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Abstract

Surgical trauma induces a catabolic response with development of insulin resistance as a central and well-
characterised feature. In insulin resistance, the stimulating effect of insulin on peripheral glucose up-
take and the suppressing effect of insulin on endogenous glucose release are decreased, resulting in 
hyperglycaemia. It is marked the first day after surgery and normalises within two to three weeks. 
Preoperative treatment with oral carbohydrates instead of traditional fasting and use of epidural anaes-
thesia reduce postoperative insulin resistance.
	 Both starvation and bed rest are known to induce insulin resistance. In the first study, the effect of 
traditional post-surgical low caloric feeding and bed rest on insulin sensitivity (hyperinsulinaemic (0.8 
mU/kg/min) normoglycaemic (4.5 mM) clamps) and substrate utilisation (indirect calorimetry) were 
studied in healthy volunteers in a control situation and after three days of low caloric feeding and bed 
rest. Half of the volunteers underwent a second protocol with identical low caloric feeding but without 
bed rest. Three days of low caloric feeding induced a decrease in insulin sensitivity by nearly 60 % and 
caused alterations in substrate utilisation both with and without bed rest. The metabolic effect of low 
caloric feeding and bed rest was not related to age in the present study. Thus, low caloric feeding might 
be of importance for development of postoperative insulin resistance. 
 The use of total parenteral nutrition (TPN) in patients undergoing surgery in order to reduce catab-
olism has been shown to induce hyperglycaemia and increase the complication rate, mainly infectious. 
However, the effects of TPN have not been investigated in patients treated to proactively minimise de-
velopment of postoperative insulin resistance. Insulin sensitivity, glucose kinetics (6,62H

2
-D-glucose) 

and substrate utilisation were studied before surgery and on the third postoperative day in 13 patients 
undergoing colorectal resections. Patients were randomised to postoperative hypocaloric glucose or 
TPN. All received preoperative oral carbohydrate treatment and epidural anaesthesia during and after 
surgery. Whole-body glucose disposal decreased by only approximately 25 % irrespective of whether 
or not TPN was given. Low caloric feeding resulted in changes in substrate utilisation and nitrogen 
balance resembling starvation, while TPN attenuated these changes.
 Preoperative oral carbohydrate treatment has been used as an evening dose the day before surgery 
(100 g) and a morning dose (50 g). The aim of study III was to investigate to what extent the two 
doses, respectively, affected insulin sensitivity at the time of onset of surgery. Insulin sensitivity and 
substrate utilisation were measured in six healthy volunteers on four occasions in a randomised order 
(in the overnight fasted state, after the evening dose only, after the morning dose only, and after both 
doses). Oral carbohydrate treatment given in the morning increased insulin sensitivity three hours later 
(corresponding to the time of onset of surgery) by approximately 50%. The evening dose did not affect 
insulin sensitivity the following day. Thus, increased insulin sensitivity at the onset of surgery might, at 
least in part, explain the positive effects of carbohydrate loading seen on postoperative insulin sensitiv-
ity.
 In paper IV, the effect of preoperative oral carbohydrate treatment on postoperative whole-body 
protein kinetics was evaluated. Insulin sensitivity, protein (2H

5
-phenylalanine, 2H

2
-tyrosine, 2H

4
-tyro-

sine) and glucose (6,62H
2
-D-glucose) kinetics and substrate utilisation were studied before surgery and 

on the first postoperative day in 12 patients undergoing colorectal resections. Patients were randomised 
between oral carbohydrate treatment and a placebo drink before surgery. Preoperative carbohydrate 
treatment improved postoperative whole-body protein balance. The effect of insulin on whole-body 
protein kinetics was not altered after surgery.

Key words: insulin sensitivity, insulin resistance, hyperinsulinaemic normoglycaemic clamps, whole-
body glucose kinetics, whole-body protein kinetics, indirect calorimetry, surgery, carbohydrate load-
ing, hypocaloric nutrition, bed rest and TPN
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Introduction

Nutrition and metabolism in traditional 
surgical practice
Approximately five percent of the western 
population undergo surgery every year [1]. 
Surgery causes, by definition, an injury to the 
body. This injury results in a series of stress re-
sponses that impact body metabolism. Over the 
last few years, it has become increasingly clear 
that metabolic disturbances are one of the ma-
jor causes behind postoperative complications 
[2] and may also impact recovery in the patients 
without complications [3]. Perioperative care in 
traditional surgery involves periods of starva-
tion or semi-starvation in addition to the stress 
of surgery itself. Recent evidence have ques-
tioned the perioperative traditional care and re-
ported substantial enhanced recovery by imply-
ing protocols that avoid these periods of starva-
tion and reduce the overall stress of surgery [4, 
5]. The studies in this thesis were undertaken 
to further improve the understanding of the role 
of nutritional treatments both before and after 
major surgery.

Metabolic effects of preoperative fasting
Traditionally, an overnight fast has been rec-
ommended before surgery in order to reduce 
the risk of aspiration of acid stomach content. 
Today, new more liberate fasting guidelines 
have been adopted in many centres, with rec-
ommendation of clear fluids until a couple of 
hours before surgery to reduce the discomfort 
of thirst [6]. Moreover, since clear fluids only 
contain few calories, many patients about to un-
dergo surgery begin to experience early starva-
tion. This induces decreases in glucose oxida-
tion and concentrations of glucose and insulin 
[7, 8], while the liver is gradually depleted of 
stored carbohydrates (glycogen) [9]. The low 
concentrations of insulin stimulates liberation 
of substrates for de novo synthesis of glucose 

(gluconeogenesis); glycerol from adipose tissue 
[10], alanine and glutamine from protein break-
down and lactate from anaerobic glucose break-
down (glycolysis). In addition, many patients 
undergoing colorectal surgery are subjected to 
bowel preparation the day before surgery, re-
sulting in a period of more than 24 hours be-
tween the last proper meal and the operation. 
On the day of surgery, usually only hypocaloric 
glucose is given (approximately 50-100 g glu-
cose). Normally, after one week, the patients’ 
caloric intake is back to preoperative levels [11]. 
After 1-2 months most patients have regained 
their muscle function and after 2-6 months body 
composition is back to normal [11, 12].

The	metabolic	response	to	trauma		
The ebb and flow phases and 
insulin resistance  
Physical trauma induces major metabolic and 
endocrine alterations [13] aiming to prevent 
hypotension and to mobilise fuel required for 
healing processes. Sir David Cuthberthson first 
described the post-shock metabolic response 
in 1942 [14]. He defined two distinct periods; 
the ebb phase with depressed metabolism and 
the flood phase with hypermetabolism. The ebb 
phase lasts for 12-24 hours after a major trauma 
followed by the longer flow phase that reaches a 
peak after 7-10 days and then subsides [13]. 

The ebb phase is associated with a release of 
stress hormones (adrenaline, noradrenaline, glu-
cagon, cortisol and growth hormone). During 
the ebb phase, a rapid mobilisation of fuel from 
glycogen and fat stores occurs. High concen-
trations of adrenaline inhibit insulin secretion. 
Thus, concentrations of insulin are relatively 
low during the ebb phase, despite high concen-
trations of glucose [13]. During the flow phase, 
energy expenditure increases. Fat oxidation is 
increased as well as oxidation of free amino ac-
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ids, but the latter rarely contributes to more than 
20% of total energy expenditure [13]. Glucose 
oxidation contributes to the increased metabolic 
rate only if a considerable amount of exogenous 
glucose is given [13]. Normalisation of concen-
trations of stress hormones occurs during the 
flow phase [13].

After trauma, the anabolic effects of insulin on 
insulin-sensitive tissues are reduced, i.e. insulin 
resistance develops [15]. The reduced insulin 
action results in decreased glucose uptake in pe-
ripheral tissues and increased endogenous glu-
cose release (EGR). Both these events will con-
tribute to the development of hyperglycaemia 
[13], which is present both during the ebb and 
the flow phases. Insulin resistance is thought to 
be a physiologic mechanism in order to “save” 
glucose for glucose dependent tissues, such as 
the brain, erythrocytes and renal medulla. In 
these tissues, glucose is mainly taken up by pas-
sive carrier-mediated trans-membrane diffusion 
independently of insulin. GLUT 1-12 (glucose 
transporting proteins) are 12 distinct carrier 
proteins facilitating glucose uptake in various 
tissues. For example, GLUT 3 is present in the 
brain, and due to a low Km (1.6 mM) glucose is 
easily transported across the cellular membrane 
at low concentrations. GLUT 2, expressed in 
the liver has a Km of 7-20 mM resulting in a 
relatively higher uptake when the concentra-
tion of glucose in blood is high [16]. GLUT 4, 
a specific insulin-regulated glucose transporter 
is localised in skeletal muscle and adipocytes. It 
is one of the most important transporters in the 
regulation of blood glucose concentrations and 
glucose homeostasis, since skeletal muscle is 
responsible for the major part of the increase in 
whole-body insulin sensitivity seen after insulin 
stimulation [17]. 

The cellular mechanisms for insulin-stimulated 
glucose uptake have been extensively investi-
gated. Insulin binding to the extra-cellular part 
of the trans-membrane insulin receptor induce 
a cascade of intracellular events with subse-
quent translocation of GLUT 4 from intracel-
lular stores to the plasma membrane resulting 

in glucose uptake [3]. In different states of in-
sulin resistance such as in Type II diabetes [17] 
and after surgery [18], this insulin-stimulated 
transport of glucose across the membrane in 
peripheral tissue is disturbed. Glucose uptake 
in peripheral tissue is also regulated by the so-
called “glucose-fatty acid cycle” as proposed 
by Randle [16]. High concentrations of glucose 
normally stimulate glucose uptake and oxida-
tion. However, in the presence of products de-
rived from oxidation of fatty acids, the uptake 
and oxidation of glucose is inhibited [16].

IGF-I (insulin like growth factor I) has insulin 
like effects on glucose metabolism and is also 
a mediator of the protein-anabolic effect of 
growth hormone [19]. Approximately 90 % is 
reversibly bound to binding proteins of which 
insulin like growth factor binding protein 1 and 
3 (IGFBP-1 and IGFPB-3) are probably the 
most important [3]. IGF-I is biologically active 
only in its free, unbound form and the quotient 
between total IGF-I and IGFBP-1 has been used 
as a measure of “bioavailability” of IGF-I [3]. 
Concentrations of IGF-I decrease after fasting 
and in catabolic states. Therefore, concentra-
tions of IGF-I have been associated with nutri-
tional status in critically ill patients [19]. During 
and after surgery, IGFBP-1 increase, and the 
normal reverse relationship between IGFBP-1 
and insulin concentrations is lost [19]. Although 
not fully understood, this probably contributes 
to post-traumatic insulin resistance. In addi-
tion to the endocrine response to trauma there 
is also a release of immunologic mediators such 
as pro- as well as anti-inflammatory cytokines 
[20] contributing to the complex metabolic re-
sponse.

Measuring insulin resistance and glu-
cose kinetics
The hyperinsulinaemic euglycaemic clamp 
method was described by DeFronzo et al. in 
1979 [21]. With this method, insulin sensitiv-
ity can be quantified. A continuous infusion of 
insulin is given, typically in a rate yielding a 
concentration of insulin in the interval where 
the actual glucose uptake is most sensitive to 
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changes in insulin sensitivity (40-90 mU/l) 
[22]. Blood glucose is measured repeatedly and 
a variable infusion of glucose is given aiming 
to keep a constant blood glucose concentra-
tion. Peripheral glucose uptake is considered 
to equal the glucose infusion rate (GIR) neces-
sary to keep euglycaemia during the period of 
steady state. This is true if EGR is totally sup-
pressed, which has been shown to be the case 
during insulin stimulation (0.8 mU/kg/min) af-
ter an overnight fast in healthy subjects as well 
as in patients about to undergo surgery [23]. In 
insulin resistant states, complete suppression of 
EGR may not always occur. However, EGR can 
be calculated if an infusion of glucose labelled 
with a stable isotope of deuterium is given and 
whole-body glucose disposal (WGD) thus rep-
resents the sum of GIR and EGR. Simultaneous 
measurement of glucose oxidation by the use 
of indirect calorimetry [15, 24-26] enables the 
calculation of non-oxidative glucose disposal 
(NGD), from the difference between WGD and 
glucose oxidation. Thus, this model measures 
the EGR, WGD, glucose oxidation and NGD. 
NGD include glycogen synthesis and anaerobic 
glycolysis. 

