
lable at ScienceDirect

Clinical Nutrition 40 (2021) 4526e4534
Contents lists avai
Clinical Nutrition

journal homepage: http: / /www.elsevier .com/locate/c lnu
Original article
The effect of glucose control in liver surgery on glucose kinetics and
insulin resistance

Christina Blixt a, b, *, 1, Mirjam Larsson b, 2, Bengt Isaksson a, 3, Olle Ljungqvist c,
Olav Rooyackers a

a Dept of Clinical Science, Intervention and Technology (CLINTEC), Karolinska Institutet, Stockholm, Sweden
b Dept of Anesthesia and Intensive Care, Karolinska University Hospital Huddinge, Stockholm, Sweden
c School of Medical Sciences, Dept of Surgery, €Orebro University & Department of Surgery, €Orebro University Hospital, SE-701 85, €Orebro, Sweden
a r t i c l e i n f o

Article history:
Received 3 November 2020
Accepted 24 May 2021

Keywords:
Glucose control
Stress hyperglycemia
Postoperative
Insulin resistance
Glucose kinetics
* Corresponding author. PMI K 31, H€alsov€agen, 141
E-mail addresses: Christina.Blixt@sll.se (C. Bli

(M. Larsson), olle.ljungqvist@oru.se (O. Ljungq
(O. Rooyackers).

1 Present address: Perioperative Medicine and Int
versity Hospital Huddinge.

2 Present address: Perioperative Medicine and Int
versity Hospital Solna, 171 76 Stockholm, Sweden.

3 Present address: Department of Surgical Science
Uppsala, Sweden.

https://doi.org/10.1016/j.clnu.2021.05.017
0261-5614/© 2021 The Authors. Published by Elsevie
s u m m a r y

Background & aims: Clinical outcome is negatively correlated to postoperative insulin resistance and
hyperglycemia. The magnitude of insulin resistance can be modulated by glucose control, preoperative
nutrition, adequate pain management and minimal invasive surgery. Effects of glucose control on
perioperative glucose kinetics in liver surgery is less studied.
Methods: 18 patients scheduled for open hepatectomy were studied per protocol in this prospective,
randomized study. In the treatment group (n ¼ 9), insulin was administered intravenously to keep
arterial blood glucose between 6 and 8 mmol/l during surgery. The control group (n ¼ 9) received insulin
if blood glucose >11.5 mmol/l. Insulin sensitivity was measured by an insulin clamp on the day before
surgery and immediately postoperatively. Glucose kinetics were assessed during the clamp and surgery.
Results: Mean intraoperative glucose was 7.0 mM (SD 0.7) vs 9.1 mM (SD 1.9) in the insulin and control
group respectively (p < 0.001; ANOVA). Insulin sensitivity decreased in both groups but significantly
(p ¼ 0.03, ANOVA) more in the control group (M value: 4.6 (4.4e6.8) to 2.1 (1.2e2.6) and 4.6 (4.1e5.0) to
0.6 (0.1e1.8) mg/kg/min in the treatment and control group respectively). Endogenous glucose pro-
duction (EGP) increased and glucose disposal (WGD) decreased significantly between the pre- and post-
operative clamps in both groups, with no significant difference between the groups. Intraoperative ki-
netics demonstrated that glucose control decreased EGP (p ¼ 0.02) while WGD remained unchanged
(p ¼ 0.67).
Conclusion: Glucose control reduces postoperative insulin resistance in liver surgery. EGP increases and
WGD is diminished immediately postoperatively. Insulin seems to modulate both reactions, but mostly
the WGD is affected. Intraoperative EGP decreased while WGD remained unaltered.
Registration number of clinical trial: ANZCTR 12614000278639.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Most patients with critical illness, trauma or during surgery
develop stress induced insulin resistance with subsequent hyper-
glycemia. This happens even in patients without a history of dia-
betes mellitus. Evidence is mounting that hyperglycemia affects
patient's outcome, seemingly by inducing dysfunctional immune
and inflammatory systems [1,2], resulting in increased rates of
surgical site infections, myocardial infarction and stroke [3e6] as
well as higher mortality [7,8]. Controlling hyperglycemia has been
shown to improve outcome both in surgical and intensive care
patients.
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Initially, most studies on perioperative hyperglycemia and
glucose control have been performed in cardiovascular surgery,
revealing beneficial effects on infections rates [9e12], post-
operative cardiac, renal and respiratory adverse events [3,11,13,14]
as well as hospital length of stay [15,16] and mortality [3,17].

