Interestingly, the peak value for the total GH and GH 22kDa 
concentrations occurred significantly earlier in the female athletes compared with the males. 
The reference ranges for components in the GH/IGF-I axis and among bone markers in each 
gender presented in this paper could be of considerable use in the future development of a test 
for the detection of GH abuse in sports.  
 
The increase in GH levels in the early post-exercise phase of the maximum exercise test is in 
accordance with previous findings (38, 39, 166, 167). The neuroendocrine mechanisms of 
exercise-induced GH release are still incompletely understood. As a result, it is not yet 
obvious whether the GH increase is due to increased GHRH stimulation or decreased 
somatostatin stimulation, or a combination of these (28). The exact roles of stimulating α-
adrenergic, inhibiting ß2-adrenergic and stimulating cholinergic pathways on the secretion of 
somatostatin and GHRH remain to be determined, although it seems that cholinergic agents 
stimulate GH secretion, via suppression of somatostatin release (49, 50). 
 
We noted that the GH peak took place within 15 minutes post-exercise. Previous studies have 
shown that the GH release induced by exercise is delayed until 15 minutes into exercise (168, 
169) and that it peaks by the end of exercise (168, 169) or shortly afterwards (170). 
Furthermore, the GH release is related to the intensity of the exercise (18-20), thereby 
rendering a higher GH release from high-intensity anaerobic work compared with low-
intensity aerobic work, even if they are equal in duration and total work effort (171). Finally, 
training in itself increases GH secretion (40).  
 
The exercise-induced GH increase was noted in both genders, although the maximum GH 
peak value was seen directly post-exercise in the females, compared with approximately 15 
minutes post-exercise among the males. This is in accordance with a previous study involving 
constant-load aerobic exercise (172), where females attained their GH peak significantly 
earlier than men (24 vs. 32 minutes after start of exercise). The present study shows that this 
phenomenon is valid also in anaerobic conditions among elite athletes. Previous studies of 
elite athletes have revealed no major gender differences in VO2-max-induced GH release, 
although some authors have noted that females have higher GH levels pre-exercise and that 
these levels do not return to baseline within one hour, although the actual response pattern did 
not differ (168, 172, 173). 
 

The increase in serum total IGF-I concentrations in the direct post-exercise period, with a 
subsequent decrease to baseline levels, was noted in both genders and has been observed in 
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other trials (174, 175). Furthermore, we noted the same pattern of response to exercise by the 
remaining components in the 150kDa ternary complex; IGFBP-3 and ALS. The maximum 
response was observed directly after exercise, in comparison with the maximum GH response, 
which was sustained until 15-30 minutes post-exercise. The exact mechanism for the parallel 
changes in IGF-I, IGFBP-3 and ALS in response to exercise is not known, but reasonable 
exercise, with a subsequent GH increase and possibly under the influence of proteases, causes 
changes such as the dissociation of the ternary complex according to the theory presented by 
Wallace et al. (100).  
 
In both genders, the bone and collagen markers P-III-P and ICTP, like the components of the 
ternary complex described above, displayed a peak level directly post-exercise, followed by a 
subsequent decrease to baseline levels within two hours. The increase in osteocalcin levels 
was much less obvious, with only a minor increase at the two-hour value. Previous studies 
have shown divergent results for bone markers in response to exercise (107-111). Long-term 
exercise training from one to 18 months has shown increases in the concentrations of 
osteocalcin and other markers of bone formation, with a slight decline in the levels during the 
first four weeks (176-178). The mechanism for the direct post-exercise increase in P-III-P and 
ICTP concentrations is probably multifactorial. Metabolic acidosis with high lactate levels is 
known to stimulate osteoclastic formation and thus increase ICTP concentrations (179) and, 
furthermore, long-term training, including mechanical factors from the exercise performance 
itself, causing micro-damage to bone and muscles, with leakage to the blood, might also 
contribute.  
 
The present study also presents the actual reference ranges for each marker in the GH/IGF-I 
axis and among the bone markers during different time courses i.e. baseline, end of exercise 
and at +30 min post-exercise. Furthermore, we also present the “all-time high and low”, 
including the 10-90 percentile range values recorded at any time point, in connection with the 
maximum test, thereby giving us the overall description of the total ranges in connection with 
the test, including baseline. The variables in the ternary complex and most of the bone 
markers correlated negatively with age and this will have implications when attempting 
definitely to define reference ranges. Even though some variables in the ternary complex had 
some correlation to weight and BMI at some time points this does not appear to have any 
practical consequences.  
 
Most of the markers had a maximum value at about the end of exercise in the maximum 
exercise test, with a gradual decrease to baseline values within 30-60 minutes. We therefore, 
recommend that, in a future GH-doping control situation, blood samples should be taken not 
earlier than 30 minutes after the end of exercise to avoid confusion with this physiological 
post-exercise increase. 
 
We cannot exclude the possibility that some of the changes might be due to the effect of 
hemoconcentration in response to the exercise itself, with a decrease in plasma volume (PV). 
In this study the PV changes were estimated by measuring serum albumin concentrations 
(data not shown), which revealed a PV decrease estimated at about 20%, which is roughly in 
accordance with previous studies, where PV reductions from 4-15% were noted after 
moderate submaximum exercise and after total exhaustion, respectively (180).  
 
The reference ranges we have presented for each marker are described according to the actual 
laboratory results that were obtained on the actual sampling occasion, regardless of whether 
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or not there was a significant hemoconcentration and in that sense they are comparable to the 
results obtained in the sampling situation of a doping test. 
 
 
Paper II 
 
The main message from this longitudinal study of elite athletes is that we have assessed the 
markers of the GH/IGF-I axis and bone markers that show strong evidence of high inter- or 
intra-individual variation. This is based on analyses of resting samples with the emphasis on 
the right tail of the distribution in relation to a normal distribution. The results may be of 
value in the work of developing a method for detecting GH doping, as the markers with high 
variability should be used with caution in a test for GH doping. 
 
This study also provides ranges for markers of the GH/IGF-I axis and bone markers that could 
be used in the development of a GH-doping test, both for out-of-competition tests (resting 
values) and for normal doping tests in connection with a competition (post-competition 
values).  
 
Even though it was performed on a large number (261) of elite athletes in four countries, the 
homogeneity of the practical performance of the protocol was high. 
 
 
Resting values 
In males, resting values of total GH, GH 22kDa, PICP and ICTP showed strong evidence for a 
high inter-individual variation, while IGF-I and osteocalcin values showed evidence of high 
intra-individual variation. In females, evidence of high inter-individual variation was noticed 
for GH 22 kDa and PICP and high intra-individual variation for IGFBP-2, osteocalcin, PICP 
and ICTP.  
 
The high variability of GH is not surprising, as the GH secretion is influenced by many 
factors and this is one reason for the problems associated with developing a test method for 
GH doping (28).  
 
Nor is the high variability of some of the bone markers surprising (121, 181, 182). The reason 
for this appears to be multifactorial. An osteocalcin assay is sensitive to lipaemia and 
hemolysis, both of which reduce the measured concentrations (182), although in our study 
samples with macroscopically apparent lipaemia and hemolysis were excluded. Moreover, 
both the renal and hepatic clearance of the bone markers might affect the concentrations. 
There is also a seasonal variation, giving higher values in osteocalcin, for example, in the 
winter (121). After fractures the bone markers increase and remain high for six months (183, 
184). Furthermore, the bone markers have been reported to be higher in the luteal phase of the 
menstrual cycle, although we did not observe this in our study (185). However, the 
concentrations of IGF-I, ICTP and P-III-P have been shown to be stable in male and female 
athletes during a 6-month period (186).  
 
The results with high variability (inter- or intra-individually), provide strong evidence that 
some markers have a skewed distribution with a heavy right tail in relation to the normal 
distribution and that special factors may cause an exceptionally mean level or variability 
respectively. There may be natural explanations for extreme values of these markers and we 
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have to be careful if we use such markers to identify extreme individuals in a doping test. It is 
possible to discuss whether a high intra-individual variability within well- defined cut-off 
levels might initially pose a problem in a longitudinal situation with several measurements for 
each individual. However, a doping test is a cross-sectional situation and a high intra-
individual variability is not necessarily a huge problem, as long as the variable is inter-
individually stable and the cut of levels for the variable are well defined within the 
population. There is, however, an ongoing discussion about introducing medical passports, 
‘blood passes’, and in such a situation, where repeated tests are included, high intra-
individual variability will be a problem. 
 
 
Resting values versus post competition values 
In males, significantly higher post-competition values were seen for most of the markers (total 
GH, GH 22kDa, IGFBP-3, ALS, IGFBP-2 and P-III-P) but with lower post-competition 
values for osteocalcin. In females, significantly higher post-competition values were noted for 
ALS and significantly lower values for osteocalcin and ICTP. This gender difference could be 
explained by the shorter time from the end of competition to sampling in males compared 
with females (13 vs. 38 minutes respectively).  
 
The results are mostly in accordance with the results in Paper I, where the athletes were tested 
in connection with a maximum exercise test. One possible explanation for the somewhat 
different results might be that a pre-test (baseline) was used as the resting sample in the 
maximum exercise test, but the resting samples in this study are the mean values for all the 
resting samples (1-4 in each athlete) and were not taken in connection with the competition. 
Furthermore, we felt that the degree of exhaustion appeared to be lower among some of the 
athletes in the post-competition phase compared with the phase after the maximum exercise, 
as all the athletes were pushed to their maximum physical performance capacity in the 
maximum exercise test. This is not necessarily the case in the post-competition tests that were 
taken from a wide spectrum of sports ranging from extreme endurance to extremely explosive 
types of sport. Consequently, there might not be any differences at all between resting and 
post-competition samples for some sports and pronounced differences for other sports, 
thereby producing a far more complex situation than in a maximum exercise test.  
 
 
Paper III-V 
 
Side-effects  
As many as 70% of the participants receiving active treatment with GH complained of muscle 
pain and/or swollen hands and feet, which caused a reduction in the dose in two participants. 
Five subjects complained of increased sweating, which was probably secondary to the GH 
treatment. 
 
The fluid retention symptoms, caused by the antinatriuretic effect of GH, are naturally 
secondary to the high dose that was given with a short run-in period. These problems are now 
seldom seen in the treatment of GHD patients, where the GH dose is lower and, furthermore, 
slowly and individually titrated. The finding that fluid-retention symptoms occurred in the 
majority of individuals on active GH treatment might indicate a limit in the use of GH as a 
doping agent. Finally, the risk of long-lasting acromegalic signs and symptoms following the 
long-term use of GH as a doping agent must be considered. 
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IGF-I  
The increase in IGF-I concentration to the acromegalic range after only four weeks of 
supraphysiologic GH doses underlines the potential risks of acromegaly in cases of long-term 
GH doping. This fear of long-term acromegalic symptoms is often expressed among athletes 
and might in fact have a preventive effect when it comes to the use of GH as a doping agent. 
The increase in IGF-I was seen in both genders, but was more pronounced in men. This is also 
in line with previous reported findings including those from the GH-2000 project, where it 
was concluded that male subjects are more responsive than females to exogenous GH (187-
189). These differences could perhaps be explained by a higher ‘susceptibility’ to GH in male 
subjects compared with females. This higher ‘GH susceptibility’ in male subjects might be 
secondary to the permissive role of androgens in GH-stimulated IGF-I production (190, 191). 
In addition, oral oestrogens have a known inhibitory effect on hepatic IGF-I production (192). 
Furthermore, normal GH production in women exceeds that in men by 30%, which might 
further explain the differences in IGF-I concentrations, as the GH doses in the study were 
based on kg body weight in both genders, giving a relatively higher dose in men. This choice 
of dosage was in accordance with the practice in the treatment of GHD patients at the time of 
the initiation of the study. Finally, the lack of difference in IGF-I levels between the two 
supraphysiological GH doses (0.1 and 0.2) appears to indicate that a plateau effect is reached 
with the lower dose and that a further increase in the GH dose has no additional effect on 
IGF-I concentrations. 
 
We found no differences in IGF-I concentrations between women using oral contraceptives 
(OCs) and those not using OCs at baseline or after treatment. This contrasts to the findings in 
a previous two-week study, in which the effects of GH on IGF-I concentrations were smaller 
in female subjects using OCs than in those not using OCs (188). However, the total GH doses, 
duration of the studies, OC types and timing of GH treatment vs. the phase in OC use differ 
between studies. 
 
 
Paper III 
 
To summarise, this study clearly shows that supraphysiological doses of GH given for only 
one month cause dramatic changes in both IGF-I levels and body composition in healthy 
active individuals. To our knowledge, this is the first placebo-controlled trial to show the 
effects of supraphysiological GH doses on body composition and IGF-I levels in physically 
active, healthy individuals of both genders. The GH doses, equal to doses used in GH doping 
situations, gave rise to IGF-I levels in the acromegalic range, a 6.6% decrease in body fat and 
a 9.6% increase in ECW. As no significant increase in ICW was found, the observed increase 
in FFM of 5.3% is attributed to the ECW increase, thus indicating limited anabolic effects by 
the supraphysiological GH doses. The role of GH as an effective anabolic doping agent is 
questionable. Changes were noted in both genders, even though they were more prominent in 
the men. Fluid-retention symptoms occurred in a majority of individuals on active GH 
treatment, which might further indicate a limit in the use of GH as a single doping agent. 
 
