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ABSTRACT
GH plays a role in both anabolism and catabolism. The anabolic properties of GH are
mediated by circulating (endocrine) and locally secreted (paracrine) IGF-1. It is thus the
IGF-1 response after increased GH secretion that determines whether metabolism will be
anabolic or catabolic. IGF-1 synthesis is particular dependent on an adequate energy and
protein supply and is stimulated by both GH and insulin. Rapidly decreasing circulating
IGF-1 is seen during starvation. Physical stress, such as surgery, infections and critical
illness, all of which are associated with catabolism, is also associated with low circulating
levels of IGF-1 and increased GH secretion. Furthermore, the metabolic activity of IGF-1
at the cellular level is influenced by circulating and tissue specific binding proteins,
IGFBPs, of which six have so far been identified. The short-lived IGFBP-1 is considered
to be the most important binding protein for control of the amount of free IGF-1
available for signalling.
The overall aim of this thesis was to investigate whether different treatment procedures
during surgery and critical illness could affect the somatotropic axis in a more anabolic
direction and/or lead to a change in glucose homeostasis after surgery. To attain this goal,
we performed three randomised clinical studies in which we investigated: whether various
modes of anaesthesia influenced the physiology of the GH-IGF-1 axis (paper I); whether
peroperative GIK-infusion influenced the pattern of GH, IGF-1, IGFBP-1, insulin and
glucose during and after elective coronary artery by-pass surgery (paper II); whether
peroperative infusion of amino acids influenced the pattern of IGF-1, IGFBP-1 and
glucose homeostasis after elective hysterectomy and whether starting this infusion ahead
of anaesthesia made a difference (paper III). In the fourth paper of this thesis, we
examined whether an augmented GH dose in two critically ill moribund catabolic patients
with dilated cardiomyopathy could improve cardiac function via IGF-1 and an improved
nitrogen balance (paper IV).
The studies (I, II, III) demonstrate that the reduction in IGF-1 found during major surgery
is a general phenomenon seen during orthopaedic, abdominal and cardiac surgery and that
it is not influenced by the type of anaesthesia used. One important general observation was
that variations between individuals in a surgical population were greater than the variations
within individuals caused by surgery and the interventions themselves. This is a novel
observation and should be considered in future studies. In paper I the rapid decrease in
IGF-1 during hip replacement surgery correlated to the increase in blood glucose and
insulin during surgery. In addition, regional anaesthesia accelerated the recovery of IGF-1
after surgery and abolished hepatic insulin resistance, as reflected by depressed IGFBP-1
levels, during the night following surgery. GIK-infusion during elective coronary artery
bypass surgery substantially diminished the prompt release of IGFBP-1 after
extracorporeal circulation and accelerated the recovery of IGF-1 after surgery. The glucose
homeostasis of patients subjected to cardiac surgery was more severely disrupted both
before and after surgery compared to that of the other patients undergoing surgery. An
amino acids infusion during abdominal surgery attenuated the decline in IGF-1 and
diminished “diabetes of injury” after surgery. Starting the amino acid infusion one hour
before anaesthesia appeared to be favourable with regard to glucose homeostasis, but had
a slightly inferior effect in terms of diminishing the decrease in IGF-1. Finally, an
augmented GH dose in two critically ill catabolic patients with dilated cardiomyopathy
improved cardiac function. This improvement in cardiac function was vital and
corresponded to both an increase in IGF-1 and an improved nitrogen balance.
Altogether, the above novel findings illustrate that it is possible to improve the
somatotropic axis and glucose homeostasis after surgery by means of different
interventions during surgery. These findings also challenge the old paradigm that it is not
worthwhile to give nutrition during surgery.
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INTRODUCTION
THE METABOLIC AND ENDOCRINE RESPONSE
FOLLOWING PHYSICAL INJURY
Physical injury, surgical stress and critical illness lead to endocrine, metabolic and
immunological reactions that cause a catabolic condition designed to promote healing and
eliminate infections. These reactions are characterised by altered protein and glucose
homeostasis, lipolysis, general hypermetabolism and water retention. The initiating and
regulating mechanisms for these reactions have not been fully clarified, although afferent
neurogenic stimuli play a role (1). The fact that surgical stress and critical illness are
associated with an increase in insulin’s counter-regulatory hormones – glucagon, cortisol
and catecholamines – has however been thoroughly documented (2). Moreover, it is also
established that growth hormone (GH), aldosterone and vasopressin become elevated (1).
These changes in the metabolic and endocrine pattern are primarily beneficial, otherwise
they would not have been selected by evolution. However, if these endocrine, metabolic
and immunological patterns endure, they may be harmful. Protracted catabolism is a risk
factor and can be deleterious, especially for elderly patients, who are often malnourished
when they come to surgery (3).
An extensive amount of research has been devoted to the question of how to modulate
the increase in catabolic hormones (4-13). Both modern inhalation anaesthesia and
regional anaesthesia can abolish the increase in catecholamines (5,13), glucagon (10) and
cortisol (4,10) during surgery. In addition, postoperative epidural analgesia diminishes
catabolic hormone elevation after surgery (5).
So far, there has been surprisingly little scientific interest among anaesthetists when it
comes to the impact of anaesthesia and surgery on the anabolic hormones. There are very
few papers that cover the somatotropic axis, in this thesis defined as the growth
hormone/Insulin-like growth factor 1/Insulin-like growth factor binding protein 1 axis
(the GH/IGF-1/IGFBP-1 axis). When the GH/IGF-1/IGFBP-1 axis shall be studied it is
recommended to take repeated blood samples, due to the pulsatile secretion pattern of
GH and the short half-life of the peptides included in the axis. However, most published
papers are based on single daily blood samples (14-18). Only a small number include two
or three daily measurements (10,19,20). There are no studies using multiple daily
measurements of the components belonging to the somatotropic axis during the days
around surgery. Furthermore, there are no reports that compare the impact of different
anaesthetic regimes and there is only one report focusing on the effect of anaesthesia per
se (21). In this paper, it was found that general anaesthesia per se affected the
somatotropic axis in young sheep. The authors found a decrease in IGF-1 and an increase
in IGFBP-1 during Halothane anaesthesia. Halothane is, however, no longer used in
clinical practice in Europe due to its toxicity and no other studies exist of how modern
anaesthetic agents affect IGF-1 and IGFBP-1.
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CHARACTERISTICS OF THE NORMAL GH/ IGF-1/ IGFBP-1
AXIS
GH
GH is a peptide with a molecular weight of 21.5 kDa. The protein structure is similar to
that of prolactin and is also related to that of the cytokines. It is secreted in a pulsatile
manner from the pituitary gland, mainly at night during non-REM sleep (slow wave EEG)
(22). Synthesis is stimulated by the hypothalamus via growth hormone releasing hormone
(GHRH) and is regulated by a complex neuroendocrine control system. Somatostatin and
dopamine agonists are factors that inhibit synthesis. GH has a short half-life (≈15 min)
and a pulsatile secretion pattern with high peaks at certain times, with a gender differences.
Females have a larger number of pulses than men, although they also have lower peak
values. Circulating GH is partly bound to a binding protein (GHBP), which is derived
from degradation of the GH receptor (23). GH supplies the organism with substrate by
causing lipolysis and gluconeogenesis. It also has the ability to antagonise insulin, while its
anabolic and growth promoting action is mediated by circulating or locally produced IGF1 (24-26). Furthermore, IGF-1 is a major inhibitor of GH secretion via a negative feedback
control system. Thus, GH plays a role in both anabolism and catabolism. The actual IGF-1
response after an increased GH activity determines if the metabolism will be anabolic or
catabolic.
IGF-1
IGF-1 is a peptide with a molecular weight of 7.5 kDa. IGF-1 is closely phylogenetically
related to proinsulin with which it shows structural homology (27). Furthermore, the IGF1 receptor is structurally related to the insulin receptor, each having two α and two β
subunits (28,29). Both IGF-1 and insulin decrease blood glucose. Despite these similarities,
however, the receptors show different affinities for their respective ligands . Insulin for
example has only one per mille the binding strength of IGF-1 to the IGF-1 receptor in
cardiomyocytes (30). Another important difference is that, in contrast to insulin, there are
no IGF-1 receptors in adipose tissue (31).
IGF-1 synthesis is dependent on an adequate energy and protein supply. Under normal
conditions, it is stimulated by GH and insulin (32-35). IGF-1 is important for the
proliferation and differentiation of most cell types. For this reason, IGF-1 is essential to
normal mammalian growth and development (36). Knockout mice without the IGF-1 or
IGF-1 receptor gene will generally not survive and if they do, it will be with severe
malformations (37). IGF-1-like molecules have been identified in species that lived more
than 550 million years ago (36). IGF-1 is strongly correlated to growth, and peak levels are
seen during puberty when adolescents hit the “growth spurt”. After puberty, an agedependent decline is seen (38). Population studies have shown that there is considerable
variability in IGF-1 at certain ages. A study of middle-aged twins showed that more than
60% of the variation in IGF-1 was due to hereditary factors (39,40). Decreased physical
activity among middle-aged and elderly people is at least partially responsible for the agerelated decline in IGF-1 levels (41). In a questionnaire study of a large healthy population,
higher levels of IGF-1 corresponded to better quality of life and psychological well-being
(38). Furthermore, reduced levels of IGF-1 are linked with sarcopenia and cognitive
attenuation (42,43). Higher IGF-1 also correlates with better physical health (38), while in
2

the age group above 80 years. three-year survival shows a positive association with total
IGF-1 (44).
Circulating IGF-1 is mainly produced in the liver (45) but IGF-1 is also produced in most
other tissues, such as muscle, and acts as a paracrine and autocrine growth factor (46). This
local production is also dependent on GH, insulin and nutrition (34,47).
As mentioned above, IGF-1 has a potent effect on blood glucose, lowering it in a similar
manner to insulin (43,48-52). The relation between IGF-1, insulin and glucose is further
evaluated below.
IGFBPs
More than 99 % of circulating IGF-1 is bound to Insulin-like growth factor binding
proteins (IGFBPs), of which six are known today (34,53,54). The binding proteins
influence the activity of IGF-1 at the cellular level. The absolute majority, about 80-90% of
circulating IGF-1, is bound to a ternary protein complex consisting of IGF-1, IGFBP-3
and Acid Labile Subunit (ALS) with a long half-life (≈15 h) (55,56). IGFBP-3 is the most
common IGFBP in serum and has a high affinity for IGF-1. IGFBP-3 is regulated by
nutritional status and GH in the same manner as IGF-1.
The ternary complex, which has a molecular weight of 150 kDa, stabilises the
concentration of IGF-1 in plasma and regulates the efflux of free IGF-1 from the vascular
space (57).
The smaller IGFBPs (IGFBP-1, -2, -4, -6) form binary complexes with IGF-1 and carry
about 10-20 % of total IGF-1 (34). They do not bind to ALS.
Clinically speaking, the most important small IGFBP today is IGFBP-1, which is mainly
synthesised in the liver and has a molecular weight of 25 kDa (58). Besides total IGF-1,
IGFBP-1 is the most important factor for the bioavailabilty of free IGF-1 (53,59). IGFBP1 has also been shown to modulate the hypoglycemic activity of unbound IGF-1 in the
circulation (60).This is an important mechanism since only the free fraction, which is less
than 1% of total IGF-1, is thought to be active at the receptor (53). Free IGF-1 and insulin
have a half-life of minutes (56,61,62), while IGFBP-1 has a little longer half-life of about
15 minutes (63).
IGFBP-1 is not regulated by GH. It displays diurnal variations, reaching its highest levels
at dawn. IGFBP-1 has an inverse correlation with insulin and it has been elegantly shown
that insulin directly inhibits the production of IGFBP-1 at the transcription level (58). Its
synthesis is stimulated by glucagon, epinephrine, norepinephrine and cytokines (64-66).

THE ABNORMAL GH/ IGF-1/ IGFBP-1 AXIS
Diseases that cause abnormal GH secretion can produce both dramatic and more modest
symptoms. During childhood, GH deficiency (GHD), or GH unresponsiveness, halts
growth and if untreated make the child a dwarf. In adults, specific GHD symptoms are
often missed and the deficiency is often found when patients are under investigation for
hypopituitarism. It is often other hormonal symptoms that dominate the clinical picture.
GHD in adults is however associated with an increased cardiovascular morbidity and
mortality (67-71). Patients with untreated GHD have an impaired ejection fraction (EF)
and left ventricular mass. Substitution treatment with GH restores the morphology,
improves EF and diminishes the cardiovascular morbidity.
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On the other hand, an excessive GH secretion is also negative. An increased secretion of
GH during childhood may, if untreated, lead to gigantism, while causing acromegaly in
adults. Acromegaly is also associated with increased cardiovascular morbidity and
mortality(72). These patients have cardiac hypertrophy, with an impaired diastolic function.
In addition, they may develop ventricular arrhythmias which can be fatal. Since GH is
gluconeogenetic these patients often have hyperglycaemia together with a compensatory
hyperinsulinaemia, which further increases their cardiovascular morbidity(72). Both GHD
and acromegaly will, if untreated, shorten the patient’s length of life.