In recent years, positive evidence of glucose control has also
been presented in abdominal [18e20] and general surgery [21],
Even in this type of surgery, perioperative hyperglycemia has
been repeatedly associated with poor clinical outcome, by nega-
tively influencing the rate of postoperative wound infections [22],
pneumonia, renal failure, myocardial infarctions and resulting in
increased length of stay and mortality [23e25]. Indeed, there is a
relationship between the degree of hyperglycemia and the infec-
tion rate [26]. Moreover, non-diabetics seem to be more vulnerable
to adverse effects than known diabetics [8,24,26,27].

Likewise, in liver surgery hyperglycemia is associated with
adverse events [28,29], andmay partly be contributed to the degree
of the surgical insult and ischemia to the hepatocytes with subse-
quent breakdown of glycogen content [30]. In contrast, by main-
taining normoglycemic conditions, reduced postoperative kidney
failure [31], rate of postoperative infections as well as the length of
stay [32] have been demonstrated. These beneficial findings
are associated with less impaired postoperative liver function,
measured as reduced transaminase level, cytokine expression,
inflammation and higher glycogen content [33,34]. These studies
used either a hyperinsulinemic normoglycemic clamp during sur-
gery or had glucose targets of 4.4e6.1 mmol/l realized using a
closed-loop glucose control system [32e34]. In addition to clinical
outcome, Blixt et al. demonstrated that intraoperative insulin
treatment to reduce hyperglycemia during liver surgery preserved
postoperative insulin sensitivity [35].

Hyperglycemia and insulin resistance can be the result of an
impaired glucose utilization/disposal and/or an increased glucose
production. Immediately after orthopedic surgery, Nygren et al.
demonstrated a significantly reduced glucose disposal, in combi-
nation with minor changes in endogenous glucose production [36].
Similar findings were proposed in orthopedic surgery, where swift
postoperative changes in peripheral glucose disposal were shown
[37]. Also, contradictive findings have been proposed [38]. This
discrepancy may possibly be explained by different mechanisms
during the time course of the development of insulin resistance.
Still, the exact underlying mechanisms behind the development of
perioperative hyperglycemia and postoperative insulin resistance,
an altered hepatic or peripheral insulin resistance, are not settled.

The purpose of this prospective randomized study was to
investigate the effect of glucose control on glucose metabolism
during liver surgery. Moreover, to separate the changes in hepatic
glucose production and peripheral glucose disposal, we used stable
isotopic tracer dilution methodology both during surgery and
during the assessment of postoperative insulin resistance using the
hyperinsulinemic normoglycemic clamp. Our hypothesis was that
by establishing perioperative glucose control of 6e8 mmol/l, we
could diminish the postoperative insulin resistance and that the
effect is mostly a result from a reduction in glucose production.

2. Materials and methods

2.1. Patients

Patients scheduled for elective partial hepatectomy were
enrolled in this randomized prospective study. Twenty patients
studied per protocol were planned. Patients scheduled for open
laparotomy, over 18 years of age, with no contraindications for
epidural anaesthesia and a wash out period >30 days for adjacent
cytostatic treatment were included.
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Patients with BMI > 30, known history of diabetes mellitus or
medicationwith systemic corticosteroids were excluded. The study
design was reviewed and approved by the regional ethics com-
mittee in Stockholm (Id number 2012/1324e31/3) and registered at
ANZCTR (Trial id number 12614000278639). The subjects were
informed about the purpose and the nature of the study and
written informed consent was obtained before inclusion.

2.2. Study design

Insulin sensitivity was measured by a hyperinsulinemic nor-
moglycemic clamp [39] (described in detail in electronic supple-
ment), on the day before surgery and immediately after surgery on
the postoperative ward. During the clamps and the surgery, a stable
isotope tracer infusion with 6,62H2-D-glucose was added to assess
glucose turnover rates [40]. The study protocol (see also Fig. 1 in
electronic supplement) was performed in the following chrono-
logic steps:

1. The day before scheduled operation, the patient arrived at
the hospital. A preoperative hyperinsulinemic normoglycemic
clamp was performed on patients, fasted since midnight if the
clamp started in the morning, or for a minimum of 6 h, if it
started after 11 am. In addition, no strenuous physical activity
was allowed the day before the clamp. Blood sampling for the
study was performed using an arterial line in the radial artery.

2. On the day of surgery, before induction of anaesthesia, patients
were randomized, by a sealed opaque envelop, to intraoperative
insulin treatment (with a glucose target of 6e8 mmol/l) or to a
control group (see study protocol, Fig. 1 in electronic supple-
ment). The control group was treated according to current clin-
ical practice (blood glucose 10e12 mmol/l before intervention).