 
Body composition 
There are few previous studies of the effect of supraphysiological GH doses on body 
composition and physical training. Moreover, these studies used somewhat lower GH doses, 
other body composition methods and included exclusively male subjects. Crist et al. found 
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increased fat free weight and reduced body fat as determined by underwater weighting in 
eight well-trained adults when given 2.67 mg of GH 3 days/week for six weeks (130). In a 12-
week study by Yarasheski et al., which included 16 men, the subjects were randomly assigned 
to either a resistance-training group with GH treatment (40µg/kg/day) or to a group with 
placebo and resistance training (128). FFM (measured by hydrodensiometry) and TBW 
(determined by using the dilution of deuterium oxide in body fluid) increased in both groups 
but significantly more among the GH recipients. Deyssig et al. found no change in body 
weight or body fat (determined by skinfold thickness) in 22 healthy, nonobese male subjects 
in a double-blind controlled study, receiving GH (30µg/kg/day) or placebo for six weeks, but 
a remarkable increase in IGF-I was noted (129). 
 
 
Body composition methods 
In this study, we used whole body DXA and BIS for the assessment of body 
composition.Whole body DXA has been used extensively during the last decade for body 
composition purposes because it is fast, precise and fairly accurate in the direct assessment of 
body fat and FFM (BMC + lean tissue) (193, 194). BIS is an indirect convenient method for 
estimating body water compartments. At low frequencies the cell membranes are 
impermeable to an electrical current, which means that the resistance is more directly 
correlated to the ECW. The resistance at higher frequencies is correlated to both intra- and 
extracellular volume, which make up TBW (155). BIS has been validated as a convenient 
method for indirect determination of ECW and TBW in healthy individuals, by simultaneous 
determination of ECW and TBW using dilution techniques, predominantly bromide space and 
deuterium oxide respectively (195). BIS has also been tested in situations with disturbed 
water balance, such as experimentally induced hyperhydration and dehydration (155), as well 
as in different clinical settings, such as on surgical patients (196), in chronic obstructive 
pulmonary disease (197) and in HIV infection (198). The use of BIS as a reliable means of 
measuring changes in ECW secondary to growth hormone replacement therapy in growth 
hormone-deficient adults has also been demonstrated (199). 
 
 
General changes in body composition 
The changes in body composition with an increase in body weight, FFM, TBW and ECW 
combined with a decrease in body fat, are all changes that are consistent with the well-known 
effects of GH. These effects have been well described in GH-deficient patients after several 
months of GH treatment, with mean GH doses of 0.3-0.5 mg/day (122). This study shows that 
in healthy, non-GH-deficient adults taking supraphysiological GH doses, these changes in 
body composition can already be seen after one month of treatment. 
 
The supraphysiological GH doses caused profound fluid-retention effects. There was a mean 
increase in TBW and ECW of 7-10% after one month compared with baseline; the ECW 
increase was significantly higher in men. No significant changes in ICW could be detected. 
 
It is possible to speculate about whether the observed change in FFM as estimated by DXA is 
due to shifts in body fluids. However, the ECW/ICW quotient change during the treatment 
corresponds to a change in hydration in lean soft tissue of only 0.4% (165), whereas the 
measured change in FFM was 5.3%. We therefore conclude that the observed change in FFM 
is real.  
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The effect of GH on sodium and water retention has been known for a long time and several 
mechanisms have been proposed to explain it (200). Studies by Jens Möller et al. have shown 
that two weeks of supraphysiological GH doses administered to healthy men resulted in an 
increase in ECW, but not in plasma volume or in ICW, with a concomitant decrease in atrial 
natriuretic peptide (ANP) (83). Furthermore, lack of dose dependence or a possible plateau 
effect with increasing GH doses has been observed (201), and also a decrease in 24-h urinary 
sodium excretion, indicating a the GH-induced activation of the renin-angiotensin-aldosterone 
system (82). Furthermore, in acromegalic patients there is an increase in both ECW and PV, 
which normalises after the successful treatment of acromegalic disease (202). 
 
The complex theory of fluid retention holds that both GH and IGF-I stimulate sodium 
retention at the tubular level, via stimulation of Na+K+ATPase activity (81), suggesting that 
IGF-I levels play a major part. Furthermore, a hypothesis has been put forward that a major 
effect of GH on body fluid homeostasis is mediated via positive inotropic action of IGF-I on 
the heart, leading to a decrease in ANP release. This in turn results in the stimulation of the 
RAAS (203). Finally, the role of nitric oxide as a mediator of IGF-I function in the liver has 
to be considered, as well as the effect of insulin and prostaglandins (203). 
 
The observed increase in IGF-I concentration then explains the effect of supraphysiological 
GH doses on TBW and ECW and the observed fluid-retention symptoms. These effects 
appear to be mostly extracellular, as no change in ICW was noted with the methods used here. 
The lack of significant change in ICW is in accordance with the findings of Möller et al., who 
stated that that the fluid volume retained by GH is distributed mainly in the extracellullar 
space (201). Although, as stated previously, the ICW is not measured directly, we are 
confident of the accuracy of the ICW findings. This is because the BIS-method used has been 
validated as a reliable method for measuring TBW, ECW and ICW, in dehydrated, normal 
and hyperhydrated states (155). 
 
Supraphysiological doses of GH increase FFM but, with no detectable increase in ICW, this 
increase is most probably secondary to ECW increase. This implies that supraphysiological 
doses of GH have no distinct anabolic effects on muscle mass. The observed increase in 
regional lean arm and leg mass of 7-9% by DXA is interpreted as mostly an expansion of 
ECW. 
 
This is contradictory to the otherwise well-described anabolic actions of GH in directly 
stimulating protein synthesis; this effect is suggested to be perhaps at least as powerful as that 
of testosterone. The protein synthesis is most probably mediated through the mobilisation of 
amino acid transporters in the cell membranes, as with insulin and glucose transporters. GH 
also has a ‘partitioning action’, diverting nutrients to protein synthesis. GH also stimulates 
IGF-I gene expression in all tissues, especially in the liver, and the IGF-I that is produced 
directly increases protein synthesis. Finally, the anabolic effect of GH is potentiated by the 
insulin effect of inhibiting protein degradation. In this manner GH, IGF-I and insulin together 
work in an anabolic direction (7). 
 
However, studies investigating the effects of supraphysiological GH doses on whole body 
protein synthesis have produced conflicting results. Yarasheski et al. demonstrated no 
increase in muscle protein synthesis in experienced weight-lifters. Measurements were taken 
in seven young, experienced weight-lifters before and after 14 days of GH administration 
(0.040 mg/kg/day) by using a constant intravenous infusion of [13C]leucine (131). On the 
other hand, Healy et al. showed, in a randomised placebo-controlled study of 11 endurance-
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trained male athletes, that GH administration (six subjects received GH 0.067 mg/kg/day and 
five placebo) for four weeks has a net anabolic effect on whole body protein metabolism at 
rest and after exercise, measured by whole body leucine turnover, using a five-hour infusion 
of [13C]leucine (204). 
 
In addition, body fat was influenced by the high GH doses. Body fat decreased by about 6% 
after one month, mainly in men, and the decrease was especially noticeable in trunk fat. These 
findings are in agreement with several previous studies in which GH treatment reduced fat 
mass in GHD patients (122). However, the exact mechanisms of the lipolysis are complex and 
not fully understood. The lipolytic effect of GH is described in a study by Niels Möller et al., 
which showed an increase in serum FFA and ketone bodies after a single GH dose; a twofold 
increase in baseline values and peak values were observed after two to three hours (205). 
Niels Möller et al. have also suggested that adipose tissue is a prime target for GH (206). The 
fat mass reduction thus appears to be secondary to the lipolytic action and, furthermore, this 
lipolysis preferably occurs in the upper body. GH may also initiate hormone-sensitive lipase 
activity in adipose tissue and thereby reduce FFA deposits in adipose tissue (206). 
 
 
GH doping and body composition 
Among GH abusers at gyms, GH doses in the range of 6-9 mg/day, three to four days a week 
are used, at least when taken in a single-dose regimen. However, in combination with AAS, 
GH doses of 1-2 mg/day are taken. GH is often administered in six- to 12-week cycles, but 
continuous use for six to 12 months is also seen (7, 9, 207-209). The doses used in this study 
(0.033 mg/kg/day and 0.067 mg/kg/day) are comparable to the doses used in a doping 
situation. It therefore appears that GH in these supraphysiological ranges mostly exerts anti-
natriuretic effects causing fluid retention but no detectable anabolic effects. The reason for 
this is not obvious, but it is possible to speculate that one month’s treatment is too short to 
demonstrate anabolic effects of GH (78, 210), although this time period seems long enough 
according to knowledge from GH treatment in GHD patients (211). It is also possible to 
speculate that the given doses are actually too low to induce anabolic effects in four weeks, 
although the otherwise pronounced effects observed, in the case of IGF-I and body 
composition indicate a truly supraphysiological dose. 
 
The fact that most abusers probably use GH in combination with AAS and that this 
combination possibly has an anabolic effect, due to synergistic actions between the two 
agents, should also be taken into account. Athletes find the noted water-retention symptoms 
negative and they appear to hamper their ability to exercise, thereby limiting the potential of 
GH as a powerful doping agent.  
 
A reduction in fat mass, especially centrally located fat mass, is a desirable GH effect in a 
doping situation, especially in body-building competitions where a minimum of visible body 
fat is rewarded. 
 
 
Paper IV 
 
Endurance exercise capacity 
In this study, short-term (one month), supraphysiological GH administration did not cause any 
increase in maximum power output or maximum oxygen uptake in well-trained individuals. 
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There is no published evidence that GH leads to an improvement in aerobic exercise capacity 
in non-GH-deficient subjects (212). On the contrary, Lange et al. (213) suggested that a single 
relevant GH dose in combination with bicycling exaggerate plasma lactate and may be 
associated with a reduction in aerobic exercise capacity. A study of acute GH administration 
before exercise demonstrated no effect on total work, caloric expenditure, blood lactate, or 
perceived exertion, but lower exercise oxygen consumption (214).  
 
As expected, we found increased levels of IGF-I in our treated groups, but we found no 
correlation between IGF-I and VO2 or maximum achieved power output. This agrees with the 
lack of correlation between peak weight corrected VO2 and endogenous IGF-I or IGFBP-3 
demonstrated by Eliakim et al. (103) in normal male subjects. Although plasma IGF-I levels 

not invariably reflect IGF-I bioactivity, they are related to peak VO2 (104, 105). However, 
these studies did not evaluate the effect of supraphysiological levels of GH and IGF-I on VO2

 

and the way they affect maximum power. Instead, VO2 was more of a correlate for fitness and 
because GH increases during exertion, it is likely to be related to VO2 (215). A correlation 

between endogenous GH and VO2 in healthy young adults has been ascribed to the degree of 
fitness (216), but age appears to be a concomitant factor for relationships to the GH-IGF-I axis 
(129, 217). The achieved peak VO2 has been found to be more closely related to the 24-h 
integrated serum GH concentration in male than in female subjects (216), whereas no gender 
difference was found in its age-dependent relation to a single measure of IGF-I (217). During 
exercise, the stimulation of GH secretion appears to be greater in women than in men (215). In 
contrast, we previously demonstrated in the current study population that, in terms of IGFBP-
3, male subjects are more responsive than females to exogenous GH (187). Although the study 
lacks statistical power to test gender differences, we did not note any tendency towards this 
with regard to maximum aerobic exercise capacity in response to supraphysiological GH 
treatment.  
 
In the current study we did not evaluate every aspects of physical performance, e.g. maximum 
voluntary muscle strength and flexibility. However, it has been shown that in healthy subjects, 
even in highly trained power athletes, muscle strength does not improve after GH 
administration (128, 129, 131). Supraphysiological doses of GH may also suppress the 
exercise-stimulated endogenous circulating levels of GH (99) and produce equivocal effects 
on the already enhanced muscle protein synthesis induced by the training itself (131, 204). In 
contrast, replacement therapy in GHD improves reduced ventilatory function and oxygen 

uptake (218, 219). Furthermore, a beneficial effect of GH replacement has been noted on 
exercise capacity and perceived maximum power output (64, 67, 219), changes normally 
related to an increase in muscle mass and lean body mass (57, 64, 67). However, an increase 

in muscle protein synthesis may not necessarily cause an increase in muscle strength (220). 
Moreover, it has been demonstrated that GHD adults benefit from resistance training even 

without replacement therapy (221, 222). Effects other than muscular, from administered GH 
as well as from training, may be important for work performance. In addition to its direct 
effects on cardiac and pulmonary muscles in GHD, GH replacement is known to have 
profound effects on fuel metabolism (223), erythropoiesis, and total blood volume (224), but 
studies of these effects in healthy, trained subjects are lacking. Previous findings by Deyssig et 
al. (129) do not suggest a muscle strength performance-enhancing effect by low-dose GH 
administration in already trained adults. Probably due to the comparatively low dose, they 
achieved no total body weight gain after GH treatment, in contrast to our results. However, the 
weight gain after GH administration in our study was caused at least in part by an increase in 
ECW and not muscle mass. This could explain why we found no evidence of a positive effect 
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on maximum aerobic exercise capacity in the present study, despite the use of a high GH 
dosage. Small changes in ICW, independent of GH treatment, might be due to different 
physical exercise habits; some individuals in the various groups may have made an effort to 
improve their test results. One indication of this is the approximately 10-watt higher power 
output in each group on the second occasion. 
  
To summarise, we observed no beneficial effects of GH administration on aerobic exercise 
capacity in active healthy subjects, only water retention. This indicates that only untoward 
effects can be anticipated from GH abuse (225, 226). Instead, we suggest that a normal level 
of GH is required for maximum muscle performance to be achieved. The improvement 
produced by GH substitution in GH deficiency (64) and the comparatively poor exercise 
performance in acromegalics (6) support this theory.  
 