Insulin sensitivity varies 7-fold between healthy 
non-diabetic individuals [3]. It decreases af-
ter surgery and with age [27], but the relative 
reduction in insulin sensitivity due to surgery 
has not been shown to be age dependent [3]. 
Moreover, measurement of insulin sensitivity 
by the use of hyperinsulinaemic euglycaemic 
clamps is reproducible when measured repeat-
edly in the same subject with a median intra-
individual coefficient of variation of 5.8 % [28]. 
In the present studies, the subjects and patients 
are measured before and after the intervention 
to serve as their own controls. Since insulin 
sensitivity increases with the duration of insu-
lin stimulation [28], the same period after com-
mencement of insulin infusion has been used 
for determination of insulin sensitivity.

Carbohydrate metabolism after surgery
Surgery is the most common physical trauma 
and postoperative insulin resistance is well de-

scribed. In 1988 Uschida et al. demonstrated a 
reduction in whole-body insulin sensitivity by 
approximately half on the first postoperative day 
[29]. Brandi compared patients undergoing ma-
jor abdominal surgery to healthy controls [26]. 
Insulin-stimulated WGD was found to be lower 
in post-surgical patients while EGR was higher 
at basal and during insulin stimulation indicat-
ing a decreased sensitivity to insulin both in the 
liver and in peripheral tissue. Furthermore, the 
stimulation of NGD by insulin seen in healthy 
subjects was nearly abolished after surgery, sug-
gesting a defect in glycogen synthesis as well 
[26]. Development of insulin resistance after 
surgery has been demonstrated to be related to 
magnitude of the surgical trauma [30]. The day 
after open cholecystectomy, insulin sensitivity 
decreases by more than 50 % compared to 32 % 
the day after inguinal hernia repair and 18 % the 
day after laparoscopic cholecystectomy [31]. 
When multiple regression analysis was per-
formed on pooled data from patients included 
in different studies, development of insulin re-
sistance was shown to be an independent factor 
influencing length of hospital stay after surgery 
[3]. The importance of cytokines for postopera-
tive insulin resistance has been evaluated in pa-
tients undergoing open cholecystectomy [32]. 
Interleukin-6 (IL-6) was found to be increased 
on the first day after surgery and also related 
to the degree of development of insulin resist-
ance. Interestingly, no such relation was found 
between insulin resistance and concentrations 
of stress hormones [32]. Most studies evalu-
ate insulin resistance on the first postoperative 
day. However, marked insulin resistance has 
been demonstrated on the fifth day after open 
cholecystectomy as well, with a normalisation 
20 days after surgery [33].

Protein metabolism 
The body of a 70 kg person contains 12 kg pro-
tein and 200-230 g free amino acids [34, 35]. 
40-45 % of total body mass is skeletal muscle, 
containing approximately 7 kg of proteins [35]. 
The rate of protein synthesis and degradation 
varies between organs. Skeletal muscle contrib-
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utes to approximately 25% of whole-body pro-
tein turnover [35]. The fractional synthesis rate 
is lower in skeletal muscle (1-1.5 % / day) com-
pared to other tissues such as the liver and gut, in 
which it is approximately 10-20 times higher. In 
healthy adults, protein synthesis equals protein 
breakdown over time. After a mixed protein-
containing meal, protein synthesis increases 
and breakdown decreases. The protein balance 
is normally positive during daytime in response 
to regular food intake and negative during night 
time, rendering a balance over 24 hours [34]. 
Muscle growth is stimulated by anabolic hor-
mones stimulating protein synthesis (growth 
hormone, insulin-like growth factors and tes-
tosterone) and inhibiting breakdown (insulin) 
[36-39]. The role of insulin on protein synthesis 
in vivo is not fully understood, but it has been 
reported that insulin enhances muscle protein 
synthesis in combination with amino acids or 
exercise [40-43]. In splanchnic tissues, how-
ever, insulin seems to have no effect on protein 
turnover while amino acids stimulate protein 
synthesis and inhibit breakdown [42], suggest-
ing that the effect of insulin on protein metabo-
lism differ between tissues. 

Measuring protein turnover
Nitrogen balance is deteriorated after surgery 
[44]. The simplest way to estimate nitrogen 
losses is to measure urea losses in urine. This 
does not take into account other potential loss-
es. Therefore, a more accurate estimation is 
given if urea is measured in vomit, faeces and 
drainage fluids as well [44]. One g of nitrogen 
is equivalent to 30 g muscle mass [45]. Whole-
body turnover of protein including breakdown 
and synthesis, can be measured with tracer 
methodology [46, 47]. Several approaches have 
been used [46] measuring the fate of amino ac-
ids such as glycine, leucine and phenylalanine 
[34]. Phenylalanine, which is an essential ami-
no acid, can either be incorporated into proteins 
or hydroxylated to tyrosine in the liver. Clarke 
and Bier showed that the flux of phenylalanine 
can be measured by giving isotopically labelled 
phenylalanine and tyrosine [48]. The method 

was refined by Thompson et al. giving bolus 
doses followed by constant infusions of stable 
isotopes of phenylalanine and tyrosine [47]. 
This method requires only one analytical instru-
ment; the gas chromatography-mass spectrom-
eter (GC-MS) [46] measuring enrichment of 
labelled phenylalanine and tyrosine in plasma. 
The leucine method, in addition to GC-MS, also 
requires measurement of breath 13CO

2
 enrich-

ment by use of the isotope ratio mass spectrom-
eter [34]. Although not used in the present the-
sis, there are also methods to determine organ 
specific protein turnover such as measurement 
of arterio-venous differences over specific or-
gan beds, for example skeletal muscle [41]. 

Protein metabolism after trauma and 
surgery
Conditions, such as fasting, feeding [49], dis-
ease [50], bed rest [51] or exercise [40] affect 
muscle protein turnover rate. During catabolic 
states, such as cancer and severe trauma or sep-
sis, muscle wasting occurs. In these situations, 
amino acids are needed for gluconeogenesis in 
the liver and kidneys, for wound healing and for 
synthesis of immune cells, anti-bodies and acute 
phase proteins [34, 36]. After surgery, infusions 
of glucose [52] and TPN [53] have been shown 
to decrease nitrogen losses [52] and to improve 
nitrogen balance [53]. The addition of insulin 
to glucose infusion reduces urea production in 
severely ill patients, indicating a decrease in 
protein breakdown by this treatment [54]. A 
depression of whole-body protein turnover has 
been shown during [45, 55-57] and two hours 
after [55-57] surgery. An increase in protein 
oxidation was demonstrated one day after hip 
replacement surgery [58], while increased rates 
of whole-body protein breakdown, synthesis 
as well as oxidation has been shown two and 
four days after surgery [59]. The changes seen 
during the first postoperative days seem to be 
attenuated by the use of epidural anaesthesia 
(EDA) [58, 59]. Whole-body protein break-
down has been demonstrated to correlate to 
EGR before and during [45] and after [60] sur-
gery. In muscle, protein synthesis rate has been 
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shown to be decreased three days after surgery 
[61].  Furthermore, it has been demonstrated in 
a rat model, that protein synthesis and protein 
content decreased in muscle during sepsis and 
increased in liver tissue [62]. It seems therefore 
that in situations of stress like surgical trauma, 
whole-body protein turnover reflects a complex 
picture with increased muscle breakdown to pro-
vide amino acids for increased protein synthesis 
in other organs, such as the liver [35]. Whether 
the anabolic effect of insulin on protein metabo-
lism is changed after surgery is, however, not 
well known.

Dealing	with	insulin	resistance
Preoperative carbohydrate treatment
Starvation per se induces marked insulin resis-
tance in healthy subjects [63]. Animal studies 
have demonstrated improved survival in post-
prandial rats subjected to haemorrhage com-
pared to rats starved for 24 hours [64]. The 
same effect could not be confirmed if glucose 
was given after commencement of haemorrhage 
[65], suggesting that the responses to physical 
stress depend upon the metabolic state at the on-
set of stress. For many years, an overnight fast 
has been recommended for patients undergoing 
surgery. Based on data from experimental stud-
ies [64], it was hypothesised that preoperative 
fasting is not the optimal way to prepare for 
surgical stress. In a randomised study, plasma 
concentrations of cortisol were decreased after 
hip replacement surgery in patients treated with 
glucose and insulin infusion before and during 
surgery compared to patients operated in the 
traditional fasted state [66]. In the same study, 
plasma concentrations of IGF-I decreased in 
both groups, while IGFBP-1 decreased in pa-
tients receiving glucose and insulin and in-
creased in the control group. The IGF-I/IGFBP-
1-ratio was thereby maintained in the glucose 
and insulin group only [66]. This shows that the 
endocrine stress response can be modulated by 
altering the metabolic setting at the onset of sur-
gical trauma.

A specially designed carbohydrate drink (12.5 
%), has been introduced in order to shift the pre-

operative metabolic state from the postabsorp-
tive state or early starvation to a more physi-
ologic “daytime” absorptive state [67]. When 
50 g of the carbohydrates were ingested by 
non-diabetic patients about to undergo surgery, 
concentrations of glucose in blood increased 
reaching a peak of about 9 mM after 30-60 min-
utes [67]. Concentrations of insulin increased 
approximately 4-fold from basal values at the 
same time. Importantly, due to a low osmolar-
ity, gastric emptying was similar to that after 
ingestion of water [67]. Intake of the beverage 
preoperatively has been shown to reduce insulin 
resistance by approximately half immediately 
after surgery [68] and on the first postopera-
tive day [69]. Further, this treatment has been 
reported to reduce preoperative thirst, hunger, 
anxiety [70] and nausea [71]. In the latter study 
no effect was seen on postoperative well-being 
while another study reported improved post-
operative nausea and vomiting in patients un-
dergoing laparoscopic cholecystectomy [72]. 
Preoperative carbohydrate treatment has also 
been reported to reduce loss of lean body mass 
[73], improve postoperative muscle strength 
[12], to attenuate nitrogen losses [74] and may 
also result in a faster recovery [75] after sur-
gery. In addition, infusion of glucose starting 
before surgery has been shown to be protein 
sparing [52]. Thus, available data suggest that 
preoperative oral carbohydrate treatment might 
improve whole-body protein turnover after sur-
gery. However, this has not been specifically in-
vestigated before.

As used in studies and in clinical praxis, 800 ml 
iso-osmolar carbohydrate beverage is ingested 
the evening before surgery and another 400 ml 
in the morning no later than two hours before 
premedication. Concentrations of glucose re-
turn to baseline within three hours after inges-
tion of an oral glucose load while insulin action 
is increased for a longer period [76, 77]. Thus, 
the mechanism for reduced postoperative insu-
lin resistance in carbohydrate treated patients 
could in fact be an increase in insulin sensitivity 
at the time of surgery followed by a similar de-
crease during surgery but from a “higher level”. 
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The rationale for giving carbohydrates in the 
evening before surgery is to minimise glycogen 
depletion [9]. However, whether the evening 
dose has any effect or not on insulin sensitivity 
at the time of surgery has not been investigated 
earlier.

Minimally invasive surgery and EDA
Adopting less traumatic surgery can reduce 
development of insulin resistance. After lapa-
roscopic cholecystectomy, the development of 
insulin resistance has been demonstrated as re-
duced by more than 50 % compared to after the 
same procedure performed with the traditional 
open technique [31]. Pain induces insulin resis-
tance as elegantly demonstrated by the use of 
self-controlled electrical stimulation in healthy 
subjects [78]. An effective means to pro-active-
ly minimise postoperative insulin resistance, by 
reducing pain together with the stress hormone 
response, is by the use of epidural anaesthesia. 
Uchida et al. showed that use of epidural an-
aesthesia reduced development of insulin resis-
tance by approximately one third the day after 
surgery [29].

Intensive insulin treatment
Van den Berhge et al. demonstrated in 2001 
that, by giving sufficient amounts of insulin to 
achieve normoclycaemia in patients in inten-
sive care, most of them postoperative, morbid-
ity and mortality were reduced by 30-50% [2]. 
In a post hoc analysis of the same patients, it 
was found that the normalisation of blood glu-
cose concentrations rather than the insulin dose 
given, was responsible for the positive effects 
by intensive insulin therapy on morbidity and 
mortality [79]. The results from these and other 
[80] studies have dramatically changed the rou-
tines regarding glycaemic control and insulin 
administration in intensive care patients. Insulin 
also affects protein wasting. The addition of in-
sulin to glucose infusion given to severely ill 
traumatised patients reduces urea production, 
also indicating a decrease in protein breakdown 
by insulin treatment [54].