NUTRITION AND THE GH/ IGF-1/ IGFBP-1 AXIS
IGF-1 synthesis is stimulated by GH and insulin. However, this is only true if the subject is
receiving food. Nutrition is a major principal regulator of circulating IGF-1. Both adequate
energy and protein intake are necessary for a normal IGF-1 response to GH pulses. Under
starvation it doesn’t make sense to be anabolic and the main function of GH is then to
induce lipolysis, thereby supplying the subject with substrate. In healthy fasting volunteers,
IGF-1 will begin to decline within 24 hours. After ten days of fasting, total IGF-1 will have
declined by more than 70%, while GH secretion increases (73). This uncoupling between
GH and IGF-1 is sometimes referred to as growth hormone resistance, although in
starvation conditions, it is a logical physiological adaptation. During re-feeding, energy
intake appears to be somewhat more important than protein intake. A diet with a high
content of protein is unable to increase IGF-1 if the energy content is below a threshold of
11 kcal/kg/day (74). A low-protein diet, however, can raise total IGF-1 after fasting.
Animal studies have shown that there are different mechanisms that block IGF-1 synthesis
in case of energy and protein shortages (34,75). If there is a shortage of energy, the number
of GH receptors decreases, while lack of protein causes a post-receptor resistance to GH
(34). Both mechanisms decrease hepatic IGF-1 production by attenuating IGF-1 gene
expression (76) Isley et al. were among the first to show the close correlation between total
IGF-1 and nitrogen balance (77). Volunteers fasted for five days and were then re-fed on
three separate occasions using three different diets. A close correlation was found between
total IGF-1 and nitrogen balance (r=0.90). A similar study performed shortly afterwards
once again found a close correlation between total IGF-1 and nitrogen balance (74). The
optimal IGF-1 response in this re-feeding study was seen when volunteers were given 0.18
mg N/kg/day and 25 kcal/kg/day. The coupling between total IGF-1 and nitrogen
balance has been also confirmed by others (78-80).
IGFBP-3, the most common IGFBP in serum, has a similar reduction as IGF-1 to
prolonged fasting but is less sensitive to short-term nutritional alterations (34,78).
In contrast, IGFBP-1 decreases rapidly after meals. This effect is mainly indirect and has
been shown to be related to the food-mediated increase in insulin (58). However, an
infusion of amino acids given to rats decreased IGFBP-1 while leaving insulin levels
unchanged (81). A decrease in IGFBP-1 with unchanged insulin levels is known to reflect
improved hepatic insulin sensitivity (82,83). It has been suggested that the purpose of this
dynamic pattern is to increase IGF-1 bioactivity in tissue when IGFBP-1 decreases after
meals. This enhances the influx of substrates into muscle cells (53,60,84).

4

Figure 1, A schematic drawing of the GH/IGF-1/IGFBP-1 axis
with its links to nutrition, exercise, sleep and physical stress

Figure 1, A schematic drawing of the GH/IGF-1/IGFBP-1 axis with its links to
nutrition, exercise, sleep and physical stress. → indicates a positive (stimulating)
effect and ┤ indicates a blocking (negative) effect. The drawing is a
simplification, for example omitting all binding proteins except IGFBP-1,
aiming at the central parts of this thesis and simplifying the understanding of the
somatotropic axis.
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PHYSICAL EXERCISE AND THE GH/ IGF-1/ IGFBP-1 AXIS
Every athlete knows that you cannot increase your strength without exercise and practice.
It is well documented that somatotropic axis correlates to physical activity and fitness
(41,85-87). Besides sleep, physical activity is the most powerful non-pharmacological
stimulus for GH secretion (85). 24-hour integrated serum GH-concentrations correlate to
fitness and percentage body fat (87). Different types of exercise have somewhat different
impacts on the somatotropic axis, and the exact mechanism that triggers GH secretion
remains unclear. Resistance training is thought to be a more powerful trigger than
endurance training (85). Endurance trained people can sometimes be malnourished. In
spite of this, however, middle-aged men exposed to endurance training have higher basal
levels of GH, IGF-1, IGFBP-1 and IGFBP-3 than matched untrained controls (86). Some
of the unwanted side effects of ageing could perhaps be reduced by exercise program
aiming an optimal GH response. Twenty-six elderly men and women (aged 72-98) were,
for example, divided into four groups and studied using muscle biopsies and strength
measurements before and after a 10-week weight-lifting exercise programme with or
without complementary nutritional support. The members of the exercise and nutritional
support group increased their strength by more than 250% compared to the control
groups (no intervention group, extra nutrition group) (88). In patients with chronic heart
failure, exercise training is also associated with beneficial changes in IGF-1 expression in
muscle biopsies (89).
Total muscular inactivity without association with critical illnesses (e.g. during space
flights) leads to pronounced muscle atrophy (90). Neither exercise, GH nor IGF-1 alone
can prevent this muscle atrophy. However, if either GH or IGF-1 is combined with boosts
of exercise, the inactivity-induced muscle atrophy can be attenuated (91).

THE IMPACT OF TRAUMA ON THE GH/ IGF-1/ IGFBP-1 AXIS
It was demonstrated some 15 years ago that critical illness is associated with low circulating
levels of IGF-1, high basal GH activity and proteolysis of IGFBP-3 (92-94). At around the
same time, it was also reported that major surgical interventions could cause proteolysis of
IGFBP-3 (19,95-97). If this endocrine response is part of the body’s catabolic adaptation
or a mechanism counteracting the same is still unclear. The response is seen soon after
surgery, and the amount of free IGF-1 in plasma is unchanged indicating that it is probably
part of the catabolic adaptation(18). Another observation supporting this interpretation is
the fact that IGFBP-1, which is thought to diminish the bioactivity of IGF-1 in tissue,
increases at an early stage during critical illness (98). Supplying the vital organs with
substrate appears to be the prioritised. This, of course, makes sense in a primitive
environment without access to medical support.
The lack of responsiveness of IGF-1 to increased basal secretion of GH in the acute phase
of trauma is a concept known as “acquired GH resistance”. It is reflected as reduced GH
receptor expression (99) followed by deceased IGF-1 gene expression in both liver (100)
and muscle (101). This condition is accompanied by concomitant low concentrations of
IGFBP-3 and ALS, the two dominant GH-regulated binding proteins in plasma. These
pronounced dynamic changes in the somatotropic axis occur uniformly during all forms of
severe illness, regardless of etiology. Trauma and burn injuries, bacterial and viral
infections, endotoxins, cytokines such as TNFα, IL-1 and IL-6, as well as glucocorticoids
6

can all cause this condition, characterised by low IGF-1 levels despite elevated GH activity
(102). One problem is that acute illness is generally accompanied by at least some degree
of early malnutrition. This makes it difficult to determine the extent to which the changes
in the somatotropic axis are the result of trauma or of concurrent partial starvation (103).
When recovery does not occur within hours to days, critical illness becomes prolonged.
During such protracted critical illness, the non-pulsatile fraction of the increased GH
activity successively declines. Pulse frequency is still slightly elevated, but the peak values
decrease (104). During this phase, IGF-1 is often further depressed and it is now that
substantial losses of lean tissue occur (105). The concentration of short-acting IGFBP-1
may still vary considerably but correlates to lean tissue wasting (105,106). Persistent high
IGFBP-1 levels during the chronic phase of critical illness in patients receiving adequate
nutrition are associated with increased risk of fatal outcome (106).
If GH is administered in very high doses (5-20 times the replacement dose for GH
deficiency, or 0.07 – 0.13 mg/kg/day, with a mean of 0.1 mg/kg/day), however, it is
possible to overcome GH resistance despite malnutrition (101,107-110) and to improve
the nitrogen balance. This contrasts with augmented nutritional support in ICU patients
which by it self barely can create a positive nitrogen balance (111,112).
With the support of some 20 smaller studies in which high GH doses had been used and
disregarding the risks entailed by such high GH doses, as well as the dynamics of GH
resistance, two large European multicentre studies were performed in the late 1990s. The
outcome of these studies was disastrous, with doubled mortality in the treatment groups
(113). The exact mechanisms behind this increased mortality have, however, never been
clarified.
Interestingly and somewhat amazingly, is that, a GH dose of >0.1 mg/kg/day is still
considered safe and has been approved by the FDA for the treatment of AIDS-associated
wasting (114). Thus, therapeutic interventions using powerful drugs require an
understanding of the underlying pathological processes taking place to diminishing risks.
Accurate dose response studies should always be performed even if there is some
documentation that using abnormal doses might be harmless.

THE GH/ IGF-1/ IGFBP-1 AXIS AND THE HEART
The importance of the somatotropc GH-IGF-1 axis for the heart has been demonstrated
over the past decade. As mentioned above, GH treatment of patients with growth
hormone deficiency leads to improved heart morphology and function (70). Russel-Jones
et al. compared the cardiovascular effects of IGF-1 and insulin in healthy humans and
found that IGF-1 increased cardiac output (CO) by 37% and stroke volume (SV) by 21%,
while insulin in high doses (0.5 IU/kg/min) did not improve any of the cardiovascular
parameters (115). Svensson et al. studied only the inotropic effect of insulin (116). A single
injection of a high “GIK-dose” of insulin (1.5 U/kg) was insufficient to produce a
cardiotropic effect, but following a huge dose of insulin (7.5 IU/kg = 450 to 600 U), a
20% increase in cardiac output was achieved. Thus, only a strikingly high
supraphysiological dose of insulin was able to stimulate the myocardium. Since insulin has
about one per mille the binding capacity of IGF-1 to the IGF-1 cardiomyocyte receptor
(30), the only reasonable explanation of the cardiotropic effect of megadoses of insulin is a
cross-reaction at the IGF-1 receptor.
7

Another interesting study was performed by Svedjeholm & al. (31), who compared the
effect of dopamine and a combination of dopamine and similarly high doses of insulin (7
IU/kg) on cardiac performance, substrate utilisation and myocardial oxygen expenditure
(117). In the group receiving the supplemental high dose of insulin, the study found an
increased cardiac output (21%) and mechanical cardiac power (pressure x cardiac output,
19%), along with an unchanged myocardial oxygen consumption despite increased cardiac
output. The study also found a shift in substrate utilisation towards more favourable
carbohydrate utilisation. This effect is most probably mediated by the IGF-1 receptor.
The cardiovascular effect of IGF-1, 60 μg/kg s.c., during rest and exercise in healthy males
was evaluated by Donath et al. in a randomised double-blinded study (50). The IGF-1
injection doubled total serum IGF-1 and increased SV by14% and CO by 18%. They later
also demonstrated a positive inotropic effect when 60 μg/kg of IGF-1 was infused i.v.
over four hours in patients with chronic heart failure (118).
In cell studies, it has been shown that IGF-1 augmented myocardial contractility is caused
by sensitisation of the myofilaments to calcium ions (119). IGF-1 is also a growth factor
that generates cardiac hypertrophy (120).
Furthermore, Buerke et al. showed, in a murine model of myocardial ischemia followed by
reperfusion, that IGF-1 given prior to ischemia attenuated myocardial injury, as well as the
incidence of myocyte apoptosis (121). That IGF-1 inhibits cardiomyocyte apotosis has also
been demonstrated by Chen et al. (122). Other experimental studies have shown that both
GH and IGF-1 attenuate left ventricular (LV) remodelling and improve LV function after
myocardial infarction (123,124). For cardiac failure, it has been suggested that GH
treatment improves cardiac function by normalising calcium homeostasis and thereby
enhancing the efficiency of energy metabolism (71).
These observations have encouraged cardiologists to try GH treatment as an additional
therapy in patients with chronic heart failure (CHF) (125-127). The results of these studies
have, however, not been conclusive. Too small studies with inadequate statistical power
have been discussed (128). Another explanation might be that the dose was insufficient for
some patients due to their GH resistance (129). Furthermore, patients with severe LV
dysfunction increase their circulating IGF-1 levels less than patients with moderate LV
dysfunction in response to a specific GH dose (130). Which GH dose that should be used
for a certain patient in a specific situation is today not clarified.