 
Paper V 
 
IGFBP-4 and IGFBP-5 
To summarise, this study shows that one month’s treatment with supraphysiological doses of 
GH in physically active, healthy, young adults increases the levels of IGFBP-4 and IGFBP-5. 
The effect is seen during treatment and for up to two days after the end of treatment. Some of 
the effect of GH on IGFBP-4 and IGFBP-5 appears to be IGF-I dependent and does not, at the 
present time, support the use of these markers in a forthcoming method to detect GH doping. 
 
The higher levels of baseline IGFBP-4 and lower levels of baseline IGFBP-5 in women 
compared with men and the positive association between age and IGFBP-5 in the present 
study contrast with previous studies. In one of the few previous clinical studies, no gender 
difference in IGFBP-4 levels was found in healthy men and women. However, compared with 
our study, the age ranges (0-78 vs 18-35 years) were wider and the subjects were not as 
physically active (227). Furthermore, a study of GHD patients found no gender differences or 
age correlations in the baseline levels of IGFBP-4 and IGFBP-5 (153).  
 
To our knowledge, this is the first study to show the effects of supraphysiological GH 
treatment on IGFBP-4 and IGFBP-5 in healthy young adults, resulting in increased levels of 
both markers in the group receiving active GH treatment vs. the placebo treatment group from 
day 14 until the end of treatment (day 28) and for IGFBP-5 for another two days (day 30). 
This finding is largely in accordance with previous clinical studies of healthy subjects and of 
GHD patients on GH treatment, demonstrating that IGFBP-4 and IGFBP-5 levels are 
influenced by the GH/IGF-I axis (152, 153, 228, 229).  
 
There are few studies of the effects on IGFBP-4 and IGFBP-5 of GH treatment given to 
healthy individuals. In a study of healthy, elderly women and men, IGFBP-4 levels were 
unaffected after 26 weeks of GH treatment, whereas IGFBP-5 increased by 20% in men after 
GH. The weekly GH dose in that study was, however, approximately only one-sixth of the 
dose per kg and week used in our study (229).  
 
However, van Doorn et al. found no significant effect (basal versus treatment) by the IGFBP-
4 concentrations in GHD patients on GH treatment. Furthermore, they stated that GH status 
does not seriously affect circulating levels of IGFBP-4, as the mean levels of IGFBP-4 in both 
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(partially) GH-deficient patients and untreated acromegalic patients were within the normal 
range (227).  
 
After the inclusion of serum IGF-I as a covariate in the linear regression analysis, the 
associations between GH treatment and the IGFBP-4 and IGFBP-5 levels were not 
significant. This finding indicates that at least some of the GH effect on IGFBP-4 and IGFBP-
5 is IGF-I mediated and this is in accordance with previous papers, where it has been stated 
that at least some of the GH-mediated effects on IGFBP-4 and IGFBP-5 concentrations are 
mediated by IGF-I (153, 154, 230-234).  
 
However, the present study, which comprised relatively few subjects, cannot exclude the 
possibility that some of the effects on serum levels might be mediated by direct effects of GH, 
as has been shown in some previous studies. A difference in the response of IGFBPs to IGF-I 
and GH infusion in hypophysectomised rats has been described in a study demonstrating that 
IGF-I therapy is not able in every respect to replace GH therapy (235). The authors state that 
differences in the response of IGFBPs might be due to direct effects of GH, including effects 
of locally produced IGF-I (235). Furthermore, a stimulatory effect by both GH and IGF-I on 
the expression of IGFBP-5 in primary rat osteoblast-enriched cultures has been described 
(236).   
 
This study, although comprising relatively few subjects, does not support the hypothesis that 
IGFBP-4 and IGFBP-5 can be used as IGF-I independent markers in a forthcoming method 
for detecting GH doping and further studies with, a larger number of participants are needed 
to investigate the potential use of IGFBP-4 and IGFBP-5 as markers of GH doping.  
 
 
GH doping 
 
GH doping - current and future aspects 
The use of GH as a doping agent is widespread and doping with GH has become an increasing 
problem in sports and among young people at ordinary gyms during the last 10–15 years (8, 9, 
237). The actual use of GH as a doping agent is not known, but 5% of male American high-
school students have been reported to have used it (8). The GH abusers primarily aim to 
benefit from the potential anabolic effects of GH, mostly in combination with AAS, in order 
to increase muscle mass and muscle power. It has also been popular among female athletes, 
who wish to avoid the androgenic side-effects of anabolic steroids. However, our own 
interviews with hormone abusers (to be published elsewhere) indicate a more differentiated 
pattern of GH doping, revealing that its effect is preferentially on muscle volume, and not on 
muscle strength, thereby making it more popular among body-builders than among weight-
lifters.  
 
Although, previous reports from GH-abusing athletes uniformly describe the positive effects 
of GH doping on muscle volume and strength (237), the effectiveness of GH as a doping 
agent has been questioned during the last few years. There is a lack of scientific evidence that 
GH in supraphysiological doses has additional effects on muscle exercise performance than 
those obtained from optimised training and diet itself (128, 129, 131, 134, 238-240). These 
data have initiated speculations that the reputation of GH as an effective doping agent is 
highly exaggerated, at least when taken alone. However, in elite athletes, even a small 
increase in muscle power or exercise performance might make the difference between a gold 
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or silver medal. Furthermore, there is a great deal of counterfeit, inactive GH present on the 
black market, complicating the real picture of the effectiveness of GH as a doping agent. 
 
There are risks involved with GH abuse. Several potential risk factors have been suggested by 
observations in GH-supplemented and acromegalic patients including carpal tunnel syndrome 
and pitting edema (241), myocardial hypertrophy and cancer (242, 243). Since GH needs to 
be injected there is also a risk of hepatitis and HIV if the abusers share syringes. Finally, 
cadaver-derived GH is still present on the black market and abusers using this may acquire the 
fatal Creutzfelt-Jacobs Disease (9, 244). 
 
Our findings are in line with those of previous studies. We found no evidence of any GH 
effect on muscle mass or physical performance. The results in Paper III show an increase in 
ECW but no effect on ICW after GH treatment, indicating that there is no effect on muscle 
mass, and Paper IV shows no effect on physical exercise capacity after one month of GH 
treatment. 
 
Taken as a whole, there is no evidence of any anabolic effect on muscles or positive effects on 
physical performance, as a result of GH administration alone or combined with exercise (238-
240).  
 
It has been claimed that one main function of GH is its stimulating effect on collagen 
synthesis and that this might have positive consequences for athletes (245, 246). In a review 
paper, Doessing & Kjaer conclude that supraphysiological doses of GH do not appear to 
increase the synthesis of myofibrillar protein, but that it is possible that a supraphysiological 
GH level has an effect on connective tissue (245). It is known that the GH/IGF-I level is 
associated with pathological changes in connective tissue in patients with clinical conditions 
involving a change in GH activity (247-252). Furthermore, studies of healthy subjects treated 
with GH have revealed an increase in levels of whole body collagen synthesis (101, 253), 
indicating that there is a stimulatory effect on connective tissue in normal healthy subjects. 
 
Tendons heal more rapidly in rats treated with GH (254) and anecdotal reports have suggested 
that GH prevent tendon and muscle ruptures, especially if combined with AAS (255). By 
protecting the myotendinous junction regarded as a ‘weak link in the chain’ in athletes 
training at high intensity and in those with fast growing muscles due to heavy resistance 
training and/or AAS abuse, GH could therefore enable training at even higher intensity with 
shorter recovery periods. 
 
A study of the effect on physical performance of GH and testosterone was recently presented 
at the Endocrine Society meeting in Toronto in 2007. The study by Ho et al. which has not yet 
been published, revealed that the short-term (8 weeks) use of either GH or testosterone alone 
in recreational athletes did not significantly improve physical performance. However, the 
combination of GH and testosterone significantly increased anaerobic work capacity in men 
(256). This study further supports the view that the use of GH as a single doping agent can be 
questioned but that it can be effective if combined with AAS.   
 
 
Test method 

Regardless of whether or not GH doping is effective, there is a huge need for the development 
of a test method to detect GH doping. The problem of developing a reliable method has been 
described in several papers and work on different approaches is ongoing (7, 97, 209, 257).  
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Isoform method 
There are currently two main approaches to developing a method for detecting GH doping. 
The first is an isoform method, developed by the Strasburger group, based on the knowledge 
that normal, endogenous GH exists in a variety of isoforms. In the pituitary, the most 
abundant isoform is 22kDa GH, while other isoforms (non-22kDa GH) are present in varying 
amounts (258). Recombinant GH, on the other hand, is solely made up of the 22kDa isoform. 
Wallace et al. have shown that all the measured isoforms of GH increased during and peaked 
at the end of acute exercise, with 22kDa GH constituting the major isoform in serum during 
exercise. They also found that the proportion of non-22kDa isoforms increased after exercise, 
due in part to slower disappearance rates of 20kDa GH and perhaps other non-22kDa GH 
isoforms (99). Furthermore, it has been shown that supraphysiological doses of GH in trained 
adult males suppressed exercise-stimulated endogenous circulating isoforms of GH for up to 
four days and that the clearest separation of treatment groups required the simultaneous 
presence of high exogenous 22kDa GH and suppressed 20kDa or non-22kDa GH 
concentrations (98). 
 
Consequently, even if it is not possible directly to distinguish exogenous recombinant GH 
from endogenous GH in a blood or urine test, the method developed by the Strasburger 
group, which was used in the Summer Olympics (2004) in Athens and in the Winter 
Olympics (2006) in Turin, is based on the change in the normal ratio of 22/non-22kDa GH 
isoforms after the administration of exogenous GH. One disadvantage with this isoform-based 
method is, however, that it is only able to detect GH administration up to 24 hours after the 
last administration and therefore, out-of-competition testing will be crucial. 
 
 
GH marker-based method 
The other approach to detecting GH misuse is to use longer-lasting GH-dependent markers. 
This approach, used by the GH-2000 group, involves markers that are more sensitive to 
exogenous GH substitution than exercise-induced GH increase. Several papers from GH 2000 
have been presented (187, 204, 253, 259-261) and the results from the GH-2000 group have 
resulted in mathematical, statistical formulae that have been presented as a potential test for 
detecting GH doping. The formulae presented for males and females are: 
 
Males = -6.586+2.905*p3p+2.100*igf-101.737/age 
 
Females = -8.459+2.454*p3p+2.195*igf-73.666/age 
 
where marker levels are recorded on a logarithmic scale writing ‘igf=log(IGF-I)’ and 
‘p3p=log(P-III-P)’. The larger the value found, the more likely it is that a subject has 
administered GH (261).  
 
These markers were selected to construct a formula which produced optimal discrimination 
between the GH (GH 0.1 IU/kg/day [0.033 mg/kg/day] (GH 0.1) and GH 0.2 IU/kg/day 
[0.067 mg/kg/day] (GH 0.2) and placebo groups used in GH-2000. Furthermore, adjustments 
were made to account for the fall in IGF-I and P-III-P with age and the change in distribution 
seen in elite athletes. However, a threshold value for the marker score needs to be set. A result 
above this would be deemed to be positive but the threshold value also needs to minimise the 
risk of a false positive result. A threshold value of, for example, 3.7 will be exceeded by 
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chance in around 1 in 10,000 observations and would allow a detection rate of up to 86% in 
men and 60% in women abusing GH at the doses used in the study (261).   
 
This method has then been further validated in a study stating that the test proposed by the 
GH-2000 study group can be used to detect subjects receiving exogenous GH (262). 
 
However, some questions still remain before an accurate, reliable method is found. The test 
proposed by the GH-2000 study group requires further evaluation and discussion before it can 
be finally accepted as a doping test. Any test to detect drug abuse in sport must minimise the 
risk of a false positive result. The risk of a false positive result can be adjusted by the 
threshold values set for the formula. A specificity of 1:10,000 has preliminary been suggested 
as being sufficient for a legally enforceable doping test (261). 
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General conclusions 
 
 
The response of markers of the GH/IGF-I axis and bone markers to a maximum exercise test 
shows a rather uniform pattern with peak concentrations immediately after exercise, followed 
by a subsequent decrease to baseline levels. The time to peak value for GH is significantly 
shorter for females compared with males (Paper I).  
 
Some of the markers show strong evidence of high inter- or intra-individual variability in 
resting samples during one year and we conclude that we have to be careful if we use these 
markers in a forthcoming doping test for GH (Paper II) 
 
The reference ranges presented of the markers in connection to a maximum exercise test, at 
rest and after a competition might be of considerable use in the future development of a test 
for the detection of GH-abuse in sports (Papers I+II). 
 
Treatment with supraphysiological doses of GH during one month given to healthy 
individuals results in a decrease in body fat, an increase in ECW but no visible effect in ICW, 
indicating limited anabolic effect on muscles. Furthermore, no improvements in power output 
or oxygen uptake in a bicycle exercise test before and after treatment were observed (Papers 
III+IV). 
 
Serum levels of IGFBP-4 and IGFBP-5 are increased by treatment with supraphysiological 
doses of GH but there is no obvious role for IGFBP-4 or IGFBP-5 as potential markers of GH 
doping (Paper V). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 52 

Acknowledgements 

This work would have been impossible without the help and support of all the people who 
have contributed to this thesis in one way or another. I would especially like to thank: 
 
Thord Rosén, my supervisor for his guidance of me into the world of science and hormones, 
for invaluable encouragement, for patience and support and for interesting discussions about 
medical issues, sport, training and doping. 
 
Bengt-Åke Bengtsson, my co-supervisor for inspiring coaching and enthusiasm, for great 
support and for providing excellent working conditions. 
 
Olle Isaksson, for providing excellent working conditions and always being enthusiastic. 
 