Nutrition after surgery 
Surgical trauma induces catabolism (see above). 
Although insulin resistance can be treated with 
insulin (see above), many authors still recom-
mend hypocaloric nutrition for patients under-
going surgery if the patients are expected to 
drink and eat within about five days [81]. The 
outcome of attempts to provide nutrition alone 
in order to attenuate catabolism has been disap-
pointing. A review of the effects of total paren-
teral nutrition (TPN) in the postoperative period 
concluded that TPN provided routinely in the 
postoperative phase in patients undergoing gen-
eral surgery increased the rate of complications 
by approximately 10 % [81]. However, many 
studies were not immediately comparable and 
in most studies patients were overfed with a ca-
loric intake between 30 and 40 kcal/kg/d [82]. 
Giving TPN to insulin resistant patients might 
result in hyperglycaemia and a correlation be-
tween hyperglycaemia and increased incidence 
of nosocomial infections has been shown [83]. 
It is not known whether the high glucose lev-
els per se increase the risk of infection or if an 
infection increases insulin resistance and thus 
blood glucose concentration [84]. However, 
an increasing amount of evidence suggest that 
hyperglycaemia is harmful in postoperative 
patients by increasing risk for infections [83]. 
Several attempts to modify or combine TPN 
with anabolic agents to improve the efficacy 
on outcome have been made. A disappointing 
example is a study in which growth hormone 
was given to critically ill patients. This resulted 
in an increased mortality [85], which has been 
proposed to be related to hyperglycaemia and 
insulin resistance induced by the growth hor-
mone treatment. In contrast, supplementation 
of glutamine to TPN given to surgical patients 
may reduce infectious complications and short-
en hospital stay [86]. 

Previous studies on the effects of TPN in the 
postoperative period typically evaluate patients 
operated on in the traditional fasted state with-
out the use of epidural anaesthesia. Hence, these 
patients were likely to be markedly insulin re-
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sistant after surgery. The metabolic effect of 
TPN has not earlier been evaluated in patients 
prepared with carbohydrates before surgery and 
with the use of epidural anaesthesia during and 
after surgery in order to minimise postoperative 
insulin resistance. However, this concept has 
been studied in combination with enteral nutri-
tion. Soop et al. have shown that total enteral 
nutrition can be given without development of 
hyperglycaemia when this concept was adopted 
rendering low grade insulin resistance [87]. 

Starvation, on the other hand, also causes 
marked insulin resistance [63]. In addition, bed 
rest, another common treatment after surgery, 
causes insulin resistance after 6-7 days [88], 
while no insulin resistance was seen after bed 
rest for only 24 hours [89]. Low caloric feed-
ing in combination with bed rest for one day in 
healthy subjects reduces insulin sensitivity by 
22 % [23]. Somewhat surprisingly, when identi-
cal low caloric feeding was combined with ac-
tive mobilisation for one day insulin sensitivity 
decreased even more (43%) [89]. However, for 
patients undergoing moderate to major surgery, 
the period of low caloric feeding and relative 
bed rest is considerably longer than one day. 
The impact of the combination of bed rest and 
low caloric feeding for a longer period on in-
sulin resistance has, however, not been investi-
gated earlier. 

ERAS	–	enhanced	recovery	after	sur-
gery
Complications and catabolism are significant 
problems after surgery prolonging the hospital 
stay and time of convalescence. Better under-
standing of physiology and revision of routines 
for perioperative care have improved periopera-
tive treatment. Recent studies challenging old 
dogmas have proven several traditional care 
components to be unnecessary or even harmful. 
For example, routine bowel preparation before 
colorectal resections has been used in order 
to reduce infectious complications. However, 
several recent studies have demonstrated that 
this might increase the anastomotic leak rate 
and overall postoperative morbidity [90, 91]. 

Moreover, as stated above, overnight fasting has 
been recommended in order to reduce the risk 
for aspiration. However, clear fluids with a low 
osmolarity pass the stomach quickly and new 
fasting routines have been adopted allowing pa-
tients to drink clear fluid until a couple of hours 
before surgery primarily in order to reduce pr-
eoperative discomfort [6]. Preoperative carbo-
hydrate treatment turns the traditional postab-
sorptive state into a more physiologic day-time 
metabolic state and reduces development of 
postoperative insulin resistance [69]. Routine 
use of nasogastric tubes has been believed to 
reduce complications after elective surgery. 
However, a recent meta-analysis shows that the 
use of nasogastric tubes increases the risk of 
fever, atelectases and pneumonia, although the 
risk of abdominal distension and vomiting is de-
creased [92]. Another meta-analysis has shown 
that the routine use of abdominal drains after 
colorectal surgery does not reduce the risk of 
complications [93]. Balanced intravenous infu-
sion therapy during surgery avoids overloading 
of the patient with salt and fluids during and af-
ter surgery, decreases the complication rate, the 
time to return of gastrointestinal function, and 
length of stay [94, 95]. As mentioned above, 
patients undergoing abdominal surgery often 
receive hypocaloric glucose the first postopera-
tive days. Early enteral feeding has been shown 
to be safe after surgery in the gastrointestinal 
tract [96], and improves nutritional status and 
wound healing without increasing anastomotic 
dehiscence rate. Avoidance of morphine for 
postoperative pain relief enables early mobili-
sation and decreases the length of postoperative 
ileus [97, 98]. Data from prospectively studied 
consecutive patients have demonstrated that a 
median postoperative stay after colon resections 
of two days is possible using such a multimodal 
treatment strategy [5]. A lot of attention is given 
to this “ERAS” or “enhanced recovery” concept 
primarily developed by Kehlets group. Most of 
the cornerstones of this concept are mentioned 
above. They all aim to enhance functional recov-
ery [4] and several of the components are also 
well recognised to minimise the stress response 
to surgery. It should also be emphasised that one 
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of the most important factors in order to be suc-
cessful with this concept is to educate patients 
to take care of themselves and to prepare them 
for this accelerated recovery program. 

18  M. Svanfeldt



Aims

The overall aim for these studies is to evaluate the influence of perioperative nutrition on 

insulin sensitivity. More specifically the following questions were addressed:

1. What is the effect of three days of “postoperative” low caloric feeding with 

or without bed rest on insulin sensitivity and substrate utilisation in healthy 

subjects? 

2. Is the effect of treatment with low caloric feeding and bed rest age dependent? 

3. What are the effects of postoperative TPN and intravenous low caloric feeding 

on insulin sensitivity, substrate utilisation and nitrogen balance when patients are 

treated to proactively minimise development of postoperative insulin resistance? 

4. How do the evening and morning doses used in preoperative oral carbohydrate 

treatment, respectively, affect insulin sensitivity at the time corresponding to the 

onset of surgery? 

5. What are the effects of preoperative oral carbohydrate treatment on postoperative 

whole-body protein turnover? 

6. Is the effect of insulin on protein turnover affected after surgery and, if so, is this 

related to the changes in insulin effects on glucose metabolism? 
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Methods

Patients	and	healthy	subjects
All studies were carried out in accordance with 
the Helsinki declaration and approved by the 
Local Ethical Committee. The subjects and pa-
tients were informed about the purpose and the 
nature of the study and written informed con-
sent was obtained before entering the studies. 
Studies I and III included healthy volunteers 
and studies II and IV included patients under-
going elective surgery. 

Twelve healthy volunteers were included in the 
first part of study I (IA). Six of these partici-
pated in the second part (IB). Six healthy volun-
teers were included in study III. All volunteers 
responded to a health questionnaire and were 
found to have normal haemoglobin, fasting 
blood glucose and liver function tests. No one 
was on any regular medical treatment. 

Patients undergoing elective open colorectal re-
sections due to cancer, adenomas or diverticu-
lar disease were included in studies II and IV. 
Exclusion criteria were: diabetes mellitus or im-
paired glucose tolerance, medication known to 
affect insulin sensitivity, weight loss more than 
10% since onset of the surgical disease, signs of 
distant metastases, abnormal concentrations of 
fasting glucose or liver function tests and condi-
tions or medication known to affect gastric emp-
tying rate. Fourteen patients between 20 and 75 
years of age were included in study II. One pa-
tient in the glucose group (see below) was ex-
cluded after having violated the study protocol 
by ingestion of unknown amounts of food. The 
patients were stratified into two groups before 
randomisation depending on if the tumour was 
located in the colon or the rectum. For study IV, 
sixteen patients between 25 and 75 years were 
included. Four patients were excluded after en-
tering the study for the following reasons: not 
willing to participate the day after surgery, ad-
vanced spread of the cancer not known before 

surgery, unintentional infusion of amino acids 
during surgery and fasting blood glucose above 
the normal range prior to the preoperative meas-
urement. 

The studies were performed between February 
1999 and December 1999 (study I), January 
2000 and April 2001 (study II), September 2003 
and December 2003 (study III) and November 
2001 and February 2005 (study IV). The first 
study was performed at Karolinska University 
Hospital, Huddinge except for the last meas-
urement in one patient (performed at Centre 
for Gastrointestinal Disease at Ersta Hospital, 
Stockholm). Studies II-IV were performed at 
Ersta Hospital. 

Study	designs	&	treatment	protocols
Study IA
In order to evaluate the importance of three days 
of low caloric feeding with and without bed rest 
on insulin sensitivity and substrate utilisation, 
whole-body insulin sensitivity was measured in 
healthy volunteers in a control situation and at 
the end of two interventional protocols (figure 
1), IA (3 days of low caloric feeding and bed 
rest) and IB (3 days of low caloric feeding with-
out bed rest). In order to evaluate if the effect of 
treatment was age dependent, six of the subjects 
were between 20 and 30 years (younger) and 
six were between 55 and 70 years (older). All 
measurements were preceded by two days in-
take of a standardised, weight maintaining diet 
and an overnight fast. 6 ± 2 days after the con-
trol measurement, the subjects were readmitted 
for the first protocol with low caloric feeding 
and bed rest for three days. Two thousand ml 
of glucose (25 mg/ml) were given intravenous-
ly daily, while no oral nutrients were allowed. 
Water was allowed orally ad libitum. Subjects 
were restricted to bed rest with the exception of 

use of the WC located immediately nearby, and 
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to take a brief shower daily. Body weight was 
recorded daily. A second hyperinsulinaemic 
normoglycaemic glucose clamp was performed 
on the fourth day. 

Study IB
Six of the same subjects were readmitted to the 
hospital for participation in the second protocol 
with low caloric feeding alone (241 ± 36 days 
after the first protocol). The protocols were 

identical with the exception that the subjects 
were not restricted to bed rest. All subjects were 
out of bed during daytime and had at least four 
30-minutes periods of ambulation/day. On the 
fourth day, the same measurements were per-
formed at the same time of the day as for proto-
col IA. All data from study IB were compared 
with the data from the same six subjects in the 
control measurement and study IA.

Study II
Study II is an unblinded randomised clinical 
trial evaluating the effect of TPN in patients 
undergoing colorectal resections. Insulin sen-
sitivity and glucose kinetics (see below) were 
measured in the morning on the day before and 
on day three after surgery (figure 2). 

Figure	1	(Study	I). Twelve healthy subjects underwent hyperinsulinaemic 
normoglycaemic clamps in the control situation and after three days of low caloric 
feeding and bed rest (IA). Six of the same subject underwent an additional clamp study 
after three days of low caloric feeding without bed rest (IB). 

Figure	2	(Study	II). Insulin sensitivity (hyperinsulinaemic normoglycaemic clamps) 
and glucose kinetics were studied in thirteen patients the day before surgery and 
on the third postoperative day. All patients received oral carbohydrate treatment 
before surgery (CHO). The patients were randomised between infusion of TPN and 
hypocaloric glucose on the day of surgery and on day one and two postoperatively.