GLUCOSE HOMEOSTASIS AND THE INTERACTION
BETWEEN IGF-1, IGFBP-1 AND INSULIN
Sonksen has highlighted the by anaesthetist and surgeons common erroneous conception
that insulin is an important factor for glucose uptake in muscle (131). The main function
of insulin is to inhibit the production of glucose in the liver. In muscle, insulin only
facilitates the uptake of glucose. The muscle insulin receptor knock-out mouse (MIRKO)
provides evidence of this (132). The MIRKO-mouse has a totally abolished insulin action
in muscle but with no tendency for hyperglycemia or diabetes (133). On the other hand,
the MIRKO-mouse also has an increased fat mass, as well as elevated levels of triglycerides
and free fatty acids (132).
Moxley (134) and others (49,135) have shown that IGF-1 influences the uptake of glucose
(and amino acids) in muscle. Several authors have demonstrated the link between IGF-1
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and glucose homeostasis (50,63,84,115). (I prefer to use “glucose homeostasis ”instead of
“insulin resistance”, since I think “insulin resistance” is a miss leading conception based on
the faultiness that insulin is the only glucose lowering substance.)
As mentioned above, mice without the IGF-1 gene will not generally survive. However,
the liver IGF-1-deficient (LID) knock-out mouse will survive with normal growth and no
obvious malformations. This mouse, with its selective depletion of the IGF-1 gene in the
liver, was expected to have non-detectable IGF-1 levels in the circulation. As it turns out,
however, it had low levels of IGF-1 (25 % of that of the controls). Despite these low levels
of circulating total IGF-1, the LID mouse had normal levels of free IGF-1 (45). LID-mice
also demonstrated specific impaired “insulin sensitivity” in muscle. They compensated for
their low total IGF-1 levels with hyperinsulinemia, in an attempt to maintain
normoglycemia. Insulin signalling in both liver and white adipose tissue was normal, in
contrast to that in muscle. IGF-1 administration reduced insulin levels and increased
peripheral “insulin sensitivity” by 60 %. Treatment of LID-mice with a GH-releasing
antagonist also increased “insulin sensitivity”, but not as much as IGF-1. These results
point to a direct role in “insulin sensitivity” for circulating IGF-1, irrespective of free IGF1 levels. The question is whether these findings in mice are applicable in man. The answer
would appear to be affirmative. Clemmons et al. have shown the importance of circulating
IGF-1 for glucose homeostasis in patients with type 1 & type 2 diabetes (48,136). When
they administered the rh/IGF-1/rhIGFBP-3 complex to diabetic patients, they found a
rapid increase in both total and free IGF-1. This was linked to a reduction in blood glucose
and in the insulin requirement. For patients with type 2 diabetes, the insulin requirement
decreased between 54 and 82%, depending on the way in which the rh/IGF-1/rhIGFBP3 complex was given. A parallel decrease in fasting glucose levels of more than 30% was
seen in all patients. Treatment with the rh/IGF-1/rhIGFBP-3 complex resulted in lower
levels of free IGF-1 compared to administration of IGF-1 alone, as well as to fewer side
effects (136).
Besides total IGF-1, IGFBP-1 is the most important dynamic regulator of free IGF-1 (53)
and is known to modulate the hypoglycemic activity of unbound IGF-1 in the circulation
(60). Free IGF-1 and insulin have half-lives of minutes (56,61,62). Since insulin directly
regulates IGFBP-1 production in the liver, IGFBP-1 can be used as a marker for hepatic
insulin resistance and insulin requirements (58). Low levels of IGFBP-1 is associated with
insulin resistance and cardiovascular illness (83,137).
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AIMS

The principal aim of this thesis was to investigate whether different treatment procedures
during surgery and critical illness influence the GH-IGF-1 axis.

Specific aims were to study:
I

whether various modes of anaesthesia influence the physiology of the GHIGF-1 axis;

II

whether peroperative infusion of Glucose - Insulin - Potassium (GIK)
influences the pattern of IGF-1, IGFBP-1 and glucose homeostasis during
and after elective coronary by-pass surgery;

III

whether peroperative infusion of amino acids influences the pattern of IGF1, IGFBP-1 and glucose homeostasis after elective hysterectomy and
whether starting this infusion ahead of anaesthesia makes a difference;

IV

whether an augmented GH dose in two moribund catabolic patients with
dilated cardiomyopathy and severe heart failure improve cardiac function.
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MATERIALS AND METHODS
SUBJECTS
58 patients and six volunteers participated in the studies. Patients with known endocrine,
metabolic, hepatic or systemic inflammatory disorders were excluded from the randomised
studies. In study 3, in which only females took part, none of the patients were on any drug
treatment. In addition, six healthy females participated in this study as non-operated
controls. For the last paper, two patients with dilated cardiomyopathy and ventricular
fibrillation due to severe heart failure were thoroughly studied and analysed. Following
resuscitation, their heart failure and dilated cardiomyopathy were successfully treated with
GH in the ICU.

ANALYTICAL METHODS
Hb, EVF and bloodglucose were analysed according to clinical routines.
Blood samples for hormone analysis were stored cold and centrifuged within 2 h. Serum
was frozen at –80° C. The samples were analysed on a single occasion after the studies
were completed. The following radio-immune assays (RIA) were used:
IGF-1 was determined by RIA after acid ethanol extraction to minimise interference of
IGFBPs (138). The intra- and inter-assay coefficients of variation (CV) were 4 and 10 %
respectively.
S-IGFBP-1 was determined by RIA as described by Povoa et al (139). The sensitivity of
the RIA was 3.0 μg/L and the intra- and interassay CVs were 3 and 11 % respectively.
GH was determined by a RIA described by Luthman et al, based on a polyclonal
antiserum (140). The detection limit was 0.2 μg/L and the intra- and interassay CVs were 3
and 10 % respectively (paper 1). Delfia®, a commercial hGH research kit from Wallac, was
used in paper 2.
Insulin was measured according to a RIA described by Grill et al (141). The detection
limit was 8mU/l and the intra- and interassay CV were 5 and 10% respectively. In paper 4,
insulin was measured with a commercial RIA-kit, Pharmacia Insulin (Pharmacia,
Stockholm, Sweden).
Plasma glucose (paper 2) was analysed by an enzymatic electrochemical method using a
glucose analyser (YSI, Yellow Springs, OH).
Homeostasis Model Assessment (HOMA), an index of insulin resistance, was
calculated as: p-glucose x p-insulin/22.5 (142).
Urine urea was analysed at the Department of Clinical Chemistry with the help of a
standardised colorimetric method using urease.
The daily excretion of urinary nitrogen was calculated as the product of the nitrogen
content in urine (urea) and urine volume (paper 2).
The nitrogen balance in paper 4 was calculated as nitrogen intake minus nitrogen
excretion. Nitrogen intake included the nitrogen content of plasma and albumin. In this
paper, nitrogen excretion was calculated as the daily urinary urea excretion plus 2 g for
other losses.
EF (in paper 2) was determined by transesophageal echocardiography (TEE) before
surgery and during sternum closure according to clinical routines. The ejection fraction
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was estimated from the diastolic and systolic areas as measured from a single-plane shortaxis view. In paper 4, EF was determined by transthoracic echocardiography. The ejection
fraction was calculated from the systolic and diastolic areas over at least three beats.

STUDY DESIGNS
All studies commenced at 7.30 a.m. after overnight fasting.
In study 1, 12 patients (8 males, 4 females) scheduled for total hip replacement (THR)
were randomised to either general anaesthesia (GA) or regional anaesthesia (RA), of which
3 spinal anaesthesia (SPA) and 3 epidural anaesthesia (EDA). The mean age was 61 years
(range 50 - 70 years). They were studied the day before surgery, the day of THR surgery
and the first postoperative day. A catheter with a heparinised surface (Carmeda, Sweden)
for blood sampling was inserted in a vein at 8.00 a.m. the day before surgery. After an
initial 10 ml blood sample, a withdrawal pump (Carmeda, Sweden) was connected to the
catheter. The pump continuously extracted blood to a 10 ml test tube. During surgery,
from start of anaesthesia, until end of surgery the speed of the withdrawal-pumped was
increased and test tubes were substituted every 20 minutes. Otherwise, test tubes were
changed every four hours. GH, IGF-1, insulin, IGFBP-1, and blood glucose were analysed
during the study. The day before surgery, all patients had the same diet. Their diet on the
postoperative day was not standardised since it was not expected that all patients would be
able to eat on this day. The intake of fluids and energy were, however, controlled on all
days. Analgesia was given according to the clinical routine and was based on paracetamol
supplemented with IV morphine when needed. Patients in the EDA-group received
paracetamol and a continuous infusion of bupivacaine instead of morphine. A pain score
(VAS) ≤ 3 out of 10 was considered acceptable.
Study 2 was a randomised open study investigating the effect of a perioperative infusion
of Glucose - Insulin - Potassium (GIK) on the pattern of GH, IGF-1, IGFBP-1, insulin
and blood glucose during and after elective coronary by-pass surgery. The hypothesis was
that GIK infusion should have a positive effect on the IGF-1 and IGFBP-1 axis.
20 patients (17 males, 3 females), age 44 to 81 years admitted for CABG surgery were
recruited and randomised to either GIK or an extra amount of saline. One patient in the
control group was found to have a growth hormone deficiency and one patient in the
GIK-group had been treated with a postoperative dopamine infusion. Both these patients
were withdrawn from the study, leaving 18 patients for comparison
On the day of surgery, just prior to the induction of anaesthesia, blood samples were taken
for baseline analysis of GH, IGF-1, IGFBP-1, insulin, Hb / HCT and blood glucose.
Samples were thereafter repeatedly taken just before start of surgery, ECC, aortic clamp,
aortic release, during closure of sternum, upon arrival and after 3 hours at ICU, at 8 p.m.
on the day of surgery and at 8 a.m. and 8 p.m. on the following postoperative day. Finally,
samples were taken the day before discharge at 8 p.m. and the day of discharge at 8 a.m.
(figure 2).
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Figure 2, The GIK protocol in study II and its relationship to
anaesthesia, surgery and blood samples

Figure 2
The GIK- protocol and its relationship to test points, anaesthesia
and sub-surgical procedures.
GIK-therapy was started immediately prior to induction in the study group. The GIK
infusion persisted during the operation and was ended about three hours after arrival in the
ICU. The GIK-protocol used is described in table 1.
Urine was collected during the day of surgery and the first postoperative day to determine
24-hour nitrogen excretion.
Ejection fraction (EF) was determined before surgery and during sternum closure by
transesophageal echocardiography (TEE) according to clinical routines. Ejection fraction
was estimated from the diastolic and systolic areas as measured from a single-plane shortaxis view.

Table 1, The GIK protocol in study II
Table 1
Composition of the GIKsolution used in study II.
Blood glucose and potassium
were checked at least once per
hour and the infusions were,
if necessary, adjusted in
accordance to the value.
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Study 3 focused on studying abdominal surgery. The question addressed was whether
perioperative infusion of amino acids influenced the pattern of IGF-1, IGFBP-1 and
glucose homeostasis after elective abdominal surgery. Abdominal hysterectomy was
chosen since it is a standardised surgical procedure that is performed on a homogeneous
patient group (middle-aged women).
Altogether 30 women were included in this study. Prior to the study, all patients were on
an unrestricted mixed diet. The estimated intake of nitrogen and energy 24 h before the
study was of the same magnitude in all groups. Six healthy female volunteers acted as a
control group. They fasted overnight and were then given the same amino acid infusion
for 2.5 h as the two patient groups treated with amino acids. The volunteers were not
hospitalised or subjected to anaesthesia or surgery and had no food restrictions during the
study period.
Twenty-four female patients scheduled for hysterectomy due to myoma were randomly
divided into three groups. Eight patients were anaesthetised and received no amino acids,
but a corresponding volume (126 mL/h) of Ringer’s solution. Another group of eight
patients received amino acid infusion starting at the time of induction of anaesthesia and
continuing throughout surgery until awakening. Finally, eight patients were given amino
acids for 1 h before induction of anaesthesia and for an additional 1.5 h during anaesthesia
and surgery.
The amino acid mixture used in the study was Vamin® 18 g N/L, Pharmacia, Stockholm,
Sweden, infused at a rate of 126 mL/h. The subjects thus received 600 kJ of extra amino
acids energy over the 2.5 h of infusion, and a total of 397 mmoles nitrogen was infused.
The mixture of amino acids in Vamin® 18 g N/L is presented in table 2. Fasting blood
samples were taken each morning on both the day of surgery and the following four
postoperative days. During the first postoperative day, the patients were on a liquid diet.
From the second day following surgery, the patients were given regular meals. All
postoperative energy and nitrogen intake was recorded daily throughout the study. The
energy and nitrogen intake on each postoperative day was equal in the three patient
groups.

Table 2, Contents of the amino acid mixture used in paper III

Table 2
Amino acid contents of Vamin® 18 g N/L used in study III as specified by
the manufacturer (per 1000 ml).
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Study 4 describes two patients with severe heart failure due to dilated cardiomyopathy
who had suffered ventricular fibrillation in the ICU. It is written up as a full paper article.
Following resuscitation, their heart failure and dilated cardiomyopathy were successfully
treated with GH (and insulin). The GH-dose was initially augmented (5.3 mg/day) and is
discussed in the paper. Repeated blood and urine samples were taken during their stay in
hospital.