Gudmundur Johannsson, head of the Department of Endocrinology and my clinical 
supervisor for showing great interest in my work and for valuable comments. 
 
Johan Svensson, my room mate during all years at Sahlgrenska, for always being supportive 
and enthusiastic, for valuable comments, for great friendship and all endless discussions about 
everything. 
 
Claes Ohlsson, co-author, for fruitful collaborations, for all enthusiasm and support, for great 
friendship and all nice discussions. 
 
Jörgen Isgaard and John-Olov Jansson, my next-to-my door mates for support and 
encouragement. 
 
Annika Berggren and Kenneth Caidahl, co-authors, for fruitful collaborations and 
introducing me into the field of exercise testing. 
 
Lars Ellegård, co-author, for showing great interest in my work and sharing his excellent 
knowledge about measuring body composition. 
 
Per-Arne Lundberg, co-author, at the Department of Clinical Chemistry for all his help. 
 
Anders Odén, co-author, for expert statistical advice and for always being patient and 
answering all my questions about statistics. 
 
All my other co-authors, Eryl Bassett, Robert Baxter, Massoud Boroujerdi, Ingvar Bosaeus, 
Jens Sandahl Christiansen, Antonio Cittadini, Rolf Dall, Marie-Louise Healey, Helena 
Johansson, Kai Lange, Salvatore Longobardi, Subburaman Mohan, Raffaele Napoli, 
Claire Pentecost and Peter Sönksen, for great collaboration and valuable comments about the 
different papers. 
 
Olof Ehn and the staff at CEM, especially Ingrid Hansson, Sigrid Lindstrand, Anna Olsson, 
Annika Reibring, Anne Rosén and Lena Wirén, for their friendly, professional and 
invaluable help with the studies. 
 



 53

Ann-Christin Carlsson, at the department of Clinical Physiology for excellent technical 
assistance with the testing bicycle. 
 
Joakim Greter, for all the help with the labels to the test tubes. 
 
Åke Jönsson, Hans Ottosson and Kjell-Erik Söder, in Östersund for all the help with the 
cross-country and alpine skiers. 
 
Jeanette Kliger, for excellent language corrections on short notice. 
 
All athletes and volunteers participating in the studies. 
 
All my present and previous colleagues at the Department of Endocrinology for always being 
supportive and helpful, especially Ragnhildur Bergthorsdottir, Anna Ekfjorden, Helena 
Filipsson, Celina Franco, Galina Götherström, Jan-Ove Johansson, Josef Koranyi, Kerstin 
Landin-Wilhelmsen, Maria Leonsson-Zachrisson, Anna Nilsson, Lise-Lott Norrman, Ernst 
Nyström, Catharina Olivius, Oskar Ragnarsson, Helga Sigurjónsdóttir, Olof Strandberg 
and Åsa Tivesten. 
 
Stanko Skrtic and Ville Wallenius, for showing interest in my work and for nice discussions. 
 
Sofie Halldén, Ulla-Britt Liebera and Kaisa Torstensson, for support and invaluable help 
with practical things. 
 
My previous room mates at Sahlgrenska, Gunnel Hellgren, Diana Swolin-Eide and Ruth 
Wickelgren, for creating a good working environment in the writing room. 
 
Bengt O. Eriksson, member of our Anabolic-Androgenic Steroid (AAS) research team for 
showing great interest in my work, for sharing his great knowledge about doping and the 
work against doping in sport. 
 
All other team mates in the AAS-team, Erik Andersson, Eva Edin, Claudia Fahlke, Ingrid 
Höglund-Karlsson, Ann-Sophie Lindqvist, Tommy Moberg, Christian Möller, Inger 
Setterberg and Anders Svensson, for creating an inspiring research team that it is stimulating 
to be a part of. 
 
All friends and relatives not mentioned here. 
 
My mother in law, Elizabeth, for support and helping out with the children. 
 
My sister, Anna-Lena, for always supporting and encouraging me. 
 
My parents, Inger and Simon, for all your love and wonderful encouragement in everything I 
do, for always being helpful, not least with babysitting. 
 
Jessica, my beloved wife, for being such a wonderful person, for lots of love, support and 
patience, for taking care of everything when I’ve been working with my thesis. 
 
Amanda and Wilma, my wonderful daughters, the joy and happiness of my every day. 



 54 

References 
 
 
1. Kammerer RC 2000 Drug Testing and Anabolic Steroids. In: Yesalis CE ed. 

Anabolic Steroids in Sport and Exercise. 2nd ed. Champaign, IL: Human Kinetics; 
415-459 

2. Bahrke MS, Yesalis CE 2002 History of doping in sport. In: Yesalis CE, Bahrke MS 
eds. Performance-enhancing substances in sport and exercise. Champaign, IL: Human 
Kinetics; 1-20 

3. WADA July 2007 http://www.wada-ama.org/en/ 
4. Verroken M 2000 Drug use and abuse in sport. Baillieres Best Pract Res Clin 

Endocrinol Metab 14:1-23 
5. Verroken M 2001 Ethical aspects and the prevalence of hormone abuse in sport. J 

Endocrinol 170:49-54 
6. Macintyre JG 1987 Growth hormone and athletes. Sports medicine (Auckland, NZ 

4:129-142 
7. Sonksen PH 2001 Insulin, growth hormone and sport. J Endocrinol 170:13-25 
8. Rickert VI, Pawlak-Morello C, Sheppard V, Jay MS 1992 Human growth 

hormone: a new substance of abuse among adolescents? Clin Pediatr (Phila) 31:723-
726 

9. Ehrnborg C, Bengtsson BA, Rosen T 2000 Growth hormone abuse. Baillieres Best 
Pract Res Clin Endocrinol Metab 14:71-77 

10. Evans HM, Long JA 1921 The effect of the anterior lobe administered 
intraperitoneally upon growth maturity, and oestreus cycles of the rat. Anat Rec 21:62-
63 

11. Li CH, Papkoff H 1956 Preparation and properties of growth hormone from human 
and monkey pituitary glands. Science (New York, NY 124:1293-1294 

12. Li CH, Dixon JS 1971 Human pituitary growth hormone. 32. The primary structure 
of the hormone: revision. Archives of biochemistry and biophysics 146:233-236 

13. Niall HD 1971 Revised primary structure for human growth hormone. Nature: New 
biology 230:90-91 

14. Lewis UJ, Dunn JT, Bonewald LF, Seavey BK, Vanderlaan WP 1978 A naturally 
occurring structural variant of human growth hormone. J Biol Chem 253:2679-2687 

15. Baumann G, MacCart JG, Amburn K 1983 The molecular nature of circulating 
growth hormone in normal and acromegalic man: evidence for a principal and minor 
monomeric forms. J Clin Endocrinol Metab 56:946-952 

16. Goeddel DV, Heyneker HL, Hozumi T, Arentzen R, Itakura K, Yansura DG, 
Ross MJ, Miozzari G, Crea R, Seeburg PH 1979 Direct expression in Escherichia 
coli of a DNA sequence coding for human growth hormone. Nature 281:544-548 

17. Raben MS 1958 Treatment of a pituitary dwarf with human growth hormone. J Clin 
Endocrinol Metab 18:901-903 

18. Raben MS 1962 Growth hormone. 2. Clinical use of human growth hormone. N Engl 
J Med 266:82-86 concl 

19. Cuneo RC, Salomon F, McGauley GA, Sonksen PH 1992 The growth hormone 
deficiency syndrome in adults. Clin Endocrinol (Oxf) 37:387-397 

20. Jorgensen JO, Pedersen SA, Thuesen L, Jorgensen J, Ingemann-Hansen T, 
Skakkebaek NE, Christiansen JS 1989 Beneficial effects of growth hormone 
treatment in GH-deficient adults. Lancet 1:1221-1225 



 55

21. Rosen T, Bengtsson BA 1990 Premature mortality due to cardiovascular disease in 
hypopituitarism. Lancet 336:285-288 

22. Salomon F, Cuneo RC, Hesp R, Sonksen PH 1989 The effects of treatment with 
recombinant human growth hormone on body composition and metabolism in adults 
with growth hormone deficiency. N Engl J Med 321:1797-1803 

23. Eden S 1978 The secretory pattern of growth hormone. An experimental study in the 
rat. Acta physiologica Scandinavica 458:1-54 

24. Jansson JO, Eden S, Isaksson O 1985 Sexual dimorphism in the control of growth 
hormone secretion. Endocr Rev 6:128-150 

25. Vance ML, Kaiser DL, Evans WS, Furlanetto R, Vale W, Rivier J, Thorner MO 
1985 Pulsatile growth hormone secretion in normal man during a continuous 24-hour 
infusion of human growth hormone releasing factor (1-40). Evidence for intermittent 
somatostatin secretion. J Clin Invest 75:1584-1590 

26. Winer LM, Shaw MA, Baumann G 1990 Basal plasma growth hormone levels in 
man: new evidence for rhythmicity of growth hormone secretion. J Clin Endocrinol 
Metab 70:1678-1686 

27. van den Berg G, Veldhuis JD, Frolich M, Roelfsema F 1996 An amplitude-specific 
divergence in the pulsatile mode of growth hormone (GH) secretion underlies the 
gender difference in mean GH concentrations in men and premenopausal women. J 
Clin Endocrinol Metab 81:2460-2467 

28. Giustina A, Veldhuis JD 1998 Pathophysiology of the neuroregulation of growth 
hormone secretion in experimental animals and the human. Endocr Rev 19:717-797 

29. Stolar MW, Baumann G 1986 Secretory patterns of growth hormone during basal 
periods in man. Metabolism 35:883-888 

30. Massa G, Igout A, Rombauts L, Frankenne F, Vanderschueren-Lodeweyckx M 
1993 Effect of oestrogen status on serum levels of growth hormone-binding protein 
and insulin-like growth factor-I in non-pregnant and pregnant women. Clin Endocrinol 
(Oxf) 39:569-575 

31. Kelly JJ, Rajkovic IA, O'Sullivan AJ, Sernia C, Ho KK 1993 Effects of different 
oral oestrogen formulations on insulin-like growth factor-I, growth hormone and 
growth hormone binding protein in post-menopausal women. Clin Endocrinol (Oxf) 
39:561-567 

32. Dawson-Hughes B, Stern D, Goldman J, Reichlin S 1986 Regulation of growth 
hormone and somatomedin-C secretion in postmenopausal women: effect of 
physiological estrogen replacement. J Clin Endocrinol Metab 63:424-432 

33. Veldhuis JD, Liem AY, South S, Weltman A, Weltman J, Clemmons DA, Abbott 
R, Mulligan T, Johnson ML, Pincus S, et al. 1995 Differential impact of age, sex 
steroid hormones, and obesity on basal versus pulsatile growth hormone secretion in 
men as assessed in an ultrasensitive chemiluminescence assay. J Clin Endocrinol 
Metab 80:3209-3222 

34. Ho KY, Evans WS, Blizzard RM, Veldhuis JD, Merriam GR, Samojlik E, 
Furlanetto R, Rogol AD, Kaiser DL, Thorner MO 1987 Effects of sex and age on 
the 24-hour profile of growth hormone secretion in man: importance of endogenous 
estradiol concentrations. J Clin Endocrinol Metab 64:51-58 

35. Liu L, Merriam GR, Sherins RJ 1987 Chronic sex steroid exposure increases mean 
plasma growth hormone concentration and pulse amplitude in men with isolated 
hypogonadotropic hypogonadism. J Clin Endocrinol Metab 64:651-656 

 
 



 56 

36. Iranmanesh A, Lizarralde G, Veldhuis JD 1991 Age and relative adiposity are 
specific negative determinants of the frequency and amplitude of growth hormone 
(GH) secretory bursts and the half-life of endogenous GH in healthy men. J Clin 
Endocrinol Metab 73:1081-1088 

37. Takahashi Y, Kipnis DM, Daughaday WH 1968 Growth hormone secretion during 
sleep. J Clin Invest 47:2079-2090 

38. Kjaer M, Bangsbo J, Lortie G, Galbo H 1988 Hormonal response to exercise in 
humans: influence of hypoxia and physical training. Am J Physiol 254:R197-203 

39. Felsing NE, Brasel JA, Cooper DM 1992 Effect of low and high intensity exercise 
on circulating growth hormone in men. J Clin Endocrinol Metab 75:157-162 

40. Weltman A, Weltman JY, Schurrer R, Evans WS, Veldhuis JD, Rogol AD 1992 
Endurance training amplifies the pulsatile release of growth hormone: effects of 
training intensity. J Appl Physiol 72:2188-2196 

41. Hartman ML, Veldhuis JD, Johnson ML, Lee MM, Alberti KG, Samojlik E, 
Thorner MO 1992 Augmented growth hormone (GH) secretory burst frequency and 
amplitude mediate enhanced GH secretion during a two-day fast in normal men. J Clin 
Endocrinol Metab 74:757-765 

42. Masuda A, Shibasaki T, Nakahara M, Imaki T, Kiyosawa Y, Jibiki K, Demura 
H, Shizume K, Ling N 1985 The effect of glucose on growth hormone (GH)-
releasing hormone-mediated GH secretion in man. J Clin Endocrinol Metab 60:523-
526 

43. Imaki T, Shibasaki T, Shizume K, Masuda A, Hotta M, Kiyosawa Y, Jibiki K, 
Demura H, Tsushima T, Ling N 1985 The effect of free fatty acids on growth 
hormone (GH)-releasing hormone-mediated GH secretion in man. J Clin Endocrinol 
Metab 60:290-293 

44. Parker ML, Hammond JM, Daughaday WH 1967 The arginine provocative test: an 
aid in the diagnosis of hyposomatotropism. J Clin Endocrinol Metab 27:1129-1136 

45. Bratusch-Marrain P, Waldhausl W 1979 The influence of amino acids and 
somatostatin on prolactin and growth hormone release in man. Acta Endocrinol 
(Copenh) 90:403-408 

46. Iranmanesh A, Lizarralde G, Johnson ML, Veldhuis JD 1991 Nature of altered 
growth hormone secretion in hyperthyroidism. J Clin Endocrinol Metab 72:108-115 

47. Williams T, Maxon H, Thorner MO, Frohman LA 1985 Blunted growth hormone 
(GH) response to GH-releasing hormone in hypothyroidism resolves in the euthyroid 
state. J Clin Endocrinol Metab 61:454-456 

48. Wehrenberg WB, Janowski BA, Piering AW, Culler F, Jones KL 1990 
Glucocorticoids: potent inhibitors and stimulators of growth hormone secretion. 
Endocrinology 126:3200-3203 

49. Muller EE 1987 Neural control of somatotropic function. Physiol Rev 67:962-1053 
50. Kelijman M, Frohman LA 1991 The role of the cholinergic pathway in growth 

hormone feedback. J Clin Endocrinol Metab 72:1081-1087 
51. Ikkos D, Luft R, Gemzell CA 1958 The effect of human growth hormone in man. 