All patients underwent bowel preparation 
(Phosphoral TM, table 1). Between 4 p.m. and 
midnight the day before surgery, all patients in-
gested 800 ml of an iso-osmolar carbohydrate-
rich drink (12.5%, 100 g, Nutricia preOp, 
Numico, Zoetermeer, The Netherlands). No flu-

days

3 days of low caloric
feeding and bed rest

3 days of low caloric
feeding alone6 days 8 months

Control Study IA, n=12 Study IB, n=6

Figure 1

1 2 3 4 1 2 3 4

Surgery

CHO

Control Surgery            Day 1              Day 2                Day 3

TPN/hypocaloric glucose

Figure 2
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ids were allowed after midnight. In the morn-
ing on the day of surgery the patients ingested 
two portions of 200 ml of the same carbohy-
drate rich drink (50 g) separated by one hour 
no later than two hours before premedication. 
All but one patient (hypocaloric group, see be-
low) received a central intravenous catheter. All 
patients received EDA, which was activated be-

Pharmacological agent Study

Bowel preparation

Premedication

Anesthesia

EDA (Th 9- L2)

Postoperative analgesia

Antibiotic prophylaxis

Thrombotic prophylaxis

Phosphoral TM

Laxabon
midazolam

dixyrazine

thiopenthal sodium

propofol

atracurium

rocuronium

sevoflurane

isoflurane

oxygen / nitrous oxide (30/70%)

fentanyl

alfentanil

glycopyrrolate-neostigmine

bupivacaine (activated before surgery)

bupivacaine + adrenaline + sufentanil (after surgery)

paracetamol

dextropropoxifennapsylat

ibuprofen

morphine

ketobemidone-hydrochloride

pethidine

ketorolac

cefuroxime sodium

ciproxin

metronidazole

trimethoprim-sulfamethoxazole

dalteparin sodium

II, IV

IV

II, IV

IV

II, IV

II

II

II, IV

II, IV

II

II

II, IV

IV

II, IV

II, IV

II, IV

II, IV

II, IV

IV

IV

II

II, IV

IV

II, IV

IV

II, IV

II

II, IV

Table	1	(Studies	II	and	IV). Pharmacological agents used during the study periods. For 
fluids given intravenously or orally, please se the text.

fore surgery. For pharmacological agents used 
in the perioperative period, see table 1. Per- and 
postoperative volume substitution was allowed 
with dextran and hydroethyl starch and balanced 
salt solutions. Preoperatively, all patients were 
randomised to infusion of hypocaloric glucose 
(glucose group, 1 mg/kg/min) or TPN (TPN 
group, Kabimix 2500 kcal, Fresenius Kabi, 
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Uppsala, Sweden) corresponding to 1.1 x basal 
energy expenditure measured daily with indirect 
calorimetry. This amount was chosen since diet-
induced thermogenesis from TPN was expected 
to increase energy expenditure by approximate-
ly 10 % [99]. The infusions were commenced 
at the beginning of surgery and discontinued at 
midnight. On day one and two after surgery the 
infusions started at 9 a.m. (immediately after in-
direct calorimetry, see below) and were contin-
ued until midnight. When indirect calorimetry 
was not feasible due to need of oxygen supple-
mentation through a nasal catheter, energy ex-
penditure was estimated to equal resting energy 
expenditure according to Harris-Benedict x 
1.25. The patients were allowed to drink fluids 
with little or no caloric content between 9 a.m. 
and midnight on day one and two after surgery. 
One patient in the glucose group received infu-
sion of amino acids during surgery for reasons 
beyond the control of the investigators. The 
daily energy intake (day of surgery and day one 
and two after surgery) was 27 (21-31) kcal/kg/d 
in the TPN group and 7 (7-8) kcal/kg/d in the 
glucose group (median (range)). Sampling for 
blood glucose was performed regularly during 
day one and two after surgery in five patients 
in each group (8 a.m., at noon., 4 p.m., 8 p.m. 
and at midnight). Due to hyperglycaemia, one 
female in the TPN group received insulin on the 
day of surgery (B-glucose = 22 mM, 5 + 10 U 

Actrapid, Novo Nordisk, Malmö, Sweden). 
On day three after surgery another measure-
ment of insulin sensitivity, identical to the day 
before surgery, was performed. 

Study III
In this unblinded, randomised, cross-over study, 
carbohydrate treatment was evaluated in a pre-
operative-like setting in healthy volunteers. All 
volunteers underwent four hyperinsulinaemic 
normoglycaemic clamps in a randomised order. 
In protocol CC (Control-Control) the measure-
ment was performed after an overnight fast, in 
LC (Loading-Control) after ingestion of carbo-
hydrates (800 ml, 100 g) only in the evening 
before the measurement, in CL after ingestion 
of carbohydrates (400 ml, 50 g) only in the 
morning before the measurement and in proto-
col LL after ingestion of carbohydrates both in 
the evening and in the morning before the meas-
urement (Fig 3). After 7 p.m. the day before the 
studies, no solid food was allowed. In addition 
to carbohydrates in accordance with the proto-
cols, water was allowed ad libitum. The carbo-
hydrates were ingested at 8 a.m. in study CL 
and LL (time 0 minutes). Insulin sensitivity was 
thus measured three hours after ingestion of the 
beverage, since this is the time interval seen be-
tween intake of the beverage and start of sur-
gery in patients in clinical praxis.

Figure	3	(Study	III). Six healthy subjects underwent hyperinsulinaemic normoglycaemic 
clamps on four occasions in a randomised order; after an overnight fast (CC), after 
carbohydrate loading (CHO) in the evening before the clamp (LC), after carbohydrate 
loading in the morning only (CL) and after carbohydrate loading both in the evening and in 
the morning before the clamp (LL).

Evening before -30       0      30      60      90     120     150     180     210     240 minutes

800 ml CHO        400 ml CHO

(LC and LL)          (CL and LL)

Infusion of insulin

Clamp
steady state

Figure 3
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Study IV
This double-blind, placebo-controlled, ran-
domised clinical trial, evaluated the effect of 
preoperative carbohydrate treatment on whole-
body protein kinetics and possible relations 
to carbohydrate metabolism. Measurement of 
insulin sensitivity, glucose and protein kinet-
ics (hyperinsulinaemic normoglycaemic clamp 
with isotopically labelled glucose and amino ac-
ids) was performed within five days before sur-
gery and on the first postoperative day (figure 
4). Patients were not scheduled for the first op-
eration in the morning and randomised to inges-
tion of carbohydrates (12.5 %, CHO group) or a 
placebo drink (placebo group) preoperatively. 

All but one patient underwent bowel preparation 
(ileo-caecal resection, CHO group). Between 4 
p.m. and midnight the day before surgery all pa-
tients ingested 800 ml of the beverage. No fluids 
were allowed after midnight. In the morning on 
the day of surgery the patients ingested 200 ml of 
the same carbohydrate or placebo drink hourly 
no later than two hours before premedication. In 
total 600-800 ml were ingested in the morning. 
The median time for start of surgery was 12.52 
p.m. in the CHO group and 51 minutes later in 
the placebo group. Per- and postoperative vol-
ume substitution was allowed with dextran and 
hydroethyl starch. In addition balanced salt so-
lutions were allowed. Oral intake of water was 

allowed after surgery according to the decision 
of the surgeon. After midnight no glucose was 
allowed. The patients received in median 5310 
ml (61 g glucose) in the CHO group and 5100 
ml (50 g glucose) in the placebo group from the 
start of surgery until the postoperative measure-
ment (n.s between groups). This corresponds to 
a median infusion rate of glucose of 1.3 mg/kg/
min in the CHO group and 1.2 mg/kg/min in 
the placebo group from the start of surgery until 
midnight. Thereafter no glucose was given. On 
the first postoperative day a new measurement, 
identical to the measurement before surgery, 
was performed. For pharmacological agents 
used perioperatively, se table 1.

Hyperinsulinaemic	 normoglycaemic	
clamps	and	glucose	kinetics	
All measurements of insulin sensitivity were per-
formed after an overnight fast with the exception 
of study III, in which carbohydrates were given 
prior to the measurement as a part of the proto-
col. The volunteers and patients arrived at the 
hospital at 7.30 a.m. Body weight was recorded 
and two peripheral vein catheters (Venflon) 
were inserted in dorsal hand or cubital veins for 
sampling and infusions. Hyperinsulinaemic nor-
moglycaemia was created by a constant insulin 
infusion (0.8 mU/kg/min) and a simultaneous 
variable infusion of glucose (figure 5). 100 U of 
insulin (1 ml) vas diluted in 489 ml of saline and 

Figure	4	(Study	IV). Insulin sensitivity (hyperinsulinaemic normoglycaemic 
clamps) and glucose and protein kinetics were studied in 12 patients before surgery 
and on the first postoperative day. The patients were randomised to oral glucose 
treatment (CHO) or a placebo drink before surgery.

          Before surgery         Day -1              Day of surgery           Day 1

CHO/placebo Surgery

Figure 4

 Methods  25



10 ml of the subjects own blood. The blood was 
added to prevent adherence of insulin to plas-
tic surfaces. The blood glucose concentration 
was kept at a normoglycaemic level (4.5 mM) 
by controlling blood glucose repeatedly and by 
a variable intravenous infusion of glucose (200 
mg/ml). During steady state conditions (after 
insulin had been infused for approximately one 
hour) the amount of glucose infused was used 
to calculate whole body sensitivity to insulin, 
i.e. GIR (mg glucose/kg body weight/minute) 
as described earlier [33]. Based on data from 
a study by Nygren et al.[23], in studies I and 
III it was assumed that the insulin infusion dur-

Figure	5	(Studies		I-IV). Schematic illustration of infusions and sampling during hyperinsulinaemic 
normoglycaemic clamps in studies I-IV.                insulin and glucose infusion,               steady 
state,                  indirect calorimetry, Ins (insulin), Gluc (glucagon), E (enrichment of isotopically 
labelled glucose (studies II, IV) and amino acids (AA, study IV)). In addition, glucose was measured 
at all samplings and repeatedly after start of insulin infusion. Urea in urine and blood was sampled 
before and at the end of the insulin infusions. In study III, urinary urea was also sampled at the 
start of the study (-30 min).

ing clamp resulted in a complete suppression 
of EGR. From this assumption, NGD could be 
calculated by subtraction of glucose oxidation 
from GIR. 

However, in insulin resistant states such as af-
ter surgery, the suppression of EGR by insulin 
could not be assumed to be complete. By in-
fusing isotopically labelled glucose, EGR can 
be measured. Thus, in studies II and IV, 6,62H

2
-

D-glucose (Cambridge Isotope Laboratories, 
Boston, USA), was given as a primed (3 mg/
kg) - continuous (2.4 mg/kg/h) infusion for two 
hours before sampling of the basal values (fig-

-30       0      30     60      90      120

-30     0      30     60     90     120    150    180    210    240    270    300

-30       0      30     60      90      120    150    180    210    240

Ins,Gluc
IGF-I, PB-1

Ins Ins
Ins,
Gluc

I

II, IV

III
Ins Ins Ins Ins Ins

Ins Ins Ins

Ins (II)
Gluc(II)
E E

Ins (IV)
AA (IV)
EE E

Gluc (II)
Ins
AA (IV)
EE

Ins
E E

Figure 5

Isotope infusion
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ure 5). After the start of insulin infusion, anoth-
er two hours passed until the hyperinsulinaemic 
or clamp steady state. 6,62H

2
-D-glucose was 

added to the variable glucose infusion in order 
to compensate for variations in glucose infusion 
rate [100]. In the preoperative measurement, 12 
ml of 6,62H

2
-D-glucose (100 mg/ml) was added 

to 488 ml glucose (200 mg/ml) whereas in the 
postoperative measurement 8 ml of 6,62H

2
-D-

glucose was added to 492 ml. WGD and EGR 
was calculated as previously described by a 
modified Steele’s equation assuming the iso-
topic enrichment in plasma to be stable [100] 
(figure 6). Differences in blood glucose concen-
trations during steady state were corrected for, 
assuming a pool correction factor of 0.65 and a 
glucose distribution volume of 250 ml/kg body 
weight in studies II-IV [100]. In the first study, 
the differences in blood glucose from the start 
and end of the steady state were small (in medi-
an 0.05 mM). When needed, the steady state pe-
riods were adjusted 5-10 minutes. Mean blood 
glucose during the clamps was between 4.4 and 
4.6 mM. The mean intra-individual CV for the 
labelled glucose was between 2.4 and 4.2 %.