ANAESTHETIC AND SURGICAL PROCEDURES
Study 1
Patients fasted overnight prior to surgery. Premedication with morphine 0.1 mg/kg was
given one hour before each patient was transferred to surgery. General anaesthesia was
induced with glycopyrrolate, sodium thiopental and fentanyl (GA). The patients were given
suxamethonium to facilitate intubation. Anaesthesia was maintained with 1-2.5% of
isoflurane in 35/65% O2 and N2O according to anaesthetic routines. Prior to anaesthesia,
10 ml/kg of Ringer acetate solution was given to diminish the fall in blood pressure caused
by anaesthesia. Bupivacaine, 5 mg/ml (3-4 ml, SPA), or bupivacaine with epinephrine, 5
mg/ml + 5 mg/ml, (15-20 ml, EDA) were used for RA. A cold test verified that the level
of sensory blockade had reached at least Th-5 in all RA-patients. Surgery was performed
with the patients on their side. During surgery, all patients were given an infusion, 5
ml/kg/hour, of balanced glucose solution (25 mg/ml). Blood losses were substituted
according to routine, primarily with dextrane 70 (60 mg/ml) and Ringer acetate solution. A
fall in HCT to 33 % was permitted. Blood or plasma was given when necessary. Clinical
characteristics of patients and data from surgery are presented in table 3.
Study 2
Patients fasted overnight. Morphine 0.1 mg/kg was given as premedication. An infusion of
1000 ml of Ringer acetate was started before anaesthesia and completed at the time of
ECC. Anaesthesia was induced with midazolam 3-5 mg and fentanyl 5-10 µg/kg.
Pancuronium, 0.1 mg/kg, was given for intubation. Anaesthesia was maintained by a
continuous infusion of fentanyl, 3.75 µg/kg/ml, and midazolam, 37.5 µg/kg/ml. The
patients were mechanically ventilated with 40% oxygen and 60% N2O and isoflurane was
added if needed. A membrane oxygenator was used together with a roller pump generating
a non-pulsatile flow. Prior to ECC, the patients were heparinised with 300 U/kg. The
priming solution of the ECC-system was 1500 ml of Ringer acetate, which created a
moderate hemodilution. If hypotension occurred, phenylephrine or nor-epinephrine was
given according to clinical routine. Surgery was performed under moderate hypothermia
(32° to 34° C) and cardiac arrest, which was initiated with a "cold" blood cardioplegia in 7
patients (4 in the GIK-group) and cold crystalloid cardioplegic solution in 11 patients (5 in
the GIK-group). Heparin was neutralised with protamine chloride until the preoperative
activated clotting time level was achieved. After the operation, patients were transferred,
still intubated and sedated, to the ICU for warming and delayed extubation. They were
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Table 4
The table shows certain characteristics of the patients and surgical sub-procedures in study II. Abbreviations are: extra corporeal
circulation (ECC), aortic occlusion (AO), drugs: ACE-inhibitor (A), beta blocker (B), calcium blocker (C), diuretics (D), digoxin (L).

Table 4, Patient data and surgical sub-procedures characteristics in study II
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Table 4
The table shows certain characteristics of the patients and surgical sub-procedures in study II. Abbreviations are: extra corporeal
circulation (ECC), aortic occlusion (AO), drugs: ACE-inhibitor (A), beta blocker (B), calcium blocker (C), diuretics (D), digoxin (L).

Table 4, Patient data and surgical sub-procedures characteristics in study II

then sedated with propofol until extubation. The clinical patient data and duration of the
surgical procedures are presented in table 4.
Study 3
All patients fasted overnight and were given oral premedication, lorazepam 1 mg, 1 h prior
to anaesthesia. Before induction of anaesthesia, two cubital veins were catheterised. One
catheter for amino acid infusion or Ringer acetate was inserted and advanced centrally 30
cm so that the tip was positioned in the subclavian vein. The venous catheter in the other
arm was used for anaesthetic drug administration. Anaesthesia was induced with
thiopental, 5 mg/kg, and the trachea was intubated after a bolus dose of atracurium, 0.5
mg/kg, followed by a continuous infusion of 0.5 mg/kg/h. Anaesthesia was maintained
with 1-2% of isoflurane in O2/N2O. Fresh gas flows were set at 2 L/min of O2 and 4
L/min of N2O using a partial rebreathing circuit (Dameca ventilator 109 40, Dameca,
Rødøvre, Denmark). The usual monitors were used. Before the start of surgery, fentanyl, 3
µg/kg, was given. The atracurium infusion was stopped 0.5 h before the end of the
operation, and muscle relaxation was antagonised with 2.5 mg of neostigmine and 0.5 mg
of glycopyrrolate at the end of surgery. During anaesthesia and surgery, 500 mL/h of
Ringer’s solution was infused IV in all patients. After emergence from anaesthesia, 10001500 mL of a 5 % glucose solution was administered to all patients until the next morning.
All patients were hysterectomised using the same abdominal surgical approach.
Postoperatively, standardised pain relief was given according to routine when needed.
Demographic patient data, duration of anaesthesia and surgery are displayed in table 5.

Table 5
Patient data and duration of anaesthesia and surgery in study III

Table 5
The table summarises certain basic characteristics of the patients in
study III ( mean ± SEM).The slightly higher body weight in the
“Perop a.a. treatment” group should be noted.
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STATISTICAL METHODS
All statistical analyses were performed with the help of SPSS (Chicago, Il) and Excel®. In
all studies a p-value <0.05 was considered as statistically significant. Various statistical
methods were used in the studies.
In paper 1, relative values were used in the analyses. The individual mean for the 24-hourperiod preceding surgery was used as reference. Data from the surgery period was analysed
with repeated measurement ANOVA. The Bonferroni factor was applied to the p-value
for post hoc pair wise comparisons between groups or points of measurement. AUC was
used as primary data and as a measurement of daily total secretion (day of surgery and day
after surgery) of the parameters (143). Since Levene’s test showed significant differences in
variance, non-parametric tests were used in this analysis.
In papers 2 and 3, non-parametric methods were used. Data was analysed with Friedman
analysis of variance (ANOVA), Wilcoxon matched pair test and Mann Whitney U test.
Mean values were, however, assumed to be normally distributed and hence correlations
were sought with parametric methods. Parametric correlation methods were also used in
paper 4.
In this thesis, the data from paper 3 has been revised according to a principal component
analysis (PCA) method named PARAFAC (144). The reason for this is that the
physiological response of metabolic biochemicals after surgical intervention mostly
displays a convex or concave (non-linear) time-pattern. Traditional statistical methods,
both parametric (including ANOVA) and non-parametric, can only reveal linear relations.
Non-linear relations ought not to be analysed with traditional statistics. Linear statistical
methods, such as ANOVA, can de facto miss correlations. Our data from four groups
exposed to two interventions was also multivariate and analysing multivariate non-linear
data with traditional statistical methods may lead to errors (145).
PARAFAC, a generalization of PCA to higher order arrays, is a suitable curve resolution
tool that simplifies the data when a smaller amount of data is available. Our data from 30
patients and including 4 biochemical variables (IGF-1, IGFBP-1, insulin and glucose)
followed for 5 days could be arranged as a three-way data set (array) (Figure 3). Parallel
Factor Analysis (PARAFAC) was used to simplify the data, i.e. a dimensionality reduction
of the three-way array. PARAFAC decomposes the multi-way data to a certain number of
PARAFAC components (vectors) that describe the data’s principal variation and a residual
data array. Each PARAFAC component consists of three vector components, the subject
vector, the biochemical (IGF-1, IGFBP-1, insulin, glucose) vector, and the day of study
vector (figure 3). The residual denotes the variations, which are not correlated to the
intervention, such as inter-individual variations in metabolism and measurement errors
(Figure 3). The biochemical variables were normalised using their standard deviation prior
to the PARAFAC simplification. After PARAFAC preparation, Kruskal-Wallis nonparametric one-way analysis of variance was used for comparison of the subject vectors
(x1, x2) between the four groups.
The N-way toolbox for Matlab® (146) was used for the PARAFAC simplification and the
subsequent Kruskal-Wallis analysis was performed with the Matlab® statistical toolbox.
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Figure 3, Principles for simplification of a three-way data set to two
PARAFAC components and a residual

Figure 3
The PARAFAC- simplification of the three-way data to two PARAFAC
components and a residual. Each PARAFAC component consists of three
vectors (x, y, and z), that explain the structural systemic part of the data.
The vectors x, y, and z describe the main systemic relation between the
subjects (mode X), the biochemicals (mode Y), and the study days (mode Z),
respectively. Thus, the PARAFAC components describe the data’s principal
variation. The residual explains the variations which are not correlated to
the intervention, such as inter-individual variations in metabolism and
measurement errors
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RESULTS WITH COMMENTS
THE INFLUENCE OF ANAESTHESIA AND DIFFERENT
MAJOR SURGICAL PROCEDURES ON GH/ IGF-1/ IGFBP-1
AXIS PHYSIOLOGY AND GLUCOSE HOMEOSTASIS BOTH
DURING AND AFTER SURGERY (PAPERS I-III)
Three different major surgical procedures – hip replacement surgery, elective aortalcoronary bypass surgery and intra-abdominal hysterectomy – are evaluated in this thesis.
The included control groups demonstrate the natural pattern for the different surgical
procedures during a certain form of anaesthesia. Papers I & II investigated the
peroperative physiological pattern during hip replacement surgery and elective aortalcoronary bypass surgery. All three studies included the morning of the first postoperative
day. In addition, papers II & III present data from the day of discharge. The results of
these studies, with focus on the issues formulated in the heading above, have now been
compiled and are presented below under the following sub-headings – the patterns during
anaesthesia and surgery, on the morning and day after surgery and on the day of discharge.
The pattern during anaesthesia and surgery (papers I & II)
The principal aim of study I was to investigate the dynamics of the somatotropic axis
during and after hip replacement surgery under two different anaesthetic regimes involving
repeated measurements. General anaesthesia (GA) based on isoflurane and N2O was
compared with regional anaesthesia (RA). The results are presented here as relative
changes in mean values using the 24-hour-period preceding surgery as a reference (100%).
The study found no differences between the groups during anaesthesia and surgery for any
parameter.
IGF-1 decreased from the start of anaesthesia to the end of surgery by 31%, p<0.001, in
the GA group and by 28%, p<0.05, in the RA group (figure 4, table 6). HOMA increased
significantly at the end of surgery in both groups, by 70% in the GA group and by 116% in
the RA group, p<0.05. All other parameters increased towards the end of surgery. This
increase was, however, not significant due to the small study groups, which lack statistical
power. Since there were no differences between the groups, it was possible to pool data.
Pooling of the groups led to the following results: IGF-1 decreased by 29%, p<0.0001,
while insulin increased by 45%, p<0.05, glucose increased by 55%, p<0.05, and HOMA
increased by 112%, p<0.0001 (figure 4, table 6). Correlations between parameters were
calculated for all patients taken together. Significant correlations were observed between
IGF-1 and glucose (r = -0.49, p<0.001), IGF-1 and insulin (r = -0.37, p<0.05) and
IGFBP-1 and insulin (r = -0.29, p<0.05). The weak correlation between glucose and
insulin (r = 0.28) did not reach significance (table 7).
In the CABG study, another mode of general anaesthesia was used based on midazolam
and high doses of fentanyl. Isoflurane was only used if needed. The controls in this study
demonstrate the impact of CABG surgery under fentanyl/midazolam anaesthesia on the
GH/IGF-1 system. Once again the results are presented as mean values. During heart
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Figure 4, Uniform pattern in the two study groups during THRsurgery (study I)

Figure 4
Relative changes during anaesthesia and surgery shown as mean values
with 95% confidence intervals. The individual means during the 24hour-period preceding surgery were used as references (100%).
Significant variations (p<0.05) from start of anaesthesia to end of
surgery are marked with *. The study found no differences between the
groups during anaesthesia and surgery for any parameter.
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Table 6
Table 6 compiles and summarises the pattern during anaesthesia and surgery in studies I and II. The glucose,
insulin and HOMA values are omitted in the GIK group since these values do not reflect glucose homeostasis.
Results are presented as means (standard deviation) and medians (1st and 3rd quartiles) for comparison

Table 6, The pattern during anaesthesia and surgery in hip- and CABG- surgery

surgery, IGF-1 dropped rapidly by 44%, p<0.01, whilst there was a parallel decrease by
32% in Hb, p<0.01 (r = 0.61, p<0.01) (figure 5). Nadir was reached just after by-pass, but
both IGF-1 and Hb remained depressed during the latter part of the operation. IGFBP-1
was initially unchanged, but after ECC and reperfusion of the intestinal tract at sternum
closure, it increased promptly from 19 to 111 μg/l, p<0.01. Insulin decreased slightly to 11
mU/l (p<0.05) during the first part of the operation, reaching its lowest point just “before
aortic occlusion”. At the end of surgery, insulin had recovered to the baseline level, 17
mU/l. Glucose rose from 5.1 to 7.5 ± 0.6 mmol/l, p<0.05, "before aortic release" and
remained elevated on arrival at the ICU at a level of 6.6 mmol/l, p<0.05. GH was elevated,
p<0.05, compared to baseline at all test points during surgery (table 6).
If correlations between parameters are calculated for all CABG control patients together,
in the same manner as in paper I, significant correlations are found between IGFBP-1 and
glucose (r = 0.49, p<0.01), IGF-1 and glucose (r = -0.22, p<0.05), IGF-1 and GH (r = 0.29, p<0.05), and IGFBP-1 and insulin (r = -0.22, p<0.05). No correlation was found
between glucose and insulin, r = 0.04. (table 7)

Figure 5, The relationship between IGF-1 and Hb during heart
surgery (study II)
Figure 5
The decrease in IGF-1 during
heart surgery occurs in parallel
with the decrease in Hb. The
relationship between IGF-1 and
Hb in controls is showed here as
mean values and standard
deviations. The nadir was seen
“before aortic occlusion”. IGF-1
decreased by 44% (from start,
p<0.01), while there was a
parallel decrease by 32% in Hb
(p<0.01).