Lancet 1:720-721 
52. Bengtsson BA, Brummer RJ, Eden S, Bosaeus I 1989 Body composition in 

acromegaly. Clin Endocrinol (Oxf) 30:121-130 
53. Brummer RJ, Lonn L, Kvist H, Grangard U, Bengtsson BA, Sjostrom L 1993 

Adipose tissue and muscle volume determination by computed tomography in 
acromegaly, before and 1 year after adenomectomy. Eur J Clin Invest 23:199-205 

54. Brumback RA, Barr CE 1983 Myopathy in acromegaly. A case study. Pathology, 
research and practice 177:41-46 



 57

55. Nagulesparen M, Trickey R, Davies MJ, Jenkins JS 1976 Muscle changes in 
acromegaly. British medical journal 2:914-915 

56. Rooyackers OE, Nair KS 1997 Hormonal regulation of human muscle protein 
metabolism. Annual review of nutrition 17:457-485 

57. Cuneo RC, Salomon F, Wiles CM, Hesp R, Sonksen PH 1991 Growth hormone 
treatment in growth hormone-deficient adults. I. Effects on muscle mass and strength. 
J Appl Physiol 70:688-694 

58. Jorgensen JO, Pedersen SA, Thuesen L, Jorgensen J, Moller J, Muller J, 
Skakkebaek NE, Christiansen JS 1991 Long-term growth hormone treatment in 
growth hormone deficient adults. Acta Endocrinol (Copenh) 125:449-453 

59. Beshyah SA, Freemantle C, Shahi M, Anyaoku V, Merson S, Lynch S, Skinner E, 
Sharp P, Foale R, Johnston DG 1995 Replacement treatment with biosynthetic 
human growth hormone in growth hormone-deficient hypopituitary adults. Clin 
Endocrinol (Oxf) 42:73-84 

60. Johannsson G, Grimby G, Sunnerhagen KS, Bengtsson BA 1997 Two years of 
growth hormone (GH) treatment increase isometric and isokinetic muscle strength in 
GH-deficient adults. J Clin Endocrinol Metab 82:2877-2884 

61. Wallymahmed ME, Foy P, Shaw D, Hutcheon R, Edwards RH, MacFarlane IA 
1997 Quality of life, body composition and muscle strength in adult growth hormone 
deficiency: the influence of growth hormone replacement therapy for up to 3 years. 
Clin Endocrinol (Oxf) 47:439-446 

62. Sartorio A, Narici MV 1994 Growth hormone (GH) treatment in GH-deficient 
adults: effects on muscle size, strength and neural activation. Clinical physiology 
(Oxford, England) 14:527-537 

63. Cuneo RC, Salomon F, Wiles CM, Sonksen PH 1990 Skeletal muscle performance 
in adults with growth hormone deficiency. Horm Res 33 Suppl 4:55-60 

64. Cuneo RC, Salomon F, Wiles CM, Hesp R, Sonksen PH 1991 Growth hormone 
treatment in growth hormone-deficient adults. II. Effects on exercise performance. J 
Appl Physiol 70:695-700 

65. Whitehead HM, Boreham C, McIlrath EM, Sheridan B, Kennedy L, Atkinson 
AB, Hadden DR 1992 Growth hormone treatment of adults with growth hormone 
deficiency: results of a 13-month placebo controlled cross-over study. Clin Endocrinol 
(Oxf) 36:45-52 

66. Christiansen JS, Jorgensen JO, Pedersen SA, Muller J, Jorgensen J, Moller J, 
Heickendorf L, Skakkebaek NE 1991 GH-replacement therapy in adults. Horm Res 
36 Suppl 1:66-72 

67. Johannsson G, Bengtsson BA, Andersson B, Isgaard J, Caidahl K 1996 Long-term 
cardiovascular effects of growth hormone treatment in GH-deficient adults. 
Preliminary data in a small group of patients. Clin Endocrinol (Oxf) 45:305-314 

68. Rutherford OM, Jones DA, Round JM, Preece MA 1989 Changes in skeletal 
muscle after discontinuation of growth hormone treatment in young adults with 
hypopituitarism. Acta paediatrica Scandinavica 356:61-63; discussion 64, 73-64 

69. Degerblad M, Almkvist O, Grunditz R, Hall K, Kaijser L, Knutsson E, Ringertz 
H, Thoren M 1990 Physical and psychological capabilities during substitution 
therapy with recombinant growth hormone in adults with growth hormone deficiency. 
Acta Endocrinol (Copenh) 123:185-193 

70. Ayling CM, Moreland BH, Zanelli JM, Schulster D 1989 Human growth hormone 
treatment of hypophysectomized rats increases the proportion of type-1 fibres in 
skeletal muscle. J Endocrinol 123:429-435 



 58 

71. Cuneo RC, Salomon F, Wiles CM, Round JM, Jones D, Hesp R, Sonksen PH 
1992 Histology of skeletal muscle in adults with GH deficiency: comparison with 
normal muscle and response to GH treatment. Horm Res 37:23-28 

72. Whitehead HM, Gilliland JS, Allen IV, Hadden DR 1989 Growth hormone 
treatment in adults with growth hormone deficiency: effect on muscle fibre size and 
proportions. Acta paediatrica Scandinavica 356:65-67; discussion 68, 73-64 

73. Raben MS, Hollenberg CH 1959 Effect of growth hormone on plasma fatty acids. J 
Clin Invest 38:484-488 

74. Rosen T, Bosaeus I, Tolli J, Lindstedt G, Bengtsson BA 1993 Increased body fat 
mass and decreased extracellular fluid volume in adults with growth hormone 
deficiency. Clin Endocrinol (Oxf) 38:63-71 

75. De Boer H, Blok GJ, Voerman HJ, De Vries PM, van der Veen EA 1992 Body 
composition in adult growth hormone-deficient men, assessed by anthropometry and 
bioimpedance analysis. J Clin Endocrinol Metab 75:833-837 

76. Lonn L, Johansson G, Sjostrom L, Kvist H, Oden A, Bengtsson BA 1996 Body 
composition and tissue distributions in growth hormone deficient adults before and 
after growth hormone treatment. Obesity research 4:45-54 

77. Ho KY, Veldhuis JD, Johnson ML, Furlanetto R, Evans WS, Alberti KG, 
Thorner MO 1988 Fasting enhances growth hormone secretion and amplifies the 
complex rhythms of growth hormone secretion in man. J Clin Invest 81:968-975 

78. Copeland KC, Nair KS 1994 Acute growth hormone effects on amino acid and lipid 
metabolism. J Clin Endocrinol Metab 78:1040-1047 

79. Dietz J, Schwartz J 1991 Growth hormone alters lipolysis and hormone-sensitive 
lipase activity in 3T3-F442A adipocytes. Metabolism 40:800-806 

80. Whitney JE, Bennett LL, Li CH 1952 Reduction of urinary sodium and potassium 
produced by hypophyseal growth hormone in normal female rats. Proceedings of the 
Society for Experimental Biology and Medicine Society for Experimental Biology and 
Medicine (New York, NY 79:584-587 

81. Johannsson G, Sverrisdottir YB, Ellegard L, Lundberg PA, Herlitz H 2002 GH 
increases extracellular volume by stimulating sodium reabsorption in the distal 
nephron and preventing pressure natriuresis. Journal of Clinical Endocrinology and 
Metabolism 87:1743-1749 

82. Moller J, Moller N, Frandsen E, Wolthers T, Jorgensen JO, Christiansen JS 1997 
Blockade of the renin-angiotensin-aldosterone system prevents growth hormone-
induced fluid retention in humans. American journal of physiology 272:E803-808 

83. Moller J, Jorgensen JO, Moller N, Hansen KW, Pedersen EB, Christiansen JS 
1991 Expansion of extracellular volume and suppression of atrial natriuretic peptide 
after growth hormone administration in normal man. Journal of Clinical 
Endocrinology and Metabolism 72:768-772 

84. Boger RH, Skamira C, Bode-Boger SM, Brabant G, von zur Muhlen A, Frolich 
JC 1996 Nitric oxide may mediate the hemodynamic effects of recombinant growth 
hormone in patients with acquired growth hormone deficiency. A double-blind, 
placebo-controlled study. J Clin Invest 98:2706-2713 

85. Bengtsson BA, Brummer RJ, Eden S, Bosaeus I, Lindstedt G 1989 Body 
composition in acromegaly: the effect of treatment. Clin Endocrinol (Oxf) 31:481-490 

86. Davies DL, Beastall GH, Connell JM, Fraser R, McCruden D, Teasdale GM 1985 
Body composition, blood pressure and the renin-angiotensin system in acromegaly 
before and after treatment. J Hypertens Suppl 3:S413-415 



 59

87. Maor G, Hochberg Z, von der Mark K, Heinegard D, Silbermann M 1989 Human 
growth hormone enhances chondrogenesis and osteogenesis in a tissue culture system 
of chondroprogenitor cells. Endocrinology 125:1239-1245 

88. Nishiyama K, Sugimoto T, Kaji H, Kanatani M, Kobayashi T, Chihara K 1996 
Stimulatory effect of growth hormone on bone resorption and osteoclast 
differentiation. Endocrinology 137:35-41 

89. Slootweg MC, van Buul-Offers SC, Herrmann-Erlee MP, van der Meer JM, 
Duursma SA 1988 Growth hormone is mitogenic for fetal mouse osteoblasts but not 
for undifferentiated bone cells. J Endocrinol 116:R11-13 

90. Kann P, Piepkorn B, Schehler B, Andreas J, Lotz J, Prellwitz W, Beyer J 1998 
Effect of long-term treatment with GH on bone metabolism, bone mineral density and 
bone elasticity in GH-deficient adults. Clin Endocrinol (Oxf) 48:561-568 

91. Ohlsson C, Bengtsson BA, Isaksson OG, Andreassen TT, Slootweg MC 1998 
Growth hormone and bone. Endocr Rev 19:55-79 

92. Schlemmer A, Johansen JS, Pedersen SA, Jorgensen JO, Hassager C, 
Christiansen C 1991 The effect of growth hormone (GH) therapy on urinary 
pyridinoline cross-links in GH-deficient adults. Clin Endocrinol (Oxf) 35:471-476 

93. Amato G, Carella C, Fazio S, La Montagna G, Cittadini A, Sabatini D, 
Marciano-Mone C, Sacca L, Bellastella A 1993 Body composition, bone 
metabolism, and heart structure and function in growth hormone (GH)-deficient adults 
before and after GH replacement therapy at low doses. J Clin Endocrinol Metab 
77:1671-1676 

94. Degerblad M, Bengtsson BA, Bramnert M, Johnell O, Manhem P, Rosen T, 
Thoren M 1995 Reduced bone mineral density in adults with growth hormone (GH) 
deficiency: increased bone turnover during 12 months of GH substitution therapy. Eur 
J Endocrinol 133:180-188 

95. Vandeweghe M, Taelman P, Kaufman JM 1993 Short and long-term effects of 
growth hormone treatment on bone turnover and bone mineral content in adult growth 
hormone-deficient males. Clin Endocrinol (Oxf) 39:409-415 

96. Johannsson G, Rosen T, Bosaeus I, Sjostrom L, Bengtsson BA 1996 Two years of 
growth hormone (GH) treatment increases bone mineral content and density in 
hypopituitary patients with adult-onset GH deficiency. J Clin Endocrinol Metab 
81:2865-2873 

97. McHugh CM, Park RT, Sonksen PH, Holt RI 2005 Challenges in detecting the 
abuse of growth hormone in sport. Clin Chem 51:1587-1593 

98. Wallace JD, Cuneo RC, Bidlingmaier M, Lundberg PA, Carlsson L, Boguszewski 
CL, Hay J, Boroujerdi M, Cittadini A, Dall R, Rosen T, Strasburger CJ 2001 
Changes in non-22-kilodalton (kDa) isoforms of growth hormone (GH) after 
administration of 22-kDa recombinant human GH in trained adult males. J Clin 
Endocrinol Metab 86:1731-1737 

99. Wallace JD, Cuneo RC, Bidlingmaier M, Lundberg PA, Carlsson L, Boguszewski 
CL, Hay J, Healy ML, Napoli R, Dall R, Rosen T, Strasburger CJ 2001 The 
response of molecular isoforms of growth hormone to acute exercise in trained adult 
males. J Clin Endocrinol Metab 86:200-206 