Protein	kinetics	
In study IV, whole-body protein turnover was 
measured. Stable tracers of phenylalanine and 
tyrosine were given as primed-continuous infu-
sions (2H

2
-tyrosine (0.3 mg/kg + 0.3 mg/kg/h), 

2H
4
-tyrosine (0.15 mg/kg) and 2H

5
-phenyla-

lanine (0.5 mg/kg + 0.5 mg/kg/h), Cambridge 
Isotope Laboratories, Boston, USA). The bolus 
and constant infusion were started at the same 
time as the isotopically labelled glucose (figure 
5) and the steady state periods were calculated 
during the same periods for glucose and phe-
nylalanine [46]. Calculations for glucose and 
protein kinetics are presented in figure 6. The 
mean intra-individual CV for the labelled phe-
nylalanine and tyrosine varied between 3.2 and 
5.2 %.

Nitrogen	balance
In study II, nitrogen balance was calculated on 
the day of surgery and on postoperative day one 
and two by measuring daily urinary urea and 
correcting for non-urinary urea, drainages and 
excessive losses from the bowel as described 
by Shaw-Delanty (N-balance = nitrogen given 
– (urea (mmol) x 0.028 x 5/4) – (2.0 g/day non 
urinary urea nitrogen)–– (1.4 g/day if the pa-
tient had drainage)– (2.7 g/day if the patient had 
diarrhoea or emptied a stoma of more than 500 
ml)) [44].

Indirect	calorimetry	
Indirect calorimetry was performed for 20-30 
minutes before insulin infusion and during the 
clamp steady state (figure 5). Urine was collect-
ed for analysis of urea at the end of the periods 
of indirect calorimetry [24, 25]. Since insulin 
stimulation increases clearance of urea, blood 
samples for urea were taken before and at the 
end of insulin stimulation to correct for changes 
in urea pool size [101]. In study II, indirect ca-
lorimetry was also performed in the morning in 
the overnight fasted state on day one and two 
after surgery, and for those measurements loss-
es of nitrogen was assumed to be 13 g/day. The 
subjects in study III underwent indirect calor-
imetry on two more occasions in the morning 
before the clamps (at time -30 and 30 minutes, 
respectively). In the first study the calculations 
were performed according to Ferrannini [24], in 
the others according to Takkala [25]. 

Sampling	and	analysis	
Arterialised venous blood was collected from 
a cubital or hand vein with the forearm placed 
in and heated by a thermo regulated sleeve 
(Kanthal Medical Heating AB, Stockholm, 
Sweden, all studies) set at 49 o C. Blood glu-
cose was analysed immediately after collection 
by the glucose oxidase method (Yellow Springs 
Instruments, Yellow Springs, Ohio, USA, all 
studies) or photometry (One Touch, Johnsson 
& Johnsson, Sollentuna, Sweden or HemoCue, 
Hemocue AB, Ängelholm, Sweden, during the 
day of surgery until postoperative day two in 
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EGR (basal) =I/E
P 
x 100

EGR (steady state) =I/E
P
 x 100 + (E

GINF
/E

p 
x M) – M

WGD (basal) = EGR (basal) – (p x V x dG/t)

WGD (steady state) = EGR (steady state) + M – (p x V x dG/t)

EGR = Endogenous glucose release (mg/kg/min)

WGD = Whole-body glucose disposal (mg/kg/min)

I = continuous infusion of labelled glucose (mg/kg/min)

E
P
 = enrichment of labelled glucose in plasma (%)

M = glucose infusion rate during steady state (mg/kg/min)

E
GINF

 = enrichment of labelled glucose in the variable glucose infusion (%)

p = 0.65 = pool correction factor

V = distribution volume of glucose = 250 ml/kg

dG/t = rate of change in plasma glucose concentration (mg/ml/min)

Whole-body protein breakdown = Ra
(PHE)

 = Q
(PHE)

 = I
(D5-PHE)

 x (E
I(D5-PHE)

/E
P(D5-PHE)

 –1) 

Ra
(TYR)

 = Q
(TYR)

 = I
(D2-TYR) 

x (E
I(D2-TYR)

/E
P(D2-TYR)

  –1)

Flux from PHE to TYR = Qpt = Q
(TYR)

 x (E
P(D4-TYR)

/E
P(D5-PHE)

) x (Q
(PHE)

/(I
(D5-PHE)

+Q
(PHE)

))

Whole-body protein synthesis = Ra
(PHE)

 – Qpt

Whole-body protein balance = Whole-body protein synthesis - Whole-body 

protein breakdown = - Qpt

D5-PHE = 2H
5
-phenylalanine = D5-phenylalanine 

D2-TYR = 2H
2
-tyrosine = D2-tyrosine

D4-TYR = 2H
4
-tyrosine = D4-tyrosine

Ra = rate of appearance (mg/kg/h)

I = continuous infusion of tracer (mg/kg/h)

E
I
 = enrichment in continuous infusion of tracer (%)

E
P
 = enrichment of tracer in plasma (%)

Figure	6. Calculations for glucose turnover (studies II and IV) and protein turnover (study IV).
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study II).  Samples for serum and urinary urea 
were analysed immediately using enzymatic 
photometry. All other samples were collected 
for later batch analyses. Serum samples were 
permitted to clot and centrifuged at 4 o C at 1600 
g during 10 minutes. Plasma samples were cen-
trifuged immediately after collection. Samples 
were stored in –20 o (insulin, glucagon, IGF-I 
and IGFBP-1) or -70 o C (enrichments and ami-
no acids).

Isotopic enrichment of glucose in plasma and 
infusates was analysed as its trimethylsilyl-
O-methyloxime derivative by GC-MS [102]. 
For amino acid isotopic enrichment analyses, 
plasma was deproteinised with 5- sulphosali-
cylic acid. Phenylalanine and tyrosine enrich-
ment was then analysed with t-butyldimethyl-
silyl-triflouracetamide derivate on GC-MS as 
described previously [103]. Phenylalanine con-
centrations in plasma were analysed by HPLC 
[104]. Radioimmunoassay was used for analy-
ses of serum insulin (Insulin RIA®, Pharmacia, 
Stockholm, Sweden (studies I and II), Human 
Insulin Specific RIA Kit, Linco Research, Inc., 
St. Charles, MO, USA (studies III and IV)), plas-
ma glucagon (Euro Diagnostica AB, Malmö, 

Sweden) and serum IGF-I and IGFBP-1 [105, 
106]. IGF-I concentrations were adjusted for 
age and calculated as SD scores [107]. Trasylol 
was added to the glucagon samples (600 KIU 
per ml blood).

Statistical	analyses
In studies I and III, data are presented as mean ± 
SD (standard deviation). Statistical significance 
was accepted at p<0.05 using Student’s t-test. 
MANCOVA (study I) or ANOVA (study II) was 
used for repeated measurements and Student’s 
t-test was then used as post hoc test. In stud-
ies II and IV values are mean (SD) if not stat-
ed otherwise. ANOVA was used for repeated 
measurements and the p-values were obtained 
from planned comparison within the ANOVA. 
If an interaction was found including group, 
Bonferroni correction for multiple comparisons 
was used (studies II and IV). Non-normally dis-
tributed data are presented as median (quartile 
range) in study II and median (range) in study 
IV. Mann-Whitney U test was then used for 
comparison between groups. In study IV, sim-
ple linear regression was used for evaluation 
of relations between carbohydrate and protein 
metabolism. 
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Results

In the results and discussion sections, the Arabic numbers at the beginning of the headlines refer 
to the aims (page 19). The Roman numbers I-IV within brackets at the end of the headlines refer 
to the papers included in this thesis. The characteristics of the patients and the healthy subjects 
are shown in table 2. 

Study
Gender

(F/M)

Age

(years)

BMI

(kg/m2)

Blood loss

(ml)

Duration of

surgery (min)

LOS

(days)

IA

IB

7/5

4/2

42 (20-69)

42 (21-70)

24 (20-26)

24 (20-24)
- - -

II
TPN

Glucose

4/3

2/4

64 (50-73)

60 (25-66)

25 (21-29)

24 (22-33)

350 (200-3000)

250 (50-1200)

230 (115-490)

162 (110-330)

10 (8-21)

9 (5-9)

III 2/4 33 (25-68) 22 (21-23) - - -

IV
CHO

Placebo

4/2

3/3

62 (40-72)

60 (47-74)

24 (19-32)

26 (19-32)

62 (0-1600)

350 (100-700)

121 (60-200)

169 (110-270)

6 (4-16)

6 (4-24)

Table	2	(Papers	I-IV). Characteristics of volunteers and patients in studies I-IV. Values are 
median (range). BMI (body mass index), LOS (length of stay in hospital after surgery). 

1.	The	effect	of	three	days	of	
“postoperative”	low	caloric	feeding	
with	or	without	bed	rest	on	insulin	
sensitivity	and	substrate	utilisation	
(paper	I)
GIR required to maintain normoglycaemia was 
reduced by 57 (16) % after three days of low 
caloric feeding and bed rest (-59 (9) % if only 
the six subjects undergoing both protocols are 
included). A similar reduction in GIR (-56 (9) %) 
was seen after three days of low caloric feeding 
combined with mobilisation (table 3). Basal and 
insulin stimulated glucose oxidation decreased 
after three days of low caloric feeding and bed 

rest. After three days of low caloric feeding 
alone, glucose oxidation was only significantly 
decreased during insulin stimulation. Compared 
to the control situation, fat oxidation increased 
at basal and during insulin stimulation after 
both protocols (table 3). No differences were 
seen between the protocols regarding insulin 
sensitivity or substrate utilisation.
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Body weight was equally reduced by approxi-
mately 2 kg after three days of low caloric feed-
ing with or without bed rest (p<0.01). Similarly, 
basal blood glucose concentrations were re-
duced after both protocols compared to the con-
trol situation by approximately 25 % (p<0.01). 
Serum insulin concentrations were reduced after 
both protocols compared to the control situation 
at basal (41  - 48 %, p<0.05) and during clamp 
(9 –19 %, p<0.05). In addition, concentrations 
of insulin during clamps were 11% lower after 
low caloric feeding alone compared to low ca-
loric feeding and bed rest (p=0.038). This was 
the only significant difference between the pro-
tocols. To enable comparison of situations with 
different degrees of hyperinsulinaemia, the M/I 
ratio has been used (glucose infusion rate/in-
sulin concentration) [21]. The ratio of M/I de-
creased 57 and 50 % after three days of low ca-
loric feeding with and without bed rest (p<0.01 
vs. control for both, n.s. between groups). 
Fasting levels of total IGF-I decreased (-22 %, 
p<0.01) after three days of low caloric feeding 
and bed rest. This was not significant when only 
the six subjects undergoing both protocols were 
considered and not significant after three days 

of low caloric feeding alone. However, IGFBP-
1 increased significantly after both protocols 
(p<0.01). 

2. The influence of age on the effect of 
treatment	with	low	caloric	feeding	and	
bed	rest	(paper	I)
GIR required to maintain normoglycaemia were 
reduced by 49 (17) % in the older group and 64 
(12) % in the younger group with no statistical-
ly significant difference between the age groups 
(p=0.097, figure 7). Changes in substrate utili-
sation were similar after treatment in both age 
groups.

Mean energy expenditure was approximately 
11-14 % lower in the older group in all meas-
urements (p<0.05). Fasting concentrations of 
total IGF-I were lower in the older group on 
both occasions but no difference was seen when 
the concentrations were adjusted for age [107]. 
No significant differences were detected be-
tween the older and the younger group regard-
ing weight loss or circulating concentrations of 
glucose, insulin, glucagon and IGFBP-1.

Figure	7	(Paper	I). Glucose infusion rate (mg/kg/min) during hyperinsulinaemic 
(0.8 mU/kg/min) normoglycaemic (4.5 mM) clamps in 12 healthy subjects (all) in 
a control situation and after three days of low caloric feeding and bed rest. The 
subjects were divided in an older (n=6) and a younger group (n=6). cc indicates 
p<0.01 vs. control measurement according to MANCOVA and Student’s t-test. 
Values are mean (SD).
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3.	The	effect	of	postoperative	TPN	on	
insulin	sensitivity,	substrate	utilisa-
tion	and	nitrogen	balance	when	pa-
tients	are	treated	to	proactively	mini-
mise	development	of	postoperative	
insulin	resistance	(paper	II)
GIR during clamp decreased significantly and 
similarly by 30 (12) and 36 (24) % from the 
preoperative control measurement to day three 
after surgery in the TPN and the glucose group, 
respectively (p<0.01, p=0.60 between groups). 