Table 7, Correlations during anaesthesia and surgery between the
variables in studies I and II

Table 7
Correlations during anaesthesia and surgery between the variables in study I and II. Only
the control group is included in study II. In study I, the correlations are calculated for all
patients together.
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The pattern on the morning (papers I, II & III) and day (paper I) after surgery
Single fasting blood samples were taken at 8.00 am on the morning after surgery in studies
II and III. These fasting samples were compared to the corresponding samples taken
before anaesthesia.
In study I, every sample represented a 4-hour mean value. In the following comparison
between the studies, the samples representing the period between 04.00 and 08.00 am are
compared to the corresponding samples (04-08) taken on the day before surgery. The
results are presented in the text as changes in median values.
In the samples drawn between 4 and 8 am in the hip-surgery study, IGF-1 was 26% lower
than the reference value in the GA group and 17% lower in the RA group (p<0.05 for
both groups).
On the morning after surgery, the CABG control group had 31% lower IGF-1 levels
compared to baseline (p<0.05). Despite decreased levels of IGF-1, there was no increased
GH-secretion on the morning after surgery. Morning values of IGFBP-1 were slightly
increased but did not significantly from fasting values prior to surgery.
Glucose had increased significantly on the following morning (from 4.5 to 8.1 mmol/l,
p<0.01), as well had insulin (from 15 to 39 mUl/l, p<0.01) and HOMA (from 3.0 to 17.1,
p<0.01).
The amino acid control group in study III had 27% lower IGF-1 on the morning after
surgery (p<0.05). In this group, IGFBP-1 increased from 35 to 45 μg/l, (p<0.05). In this
group, glucose increased until the next morning (from 3.9 to 4.3 mmol/l, p<0.05), as did
HOMA (from 0.8 to1.3, p<0.05). These results are summarised in table 8 below.
In the hip surgery study, the patients were further studied throughout the first
postoperative day with the use of continuous blood sampling. AUC for each parameter on
the day before surgery was chosen as the reference (=100%). In the RA group, AUC for
IGF-1 recovered, rising from its suppressed level of 90% (of the reference value) on the
day of surgery to 111% on the first day after surgery. This pattern was not seen in the GA
group, where IGF-1 levels remained low at 87% the first day after surgery. This difference
of 24% in AUC between the groups on the day after surgery was statistically significant
(p<0.05). In the case of IGFBP-1, the opposite pattern was seen, with an elevated IGFBP1 at 131% in the GA group and suppressed levels below the baseline value (=100%) in the
RA group, i.e. 94%. This difference between groups was also statistically significant,
p<0.05 (figure 6). The anticipated physiological dawn increase in IGFBP-1 (between the
hours of 04 and 08) was absent on the night after surgery. From a slightly augmented
daytime level, IGFBP-1 levels decreased in the early morning to 42% (p<0.05) of the
corresponding value on the day before surgery (figure 7). On the second night after
surgery, however, a normal pattern was restored. This pattern differed from that observed
in the GA group. No significant differences in AUC for insulin, glucose, HOMA and GH
were found.

25

Figure 6, Changes in area under curve after hip surgery

Figure 6
Relative values of variations in area under curve (AUC) for the day of
surgery (OP) and the first postoperative day (postop) shown as medians and
quartiles. The area under the curve for the preop day for each group was used
as the reference and is shown as a line (at 100%) in each plot. Significant
differences (p<0.05) between groups are marked with * and differences
between days are marked with #. In the RA group, there was a recovery of
IGF-1 the day after surgery which was not seen in the GA group. IGFBP-1
was still elevated postoperatively in the GA group, but suppressed below the
baseline value in the RA group.
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Figure 7, Circadian pattern of IGFBP-1 in the RA group (study I)

Fig 7
Circadian pattern of IGFBP-1 in the RA group during the study period presented
as mean value with 95% confidence intervals.
On the day of surgery, a tendency towards elevated IGFBP-1 levels in the RA
group was observed, but at dawn during the night after surgery, the anticipated
normal increase in IGFBP-1 was abolished. This pattern was not seen in the GA
group (not shown). This difference compared to the other study days was
significant (p<0.05) and is marked with *.

The pattern on the day of discharge
In the CABG control group, all parameters were restored on the day of discharge when
compared with baseline values, except for insulin, which rose from 15 to 25 mU/l, p<0.05
and HOMA, which rose from 3.0 to 4.8, p<0.05.
The control group in the amino acid study exhibited a decrease in IGF-1 (from 139 to 91
μg/l, p<0.01) and an increase in insulin (from 6 to18 mU/l; p<0.05), as well plasma
glucose (from 3.9 to 4.7 mmol/l; p<0.05) at the time of discharge. HOMA rose from 0.8
to 3.7, although the increase did not reach significance (p=0.07). IGFBP-1 remained
unchanged.
The results for the morning after surgery and the day of discharge are presented in table 8.
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Table 8
The table compiles and summarises results from studies I, II and III and presents the changes caused by anaesthesia
and surgery (no intervention groups are included). There is no data from the day of discharge in study I. Results
are presented as means (standard deviation) and medians (1st and 3rd quartiles) for comparison.

Table 8, The pattern after surgery in study I and for the control groups in studies II and III

DOES A PEROPERATIVE GIK-INFUSION INFLUENCE THE
PATTERN OF IGF-1, IGFBP-1 AND GLUCOSE HOMEOSTASIS
DURING AND AFTER ELECTIVE CORONARY BY-PASS
SURGERY (PAPER II)?
Results are presented as mean values in the text. An overview is presented in tables 6 & 9.
During CABG-surgery, a rapid decrease in total IGF-1 (44%, p<0.01) occurred in both
groups. GIK-treated patients had a faster recovery of IGF-1, which had already returned
to baseline 12 hours after surgery, in contrast to the control group, where IGF-1 remained
slightly depressed compared to baseline levels on the morning of the first postoperative
day (139 compared to 179 μg/l). After the cessation of extracorporal circulation, there was
a prompt and substantial rise in IGFBP-1 (from the baseline value of 19 to 111 μg/l,
p<0.01) in the control group. The peak value was more than three times higher than the
corresponding value in the GIK group (111 to 35 μg/l, p<0.001). The difference between
the groups persisted until the morning of the following day.
GH secretion was stimulated by surgery in both groups and was significantly enhanced by
GIK. The greatest difference in GH levels between the groups was seen eight hours after
surgery (GIK 8.3 and controls 1.9 μg/l, p<0.01). The integrated GH secretion (AUC) in
the GIK group from the start of anaesthesia until this point in time (8 p.m.) was more than
2.5 times higher (p<0.01) than the corresponding value in the control group.
Directly after the GIK-infusion was started, there was a hundredfold increase in insulin
concentrations when comparing controls and GIK patients (p<0.001). In the control
group, a significant initial decrease in insulin was seen, reaching its lowest point before
aortic occlusion (11±1, p<0.05). On arrival at the ICU, insulin levels had returned to
baseline levels. Day after surgery and the day of discharge fasting-levels of insulin were
increased compared to basal in both groups (p<0.05).
B-glucose remained significantly elevated in the control group from the point “before
aortic occlusion” until the morning of the day after surgery.
EF (baseline ~ 55%) remained unchanged after surgery in both groups.
As of the day after surgery, there were no differences between the two groups in any of the
parameters. At the time of discharge, IGFBP-1 had returned to its preoperative values
despite elevated insulin levels in both groups. This suggests a postoperative hepatic insulin
resistance that is long-lasting (table 9).

DOES A PEROPERATIVE INFUSION OF AMINO ACIDS
INFLUENCE THE PATTERN OF IGF-1, IGFBP-1 AND
GLUCOSE DURING AND AFTER ELECTIVE HYSTERECTOMY
AND DOES STARTING THIS INFUSION BEFORE
ANAESTHESIA MAKE ANY DIFFERENCE (PAPER III)?
In this study, the Ringer group (controls) exhibited a decrease in IGF-1 and an increase in
insulin and plasma glucose after surgery. In the other two groups, there were no significant
changes over time after surgery, with the exception of a decrease in IGF-1 on the first
postoperative day in the group receiving the amino acid infusion 1 hour before anaesthesia
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Table 9
Table 9 displays the postoperative results from study II. Results are presented both as means
(standard deviation) and medians (1st and 3rd quartiles) for comparison.

Table 9, The postoperative results of GIK treatment during heart surgery

and for 1.5 hrs during surgery, The group receiving the amino acid infusion throughout
anaesthesia had higher IGF-1 levels compared to the Ringer group on all days. The group
receiving the amino acid infusion 1 hour before anaesthesia and for 1.5 hrs during surgery
also had higher IGF-1 levels than the controls on days 2 - 4. During the period from
baseline to the first postoperative day, there was a significant increase in HOMA and
IGFBP-1 in the control group and the group receiving the amino acid infusion throughout
anaesthesia. These changes were not seen in the group receiving amino acid infusion 1
hour before anaesthesia and for 1.5 hrs during surgery, whose insulin, glucose, HOMA and
IGFBP-1 levels did not change. (figure 8) The amino acid infusion given to the volunteers
did not affect any of the variables studied.

Figure 8, Effect of amino acids infusion during
hysterectomy (study III)

Figure 8
Median and first and third quartiles for
studied variables by group. Significant
changes (p<0.05) during the study found
with Friedman ANOVA are marked
with *. Significant differences (p<0.05) between the Ringer group and the amino
acid groups are marked C-P and C-PP for the group that received Peroperative
amino acids infusion and the group that received Pre- and Peroperative amino acids
infusion respectively. Significant differences (p<0.05) between baseline and the first
postoperative day are marked with #.
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Table 10
A summary of results from study III. Results are presented both as means (standard deviation) and
medians (1st and 3rd quartiles) for comparison. GH measurements were not included in this study.

Table 10, The postoperative results of amino acids infusion during hysterectomy

The decline in IGF-1 seen after surgery was thus diminished by amino acids. This effect
was most pronounced in the group receiving the amino acid infusion throughout
anaesthesia. The linear increase in insulin and glucose after surgery in the control group
was absent in the amino acids groups. Starting amino acid therapy before anaesthesia and
surgery appeared to be advantageous in terms of glucose homeostasis (table 10).
PARAFAC
Two PARAFAC components explain 46% of the total variation of the investigated 3-way
data array. The PARAFAC model is mathematically stable and thereby valid. This means
that the random exclusion of a selected patient or omission of a study day or chemical
marker (such as IGFBP-1) will not noticeably affect the result. The groups form
overlapping clusters (figures 9a & 10a). The first PARAFAC component separates the
groups horizontally and the second PARAFAC component divides the clustering vertically
(figure 9b).
There was a negative correlation between IGF-1 and IGFBP-1 (on different sides of zero
in y1 in figure 9b) on all study days (z1 in figure 9 was more and less stable around 0.4). The
first horizontal subject vector (x1) clarifies the difference in the pattern (clustering) of IGF1 and IGFBP-1 (figures 9a & b) between the Ringer group and the group receiving the
amino acid infusion during anaesthesia, p <0.05 (x1 in figures 10a & c).
The second vertical PARAFAC component demonstrated the correlation between glucose
and insulin. It also showed that IGFBP-1 had an inverse correlation to glucose and insulin
(y2 in figure 9b). The clustering subject vector (x2) in this PARAFAC component
significantly separated the healthy volunteers from the Ringer group, p<0.05 (x2 in figures
10a & b). The dominant factors behind this separation were the increased insulin and
glucose levels in the groups undergoing surgery (y2 in figure 9b), which were most marked
on day 3 (z2 in figure 9c peaks on day 3). Figure 10b also suggests that the glucose and
insulin profiles of the group receiving the amino acid infusion 1 hour before anaesthesia
and for 1.5 hrs during surgery were more similar to those of the non-operated healthy
volunteers than the other operated groups. The difference between the Ringer group and
the group receiving the amino acid infusion 1 hour before anaesthesia and for 1.5 hrs
during surgery did not reach statistical significance.
The PARAFAC simplification demonstrated that the group receiving the amino acid
infusion throughout anaesthesia had a different pattern compared to the other groups. In
addition, there was a significant difference between the healthy volunteers and the Ringer
group in terms of glucose homeostasis. This difference was most marked on day three.
These differences may also be noted in figure 8, even though they are not as obvious there.
Consequently, the two statistical methods produced congruent results.
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Figure 9, Scatter plots describing the vectors of PARAFAC
components 1 and 2

Figure 9
Scatter plots of the vectors of PARAFAC components 1 versus 2 reveal that the subjects
form overlapping clusters, as shown in (a). The horizontal separation of the subjects (the x1
vector in (a)) is caused by the relation between IGF-1 and IGFBP-1 (the y1 vector in (b))
with about the same impact on all study days (the z1 vector in (c)). The vertical separation
of the subjects (the x2 vector in (a)) is dominated by the increased insulin and glucose levels
(the y2 vector in (b)), which is most pronounced on day 3 (the z2 vector in (c)).
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Figure 10, Scatter plot and box plots describing the variations of the
subject vectors