100. Wallace JD, Cuneo RC, Baxter R, Orskov H, Keay N, Pentecost C, Dall R, Rosen 
T, Jorgensen JO, Cittadini A, Longobardi S, Sacca L, Christiansen JS, Bengtsson 
BA, Sonksen PH 1999 Responses of the growth hormone (GH) and insulin-like 
growth factor axis to exercise, GH administration, and GH withdrawal in trained adult 
males: a potential test for GH abuse in sport. J Clin Endocrinol Metab 84:3591-3601 



 60 

101. Wallace JD, Cuneo RC, Lundberg PA, Rosen T, Jorgensen JO, Longobardi S, 
Keay N, Sacca L, Christiansen JS, Bengtsson BA, Sonksen PH 2000 Responses of 
markers of bone and collagen turnover to exercise, growth hormone (GH) 
administration, and GH withdrawal in trained adult males. J Clin Endocrinol Metab 
85:124-133 

102. Eliakim A, Brasel JA, Mohan S, Barstow TJ, Berman N, Cooper DM 1996 
Physical fitness, endurance training, and the growth hormone-insulin-like growth 
factor I system in adolescent females. J Clin Endocrinol Metab 81:3986-3992 

103. Eliakim A, Brasel JA, Barstow TJ, Mohan S, Cooper DM 1998 Peak oxygen 
uptake, muscle volume, and the growth hormone-insulin-like growth factor-I axis in 
adolescent males. Med Sci Sports Exerc 30:512-517 

104. Kelly PJ, Eisman JA, Stuart MC, Pocock NA, Sambrook PN, Gwinn TH 1990 
Somatomedin-C, physical fitness, and bone density. J Clin Endocrinol Metab 70:718-
723 

105. Poehlman ET, Copeland KC 1990 Influence of physical activity on insulin-like 
growth factor-I in healthy younger and older men. J Clin Endocrinol Metab 71:1468-
1473 

106. Kraemer WJ, Gordon SE, Fleck SJ, Marchitelli LJ, Mello R, Dziados JE, Friedl 
K, Harman E, Maresh C, Fry AC 1991 Endogenous anabolic hormonal and growth 
factor responses to heavy resistance exercise in males and females. Int J Sports Med 
12:228-235 

107. Kristoffersson A, Hultdin J, Holmlund I, Thorsen K, Lorentzon R 1995 Effects of 
short-term maximal work on plasma calcium, parathyroid hormone, osteocalcin and 
biochemical markers of collagen metabolism. Int J Sports Med 16:145-149 

108. Welsh L, Rutherford OM, James I, Crowley C, Comer M, Wolman R 1997 The 
acute effects of exercise on bone turnover. Int J Sports Med 18:247-251 

109. Virtanen P, Viitasalo JT, Vuori J, Vaananen K, Takala TE 1993 Effect of 
concentric exercise on serum muscle and collagen markers. J Appl Physiol 75:1272-
1277 

110. Nishiyama S, Tomoeda S, Ohta T, Higuchi A, Matsuda I 1988 Differences in basal 
and postexercise osteocalcin levels in athletic and nonathletic humans. Calcif Tissue 
Int 43:150-154 

111. Salvesen H, Johansson AG, Foxdal P, Wide L, Piehl-Aulin K, Ljunghall S 1994 
Intact serum parathyroid hormone levels increase during running exercise in well-
trained men. Calcif Tissue Int 54:256-261 

112. Weitzman ED, deGraaf AS, Sassin JF, Hansen T, Godtlibsen OB, Perlow M, 
Hellman L 1975 Seasonal patterns of sleep stages and secretion of cortisol and growth 
hormone during 24 hour periods in northern Norway. Acta Endocrinol (Copenh) 
78:65-76 

113. Bellastella A, Criscuolo T, Mango A, Perrone L, Sinisi AA, Faggiano M 1984 
Circannual rhythms of plasma growth hormone, thyrotropin and thyroid hormones in 
prepuberty. Clin Endocrinol (Oxf) 20:531-537 

114. Chapuy MC, Schott AM, Garnero P, Hans D, Delmas PD, Meunier PJ 1996 
Healthy elderly French women living at home have secondary hyperparathyroidism 
and high bone turnover in winter. EPIDOS Study Group. J Clin Endocrinol Metab 
81:1129-1133 

115. Douglas AS, Miller MH, Reid DM, Hutchison JD, Porter RW, Robins SP 1996 
Seasonal differences in biochemical parameters of bone remodelling. Journal of 
clinical pathology 49:284-289 



 61

116. Hyldstrup L, McNair P, Jensen GF, Transbol I 1986 Seasonal variations in indices 
of bone formation precede appropriate bone mineral changes in normal men. Bone 
7:167-170 

117. Overgaard K, Nilas L, Johansen JS, Christiansen C 1988 Lack of seasonal 
variation in bone mass and biochemical estimates of bone turnover. Bone 9:285-288 

118. Storm D, Eslin R, Porter ES, Musgrave K, Vereault D, Patton C, Kessenich C, 
Mohan S, Chen T, Holick MF, Rosen CJ 1998 Calcium supplementation prevents 
seasonal bone loss and changes in biochemical markers of bone turnover in elderly 
New England women: a randomized placebo-controlled trial. J Clin Endocrinol Metab 
83:3817-3825 

119. Thomsen K, Eriksen EF, Jorgensen JC, Charles P, Mosekilde L 1989 Seasonal 
variation of serum bone GLA protein. Scandinavian journal of clinical and laboratory 
investigation 49:605-611 

120. Vanderschueren D, Gevers G, Dequeker J, Geusens P, Nijs J, Devos P, De Roo 
M, Bouillon R 1991 Seasonal variation in bone metabolism in young healthy subjects. 
Calcif Tissue Int 49:84-89 

121. Woitge HW, Scheidt-Nave C, Kissling C, Leidig-Bruckner G, Meyer K, Grauer 
A, Scharla SH, Ziegler R, Seibel MJ 1998 Seasonal variation of biochemical indexes 
of bone turnover: results of a population-based study. J Clin Endocrinol Metab 83:68-
75 

122. Bengtsson BA, Eden S, Lonn L, Kvist H, Stokland A, Lindstedt G, Bosaeus I, 
Tolli J, Sjostrom L, Isaksson OG 1993 Treatment of adults with growth hormone 
(GH) deficiency with recombinant human GH. J Clin Endocrinol Metab 76:309-317 

123. Bowes SB, Umpleby M, Cummings MH, Jackson NC, Carroll PV, Lowy C, 
Sonksen PH, Russell-Jones DL 1997 The effect of recombinant human growth 
hormone on glucose and leucine metabolism in Cushing's syndrome. J Clin Endocrinol 
Metab 82:243-246 

124. Inoue Y, Copeland EM, Souba WW 1994 Growth hormone enhances amino acid 
uptake by the human small intestine. Ann Surg 219:715-722; discussion 722-714 

125. Umpleby AM, Boroujerdi MA, Brown PM, Carson ER, Sonksen PH 1986 The 
effect of metabolic control on leucine metabolism in type 1 (insulin-dependent) 
diabetic patients. Diabetologia 29:131-141 

126. Tessari P, Trevisan R, Inchiostro S, Biolo G, Nosadini R, De Kreutzenberg SV, 
Duner E, Tiengo A, Crepaldi G 1986 Dose-response curves of effects of insulin on 
leucine kinetics in humans. Am J Physiol 251:E334-342 

127. Russell-Jones DL, Umpleby AM, Hennessy TR, Bowes SB, Shojaee-Moradie F, 
Hopkins KD, Jackson NC, Kelly JM, Jones RH, Sonksen PH 1994 Use of a leucine 
clamp to demonstrate that IGF-I actively stimulates protein synthesis in normal 
humans. Am J Physiol 267:E591-598 

128. 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. 
American journal of physiology 262:E261-267 

129. Deyssig R, Frisch H, Blum WF, Waldhor T 1993 Effect of growth hormone 
treatment on hormonal parameters, body composition and strength in athletes. Acta 
Endocrinologica 128:313-318 

130. Crist DM, Peake GT, Egan PA, Waters DL 1988 Body composition response to 
exogenous GH during training in highly conditioned adults. Journal of Applied 
Physiology 65:579-584 



 62 

131. Yarasheski KE, Zachweija JJ, Angelopoulos TJ, Bier DM 1993 Short-term growth 
hormone treatment does not increase muscle protein synthesis in experienced weight 
lifters. Journal of Applied Physiology 74:3073-3076 

132. Yarasheski KE, Zachwieja JJ, Campbell JA, Bier DM 1995 Effect of growth 
hormone and resistance exercise on muscle growth and strength in older men. Am J 
Physiol 268:E268-276 

133. Taaffe DR, Jin IH, Vu TH, Hoffman AR, Marcus R 1996 Lack of effect of 
recombinant human growth hormone (GH) on muscle morphology and GH-insulin-
like growth factor expression in resistance-trained elderly men. Journal of Clinical 
Endocrinology and Metabolism 81:421-425 

134. Taaffe DR, Pruitt L, Reim J, Hintz RL, Butterfield G, Hoffman AR, Marcus R 
1994 Effect of recombinant human growth hormone on the muscle strength response 
to resistance exercise in elderly men. J Clin Endocrinol Metab 79:1361-1366 

135. Baxter RC, Martin JL 1989 Binding proteins for the insulin-like growth factors: 
structure, regulation and function. Progress in growth factor research 1:49-68 

136. Cohick WS, Clemmons DR 1993 The insulin-like growth factors. Annual review of 
physiology 55:131-153 

137. Jones JI, Clemmons DR 1995 Insulin-like growth factors and their binding proteins: 
biological actions. Endocr Rev 16:3-34 

138. Mohan S 1993 Insulin-like growth factor binding proteins in bone cell regulation. 
Growth regulation 3:67-70 

139. Rechler MM 1993 Insulin-like growth factor binding proteins. Vitamins and 
hormones 47:1-114 

140. Rosenfeld RG, Lamson G, Pham H, Oh Y, Conover C, De Leon DD, Donovan 
SM, Ocrant I, Giudice L 1990 Insulinlike growth factor-binding proteins. Recent 
progress in hormone research 46:99-159; discussion 159-163 

141. Shimasaki S, Ling N 1991 Identification and molecular characterization of insulin-
like growth factor binding proteins (IGFBP-1, -2, -3, -4, -5 and -6). Progress in growth 
factor research 3:243-266 

142. Mohan S, Bautista CM, Wergedal J, Baylink DJ 1989 Isolation of an inhibitory 
insulin-like growth factor (IGF) binding protein from bone cell-conditioned medium: a 
potential local regulator of IGF action. Proceedings of the National Academy of 
Sciences of the United States of America 86:8338-8342 

143. Andress DL, Birnbaum RS 1992 Human osteoblast-derived insulin-like growth 
factor (IGF) binding protein-5 stimulates osteoblast mitogenesis and potentiates IGF 
action. J Biol Chem 267:22467-22472 

144. Mohan S, Nakao Y, Honda Y, Landale E, Leser U, Dony C, Lang K, Baylink DJ 
1995 Studies on the mechanisms by which insulin-like growth factor (IGF) binding 
protein-4 (IGFBP-4) and IGFBP-5 modulate IGF actions in bone cells. J Biol Chem 
270:20424-20431 

145. Camacho-Hubner C, Busby WH, Jr., McCusker RH, Wright G, Clemmons DR 
1992 Identification of the forms of insulin-like growth factor-binding proteins 
produced by human fibroblasts and the mechanisms that regulate their secretion. J Biol 
Chem 267:11949-11956 

146. Conover CA 1991 A unique receptor-independent mechanism by which insulinlike 
growth factor I regulates the availability of insulinlike growth factor binding proteins 
in normal and transformed human fibroblasts. J Clin Invest 88:1354-1361 

147. Hassager C, Fitzpatrick LA, Spencer EM, Riggs BL, Conover CA 1992 Basal and 
regulated secretion of insulin-like growth factor binding proteins in osteoblast-like 
cells is cell line specific. J Clin Endocrinol Metab 75:228-233 



 63

148. Martin JL, Baxter RC 1990 Production of an insulin-like growth factor (IGF)-
inducible IGF-binding protein by human skin fibroblasts. Endocrinology 127:781-788 

149. Mohan S, Strong DD, Lempert UG, Tremollieres F, Wergedal JE, Baylink DJ 
1992 Studies on regulation of insulin-like growth factor binding protein (IGFBP)-3 
and IGFBP-4 production in human bone cells. Acta Endocrinol (Copenh) 127:555-564 

150. Neely EK, Rosenfeld RG 1992 Insulin-like growth factors (IGFs) reduce IGF-binding 
protein-4 (IGFBP-4) concentration and stimulate IGFBP-3 independently of IGF 
receptors in human fibroblasts and epidermal cells. Endocrinology 130:985-993 

151. Thraikill KM, Clemmons DR, Busby WH, Jr., Handwerger S 1990 Differential 
regulation of insulin-like growth factor binding protein secretion from human decidual 
cells by IGF-I, insulin, and relaxin. J Clin Invest 86:878-883 

152. Ono T, Kanzaki S, Seino Y, Baylink DJ, Mohan S 1996 Growth hormone (GH) 
treatment of GH-deficient children increases serum levels of insulin-like growth 
factors (IGFs), IGF-binding protein-3 and -5, and bone alkaline phosphatase 
isoenzyme. J Clin Endocrinol Metab 81:2111-2116 

153. Thoren M, Hilding A, Brismar T, Magnusson P, Degerblad M, Larsson L, Saaf 
M, Baylink DJ, Mohan S 1998 Serum levels of insulin-like growth factor binding 
proteins (IGFBP)-4 and -5 correlate with bone mineral density in growth hormone 
(GH)-deficient adults and increase with GH replacement therapy. J Bone Miner Res 
13:891-899 