Compared to the preoperative measurement, 
insulin stimulated WGD was 24 (11) % lower 
in the TPN group and 28 (23) % lower in the 
glucose group (figure 8a and b) in the postop-
erative measurement (p=0.69 between groups). 
EGR was higher during insulin infusion in the 
postoperative measurement in the glucose group 
(vs. before), while no difference was seen in the 
TPN group (p=0.16). However, no difference 
in EGR could be confirmed between the groups 
(figure 8a and b). 
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Figure	8a	and	b	(Paper	II).	Hyperinsulinaemic (0.8 mU/kg/min) normoglycaemic (4.5 mM) 
clamps and determination of glucose kinetics (6,62H

2
-D-glucose) were performed on the day 

before surgery and on postoperative day three in thirteen patients. Patients were randomised 
to TPN (8a) or hypocaloric glucose infusion (8b). The bars show WGD (whole-body glucose 
disposal), EGR (endogenous glucose release), GOX (glucose oxidation) and NGD (non-oxidative 
glucose disposal) in mg/kg/min. Values are mean (SD). a indicate p<0.05 vs. glucose group, b 
and bb indicate p<0.05 and p<0.01 vs. basal and c and cc indicate p<0.05 and p<0.01, vs. the 
preoperative measurement according to ANOVA, planned comparison and Bonferroni correction.
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Compared to preoperatively, glucose and fat 
oxidation were unchanged in the TPN group af-
ter surgery. In the glucose group, basal fat oxi-
dation increased by more than 2-fold after treat-
ment (p<0.05). When comparing the groups, the 
TPN group had a 2-fold higher rate of glucose 
oxidation and an 87 % lower rate of fat oxida-
tion during insulin stimulation after surgery 
(p<0.05). Blood glucose concentrations during 
infusion of TPN were slightly higher but not 
significantly different from that during infusion 
of hypocaloric glucose, 8.6 (2.0) vs. 6.9 (1.5) 
mM on postoperative day one and 9.0 (1.6) vs. 
7.1 (1.0) mM on postoperative day two (TPN 
and glucose groups, respectively, p=0.062 be-
tween groups). Nitrogen balance was signifi-
cantly more negative in the hypocaloric glucose 
group after surgery compared to patients treated 
with TPN (table 4).

4.	The	effect	of	the	evening	and	
morning	doses,	respectively,	used	in	
“preoperative”	oral	carbohydrate	
treatment	on	insulin	sensitivity	at	the	
time	of	onset	of	surgery	(paper	III)	
Insulin sensitivity was significantly higher when 
carbohydrate loading was given in the morning 
(9.2 (1.5) mg/kg/min after protocol CL (carbo-
hydrates in the morning only) and 9.3 (1.9) mg/
kg/min after protocol LL (carbohydrates both in 
the evening and in the morning)) compared to 

Day of surgery Day 1 after surgery Day 2 after surgery

TPN Glucose TPN Glucose TPN Glucose

Nitrogen intake 9.1 (1.9) 1.9 (4.6) 9.1 (1.2) 0 9.9 (1.2) 0

Nitrogen losses 10.4 (2.0) 10.0 (3.8) 13.7 (4.7) 10.4 (4.6) 14.2 (3.9) 10.0 (3.8)

Nitrogen balance -1.6 (1.3) -6.3 (6.2) -4.7 (3.9) -10.4 (4.6) -4.3 (2.9) -10.0 (3.8) aa

Table	4	(Paper	II).		Nitrogen balance (g/day) in the TPN group and in the glucose group.	aa	 
indicates p<0.01 between groups for all days according to ANOVA and planned comparison. 
All values are mean (SD).

when the beverage was not given in the morn-
ing (6.1 (1.6) mg/kg/min after protocol CC (no 
carbohydrates) and 6.6 (1.9) mg/kg/min for pro-
tocol LC (carbohydrates the previous evening 
only), p<0.01 for CC and LC vs. CL and LL, 
figure 9). Insulin sensitivity at the time of onset 
of surgery was not affected by whether or not 
the carbohydrate beverage was ingested on the 
evening prior to the measurement (CC vs. LC 
and CL vs. LL, respectively, figure 9).  Glucose 
concentrations increased rapidly after ingestion 
of the carbohydrate drink, reaching a peak value 
after 30 minutes (figure 10). Insulin concentra-
tions showed a similar increase but decreased 
somewhat slower. Glucose oxidation increased 
after ingestion of the beverage in protocols CL 
and LL and remained higher during the meas-
urement starting 90 minutes after ingestion (ta-
ble 5). During steady state of the clamp, glucose 
oxidation rates were higher in study CL than in 
studies CC (p=0.041) and LC (p=0.0063). Fat 
oxidation decreased after ingestion in study 
CL and remained significantly lower 90 min-
utes after ingestion. Fat oxidation rates during 
steady state were significantly lower in protocol 
CL compared to LC (p=0.035). Non-oxidative 
glucose disposal during steady state was higher 
when carbohydrates had been ingested in the 
morning (CL and LL) compared to studies CC 
and LC (figure 9).
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Neither concentrations of glucose or insulin, 
nor rates of glucose oxidation, fat oxidation or 
non-oxidative glucose disposal were affected by 
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Figure	9	(Paper	III). Glucose infusion rate (whole bars) during hyperinsulinaemic (0.8 
mU/kg/min) normoglycaemic (4.5 mM) clamps in six healthy volunteers in the morning 
on four occasions in a randomised order; after traditional fasting (CC), after ingestion of 
carbohydrates (CHO, 100 g) in the evening only (LC), after ingestion of CHO in the morning 
only (CL, 50 g) and after ingestion of CHO both in the previous evening and in the morning 
before the clamp (LL). GOX (glucose oxidation), NGD (non-oxidative glucose disposal). 
Values are mean (SD). * and ** indicate p<0.05 and p<0.01 vs. CC and LC according to 
ANOVA and Student’s t-test.

ingestion of the beverage the previous evening 
(figure 9-10, table 5). 

Figure	10	(Paper	III). Blood glucose concentrations before and during hyperinsulinaemic 
(0.8 mU/kg/min) normoglycaemic (4.5 mM) clamps in six healthy volunteers in the morning 
on four occasions in a randomised order; after traditional fasting (CC), after ingestion 
of carbohydrates (CHO, 100 g)) in the evening only (LC), after ingestion of CHO in the 
morning only (CL, 50 g) and after ingestion of CHO both in the previous evening and in the 
morning before the clamp (LL). Values are mean (SD). b and bb indicate p<0.05 and p<0.01 
vs. basal according to ANOVA and Student’s t-test.
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Study Basal 30 minutes 90 minutes Steady state

Glucose oxidation CC 1.76 (0.93) 1.98 (0.78) 1.91 (0.81) 3.18 (0.81) bb

LC 1.59 (1.02) 1.89 (0.81) 1.48 (0.87) 3.42 (0.82) bb

CL 1.69 (1.16) 3.96 (1.39) bb 3.28 (0.81) bb 4.25 (0.61) bb

LL 0.85 (0.84) 3.57 (0.71) bb 2.82 (0.59) bb 3.75 (0.74) bb

Fat oxidation CC 0.74 (0.41) 0.68 (0.28) 0.72 (0.35) 0.38 (0.31) b

LC 0.68 (0.52) 0.66 (0.40) 0.91 (0.35) 0.28 (0.27) b

CL 0.81 (0.43) 0.01 (0.62) bb 0.13 (0.43) bb -0.07 (0.28) bb

LL 0.77 (0.90) 0.05 (0.26) 0.28 (0.22) 0.18 (0.26)

Table	5	(Paper	III). Glucose and fat oxidation (mg/kg/min) measured with indirect calorimetry at 
basal, at time 30 minutes, 90 minutes and during steady state of hyperinsulinaemic normoglycae-
mic clamps in six healthy volunteers in the morning on four different occasions in a randomised 
order; after traditional fasting (CC), after ingestion of carbohydrates (CHO, 100 g) in the evening 
only (LC), after ingestion of CHO (50 g) in the morning only (CL) and after ingestion of CHO both 
in the previous evening and in the morning before the clamp (LL). b and bb indicate p<0.05 and 
p<0.01 vs. basal according to ANOVA and Student´s t-test. Values are mean (SD).

5.	The	effect	of	preoperative	
oral	carbohydrate	treatment	on	
postoperative	whole-body	protein	
turnover	(paper	IV)	
Preoperatively, no differences were seen be-
tween the groups regarding rates of whole-body 
protein breakdown, synthesis or balance (table 
6). Postoperatively, whole-body protein break-
down was higher at basal and during insulin 
stimulation in the placebo group than in the 
CHO group. Similarly, protein synthesis was 
higher during insulin stimulation and protein 
balance more negative at basal in the placebo 
group. When comparing the postoperative to 
the preoperative measurements, whole-body 
protein breakdown was higher at basal as well 
as during insulin stimulation in both groups, 
whereas protein synthesis was higher only in 
the placebo group at basal and in both groups 
during insulin stimulation. Moreover, surgery 
resulted in reduced whole-body protein balance 
both at basal and during insulin stimulation in 
the placebo group only, whereas protein bal-
ance remained unchanged after surgery in the 
CHO group (table 6).

Concentrations of phenylalanine decreased 
during insulin infusion pre- as well as postop-
eratively in both groups (approximately 15 %, 
p<0.01). After surgery, concentrations of phe-
nylalanine were higher than during the preoper-
ative measurements with no difference between 
the groups (approximately 20 %, p<0.01).

6.	The	effect	of	insulin	on	protein	
turnover	after	surgery	and	the	
relation	to	glucose	metabolism	
(paper	IV)	
In the present study, EGR was suppressed dur-
ing insulin stimulation both before and after sur-
gery in both groups (table 6). However, the sup-
pression was less effective in the postoperative 
measurement in the placebo group. Thus, EGR 
in this group was higher during insulin stimu-
lation compared to the CHO group postopera-
tively and higher compared to the preoperative 
measurement. At basal after surgery, EGR was 
similarly higher in both groups compared to the 
preoperative measurements. Moreover, WGD 
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Preoperative Postoperative

Basal Clamp Basal Clamp

Breakdown CHO 7.1 (0.8) 5.8 (0.8) bb 8.5 (0.9) aac 6.9 (0.7) aabbc

(mg/kg/h) Placebo 8.5 (1.3) 6.7 (0.6) bb 10.8 (1.4) cc 8.8 (0.8) bbcc

Synthesis CHO 5.0 (0.7) 4.3 (0.7) bb 6.2 (0.6) 5.2 (0.5) abbc

(mg/kg/h) Placebo 5.8 (1.0) 4.9 (0.5) bb 7.4 (1.5) c 6.4 (0.9) bbcc

Balance CHO -2.1 (0.3) -1.6 (0.2) bb -2.3 (0.4) aa -1.7 (0.2) b

(mg/kg/h) Placebo -2.7 (0.4) -1.8 (0.2) bb -3.5 (0.5) cc -2.4 (0.6) bbcc

WGD CHO 2.0 (0.2) 4.9 (1.5) bb 2.5 (0.5) c 2.9 (0.4) cc

(mg/kg/min) Placebo 1.9 (0.3) 4.6 (1.8) bb 2.6 (0.3) cc 3.0 (0.9) cc

EGR CHO 2.0 (0.2) 0.1 (0.3) bb 2.5 (0.3) c 0.4 (0.3) abb

(mg/kg/min) Placebo 2.0 (0.3) 0.4 (0.2) bb 2.6 (0.3) cc 0.9 (0.4) bbc

Table	6	(Paper	IV). Whole-body protein and glucose kinetics using 2H
5
-phenylalanine, 2H

2
-

tyrosine, 2H
4
-tyrosine and 6,62H

2
-D-glucose tracers at basal and during hyperinsulinaemic (0.8 

mU/kg/min) normoglycaemic (4.5 mM) clamps before and on the first postoperative day in 13 
patients undergoing colorectal resections. The patients were randomised between a carbohydrate 
beverage (CHO) and a placebo-drink (placebo) before surgery. Values are mean (SD). a and aa 
indicate p<0.05 and p<0.01 between groups, b and bb indicate p<0.05 and p<0.01 vs. basal and 
c and cc indicate p<0.05 and p<0.01 vs. preoperative measurement using ANOVA, planned 
comparison and Bonferroni correction. 

was higher at basal and lower during insulin 
stimulation after surgery in both groups, with 
no difference between the groups (table 6). 