Figure 10
Scatter plot of subject vectors x1 versus x2 (a), and box plots of the variations
in the subject groups of the x2 (b) and x1 (c) vectors. Statistically significant
differences between the groups are marked with arrows. There is a significant
difference between group B and group C (p<0.05) in vector x1, caused by the
relation between IGF-1 and IGFBP-1. The x2 vector significantly separates
the healthy volunteers in group A from the Ringer’s solution group B,
p<0.05. This separation is due to the increased levels of insulin and glucose
after operation, which were most marked on the third study day.
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CAN AUGMENTED GH DOSES IN CATABOLIC PATIENTS
WITH DILATED CARDIOMYOPATHY IMPROVE CARDIAC
FUNCTION AND DOES AN INCREASE IN IGF-1 REFLECT AN
ANABOLIC EFFECT (PAPER IV)?
GH treatment improved cardiac function, increased circulating IGF-1 and resulted in a
positive nitrogen balance in both patients. The clinical data on each patient are presented
in tables 11 and 12. In both patients, close correlations (r1= 0.96; r2=0.99) were seen
between IGF-1 and nitrogen balance (figures 11a and 11b). In the second patient, where
repeated EF measurements were performed, good correlation (r= 0.95) was observed
between IGF-1 and EF (figure 11c). The improvement in cardiac function corresponded
to an increase in IGF-1 and an improvement in nitrogen balance.
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Figure 11
Figures 11a and 11b show the relation between IGF-1 and nitrogen balance in patients 1(a) &
2(b). Figure 11c displays the relation between IGF-1 and ejection fraction (EF) in patient 2. In
both patients, close correlations (r1= 0.96; r2=0.99) were seen between IGF-1 and nitrogen
balance. In the second patient, where repeated EF measurements were performed, a good
correlation (r= 0.95) was observed between IGF-1 and EF.

Figure 11, IGF-1, nitrogen balance and ejection fraction during GH treatment
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Table 11
Laboratory results and clinical data before, during and after GH-treatment in a patient with cardiogenic
shock due to end-stage dilated cardiomyopathy and infection (paper IV, patient 1). * = Mean of four samples.

Table 11, Clinical data from patient 1 in paper IV
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Table 12
Laboratory and clinical findings before, during and after GH-treatment in a critical ill septic patient with
dilated cardiomyopathy (paper IV, patient 2). * = Mean of four samples. **= Mean of two samples

Table 12, Clinical data from patient 2 in paper IV

GENERAL DISCUSSION
ANAESTHESIA AND SURGERY AND PRINCIPAL
CONSIDERATIONS
Our studies confirm the previous observations that total IGF-1 decreases after surgery
(10,19,20,147), as well the fact that this is a general phenomenon. They have, however, also
added some new and valuable information.
One overall finding was that the treatment procedures tested during surgery have
significantly different effects on the somatotropic axis after surgery.
Firstly, the decline in IGF-1 starts early, during anaesthesia in fact (figure 1 & 2). During
CABG surgery, the drop in IGF-1 follows the fall in haemoglobin (figure 5). The same
pattern is seen in our first study (figure 1), and this supports the interpretation that
haemodilution is an important factor in the decrease in total IGF-1. However, IGF-1
declines more than haemoglobin in the CABG-study (44% compared to 32%). The 12%
difference indicates that the proteolysis of the IGFBP-3/ALS complex seen after surgery
and so thoroughly described elsewhere (19,95-97) begins as early as during surgery but
appears not to be as important as haemodilution at this time point.
The patterns seen in the GH/ IGF-1/ IGFBP-1 axis when different modes of anaesthesia
are used for total hip-replacement surgery and CABG surgery are more and less uniform.
The only major difference is the prompt and substantial rise in IGFBP-1 seen just after
ECC in CABG surgery. We interpret that this is a consequence of an impaired hepatic
micro circulation during ECC (148) and not reflects the different mode of anaesthesia. We
therefore conclude that the mode of anaesthesia does not influence the somatotropic
patterns during surgery (figures 1 & 2, table 1).
No other authors who have published data about the adaptation of the somatotropic axis
to surgical insults have investigated variations in the somatotropic axis between individuals
before surgery. The portable withdrawal pumps with continuously sampling used in paper
I made this possible. The finding that variations between individuals were, for several
variables (figure 12), greater than the variations within individuals due to the surgical insult
led us to use individually calculated relative values in the analyses presented in paper I. This
procedure increases statistical power, which is important when test groups are small. We
used the mean value of the 24-hour period preceding surgery as our reference. This
explains why insulin and HOMA-levels start below and IGFBP-1 above the reference line
in figure 1. An interesting observation is the conformity between fasting IGF-1 and the
mean value of IGF-1 (figure 4).
The fact that the variations in several variables between individuals were greater than the
variations within individuals requires further discussion. To use the first value in an
intervention study as reference will obscure the statistical analyses since the variation in
this point will be zero and can therefore not be recommended. Using measurements taken
from another day as reference is better. When more advanced statistical methods, such as
PCA and Artificial Neural Networks, are used, the standard deviations are used for
standardising since these statistical methods analyse the changes in the variances.
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Figure 12, The variations between individuals are greater than the
variations within individuals the day before surgery (study I)

Figure 12
In a random surgical population variations between individuals are
greater than the variations within individuals caused by surgery or/and
the interventions themselves for several of the variables investigated in
study I. Standardised data, such as individually calculated relative
values, ought to be used when test groups are small.
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The present thesis presents an alternative statistical analysis (PARAFAC) of the data from
study III. PARAFAC standardises data by standard deviation. The result of this analysis
was that only 46% of the variance was caused by our intervention (the principal
component). This also implies that more than 50% of the variation in this study was due to
variations between individuals depending on genes and life style factors that influence the
metabolism. In spite of this, the PARAFAC model was mathematically stable and thereby
valid. To further illuminate the importance of the individual variations in metabolism it is
worth mentioning a study from our neuro-intensive care unit. Microdialysis data from
patients with traumatic brain injures were analysed using computer-based pattern
recognition methods, i.e. Artificial Neural Networks. The dominant metabolic information
derived from this study was highly specific to the individual and did not reflect the severity
of brain injury (149). Hence, great variations between individuals complicate all kind of
metabolic studies. They can result in misleading interpretations or conceal correlations
and therefore have to be dealt with appropriately.
Another difference, compared to most other investigations in this field, is the fact that we
gave our patients a buffered weak glucose infusion (25 mg/ml) instead of saline in study I.
This means that our patients were not dependent on their own hepatic glucose production
to increase blood glucose. We found, as shown in figure 1, that the most prominent fall in
IGF-1 correlates closely in time with the increase in glucose, whereas the rise in insulin
tends to be delayed. At the end of surgery there was a concomitant increase in GH-activity,
indicating a feed-back-initiated pituitary response to the decrease in IGF-1. Our
interpretation is that the rapid primary fall in total IGF-1 causes a reduction of the
concentration in free IGF-1 in the vascular space. This rapid reduction in plasma IGF-1
creates a concentration gradient from the extra cellular space to the vascular compartment.
This in turn inhibits the transport from the blood to the extra cellular space. In fact, it
makes a diffusive retrograde efflux of IGF-1 from the extra cellular space to the vascular
space possible, as suggested by the LID mice (45). Both mechanisms lead to a decreased
concentration of IGF-1 at the receptor site which can increase blood glucose and trig a
feedback signal to the hypothalamus and the pituitary gland. We suggest that this rise in
blood glucose triggers a secondary insulin release aimed to tune down the hepatic glucose
output. This fits with the conception that IGF-1 normally plays a more long-term role in
glucose homeostasis and that the fast-acting insulin modulates glucose balance when
needed, primarily by blocking gluconeogenesis (150). The correlations, the strongest
correlation and most significant of which was found between IGF-1 and glucose, also
supports our theory (table 7). One problem with correlations is, however, that rapid
dynamic biological courses can conceal delayed interplays due to time delays regarding
synthesis. This may explain why the correlations between glucose and insulin and between
IGF-1 and GH did not reach significance
The increased levels of GH, during the latter part of the operation, further contributes to
postoperative insulin resistance (45). Our interpretation is also supported by the studies
performed by Clemmons et al. (48,136), on which administration of the rh/IGF1/rhIGFBP-3 complex to diabetic patients produced a rapid increase in total and free
IGF-1 linked to a reduction in insulin requirement and blood glucose. These studies
shown that free IGF-1 mimicked the change in total IGF-1, but displayed a faster increase,
as well as disappearance from the blood, than total IGF-1 (136).
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In paper II, for which we did not use the withdrawal pump and also gave the control
group Ringer’s solution, some different correlations were found. The strongest correlation
was that between IGFBP-1 and glucose. This suggests that rapid IGFBP-1 changes are
important to glucose homeostasis during surgery (table 7).
In study I, we continued to take blood samples for two days. Initially, the similarities in the
physiology of the somatotropic axis between the two anaesthetic regimes persisted even
though a tendency was seen for there to be a larger total secretion of IGFBP-1 in the GAgroup during the day of surgery (figure 6). This observation can be explained by an
expected increase in catecholamines after surgery using general anaesthesia (5). In the RAgroup, the dawn increase in IGFBP-1 during the postoperative night was abolished (figure
4). This finding is another indication that the RA- group did not have increased levels of
catecholamines postoperatively. It also suggests that the patients did not have a hepatic
insulin resistance at this time. Insulin is the only known endogenous factor that can block
the hepatic production of IGFBP-1 (82). The modest increase (30 %) in insulin after
surgery in this group was sufficient to alter the physiological IGFBP-1pattern.
On the day after surgery, the AUC for IGF-1 was back to the same level as before surgery
in the RA- group (figure 6), in contrast to the GA- group, where IGF-1 remained
depressed and showed no signs of recovery. With regard to IGFBP-1, there was also a
difference between the anaesthesia groups. IGFBP-1 was back to a slightly lower value
than at the reference day in the RA- group but remained elevated in the GA- group (figure
6). Despite these two synergetic differences in the most important modulating factors with
regard to IGF-1 availability (151,152), there was complete conformity between the groups
in terms of insulin, glucose and HOMA. This observation is in line with a previous study
showing no difference in glucose homeostasis after hip surgery using general anaesthesia
or regional anaesthesia with prolonged neuraxial blockade (3). After surgery other
mechanisms appears to be of greater importance to glucose homeostasis than the IGF1/IGFBP-1-system.
The slightly depressed IGFBP-1 level seen in the regional anaesthesia group on the post
operative day was mainly found in the three patients who received postoperative epidural
analgesia. For the patients with SPA and ordinary postoperative pain management, the
difference compared to the GA- group was modest. Epidural analgesia appears not to
affect glucose metabolism although it has a documented anti-catabolic effect on the day
after hip surgery (3). It can also abolish the increase in epinephrine after surgery (5). Since
IGFBP-1 synthesis is stimulated by catecholamines (64) and cytokines(153) this diversity in
IGFBP-1 levels probably is due to a postoperative difference in catecholamine levels
between EDA and SPA. We suggest that this difference reflects a diminished functional
hepatic insulin resistance in patients with EDA.
In the three studies where we investigated the impact of three major surgical procedures –
orthopaedic, cardiac and abdominal – samples were taken on the morning after surgery. In
papers II and III samples were also taken on the morning of the day of discharge. The
control groups in these studies ilustrates the impact of anaesthesia and surgery per se on
the somatotropic axis. Data concerning the controls are compiled and displayed in table 8.
This table enables us to conclude that the reduction in IGF-1 induced by surgery is a
general phenomenon seen on the morning after surgery regardless of the mode of
anaesthesia used.
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When we planned study I, the intention was to take samples on the day before discharge.
Surgery, however, activates coagulation and the heparin-coated cannulae and catheters
were not able to prevent clotting in the tubing after surgery. few therefore followed the
patients both day and night postoperatively and recannulated the patients them when
necessary. Several patients found this troublesome and withdrew from the study the final
day. The technique of using heparin-coated cannulae and catheters connected to portable
withdrawal pumps cannot therefore be recommended for studies following surgery.