154. Svensson J, Ohlsson C, Jansson JO, Murphy G, Wyss D, Krupa D, Cerchio K, 
Polvino W, Gertz B, Baylink D, Mohan S, Bengtsson BA 1998 Treatment with the 
oral growth hormone secretagogue MK-677 increases markers of bone formation and 
bone resorption in obese young males. J Bone Miner Res 13:1158-1166 

155. Gudivaka R, Schoeller DA, Kushner RF, Bolt MJ 1999 Single- and multifrequency 
models for bioelectrical impedance analysis of body water compartments. Journal of 
Applied Physiology 87:1087-1096 

156. Falk KJ, Angelhed JE, Bjuro TI 1982 A program for processing of multiple-lead 
exercise ECGs in real time. Computer programs in biomedicine 14:133-144 

157. Falk KJ, Angelhed JE, Bjuro TI 1982 Real-time processing of multiple-lead 
exercise electrocardiograms. Medical progress through technology 8:159-174 

158. Merilainen PT 1989 Sensors for oxygen analysis: paramagnetic, electrochemical, 
polarographic, and zirconium oxide technologies. Biomedical instrumentation & 
technology / Association for the Advancement of Medical Instrumentation 23:462-466 

159. Merilainen PT 1990 A differential paramagnetic sensor for breath-by-breath 
oximetry. Journal of clinical monitoring 6:65-73 

160. Bengtsson J, Bake B, Johansson A, Bengtson JP 2001 End-tidal to arterial oxygen 
tension difference as an oxygenation index. Acta anaesthesiologica Scandinavica 
45:357-363 

161. Beaver WL, Wasserman K, Whipp BJ 1986 A new method for detecting anaerobic 
threshold by gas exchange. J Appl Physiol 60:2020-2027 

162. Honda Y, Landale EC, Strong DD, Baylink DJ, Mohan S 1996 Recombinant 
synthesis of insulin-like growth factor-binding protein-4 (IGFBP-4): Development, 
validation, and application of a radioimmunoassay for IGFBP-4 in human serum and 
other biological fluids. J Clin Endocrinol Metab 81:1389-1396 

163. Mohan S, Libanati C, Dony C, Lang K, Srinivasan N, Baylink DJ 1995 
Development, validation, and application of a radioimmunoassay for insulin-like 
growth factor binding protein-5 in human serum and other biological fluids. J Clin 
Endocrinol Metab 80:2638-2645 



 64 

164. Good PI 2000 Permutation tests: a practical guide to resampling methods for testing 
hypotheses. New York, USA: Springer Verlag 

165. St-Onge MP, Wang Z, Horlick M, Wang J, Heymsfield SB 2004 Dual-energy X-
ray absorptiometry lean soft tissue hydration: independent contributions of intra- and 
extracellular water. American Journal of Physiology- Endocrinology and  Metabolism 
287:E842-847 

166. Eriksson BO, Persson B, Thorell JI 1971 The effects of repeated prolonged exercise 
on plasma growth hormone, insulin, glucose, free fatty acids, glycerol, lactate and -
hydroxybutyric acid in 13-year old boys and in adults. Acta paediatrica Scandinavica 
217:142-146 

167. Sutton J, Lazarus L 1976 Growth hormone in exercise: comparison of physiological 
and pharmacological stimuli. J Appl Physiol 41:523-527 

168. Lassarre C, Girard F, Durand J, Raynaud J 1974 Kinetics of human growth 
hormone during submaximal exercise. J Appl Physiol 37:826-830 

169. Raynaud J, Capderou A, Martineaud JP, Bordachar J, Durand J 1983 
Intersubject viability in growth hormone time course during different types of work. J 
Appl Physiol 55:1682-1687 

170. Parkin JM 1986 Exercise as a test of growth hormone secretion. Acta Endocrinol 
Suppl (Copenh) 279:47-50 

171. Vanhelder WP, Goode RC, Radomski MW 1984 Effect of anaerobic and aerobic 
exercise of equal duration and work expenditure on plasma growth hormone levels. 
Eur J Appl Physiol Occup Physiol 52:255-257 

172. Wideman L, Weltman JY, Shah N, Story S, Veldhuis JD, Weltman A 1999 Effects 
of gender on exercise-induced growth hormone release. J Appl Physiol 87:1154-1162 

173. Kanaley JA, Boileau RA, Bahr JA, Misner JE, Nelson RA 1992 Substrate 
oxidation and GH responses to exercise are independent of menstrual phase and status. 
Med Sci Sports Exerc 24:873-880 

174. Bang P, Brandt J, Degerblad M, Enberg G, Kaijser L, Thoren M, Hall K 1990 
Exercise-induced changes in insulin-like growth factors and their low molecular 
weight binding protein in healthy subjects and patients with growth hormone 
deficiency. Eur J Clin Invest 20:285-292 

175. Cappon J, Brasel JA, Mohan S, Cooper DM 1994 Effect of brief exercise on 
circulating insulin-like growth factor I. J Appl Physiol 76:2490-2496 

176. Eliakim A, Raisz LG, Brasel JA, Cooper DM 1997 Evidence for increased bone 
formation following a brief endurance-type training intervention in adolescent males. J 
Bone Miner Res 12:1708-1713 

177. Lohman T, Going S, Pamenter R, Hall M, Boyden T, Houtkooper L, Ritenbaugh 
C, Bare L, Hill A, Aickin M 1995 Effects of resistance training on regional and total 
bone mineral density in premenopausal women: a randomized prospective study. J 
Bone Miner Res 10:1015-1024 

178. Menkes A, Mazel S, Redmond RA, Koffler K, Libanati CR, Gundberg CM, Zizic 
TM, Hagberg JM, Pratley RE, Hurley BF 1993 Strength training increases regional 
bone mineral density and bone remodeling in middle-aged and older men. J Appl 
Physiol 74:2478-2484 

179. Frick KK, Jiang L, Bushinsky DA 1997 Acute metabolic acidosis inhibits the 
induction of osteoblastic egr-1 and type 1 collagen. Am J Physiol 272:C1450-1456. 

180. Brahm H, Piehl-Aulin K, Ljunghall S 1997 Bone metabolism during exercise and 
recovery: the influence of plasma volume and physical fitness. Calcif Tissue Int 
61:192-198 



 65

181. Midtby M, Magnus JH, Joakimsen RM 2001 The Tromso Study: a population-
based study on the variation in bone formation markers with age, gender, 
anthropometry and season in both men and women. Osteoporos Int 12:835-843 

182. Watts NB 1999 Clinical utility of biochemical markers of bone remodeling. Clin 
Chem 45:1359-1368 

183. Bowles SA, Kurdy N, Davis AM, France MW, Marsh DR 1996 Serum osteocalcin, 
total and bone-specific alkaline phosphatase following isolated tibial shaft fracture. 
Ann Clin Biochem 33 ( Pt 3):196-200 

184. Kurdy NM, Bowles S, Marsh DR, Davies A, France M 1998 Serology of collagen 
types I and III in normal healing of tibial shaft fractures. J Orthop Trauma 12:122-126 

185. Nielsen HK, Brixen K, Bouillon R, Mosekilde L 1990 Changes in biochemical 
markers of osteoblastic activity during the menstrual cycle. J Clin Endocrinol Metab 
70:1431-1437 

186. Sartorio A, Jubeau M, Agosti F, Marazzi N, Rigamonti A, Muller EE, Maffiuletti 
NA 2006 A follow-up of GH-dependent biomarkers during a 6-month period of the 
sporting season of male and female athletes. J Endocrinol Invest 29:237-243 

187. Dall R, Longobardi S, Ehrnborg C, Keay N, Rosen T, Jorgensen JO, Cuneo RC, 
Boroujerdi MA, Cittadini A, Napoli R, Christiansen JS, Bengtsson BA, Sacca L, 
Baxter RC, Basset EE, Sonksen PH 2000 The effect of four weeks of 
supraphysiological growth hormone administration on the insulin-like growth factor 
axis in women and men. GH-2000 Study Group. J Clin Endocrinol Metab 85:4193-
4200 

188. Eden Engstrom B, Burman P, Johansson AG, Wide L, Karlsson FA 2000 Effects 
of short-term administration of growth hormone in healthy young men, women, and 
women taking oral contraceptives. J Intern Med 247:570-578 

189. Ghigo E, Aimaretti G, Maccario M, Fanciulli G, Arvat E, Minuto F, Giordano G, 
Delitala G, Camanni F 1999 Dose-response study of GH effects on circulating IGF-I 
and IGFBP-3 levels in healthy young men and women. Am J Physiol 276:E1009-1013 

190. Erfurth EM, Hagmar LE, Saaf M, Hall K 1996 Serum levels of insulin-like growth 
factor I and insulin-like growth factor-binding protein 1 correlate with serum free 
testosterone and sex hormone binding globulin levels in healthy young and middle-
aged men. Clin Endocrinol (Oxf) 44:659-664 

191. Zachmann M, Prader A 1970 Anabolic and androgenic affect of testosterone in 
sexually immature boys and its dependency on growth hormone. J Clin Endocrinol 
Metab 30:85-95 

192. Weissberger AJ, Ho KK, Lazarus L 1991 Contrasting effects of oral and 
transdermal routes of estrogen replacement therapy on 24-hour growth hormone (GH) 
secretion, insulin-like growth factor I, and GH-binding protein in postmenopausal 
women. J Clin Endocrinol Metab 72:374-381 

193. Ellis KJ 2000 Human body composition: in vivo methods. Physiological Reviews 
80:649-680 

194. Jebb SA 1997 Measurement of soft tissue composition by dual energy X-ray 
absorptiometry. The British Journal of Nutrition 77:151-163 

195. Ellis KJ, Wong WW 1998 Human hydrometry: comparison of multifrequency 
bioelectrical impedance with 2H2O and bromine dilution. Journal of Applied 
Physiology 85:1056-1062 

196. Hannan WJ, Cowen SJ, Plester CE, Fearon KC, deBeau A 1995 Comparison of 
bio-impedance spectroscopy and multi-frequency bio-impedance analysis for the 
assessment of extracellular and total body water in surgical patients. Clinical Science 
(London, England) 89:651-658 



 66 

197. Baarends EM, van Marken Lichtenbelt WD, Wouters EF, Schols AM 1998 Body-
water compartments measured by bio-electrical impedance spectroscopy in patients 
with chronic obstructive pulmonary disease. Clinical Nutrition 17:15-22 

198. Earthman CP, Matthie JR, Reid PM, Harper IT, Ravussin E, Howell WH 2000 A 
comparison of bioimpedance methods for detection of body cell mass change in HIV 
infection. Journal of Applied Physiology 88:944-956 

199. van Marken Lichtenbelt WD, Snel YE, Brummer RJ, Koppeschaar HP 1997 
Deuterium and bromide dilution, and bioimpedance spectrometry independently show 
that growth hormone-deficient adults have an enlarged extracellular water 
compartment related to intracellular water. Journal of Clinical Endocrinology and 
Metabolism 82:907-911 

200. Ikkos D, Luft R, Sjogren B 1954 Body water and sodium in patients with 
acromegaly. The Journal of Clinical Investigation 33:989-994 

201. Moller J, Jorgensen JO, Frandsen E, Laursen T, Christiansen JS 1995 Body 
fluids, circadian blood pressure and plasma renin during growth hormone 
administration: a placebo-controlled study with two growth hormone doses in healthy 
adults. Scandinavia Journal of Clinical and Laboratory Investigation 55:663-669 

202. Strauch G, Lego A, Therain F, Bricaire H 1977 Reversible plasma and red blood 
cells volumes increases in acromegaly. Acta Endocrinologica 85:465-478 

203. Moller J 2003 Effects of growth hormone on fluid homeostasis. Clinical and 
experimental aspects. Growth Hormone and  IGF Research 13:55-74 

204. Healy ML, Gibney J, Russell-Jones DL, Pentecost C, Croos P, Sonksen PH, 
Umpleby AM 2003 High dose growth hormone exerts an anabolic effect at rest and 
during exercise in endurance-trained athletes. J Clin Endocrinol Metab 88:5221-5226 

205. Moller N, Jorgensen JO, Alberti KG, Flyvbjerg A, Schmitz O 1990 Short-term 
effects of growth hormone on fuel oxidation and regional substrate metabolism in 
normal man. Journal of Clinical Endocrinology and Metabolism 70:1179-1186 

206. Moller N, Gjedsted J, Gormsen L, Fuglsang J, Djurhuus C 2003 Effects of growth 
hormone on lipid metabolism in humans. Growth Hormone and  IGF Research 13 
Suppl A:S18-21 

207. Kraemer WJ, Nindl BC, M.R. R 2002 Growth Hormone: Physiological Effects of 
Exogenous Administration. In: Yesalis CE, Bahrke MS eds. Performance-enhancing 
substances in sport and exercise. Champaign, IL: Human Kinetics; 65-78 

208. Gallaway S 1997 Alternatives to Anabolic Steroid Use. In: The Steroid Bible. Third 
ed. Honolulu, HI: Belle International; 85-88 

209. Saugy M, Robinson N, Saudan C, Baume N, Avois L, Mangin P 2006 Human 
growth hormone doping in sport. Br J Sports Med 40 Suppl 1:i35-39 

210. Moller N, Moller J, Jorgensen JO, Ovesen P, Schmitz O, Alberti KG, 
Christiansen JS 1993 Impact of 2 weeks high dose growth hormone treatment on 
basal and insulin stimulated substrate metabolism in humans. Clin Endocrinol (Oxf) 
39:577-581 