3. On the day of surgery, the patient arrived at the operating theatre
at 7.30 am after fasting since midnight. A primed, continuous
infusion of 6,62H2-D-glucose (Cambridge Isotope Laboratory Inc.,
MA, USA) was started (3 mg/kgþ 2.8 mg/kg/min) after sampling
of baseline isotopic enrichment measurement.

4. After induction of anaesthesia (for details see electronic supple-
ment), all patients received a central venous catheter. Continuous
infusion of glucose 25mg/mL,1mL/kg/h, was routinely started as
soon as the central venous line was inserted.

5. Plasma sampling was commenced a minimum of 60 min after
start of 6,62H2-D-glucose-infusion, when steady-state was
assumed [41]. This coincided with timing of oral intubation.
Blood glucose was measured every 10 min using a bedside
glucose monitor. In addition, hourly plasma samples were ob-
tained and stored at �80 �C for later plasma glucose analyses in
the laboratory. Samples for plasma insulin and C-peptide ana-
lyses were obtained at the start and the end of the clamp pro-
cedures as well as at the start of anaesthesia, at the start and the
end of the liver resection phase.

6. In the treatment group, an initial blood glucose level >8 mmoL/
ml, or gradually increasing values higher than 7 mmol/l in two
following samples, was considered an indication for insulin
treatment. Insulin (50 IU Humulin® Regular in 50 mL saline ¼ 1
IU/mL, Lilly Ltd., Indianapolis, USA) was given either in a pe-
ripheral vein or via the central catheter when inserted. The
infusion was started at 2 IU/h and subsequently adjusted to the
current glucose level. In the control group insulin was only
administered by intermittent intravenous boluses (1e2 IU)
when glucose levels exceeded 11.5 mmol/l.

7. After surgery, the patient was transferred to the postoperative
ward for observation between 12 and 24 h. The glucose and
insulin infusions were terminated after assessment of the
epidural anaesthesia, i.e. about 30 min after extubation, and the
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postoperative clamp was initiated. The labelled glucose infusion
proceeded until the end of the clamp.

2.3. Sample handling and data collection

Samples were collected in pre-chilled EDTA tubes, centrifuged
within 30 min (2700 rpm/min, 10 min in 4 �C, Universal 32 R
Hettich Zentrifugen®, Andreas Hettich GmbH & Co. KG, Tuttlingen,
Germany) and stored at �80 �C. Samples for 6,62H2-D-glucose were
also collected in pre-chilled EDTA tubes. Hourly reference samples
for plasma glucose were collected in pre-chilled Sodium fluoride/
Potassium oxalate tubes. Both samples were centrifuged as
described above and stored at �80 �C until analysis. A maximum of
150 mL blood was sampled.

Data for patient's baseline characteristics, perioperative hemo-
dynamics, saturation, blood loss and transfusion, time of surgery,
resection phase and anaesthesia as well as the extent of resection
were collected. In addition, the rate of glucose-, norepinephrine-
and insulin infusions were recorded. Crystalloids (Ringer-Acetate®,
Baxter International Inc., Ill, USA) 0e4 mL/kg were given as intra-
operative fluid replacement. Blood loss during surgery was replaced
with crystalloids, colloids and/or blood products depending on
the anaesthesiologist in charge.

2.4. Analysis and calculation

Plasma glucose was measured with a bedside glucose analyser
(Hemocue Glucose 201þ ®, Hemocue AB, €Angelholm, Sweden)
during the clamp and surgery. Reference plasma glucose was ana-
lysed on an automatic analyser (Konelab 20XT, Thermo Scientific,
J€onk€oping, Sweden) using a GOD-POD analysis (Thermo Fisher
Scientific, Vantaa, Finland). For measurement of the enrichment of
glucose, plasma samples were deproteinized and purified using
ion exchange chromatography, glucose was derivatized to its
trimethylsilyl-O-methyloxime form. 6e62H2-D-glucose enrichment
was determined on a gas-chromatography mass-spectrometer
(GCMS; Agilent 6890 and 5975C, Agilent Technologies Inc., CA,
USA) [42]. In addition, the enrichment of 6,62H2-D-glucose and
glucose concentrations were measured in all infused solution.
Plasma insulin and C-peptide were analysed using an ELISA-based
standard analysing kit (IMMULITE® 1000 Immunoassay System,
Siemens®, Illinois, USA). In the hormone analysis, some insulin
values were reported as <2 or >300 mIU/mL. No apparent expla-
nation for outliners was found. For calculation, we used numbers 2
and 300 as values.