GIK DURING CABG SURGERY – POSTOPERATIVE EFFECTS
GIK during open-heart surgery has been used to improve heart function after heart
surgery. It is supposed to preserve the ischemic myocardium and as well diminish the
myocardial contractile dysfunction. One problem is that GIK-therapy is not standardised
in any way with regard to duration, doses and when to use it (before, during or after
surgery). Results are therefore contradictory (154). However, the insulin doses used for
GIK therapy are too small to have any direct heart-stimulating effect on the by themselves
(116). The question that was addressed was whether GIK-therapy influenced the pattern
of IGF-1 and IGFBP-1, since the supposed positive effects of GIK correspond very well
with the described cardiac effects of IGF-1. A second question was whether GIK had any
impact on glucose homeostasis after elective coronary by-pass surgery. The primary
finding is that GIK during CABG surgery substantially decreases the prompt release of
IGFBP-1 after ECC (table 1). In the control group, who only received Ringer’s solution
throughout surgery, this rise correlated to an increase in glucose during surgery, which
indicates that rapid IGFBP-1 changes are of importance for glucose homeostasis even
during surgery (table 7).
Furthermore, IGF-1 had returned to baseline in the GIK-group as early as 12 hours after
surgery. This finding is not unexpected since insulin stimulates IGF-1 synthesis and
nutrition is an important factor for a normal IGF-1 response to GH (33,47). A part from
this, the groups displayed considerable conformity, with an impaired glucose homeostasis
postoperatively, that was most pronounced on the day after surgery (table 9). At the time
of discharge, glucose homeostasis had improved but was not normalised. IGFBP-1 had
returned to its preoperative values but insulin levels remained elevated in both groups,
reflecting a longer-lasting postoperative hepatic insulin resistance (table 9). It is thus
possible to say that GIK has early favorable effects on the GH/IGF-1 axis during CABGsurgery by accelerating the recovery of IGF-1 after surgery and diminishing the prompt
rise of IGFBP-1 during surgery. Our patients, who had normal IGF-1 and EF levels
preoperatively, did not respond with an increase in EF to GIK. This was expected and is
in accordance with the findings of Svensson (116) and a study by Osterziel The latter
studied GH treatment in patients with cardiac failure and only found a positive effect on
EF in patients with low IGF-1 (155). Both our findings might however be important for
catabolic high-risk patients with low IGF-1 before surgery. GIK, however, has no effect
on glucose homeostasis after CABG- surgery.
As expected GH secretion was stimulated by surgery in both groups. Surprisingly,
integrated GH secretion (AUC) in the GIK group from the start of anaesthesia until 8
p.m. was more than 2.5 times higher than the corresponding value in the control group
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(table 1). No direct stimulatory effects of insulin on GH-secretion are known. Insulin
provocations are sometimes used in the evaluation of GHD. The mechanism is that
insulin induced hypoglycemia stimulates a GH release. It is not likely that an undiagnosed
relative hypoglycaemia occurred in several patients between two measurements and there
must therefore be some other, hitherto unknown, GH stimulating mechanism for very
high doses of insulin.

AMINO ACID INFUSION DURING ABDOMINAL SURGERY
When healthy volunteers fast, IGF-1 declines within 24 hours. Total IGF-1 decreases after
surgery due to blood loss and induced protease activity. The energy supply of most
patients undergoing abdominal surgery will be insufficient for a period of at least 24 hours
and there are therefore two independent factors that each decreases total IGF-1. Several
clinical fasting studies have exhibited a close positive correlation between IGF-1 and
nitrogen balance under different conditions (34,47). An amino acid infusion during surgery
will alter the nitrogen balance and might thereby influence serum IGF-1 (34,47). Our third
study aimed to find out whether an infusion of amino acids during surgery would be
reflected in a different pattern of IGF-1, IGFBP-1, insulin and glucose after elective
hysterectomy. In humans amino acids may act both as substrates and transmitters. The
effect after surgery of an amino acid infusion during surgery might thus be different if it is
given before or after induction of anaesthesia. For this reason, we also investigated
whether starting this infusion ahead of anaesthesia made any difference.
The control group who received Ringer’s solution during surgery had a long-lasting
decrease in IGF-1 and an increase in insulin and plasma glucose persisting for several days
after surgery. In the two amino acids groups, surgery induced only minor hormonal and
metabolic changes postoperatively (figure 8, table 10). It amazed us how long the
hormonal and metabolic effect of a 2.5 hour peroperative amino acid infusion was. We are
convinced that the maintained levels of IGF-1 reflect an improved nitrogen balance also in
this setting although we have no specific data of our own to substantiate this. The motive
for our conviction are the studies there high doses of GH were given perioperatively
showed that preserved levels of IGF-1 were associated with an improved nitrogen balance
(101,147,156). Furthermore, Donatelli et. al. recently used an isotope technique to
demonstrate that patients receiving an amino acids infusion during surgery maintained a
positive protein balance irrespective of whether epidural or general anaesthesia were used
(157).
This contrasts somewhat with studies of the postoperative period showing that epidural
blocks had certain advantages in that the nitrogen balance was improved, although this was
only found when parenteral nutrition containing amino acids was given (158).
The preserved IGF-1 levels found in our study are most probably clinically important since
reduced levels of IGF-1 are linked with postoperative catabolism. Protracted postoperative
catabolism is a risk factor for complications and prolonged hospitalisation, especially for
the elderly who often are malnourished when they undergo surgery. (3).
Can there be any risk with maintaining IGF-1 postoperatively? The question is justified
since GH-treated critically ill patients, in two large randomized studies, showed doubled
mortality compared to their controls (113). The issue has been reviewed and IGF-1 has
been demonstrated to be safe (43) Maintained or restored IGF-1 levels in fact confer long
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term health benefits (42). Preserved, normal concentrations of IGF-1 reduces the risk of
diabetes, sarcopenia and cognitive attenuation(42,43) and correlate to better physical health
(38). In elderly above 80 years it is associated with longer life expectations (44). Thus, to
maintain IGF-1 after surgery in a cost-effective and safe manner may be beneficial.
An altered glucose homeostasis after surgery was apparent in the Ringer- group. In both
amino acid groups “diabetes of injury” was attenuated (table 10, figure5).
Starting the amino acids infusion ahead of anaesthesia appears to be favourable.
In the group receiving amino acid infusion before and during the first part of surgery the
increase in insulin was totally abolished, and the increase in IGFBP-1 and HOMA
diminished on the first postoperative day. This contrasted with the other operated groups.
To improve glucose control during surgery in non-diabetic patients may be beneficial,
although this will probably be hard to proof by means of “evidence based” methods, since
mortality and morbidity concerning anaesthesia is so low that massive studies would be
needed.
However, improved glucose control during cardiac surgical procedures does decrease the
risk for postoperative complications (159). Furthermore, stringent control of blood
glucose by intensive insulin therapy reduces mortality and morbidity in critically ill surgical
patients (160). Thus, that priming with amino acids infusion improves glucose
homeostasis, may be clinically important.
There are a number of possible explanations for why an amino acid infusion attenuates
protracted insulin resistance induced by surgery. The preserved levels of IGF-1 in the
amino acid groups may contribute to this effect since increased levels of IGF-1 are known
to improve glucose homeostasis.(48,136). However, Skjaerbaek et al. may questioned this
interpretation since they found unchanged levels of free IGF-1 despite a significant
decrease in total IGF-1 after surgery (18). So the maintained levels of IGF-1 can not for a
certainty explain the improved glucose homeostasis seen in the amino acid groups. Hence,
other mechanisms had to be considered. However, it is still uncertain if free IGF-1 in
blood reflects the free IGF-1 in tissue.
The balanced amino acid mixture used in the study contains L-arginine, a precursor of
NO. L-arginine initiates the secretion of insulin, glucagon and GH. Both intravenous
infusion (161), and long-term oral administration f L-arginine in diabetic patients (162) o
have been demonstrated to improve insulin sensitivity.
The dose of L-arginine, given in our study is compatible with the low-dose used by
Wascher et al. (161). Hence, this effect of L-arginine might be of importance.
The most pronounced effect of a perioperative amino acid infusion on short-acting
IGFBP-1 and insulin was seen on the first day after surgery. On this day, the group
receiving amino acid infusion before and during the first part of surgery had lower levels of
insulin than the patients receiving amino acids only during surgery.
The most probable reason for this is the different regimes of amino acid administration.
An infusion of amino acids in rats caused a decrease in IGFBP-1 without any changes in
insulin (81). A decrease in IGFBP-1 with unchanged insulin levels is known to reflect an
improved hepatic insulin sensitivity (83).
Furthermore, the amino acid-treated rats had a higher concentration of total IGF-1 than
controls, which is in agreement with our findings (81) Our results suggest that preoperative
amino acid infusion has a pharmacological effect that improves glucose homeostasis and
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preserves IGFBP-1 levels postoperatively in traumatized individuals. Consequently, the
timing of the amino acids infusion appears to be important to the metabolic response.
Further studies are required to define adequate doses, timing and underlying mechanisms.
PARAFAC
Since the glucose-lowering effect of IGF-1 depends on both locally produced and
circulating IGF-1, as well as alterations in the levels of the binding proteins, a linear
relationship cannot be expected to exist between serum levels of IGF-1 and
glucose/insulin. Traditional statistical methods cannot completely reveal such complex
correlations. Multivariate statistical methods, such as PCA and ANNs, need to be used if
high dimensional patterns are to be clarified (144,149,163). ANNs, however, require large
amounts of data. This in turn requires larger studies. PARAFAC a variant of PCA, is better
for smaller clinical data sets and is thus well suited to metabolic studies.
PARAFAC is a curve resolution tool that simplifies the data and finds the directions in the
primary data array with its underlying fundamental (principal) pattern is (144). The
PARAFAC- simplification and traditional statistical analysis used in the present study
displayed congruent results concerning IGF-1, but only PARAFAC could demonstrated
that the glucose homeostasis was as most disturbed on day three (figures 9 & 10).
PARAFAC also displays the proportion between the principal and residual components
which can be valuable when trying to understand the data.