During insulin stimulation, glucose oxidation 
rates increased while fat oxidation rates de-
creased in all measurements (p<0.01) with no 
difference between groups. Fat oxidation was 
higher at basal during the postoperative meas-
urement in the placebo group only (p<0.05 vs. 
preoperatively). NGD increased during insu-
lin stimulation in both groups before surgery 
(p<0.05), while a decrease was seen in the CHO 
group only during insulin stimulation after sur-
gery (p<0.05). Compared to the preoperative 
measurements, NGD was higher after surgery 
at basal in the placebo group (p<0.05) and 

lower during insulin stimulation in both groups 
(p<0.01). 

Both pre- and postoperatively, insulin stimula-
tion resulted in a decrease in whole-body pro-
tein breakdown and synthesis and improved 
protein balance (table 6). The relative change 
(clamp / basal) and difference (clamp - basal) 
in protein breakdown, synthesis and balance 
were similar before and after surgery (data not 
shown). When relating glucose metabolism to 
protein metabolism, two significant relations 
were found during insulin stimulation after sur-
gery. EGR was positively related to whole-body 
protein breakdown (figure 11a) and negatively 
related to protein balance (figure 11b).
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Figure	11a	and	b	(Paper	IV). EGR (endogenous glucose release) in relation 
to whole-body protein breakdown (11a) and whole-body protein balance 
(11b) during hyperinsulinaemic (0.8 mU/kg/min) normoglycaemic (4.5 mM) 
clamps performed on the first postoperative day in 12 patients randomised to a 
carbohydrate drink (    ) or placebo (     ) before surgery. P- and r2-values are 
obtained from simple linear regression analysis.
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Discussion

Methodological	aspects
In studies II and IV, isotopically labelled glu-
cose was given before and during hyperinsuli-
naemic normoglycaemic clamps enabling EGR 
to be calculated at basal and during insulin 
stimulation [108]. In studies I and III, with no 
infusion of isotopically labelled glucose, GIR 
was assumed to equal WGD since EGR was 
assumed to be completely suppressed during 
insulin stimulation. This could be questioned. 
However, there is support for a complete sup-
pression during clamp after an overnight fast in 
patients about to undergo surgery as well as in 
healthy subjects at the same insulin concentra-
tions [23, 28]. Moreover, EGR has been shown 
to be completely suppressed during insulin 
stimulation after 24 hours of low caloric feed-
ing and bed rest [23]. Similarly, the suppres-
sive effect of insulin on EGR has been shown 
to be unchanged after seven days of bed rest 
[88]. In patients undergoing surgery, the situa-
tion seems to be different, and several studies 
support that EGR might be higher at basal and 
less suppressed by insulin on day one and four 
after surgery [66, 69, 74, 87]. Accordingly, in 
the studies on healthy volunteers in the present 
thesis (studies I and III), EGR was assumed to 
be completely suppressed during insulin stimu-
lation, whereas in the studies including patients 
undergoing surgery actual rates of peripheral 
glucose uptake and EGR were determined, re-
spectively. 

In the second study, urinary urea was measured 
and used for calculation of nitrogen losses [44]. 
Collection and measurement of nitrogen content 
in vomit, faeces and drainage fluids are usually 
difficult and this was not performed. Thus, the 
method enables estimation of protein balance 
over a whole day. Kinetic studies used in study 
IV on the other hand, only measure protein 
turnover during a limited period of time and, 

therefore, estimates cannot be obtained for an 
entire day. However, when used repeatedly two 
or more times during similar conditions at the 
same time of the day in the same individual, the 
effect of different treatments and interventions 
can be evaluated. 

In most studies of whole-body protein turno-
ver in the literature, labelled leucine has been 
used as a tracer. The main drawback with the 
leucine technique is that expired 13CO

2
 has to be 

measured [34] and requires another instrument 
for analysis; the isotope ratio mass spectrom-
eter [46]. A potential drawback with the phe-
nylalanine technique, on the other hand, is that 
phenylalanine is solely hydroxylated in the liver 
and might give inaccurate data during feeding. 
In the present study, however, all measurements 
were performed in the postabsorptive state, in 
which the two methods have shown to be com-
parable [109].

1.	The	effects	of	three	days	of	
“postoperative”	low	caloric	feeding	
with	or	without	bed	rest	on	insulin	
sensitivity	and	substrate	utilisation	
(paper	I)
In this study, three days of semi-starvation both 
with and without bed rest decreased insulin 
sensitivity by nearly 60 %. Earlier studies on 
healthy subjects with identical low caloric feed-
ing and bed rest for 24 hours showed a decrease 
in insulin sensitivity of 22 % [23]. Only bed rest 
for 24 hours did not change insulin sensitivity 
[89], while low caloric feeding in combination 
with mobilisation decreased insulin sensitivity 
by over 40 % [89]. Bed rest for seven days is 
known to induce insulin resistance in healthy 
subjects [88]. It might therefore be, that in-
creased energy demands due to physical activ-
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ity during shortage of nutritional support causes 
an increase in insulin resistance after 24 hours, 
while the effect of bed rest per se on insulin sen-
sitivity increases with time. 

In summary, the data from paper I show that 
three days of hypocaloric nutrition, similar to 
what is commonly used postoperatively, cause 
marked whole-body insulin resistance. In fact, 
the reduction in insulin sensitivity seen in 
healthy volunteers is similar to the changes re-
ported the day after uncomplicated open chole-
cystectomy [30] and only slightly less than af-
ter major colorectal surgery [69]. Indeed, there 
are both qualitative and quantitative differences 
between the metabolic effects of low caloric 
feeding after surgery and in healthy subjects. 
Concentrations of glucose and insulin decrease 
markedly after semi-starvation in healthy sub-
jects, while there might be a small decrease or 
even an increase after surgery [68]. Moreover, 
the effect of insulin stimulation on NGD seem 
to be disturbed after surgery as well as in pa-
tients with type II diabetes [3], while it seems 
to be better preserved after low caloric feeding 
in healthy subjects [23]. Nevertheless, given the 
pronounced effects in non stressed healthy vol-
unteers it may be that low caloric feeding may 
enhance postoperative insulin resistance.

2. The influence of age on the effect 
of	treatment	with	low	caloric	feeding	
and	bed	rest	(paper	I)
Many patients undergoing surgery are elderly 
and increasing age is a known risk factor for 
postoperative morbidity and mortality [110]. 
Although insulin sensitivity has been shown to 
decrease with increasing age [27], the relative 
reduction in insulin sensitivity after surgery has 
not been shown to be age dependent [3]. In the 
current study, we were unable to detect any sig-
nificant differences in changes in insulin sensi-
tivity or substrate utilisation between the groups 
of different age after three days of low caloric 
feeding and bed rest. The only significant differ-
ence between the age groups was a lower rest-
ing energy expenditure rate in the older group, 
which has been demonstrated earlier [111].

3.	The	effect	of	postoperative	TPN	on	
insulin	sensitivity,	substrate	utilisa-
tion	and	nitrogen	balance	when	pa-
tients	are	treated	to	proactively	mini-
mise	development	of	postoperative	
insulin	resistance	(paper	II)
This is the first study evaluating the effects of 
TPN after surgery in patients metabolically pre-
pared to minimise postoperative insulin resist-
ance by using the combination of oral carbohy-
drates before surgery and epidural anaesthesia 
during and after surgery. Development of insu-
lin resistance was similarly low in both groups. 
However, a small positive effect of TPN on 
insulin sensitivity cannot be fully excluded in 
this small material. The reduction in insulin 
sensitivity was similar to what has previously 
been reported the day after colorectal surgery 
in patients receiving the same amount of oral 
carbohydrates and epidural anaesthesia [69] 
but markedly smaller than the day after open 
cholecystectomy [30] and major colorectal sur-
gery [69], when patients were operated on in 
the fasted state. In those studies, development 
of insulin resistance was measured on the first 
day after surgery, but available data support that 
marked insulin resistance remains for at least 
five days following open cholecystectomy and 
normalises within two to three weeks [33]. It 
is therefore suggested that the relatively small 
development of insulin resistance in this study 
could, at least, be in part due to the metabolic 
preparation with oral carbohydrates and the use 
of epidural anaesthesia, which are both reported 
to reduce the development of insulin resistance 
the day after surgery [29, 69]. 

Interestingly, while we found marked insulin 
resistance after three days of semi-starvation in 
healthy subjects in paper I, there was no differ-
ence in development of insulin resistance after 
surgery when comparing postoperative patients 
receiving hypocaloric glucose and TPN. A fact 
that could contribute to this absence of differ-
ence in insulin resistance between the groups 
treated with TPN and hypocaloric glucose is 
that not only low caloric feeding, as described 
above, induces insulin resistance. Infusion of 
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fatty acids [112] as well as amino acids [113] in-
duces insulin resistance when infused in healthy 
subjects. A reason for the finding that develop-
ment of insulin resistance seems to be smaller in 
post-surgical patients than in healthy volunteers 
subjected to the same length of bed rest and low 
caloric feeding could be that catecholamines are 
reported to be increased after starvation for a 
similar period [114] while the use of epidural 
anaesthesia at least partly block this increase 
[29]. Nevertheless, taken together, the results 
of our two studies (I and II), suggest that low 
caloric feeding per se induces insulin resist-
ance while low caloric feeding after the onset of 
stress induction, in this case the operation, have 
less impact on insulin sensitivity. Furthermore, 
when comparing the present findings to previ-
ous reports, it seems that a preoperative nutri-
tional intervention, like preoperative carbohy-
drate loading, may be able to reduce postopera-
tive insulin resistance more than postoperative 
nutritional supplementation given as TPN.

The changes in substrate utilisation and nitro-
gen balance, in patients receiving hypocaloric 
glucose resembled changes seen after starvation 
in healthy subjects [115, 116]. During insulin 
stimulation after surgery, glucose oxidation 
was lower and fat oxidation higher compared 
to treatment with TPN. The stimulating effect 
of insulin on NGD was impaired after surgery 
in both groups. As expected, nitrogen balance 
was more negative during hypocaloric nutri-
tion compared to the patients receiving TPN. 
Substrate utilisation did not change after treat-
ment with TPN. This suggests that TPN might 
have a positive effect in postoperative patients, 
not necessarily by a further reduction of insulin 
resistance, but by maintaining normal substrate 
oxidation and improving nitrogen balance.

Today, evidence is growing that hyperglycae-
mia in the postoperative situation is harmful 
[117]. Since Van den Berghe et al. convinc-
ingly showed that intensive insulin treatment 
to achieve normoglycaemia reduces morbidity 
and mortality substantially in critically ill pa-
tients in a surgical intensive care unit [2], the 

routines for treatment of hyperglycaemia have 
changed markedly for these patients. It has also 
been shown that when TPN was given both be-
fore and after sigmoid resections performed in 
a traditional perioperative care setting, eight 
times more insulin was needed after surgery to 
keep patients normoglycaemic [15]. In paper 
II, the infusions were given during 15 hours 
for technical reasons, resulting in a fairly high 
infusion rate. Despite this high glucose infu-
sion rate, concentrations of blood glucose were 
not significantly different between the groups 
(1.7-1.9 mM higher blood glucose concentra-
tions during infusion of TPN day one and two). 
However, blood glucose was only measured in 
five patients in each group and it is likely that 
the absense of significance is due to the small 
sample size. Nevertheless, in a similar study 
where total enteral nutrition was compared with 
hypocaloric enteral nutrition after colorectal 
surgery (after preoperative carbohydrate treat-
ment and epidural anaesthesia), there was no 
difference in blood glucose concentrations be-
tween those given complete enteral feeding for 
24 hours and those given 40-70 g of carbohy-
drates per day (5.8 and 5.0 mM, respectively) 
[87], demonstrating that full nutrition can be 
given to patients with low grade insulin resist-
ance, at least enterally, if given at a lower rate. 