211. de Boer H, Blok GJ, Voerman B, de Vries P, Popp-Snijders C, van der Veen E 
1995 The optimal growth hormone replacement dose in adults, derived from 
bioimpedance analysis. J Clin Endocrinol Metab 80:2069-2076 

212. Bidlingmaier M, Wu Z, Strasburger CJ 2001 Doping with growth hormone. J 
Pediatr Endocrinol Metab 14:1077-1083 

213. Lange KH, Larsson B, Flyvbjerg A, Dall R, Bennekou M, Rasmussen MH, 
Orskov H, Kjaer M 2002 Acute growth hormone administration causes exaggerated 
increases in plasma lactate and glycerol during moderate to high intensity bicycling in 
trained young men. J Clin Endocrinol Metab 87:4966-4975 



 67

214. Irving BA, Patrie JT, Anderson SM, Watson-Winfield DD, Frick KI, Evans WS, 
Veldhuis JD, Weltman A 2004 The effects of time following acute growth hormone 
administration on metabolic and power output measures during acute exercise. J Clin 
Endocrinol Metab 89:4298-4305 

215. Pritzlaff-Roy CJ, Widemen L, Weltman JY, Abbott R, Gutgesell M, Hartman 
ML, Veldhuis JD, Weltman A 2002 Gender governs the relationship between 
exercise intensity and growth hormone release in young adults. J Appl Physiol 
92:2053-2060 

216. Weltman A, Weltman JY, Hartman ML, Abbott RD, Rogol AD, Evans WS, 
Veldhuis JD 1994 Relationship between age, percentage body fat, fitness, and 24-
hour growth hormone release in healthy young adults: effects of gender. J Clin 
Endocrinol Metab 78:543-548 

217. Haydar ZR, Blackman MR, Tobin JD, Wright JG, Fleg JL 2000 The relationship 
between aerobic exercise capacity and circulating IGF-1 levels in healthy men and 
women. Journal of the American Geriatrics Society 48:139-145 

218. Merola B, Longobardi S, Sofia M, Pivonello R, Micco A, Di Rella F, Esposito V, 
Colao A, Lombardi G 1996 Lung volumes and respiratory muscle strength in adult 
patients with childhood- or adult-onset growth hormone deficiency: effect of 12 
months' growth hormone replacement therapy. Eur J Endocrinol 135:553-558 

219. Nass R, Huber RM, Klauss V, Muller OA, Schopohl J, Strasburger CJ 1995 
Effect of growth hormone (hGH) replacement therapy on physical work capacity and 
cardiac and pulmonary function in patients with hGH deficiency acquired in 
adulthood. J Clin Endocrinol Metab 80:552-557 

220. Woodhouse LJ, Asa SL, Thomas SG, Ezzat S 1999 Measures of submaximal 
aerobic performance evaluate and predict functional response to growth hormone 
(GH) treatment in GH-deficient adults. J Clin Endocrinol Metab 84:4570-4577 

221. Thomas SG, Esposito JG, Ezzat S 2003 Exercise training benefits growth hormone 
(GH)-deficient adults in the absence or presence of GH treatment. J Clin Endocrinol 
Metab 88:5734-5738 

222. Werlang Coelho C, Rebello Velloso C, Resende de Lima Oliveira Brasil R, 
Vaisman M, Gil Soares de Araujo C 2002 Muscle power increases after resistance 
training in growth-hormone-deficient adults. Med Sci Sports Exerc 34:1577-1581 

223. Jorgensen JO, Moller J, Alberti KG, Schmitz O, Christiansen JS, Orskov H, 
Moller N 1993 Marked effects of sustained low growth hormone (GH) levels on day-
to-day fuel metabolism: studies in GH-deficient patients and healthy untreated 
subjects. J Clin Endocrinol Metab 77:1589-1596 

224. Christ ER, Cummings MH, Westwood NB, Sawyer BM, Pearson TC, Sonksen 
PH, Russell-Jones DL 1997 The importance of growth hormone in the regulation of 
erythropoiesis, red cell mass, and plasma volume in adults with growth hormone 
deficiency. J Clin Endocrinol Metab 82:2985-2990 

225. Karila TA, Karjalainen JE, Mantysaari MJ, Viitasalo MT, Seppala TA 2003 
Anabolic androgenic steroids produce dose-dependant increase in left ventricular mass 
in power atheletes, and this effect is potentiated by concomitant use of growth 
hormone. International journal of sports medicine 24:337-343 

226. Moor JW, Khan MI 2005 Growth hormone abuse and bodybuilding as aetiological 
factors in the development of bilateral internal laryngocoeles. A case report. Eur Arch 
Otorhinolaryngol 262:570-572 

227. Van Doorn J, Cornelissen AJ, Van Buul-Offers SC 2001 Plasma levels of insulin-
like growth factor binding protein-4 (IGFBP-4) under normal and pathological 
conditions. Clin Endocrinol (Oxf) 54:655-664 



 68 

228. Fernholm R, Bramnert M, Hagg E, Hilding A, Baylink DJ, Mohan S, Thoren M 
2000 Growth hormone replacement therapy improves body composition and increases 
bone metabolism in elderly patients with pituitary disease. J Clin Endocrinol Metab 
85:4104-4112 

229. Munzer T, Rosen CJ, Harman SM, Pabst KM, St Clair C, Sorkin JD, Blackman 
MR 2006 Effects of GH and/or sex steroids on circulating IGF-I and IGFBPs in 
healthy, aged women and men. Am J Physiol Endocrinol Metab 290:E1006-1013 

230. Govoni KE, Baylink DJ, Mohan S 2005 The multi-functional role of insulin-like 
growth factor binding proteins in bone. Pediatr Nephrol 20:261-268 

231. Mazerbourg S, Callebaut I, Zapf J, Mohan S, Overgaard M, Monget P 2004 Up 
date on IGFBP-4: regulation of IGFBP-4 levels and functions, in vitro and in vivo. 
Growth Horm IGF Res 14:71-84 

232. Mohan S, Baylink DJ 2002 IGF-binding proteins are multifunctional and act via 
IGF-dependent and -independent mechanisms. J Endocrinol 175:19-31 

233. Schneider MR, Wolf E, Hoeflich A, Lahm H 2002 IGF-binding protein-5: flexible 
player in the IGF system and effector on its own. J Endocrinol 172:423-440 

234. Zhou R, Diehl D, Hoeflich A, Lahm H, Wolf E 2003 IGF-binding protein-4: 
biochemical characteristics and functional consequences. J Endocrinol 178:177-193 

235. Gosteli-Peter MA, Winterhalter KH, Schmid C, Froesch ER, Zapf J 1994 
Expression and regulation of insulin-like growth factor-I (IGF-I) and IGF-binding 
protein messenger ribonucleic acid levels in tissues of hypophysectomized rats infused 
with IGF-I and growth hormone. Endocrinology 135:2558-2567 

236. McCarthy TL, Casinghino S, Centrella M, Canalis E 1994 Complex pattern of 
insulin-like growth factor binding protein expression in primary rat osteoblast 
enriched cultures: regulation by prostaglandin E2, growth hormone, and the insulin-
like growth factors. J Cell Physiol 160:163-175 

237. Cowart VS 1988 Human growth hormone: the latest ergogenic aid? The Physician 
and Sports Medicine 16:175-185 

238. Frisch H 1999 Growth hormone and body composition in athletes. J Endocrinol 
Invest 22:106-109 

239. 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 

240. Weber MM 2002 Effects of growth hormone on skeletal muscle. Horm Res 58 Suppl 
3:43-48 

241. Lange KH, Isaksson F, Rasmussen MH, Juul A, Bulow J, Kjaer M 2001 GH 
administration and discontinuation in healthy elderly men: effects on body 
composition, GH-related serum markers, resting heart rate and resting oxygen uptake. 
Clin Endocrinol (Oxf) 55:77-86 

242. Cittadini A, Berggren A, Longobardi S, Ehrnborg C, Napoli R, Rosen T, Fazio S, 
Caidahl K, Bengtsson BA, Sacca L 2002 Supraphysiological doses of GH induce 
rapid changes in cardiac morphology and function. J Clin Endocrinol Metab 87:1654-
1659 

243. Colao A, Ferone D, Marzullo P, Lombardi G 2004 Systemic complications of 
acromegaly: epidemiology, pathogenesis, and management. Endocr Rev 25:102-152 

244. Deyssig R, Frisch H 1993 Self-administration of cadaveric growth hormone in power 
athletes. Lancet 341:768-769 

245. Doessing S, Kjaer M 2005 Growth hormone and connective tissue in exercise. 
Scandinavian journal of medicine & science in sports 15:202-210 

246. Rosen T 2006 Supraphysiological Doses of Growth Hormone: Effects on Muscles and 
Collagen in Healthy Active Young Adults. Horm Res 66(suppl 1):98-104 



 69

247. Colao A, Marzullo P, Vallone G, Marino V, Annecchino M, Ferone D, De Brasi 
D, Scarpa R, Oriente P, Lombardi G 1998 Reversibility of joint thickening in 
acromegalic patients: an ultrasonography study. J Clin Endocrinol Metab 83:2121-
2125 

248. Colao A, Marzullo P, Vallone G, Giaccio A, Ferone D, Rossi E, Scarpa R, 
Smaltino F, Lombardi G 1999 Ultrasonographic evidence of joint thickening 
reversibility in acromegalic patients treated with lanreotide for 12 months. Clin 
Endocrinol (Oxf) 51:611-618 

249. Colao A, Di Somma C, Pivonello R, Loche S, Aimaretti G, Cerbone G, Faggiano 
A, Corneli G, Ghigo E, Lombardi G 1999 Bone loss is correlated to the severity of 
growth hormone deficiency in adult patients with hypopituitarism. J Clin Endocrinol 
Metab 84:1919-1924 

250. Baroncelli GI, Bertelloni S, Ceccarelli C, Cupelli D, Saggese G 2000 Dynamics of 
bone turnover in children with GH deficiency treated with GH until final height. Eur J 
Endocrinol 142:549-556 

251. Lange M, Thulesen J, Feldt-Rasmussen U, Skakkebaek NE, Vahl N, Jorgensen 
JO, Christiansen JS, Poulsen SS, Sneppen SB, Juul A 2001 Skin morphological 
changes in growth hormone deficiency and acromegaly. Eur J Endocrinol 145:147-153 

252. Scarpa R, De Brasi D, Pivonello R, Marzullo P, Manguso F, Sodano A, Oriente P, 
Lombardi G, Colao A 2004 Acromegalic axial arthropathy: a clinical case-control 
study. J Clin Endocrinol Metab 89:598-603 

253. Longobardi S, Keay N, Ehrnborg C, Cittadini A, Rosen T, Dall R, Boroujerdi 
MA, Bassett EE, Healy ML, Pentecost C, Wallace JD, Powrie J, Jorgensen JO, 
Sacca L 2000 Growth hormone (GH) effects on bone and collagen turnover in healthy 
adults and its potential as a marker of GH abuse in sports: a double blind, placebo-
controlled study. The GH-2000 Study Group. J Clin Endocrinol Metab 85:1505-1512 

254. Kurtz CA, Loebig TG, Anderson DD, DeMeo PJ, Campbell PG 1999 Insulin-like 
growth factor I accelerates functional recovery from Achilles tendon injury in a rat 
model. The American journal of sports medicine 27:363-369 

255. Verducci T, Yeager D, Dohrmann G, Llosa LF, Munson L 2002 Totally Juiced. 
Sports Illustrated 96:34-37 

256. Meinhardt U, Hansen JL, Walker IH, Birzniece V, Graham KS, Nelson AE, Ho 
KK 2007 Does Growth Hormone and Testosterone Supplementation Improve Physical 
Performance? A Double-Blind Placebo-Controlled Study in Recreational Athletes. 
Abstract, ENDO 2007: Endocrine-Society; [P1-533] 

257. Rigamonti AE, Cella SG, Marazzi N, Di Luigi L, Sartorio A, Muller EE 2005 
Growth hormone abuse: methods of detection. Trends Endocrinol Metab 16:160-166 

258. Boguszewski CL, Hynsjo L, Johannsson G, Bengtsson BA, Carlsson LM 1996 22-
kD growth hormone exclusion assay: a new approach to measurement of non-22-kD 
growth hormone isoforms in human blood. Eur J Endocrinol 135:573-582 

259. Giannoulis MG, Boroujerdi MA, Powrie J, Dall R, Napoli R, Ehrnborg C, 
Pentecost C, Cittadini A, Jorgensen JO, Sonksen PH 2005 Gender differences in 
growth hormone response to exercise before and after rhGH administration and the 
effect of rhGH on the hormone profile of fit normal adults. Clin Endocrinol (Oxf) 
62:315-322 

260. Healy ML, Dall R, Gibney J, Bassett E, Ehrnborg C, Pentecost C, Rosen T, 
Cittadini A, Baxter RC, Sonksen PH 2005 Toward the development of a test for 
growth hormone (GH) abuse: a study of extreme physiological ranges of GH-
dependent markers in 813 elite athletes in the postcompetition setting. J Clin 
Endocrinol Metab 90:641-649 



 70 

261. Powrie JK, Bassett EE, Rosen T, Jorgensen JO, Napoli R, Sacca L, Christiansen 
JS, Bengtsson BA, Sonksen PH 2007 Detection of growth hormone abuse in sport. 
Growth Horm IGF Res 17:220-226 

262. Erotokritou-Mulligan I, Bassett EE, Kniess A, Sonksen PH, Holt RI 2007 
Validation of the growth hormone (GH)-dependent marker method of detecting GH 
abuse in sport through the use of independent data sets. Growth Horm IGF Res Jun 19; 
[Epub ahead of print] 

 
 