CAN AN AUGMENTED GH DOSE IN TWO MORIBUND
CATABOLIC PATIENTS WITH DILATED CARDIOMYOPATHY
AND SEVERE HEART FAILURE IMPROVE CARDIAC
FUNCTION?
To treat a severely ill patient with dilated cardiomyopathy and severe heart failure with GH
is controversial. As mentioned above, results of randomised controlled studies have not
been conclusive. One proposed explanation for this is that the studies were too small and
had inadequate statistical power (128). An inadequate dose due to GH resistance may be
another possible explanation (129). Furthermore, patients with severe LV dysfunction
increase their circulating IGF-1 levels less than patients with moderate LV dysfunction in
response to a specific GH dose (130). The troublesome question to be addressed is that of
which GH dose should be used for a patient with severe dilated cardiomyopathy in a
specific situation. In the relevant literature, there are reports describing critically ill patients
with dilated cardiomyopathy and end-stage heart failure who have been successfully treated
with augmented GH doses (≈ 0.07 mg/kg/day, which corresponds to 3.3-4.7 mg/day).
(164,165). Ill-considered increases in the therapeutic GH dose given to a GH-resistant and
severely ill catabolic patients with dilated cardiomyopathy and severe heart failure might,
however, be problematic, as shown by the two large randomised studies mentioned above,
in which an unexpected, and doubled mortality was seen in intensive care patients treated
with very high GH-doses (up to 8 mg/day) (113). The exact mechanisms for the increased
mortality have not been clarified, although the extremely high doses used and slighter
higher levels of glucose have been suggested as explanations (113,166).
In paper IV, we describe two patients with severe heart failure who had suffered
ventricular fibrillation in the ICU due to a combination of dilated cardiomyopathy and
their catabolic condition. Following resuscitation, their severe heart failure and dilated
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cardiomyopathy were successfully treated with an augmented GH dose (together with
insulin). We chose to treat the patients with GH (5.3 mg/day), since it was clinically
evident that the catabolic state caused deterioration in both patients’ heart function. The
heart is not a protected or exempted organ under catabolic conditions and heart failure
prognosis worsens considerably during cachexia (167). After resuscitation the patients’
initial conditions was poor and the prognosis was judged poor. GH treatment was,
however, successful, and both patients’ heart function improved considerably. They were
both discharged from hospital to their homes. Subsequent analysis revealed a close
relationship between serum levels of IGF-1 and cardiac performance as well as nitrogen
balance (r1= 0.96; r2=0.99) (figure 11, tables 11 & 12).
Patient 1 was a 66-year-old man with an arrythmogenic dilated cardiomyopathy and a six
year history of severe heart failure. Secondary to his severe heart failure he also suffered
from renal failure. He had previously been a candidate for heart transplantation. Two days
after his circulatory arrest, GH was his only inotropic support. In parallel with GH he was
also given adequate parenteral nutrition and insulin aimed at achieving normoglycaemia.
After a tracheotomy on the ninth days of GH treatment, his nitrogen balance turned
positive. The increased muscular activity after the tracheotomy might have been of
importance since the fact that physical activity can increase local IGF-1 production and
anabolism in CHF-patients has been described (89). His anabolic state was further
enhanced when his dental infection was surgically treated. The improved echocardiography
and clinical status during GH- treatment was most probably a result of an IGF-1 initiated
remodelling process in the heart and the positive nitrogen balance (123,124,168). The GHdose was then successfully reduced when he showed clinical improvement to avoid the
risk entailed by too high GH doses in critically ill patients (113). During the GH treatment,
his renal function also improved. There is no other possible explanation for this patient’s
recovery than his GH treatment, since his heart function deteriorated rapidly when GH
was later withdrawn after 70 days. Only six weeks after the GH- treatment was withdrawn,
he was readmitted to hospital with a low cardiac output syndrome with renal failure. In
accordance with the patient's wishes GH- therapy was not restarted and he died three
weeks later (table 11).
In our second patient, a new septic event in the ICU aggravated his catabolic state and
caused a deterioration in his dilated cardiomyopathy prior his circulatory arrest. He was
moribund and in a last attempt to save his life, it was decided to treat his dilated
cardiomyopathy with GH for a limited period. GH therapy caused a rapid improvement in
his clinical condition, turning his nitrogen balance positive and improving EF. Subsequent
analysis showed that in parallel with his improvement, serum IGF-1 increased promptly by
about 200 % (table 12). This disclosure corresponds with the findings by Perrot et al., who
treated patients with dilated cardiomyopathy with a GH- dose of 0.7 mg/day. They found
that GH- induced increases in IGF-1 of more than 80 μg/l were needed to ensure notable
improvement in the ejection fraction (168). They also found that changes in LV mass were
related to changes in serum IGF-1 concentrations.
Patients with severe CHF often require controlled mechanical ventilation and are then
transferred to the ICU. They are thus not recommended to be treated with GH (166). The
indication for GH therapy in our cases was the patients’ dilated cardiomyopathy rather
than their general muscle wasting. Supported by the extensive literature concerning the
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potential beneficial effect of GH on dilated cardiomyopathy, as well as the fact that both
patients were in the pre-mortal phase due to their severe heart failure, we decided to defy
the recommendation concerning ICU-patients and attempt treatment with GH. The dose
we used (5.4 mg/day) was slightly higher than the dose used in previously published case
reports concerning dilated cardiomyopathy (3.3 – 4.7 mg/day) (164,165). The fact that
patients with severe LV dysfunction increased their IGF-1 less than patients with
moderate LV dysfunction (130) and that the increase in IGF-1 was more rapid when a
higher dose was used (130) made us select a slightly higher GH dose. Our dose was,
however, compatible with the lowest dose (0.07 mg/kg/day) used in the ill-fated European
multi-centre studies (113) and thus open to criticism. In another study, of postoperative
patients, the threshold dose of GH to improve nitrogen balance was 0.05 mg/kg/day and
the increase in serum IGF-1 was dose related (169). We chose a dose slightly above 0.05
mg/kg/day. While our chosen dose was high, it was nevertheless 30 % lower than the
dose approved by the FDA for inhibition of protein wasting in HIV patients (0.1
mg/kg/day) (114). In a recent report it was described that catabolic dobutamine
dependent heart failure patients can be successfully treated with a GH dose of 2.7 mg/day.
During such GH support Bocchi et al. were able to withdraw dobutamine (170). This
study indicated that an initial dose that was 50 % lower than ours might be sufficient. The
patients in this study were, however, not as critically ill as ours. Our patients were by that
likely to be more GH-resistant than theirs. Like most others, Bocchi et al. also used the
same dose throughout the treatment period unlike our regime, in which we adjusted our
first patient’s dose in accordance with his clinical condition.
Our two patients indicate that a dose of 0.07 mg/kg/day is sufficient to overcome GH
resistance in critical illness when the therapy is combined with nutrition and insulin.
Critically ill patients rarely achieve positive nitrogen balance despite extra nutrition (113).
Both our patients went from a negative to a positive nitrogen balance with regular ICU
nutrition, insulin and adjuvant GH-therapy. Our policy of trying to keep our patients
awake or only slightly sedated during daytime, and thereby preserved their muscular
activity, may also be an important positive co-factor (88,89,91). In both patients, we found
a close correlation between total IGF-1 and nitrogen balance.
Which GH dose should be used in severe CHF in a specific situation? In most hospitals
routine analysis of serum IGF-1 is not available. Our report demonstrates that the well
known close correlation between IGF-1 and nitrogen balance persists even during critical
illness (34,171). After ensuring an adequate energy and amino acid supply, the lowest GH
dose that produces a positive nitrogen balance should be used. We suggest that nitrogen
balance should be analysed regularly and used as a surrogate measure of IGF-1. In the two
European multicentre studies, the GH- treated patients required more insulin than
controls and had higher blood glucose levels. (113). These differences were suggested as
important factors behind the increased mortality among the GH treated patients (166).
Our patients had blood glucose levels and insulin doses compatible with the non-GH
treated patients in the European multicentre studies. The fact that we minimised the use of
cathecholamines may also be of importance, since epinephrine and norepinephrine (64)
both increase blood glucose and stimulate the production of IGFBP-1 which inhibits the
biological action of IGF-1 (60). High levels of IGFBP-1 are also associated with an
increased ICU-mortality (172). In contrast, insulin is the only endogenous substance that
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inhibits the production of IGFBP-1 (58). Combining GH therapy with insulin could thus
be beneficial in more than one way.
Our report demonstrates that treatment with GH and insulin in patients with severe
cardiac failure due to dilated cardiomyopathy and critical illness can be life saving.
The initial GH dose needs to be augmented. A start dose between 0.035 - 0.07 mg/kg/day
is suggested. Higher doses than this should not be used. Nitrogen balance analysis could
be used in place of IGF-1 analysis as a measure of GH response. The initial GH dose can,
in the course of treatment, be reduced according to clinical status and nitrogen balance.
Keeping the patient awake and preserving muscular activity may also be favourable.

THE EFFECT OF THE INVESTIGATED TREATMENT
PROCEDURES ON POSTOPERATIVE GLUCOSE
HOMEOSTASIS
Table 13 provides a summary of the glucose homeostasis pattern for the three completed
studies. Glucose, insulin and HOMA are displayed together for all seven patient groups.
HOMA, which was not used in the first published paper, is now added to the two groups
in the CABG-study. The difference in glucose homeostasis in the investigated surgery
groups is interesting. Even before surgery, a divergent metabolic pattern can be seen.
Middle-aged women with myoma, who mostly are fit, have normal HOMA values, while
patients with cox arthrosis who are probably less mobile, have a slightly altered insulin
sensitivity, and patients with cardiovascular diseases show a further increase in HOMA
reflecting an impaired glucose homeostasis. After CABG- surgery there is a powerful rise
in HOMA in both CABG- groups. At discharge an improvement had occurred although
glucose homeostasis remained disrupted in these CABG-patients. The fact that amino acid
infusion during surgery has a positive effect on glucose homeostasis postoperatively can
easily be seen in table 13. It also appears that starting amino acid infusion therapy one hour
before anaesthesia is favourable. A pharmacological effect of L-arginine is suggested (see
above). Other branched amino acids, such as leucine, however may also have glucoselowering effects (173,174).
From earlier studies it is known that obesity and low levels of IGFBP-1 are factors
associated with insulin resistance in both men and women (83,137). Both CABG- groups
have low IGFBP-1 levels (table 14). Furthermore the group receiving amino acids
throughout surgery also has low IGFBP-1 levels and a slightly worse glucose homeostasis
than the other group treated with amino acid (table 14). Detailed analysis explored that
three individuals in this group had low IGFBP-1 levels. They were also the ones who had
high insulin levels the day after surgery. It is thus, possibly that altered basal metabolism in
a small number of individuals in that group might be an additional reason for the
difference in metabolic pattern between the amino acids groups.
Neither GIK infusion treatment during heart surgery nor regional anaesthesia during hip
surgery had any impact on “diabetes of injury” after surgery.
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Table 13
The table summarises the results concerning glucose homeostasis from studies I, II
and III. Results are presented both as means (standard deviation) and medians (1st
and 3rd quartiles) for comparison. In study I, no data point equalled the day of
discharge.

The effect of the investigated treatment procedures on
postoperative glucose homeostasis (studies I, II and III)

IS THE EFFECT OF THE INVESTIGATED TREATMENT
PROCEDURES ON POSTOPERATIVE ANABOLISM
REFLECTED AS AN ACCELERATING RECOVERY OF IGF-1
AND IGFBP-1?
Table 14 presents the patterns for IGF-1, GH and IGFBP-1 in the three studies. All three
interventions during surgery enhanced the recovery of IGF-1 after surgery (table 14). RA
accelerated the recovery of IGF-1 and kept IGFBP-1 at baseline levels on the day after hip
surgery, in contrast to GA (figure 6). GIK during CABG surgery enhanced the secretion
of GH during surgery and accelerated the recovery of IGF-1, which returned to baseline as
early as 12 hours after surgery. GIK also depressed the prompt and vigorous rise in
IGFBP-1 during surgery. In contrast, it had no long-term effect on IGFBP-1 after surgery
(tables 6 & 9). Amino acid infusion during abdominal surgery diminished the decrease in
IGF-1 and abolished the early rise in insulin and IGFBP-1 after surgery if given prior to
surgery (table 13). Amino acid infusion did, however, not affect IGFBP-1 at the time of
discharge (table 14). Moreover, it was possible to achieve a positive nitrogen balance in
critically ill dilated cardiomyopathy patients with the combination of an augmented GH
dose, nutrition, insulin, and preserved muscle activity. In these patients, there was an
extremely good correlation between total IGF-1 and nitrogen balance.
At the time of discharge, CABG- patients had more and less restored IGF-1 levels, in
contrast to the hysterectomy patients, whose IGF-1 levels were still depressed. In spit of
being more insulin resistant, older heart surgery patients were thus more anabolic, after
surgery than middle age women who have undergone abdominal surgery. Why?
In my view there are at least three possible explanations. First, the patients are fully
heparinised during CABG-surgery. Glycosaminoglycans (heparin related substances) alter
IGFBP ligand affinity and increase free levels of IGFBP-1 in serum in vitro, with
unchanged levels of total IGF-1. However, the effect is fully reversible by protamine
sulphate which is always given at the end of CABG-surgery (175). Both substances may
influence the somatotropic axis after CABG-surgery, although the net outcome in vivo has
not been clarified. It is more likely, however, to be due to a difference in nutritional intake
postoperatively. CABG- patients normally have breakfast the day after surgery. They
generally have a preserved gut function postoperatively, contrary to what is seen after
abdominal surgery. A third factor here may be a difference in mobility. Abdominal surgery
may be more painful than uncomplicated heart surgery and may therefore keep the patient
in bed. Immobility may thus be an important factor.
Our studies have, however, demonstrated that it is possible to improve the somatotropic
axis and glucose homeostasis after surgery by means of different interventions during
surgery. These results challenge the old paradigm that giving nutrition during surgery is not
worthwhile. Most promising are the findings with regard to amino acids infusion. To give a
patient an amino acids infusion before, during and after surgery is easily performed and
not expensive.
We also hope that our findings will encourage colleagues to join us in the research how to
improve anabolism and maintain glucose homeostasis after surgery.
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Table 14
The table summarises the results concerning anabolism from studies I, II and III. Results are presented
both as means (standard deviation) and medians (1st and 3rd quartiles) for comparison. In study I no
data point equalled the day of discharge. GH measurements were not made in study III.

Table 14, The effect of the investigated treatment procedures on postoperative anabolism
reflected as an improved recovery of IGF-1 and IGFBP-1 (studies I, II and III)

CONCLUSIONS
A number of conclusions can be drawn from the results of the studies. One overall finding
was that various treatment procedures during surgery and critical illness have significantly
different effects on the GH-IGF-1 axis. Some of these procedures are promising and
might change perioperative care after further studies.
The conclusions are listed in relation to the aims and findings of the studies:
− surgery-induced reduction of IGF-1 is a general phenomenon seen during
orthopaedic, abdominal and cardiac surgery (papers I, II, III);
− different modes of anaesthesia cannot per se prevent or diminish the peroperative
fall in IGF-1 during surgery (papers I, II, III);
− variations between individuals appeared greater than the variations within the
individuals caused by the studied interventions (papers I, III);
− the rapid decrease in IGF-1 during hip replacement surgery correlates to the
increase in blood glucose and insulin during surgery (paper I);
− using regional anaesthesia, instead of general anaesthesia, during hip replacement
surgery accelerates the recovery of IGF-1 after surgery and abolishes hepatic
insulin resistance, as reflected in depressed IGFBP-1 levels, during the first night
following surgery (paper I);
− GIK during elective coronary heart surgery has an early accelerating effect on the
recovery of IGF-1 after surgery (paper II);
− GIK substantially decreases the prompt release of IGFBP-1 just after
extracorporeal circulation (paper II);
− amino acid infusion during abdominal surgery attenuates the surgery induced
decline in IGF-1 and diminishes “diabetes of injury” (paper III);
− starting the amino acid infusion before anaesthesia appears to have a favourable
effect regarding “diabetes of injury” (paper III);
− an augmented GH dose in two moribund catabolic patients with dilated
cardiomyopathy and severe heart failure improved cardiac function. This
improvement in cardiac function was vital and in parallel with an increase in IGF-1
and an improved nitrogen balance (paper IV).
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Some men give up their designs when they have almost reached the goal; While others, on the
contrary, obtain a victory by exerting, at the last moment, more vigorous efforts than ever before.
Herodotos (484 f.Kr-425 f.Kr)
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Happiness is not the goal; happiness is the journey to the goal.
Some men give up their designs when they have almost reached the goal; While others, on the
contrary, obtain a victory by exerting, at the last moment, more vigorous efforts than ever before.
Herodotos (484 f.Kr-425 f.Kr)
All forces in nature can be seen as having yin and yang states, and the two are in constant
movement rather than held in absolute stasis and GH is an example of this.