4.	The	effect	of	the	evening	and	morn-
ing	doses,	respectively,	used	in	
“preoperative”	oral	carbohydrate	
treatment	on	insulin	sensitivity	at	the	
time	of	onset	of	surgery	(paper	III)	
The aim of study III was to measure the mag-
nitude of the increase of insulin action after 
treatment with oral carbohydrates and thereby 
evaluate if enhanced insulin action at the onset 
of surgery could explain the reduced insulin re-
sistance in treated patients. The current routine 
to administer a clear carbohydrate-rich drink 
before surgery was evaluated in healthy vol-
unteers in a “preoperative-like” setting. Since 
insulin sensitivity varies seven-fold between 
healthy non-diabetic individuals [3] but is re-
producible in the same subject [28], six healthy 
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volunteers were included, undergoing all four 
protocols in a randomised order. It is well known 
that a glucose load of 25 g increases insulin ac-
tion for a couple of hours [76]. The increase in 
insulin-stimulated glucose disposal (GIR) in 
paper III three hours after intake of the morn-
ing dose of the drink was approximately 50 %. 
This increase is of the same magnitude as the 
decrease in insulin sensitivity seen immediately 
after hip replacement surgery [68] and on the 
first postoperative day after colorectal surgery 
[69] where patients were treated with oral car-
bohydrates preoperatively instead of traditional 
fasting. Hence, the postoperative effect of pre-
operative oral carbohydrates on insulin sensi-
tivity might well be related to enhanced insulin 
action at the onset of surgery. 

As expected [118], glucose oxidation increased 
after ingestion of the drink in the morning. 
Insulin-stimulated glucose oxidation rates were 
higher when carbohydrates were given only in 
the morning (CL), compared to the groups with-
out a morning dose (CC and LC). However, the 
corresponding difference in the LL group also 
including an evening dose of the drink, did not 
reach statistical significance, most likely due to 
the small sample size. Insulin stimulated non-
oxidative glucose disposal was presently found 
to be significantly higher if a morning dose of 
the drink was given, indicating stimulation of 
glycogen synthesis as well. Thus, the 50 % in-
crease in insulin action seen three hours after 
ingestion of the carbohydrate beverage was as-
sociated with an increase both in oxidative and 
non-oxidative glucose disposal.

In the present study, intake of carbohydrates the 
evening prior to surgery did not affect insulin 
sensitivity, glucose oxidation or non-oxidative 
glucose disposal the following day. In all pre-
vious studies evaluating oral carbohydrates, the 
load has been given as one dose of 800 ml (100 
g) in the evening prior to surgery and another 
dose of 400 ml (50 g) in the morning before 
surgery. The rationale for giving carbohydrates 
the evening before surgery has been to prevent 

glycogen depletion, since this has been asso-
ciated with worse outcome in animal studies 
[64]. Total starvation induces an almost linear 
decrease in liver glycogen content during the 
first 22 hours [9]. This might be of particular 
relevance to patients undergoing bowel prepa-
ration since only clear fluids are allowed during 
this procedure. Furthermore, intake of fluid per 
se preoperatively can also be of importance in 
those patients since bowel preparation induces 
fluid depletion [119]. In one previous study, 
where carbohydrates were given as an evening 
and a morning dose, glucose oxidation was in-
creased before ingestion of the morning dose 
compared to traditionally fasted patients [68]. 
This prolonged effect of carbohydrates was not 
confirmed in the present study. However, the 
findings in the present study are in agreement 
with previous studies, where glucose oxida-
tion and non-oxidative glucose disposal are in-
creased after an oral glucose challenge for 180-
240 minutes [77, 118]. 

5.	The	effect	of	preoperative	oral	car-
bohydrate	treatment	on	postoperative	
whole-body	protein	turnover	
(paper	IV)	
Postoperative whole-body protein balance was 
not significantly affected in the patients treated 
with oral carbohydrates before surgery. Only a 
small deterioration was seen (13 % more nega-
tive at basal compared to preoperatively, p=0.24 
and 11 % more negative during insulin stimula-
tion, p=0.40). However, in the placebo group, 
the postoperative whole-body protein balance 
was more negative after surgery at basal (31 %, 
p=0.003) and during insulin stimulation (31 % 
p= 0.005). No differences were seen between 
the groups in protein turnover during the preop-
erative measurement. However, postoperative-
ly, the patients in the placebo group presented 
higher rates of whole-body protein breakdown 
(basal and during insulin stimulation), synthe-
sis (during insulin stimulation only) and a more 
negative protein balance (at basal only) in the 
postoperative measurement vs. patients in the 
CHO group.
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The effect of preoperative oral carbohydrate 
treatment on protein kinetics postoperatively 
has, to our knowledge, not been studied before. 
However, the results from the current study 
are in line with previous reports showing that 
carbohydrates might be protein sparing in the 
perioperative situation [52]. Studies evaluat-
ing preoperative ingestion of the same carbo-
hydrate beverage as used in the present study 
have shown a decrease of nitrogen losses [74], 
a reduction in loss of lean body mass [73] and 
muscle strength [12] after surgery. Moreover, a 
recent study demonstrated that when the com-
bination of preoperative carbohydrate treatment 
and continuous EDA was used, resulting in low 
grade insulin resistance, nitrogen balance was 
achieved after major colorectal surgery when 
complete enteral nutrition was given [87]. 

In the present study, one day after surgery, rates 
of both whole-body protein breakdown and 
synthesis (only during insulin stimulation in 
the CHO group) were higher compared to the 
preoperative measurements. Whole-body pro-
tein balance was also more negative in the post-
operative measurements in the placebo group. 
There are several studies in the litterature on 
whole-body leucine kinetics during and after 
surgery (table 7). In these studies, whole-body 
protein breakdown, synthesis and oxidation 
were measured. In summary, these studies show 
that whole-body protein metabolism seems to 
be depressed during surgery and the first post-
operative hours and increased day two and four 
after surgery. On day one after hip replacement 
surgery, Lattermann et al. found that protein 
breakdown and synthesis were unaffected while 
protein oxidation was increased in patients re-
ceiving general anaesthesia and patient control-
led analgesia (PCA) [58]. One reason for the 
finding in study IV of an increase in whole-body 
protein breakdown and synthesis in patients on 
the first postoperative day, could be that patients 
were exposed to a more substantial surgical 
trauma compared to Lattermanns study.

The use of EDA as well as intravenous infusion 
of glucose and insulin started before surgery 
have been shown to reduce postoperative insu-
lin resistance and concentrations of circulating 
cortisol after surgery [29, 66]. Studies compar-

ing EDA with or without general anaesthesia 
to general anaesthesia followed by PCA, have 
shown lower rates of leucine oxidation at basal 
after surgery and a decrease during glucose in-
fusion after surgery by the use of EDA [58, 60]. 
In the present study, in which all patients were 
given the same anaesthesia including EDA, it 
was found that the addition of preoperative car-
bohydrate treatment further improved protein 
balance. 

6.	The	effect	of	insulin	on	protein	
turnover	after	surgery	and	relation	to	
glucose	metabolism	(paper	IV)	
One of the questions addressed in study IV was 
if any development of insulin resistance on pro-
tein metabolism could be related to the reduced 
effect of insulin on carbohydrate metabolism. 
Insulin infusion improved whole-body pro-
tein balance similarly before and after surgery. 
However, due to the small sample size it can-
not be fully excluded that the effects are differ-
ent before and after surgery. Similarly to glu-
cose metabolism, there seems to be a regulated 
change in protein metabolism after trauma with 
breakdown of skeletal muscle for liberation of 
amino acids to be used for protein synthesis in 
other organs [62].

An attenuation of EGR after surgery with carbo-
hydrate treatment has been described previous-
ly [74]. Accordingly, in the current study, EGR 
was higher only in the placebo group during 
insulin stimulation after surgery. Furthermore, 
it was also significantly higher compared with 
the CHO group. However, in contrary to earlier 
studies [69], no beneficial effect of preopera-
tive oral carbohydrate treatment on postopera-
tive peripheral insulin sensitivity could be con-
firmed in the present study. This might again be 
due to the small sample size.

A correlation between EGR and whole-body 
protein breakdown before, during [45] as well 
as after [60] surgery has been reported earlier. 
In the present study, an association was found 
between the same parameters during insulin 
stimulation after surgery. In addition, EGR was 
negatively associated with whole-body protein 
balance on the same occasion. 
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Two possible mechanisms for the protein spar-
ing effect of glucose have been proposed. Firstly, 
Schricker et al. suggested a shift in substrate uti-
lisation towards increased oxidation of glucose 
instead of protein [60]. This was not found in 
the present study, since both groups had simi-
larly unchanged glucose oxidation rates at ba-
sal and during insulin stimulation after surgery. 
Secondly, glucose administration decreases 
EGR and this may, in turn, reduce the need for 
amino acids for gluconeogenesis [60]. This was 
supported by the findings in the present study 
during glucose and insulin stimulation pre- as 
well as postoperatively in both groups. EGR 
was reduced and so was protein breakdown. 
Interestingly, preoperative carbohydrate treat-

ment further increased this effect and resulted in 
a lower EGR and less protein breakdown during 
insulin stimulation postoperatively compared to 
the placebo group. 

The combined finding of a lesser deterioration 
of whole-body protein balance and improved 
suppression of EGR by insulin in the CHO 
group and a positive relation between EGR and 
whole-body protein breakdown during insulin 
stimulation after surgery, support the presence 
of a link between carbohydrate and protein me-
tabolism. This, in turn, suggests that carbohy-
drate treatment might improve not only glucose 
but also protein turnover. 
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Author
Surgical 

intervention
N= Intervention groups Time BD S POX

Carli 

1990 [55] 
Hysterctomy 6 GA

During anaesthesia

During surgery

2 hours after

-

D

D

-

-

D

D

D

-

Carli 

1996 [59]

Colorectal

surgery
16

GA + EDA 24 h

GA + EDA 48 h

GA + EDA 24 h

GA + EDA 48 h

2 days after

4 days after

I

-

I

-

I

-

I

-

I

I

I

I

Schricker 

2001 [45]

Colorectal

surgery
12

GA (intravenous)

GA (inhalational)
During surgery

D

D

D

D

D

D

Latterman

2002 [56]

Colorectal

surgery
16

GA + EDA

GA

GA + EDA

GA

During surgery

2 hours after

D

D

D

D

D

D

D

D

-

-

-

-

Latterman

2003 [57]

Colorectal

surgery
16

GA + EDAa

GAa

GA + EDAa

GAa

During surgery

2 hours after

D

D

D

-

-

-

-

-

D

D

-

-

Latterman

2005 [58]

Hip 

replacement
16

Spinal + EDA

GA + PCA
1 day after

-

-

-

-

-

I*

Table	7. Overview of studies measuring whole-body leucine kinetics in patients during surgery 
and in the early postoperative phase. a Infusion of glucose 2 mg/kg/min was started at the 
time of skin incision. * p<0.05 between the groups. GA (general anaesthesia), EDA (epidural 
anaesthesia), PCA (patient controlled analgesia), D (decrease), I (increase), - (no difference) 
compared to before surgery, BD (protein breakdown), S (protein synthesis), POX (protein 
oxidation).
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Conclusions

1. Low caloric feeding for three days, a commonly used treatment after surgery, 
induces by itself marked insulin resistance and alterations in substrate 
utilisation in healthy subjects. Bed rest or not during this period, does not seem 
to influence the results.

2. The metabolic effect of low caloric feeding and bed rest seem not to be related 
to age.  

3. Treatment with TPN during and after surgery does not improve insulin 
sensitivity on the third postoperative day compared with low caloric 
intravenous feeding in patients in which the development of insulin resistance 
is proactively minimised. Low caloric feeding results in changes in substrate 
utilisation and nitrogen balance resembling starvation, while TPN attenuates 
these changes.

4. Oral carbohydrate treatment given in the morning increases insulin 
sensitivity three hours later (corresponding to the time of onset of surgery) by 
approximately 50%. An additional dose the evening before does not seem to 
affect insulin sensitivity at the time corresponding to onset of surgery.

5. Preoperative carbohydrate treatment improves postoperative whole-body 
protein balance. The results from study IV suggest that this is primarily related 
to less protein breakdown.

6. The effect of insulin on whole-body protein turnover was not altered after 
surgery. Weak but significant associations were found between whole-body 
protein breakdown as well as balance and EGR during insulin stimulation after 
surgery.
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