Steady-states for both the glucose infusion and glucose levels
during the second hour of the clamp were evaluated blinded by a
person not involved in performing the clamps and unaware of the
randomization. A steady-state period of minimum 30 min coin-
ciding for glucose infusion and glucose levels, was identified and
used for calculations. Clamps with no steady-state for at least
30 min were excluded. This validation was done before any group
calculationwas performed. The amount of glucose given during the
steady-state periodwas used to calculate ameanM-value for whole
body sensitivity to insulin (mg glucose/kg/min). Plasma enrichment
values, molar percent excess (MPE), used in further calculation
represent the mean MPE value for the three 10-min samples
collected during the final 30 min period of the clamp, see Fig. 1 in
electronic supplement. Glucose kinetics is calculated by using a
modified Steele's equation, for WGD, the glucose pool volume (V)
was assumed to be 250 mL/kg and a pool correction factor (P) of
65% was used. The rate of change in plasma glucose concentration
(DG, mmol/l/min) as well as the total rate of tracer infusion
(TI, continuous and added labelled glucose, mmol/kg/min) were
calculated.
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It is assumed that the tracer infusion (TI) divided by the plasma
tracer enrichment (MPE) equals rate of appearance, Ra, which in
post absorptive state represents EGP. However, with concurrent
glucose infusion, endogenous glucose Ra was calculated by sub-
tracting the rates of exogenous glucose infusion (GIR) from total
glucose Ra.

Equations:

EGP (mmol/kg/min) ¼ (TI / MPE � 100) - GIR - TI

WGD (mmol/kg/min) ¼ GIR þ EGP e (P � V � DG)

2.5. Statistics

Twenty patients were analysed per protocol. One patient in the
treatment group and one patient in the control group were
excluded due to suboptimal insulin clamping, assessed blinded.

Values are presented as median and lower and upper quartile or
mean ± standard deviation for non-normally and normally
distributed data, respectively. ShapiroeWilks test was used for
testing normality distribution of data. Student's T-test and repeated
measures-ANOVA were used to analyse normally distributed data.
Non-normally distributed data for ANOVA analyses was log trans-
formed for analysis, ManneWhitney test was used for analysing
continuous non-parametric data and Fischer's exact test was used
for non-continuous data. A p-value<0.05 was considered statisti-
cally significant. Statistical analyses were performed using Statis-
tica 13 (StatSoft® Inc, OK, USA).

3. Results

Between March 2014 and December 2015 22 patients scheduled
for elective open hepatectomy were included, 20 patients were
studied per protocol, with ten patients planned in each group. One
patient was excluded due to unexpected inoperability and one was
excluded at the start of the preoperative hyperinsulinemic clamp
due to undiagnosed diabetes. Due to low quality of the hyper-
insulinemic normoglycemic clamping (i.e. unable to reach steady
state) another two patients were excluded (blinded assessment),
one in each group.

The two cohorts were comparable, there were no statistical
difference regarding age, BMI, preoperative insulin sensitivity (M-
value), operation or resection time, estimated blood loss or blood
products administered (see Table 1).

However, the cohorts were not similar regarding the amount of
noradrenaline given during surgery. The treatment group received
0.06 ± 0.02 vs 0.04 ± 0.02 mg/kg/min in the control group (p ¼ 0.02,
t-test). In the treatment group, all 9 patients but one received
continuous insulin infusion during surgery. In the control group 3
out of 9 were given occasional units of insulin, the rest received
none (see Table 1). No patient received insulin treatment prior
to induction of anaesthesia. During surgery, continuous glucose
infusion administered as standard routine, was 2.31 ± 0.12 and
2.16 ± 0.20 mmol/kg/min in insulin and control group respectively
(p ¼ 0.09).

Plasma glucose concentration at the start of anaesthesia was
comparable between the groups; 6.7 ± 0.9 and 6.3 ± 0.7 mmol/l in
the treatment and control group respectively (p 0.35, t-test).
Glucose levels during surgery were significantly different in the
two groups (p < 0.001; ANOVA, values from the first 220 min are
used for calculation due to differences in operation time between
patients). Mean glucose concentration during the first 220 min
were 7.0 ± 0.8 mmol/l (range 4.6e9.4) and 7.7 ± 1.1 mmol/l (range
5.3e16.0) in the treatment and control group respectively



Table 1
Background characteristics presented as: xMean value (SD), range (minemax), VMedian value, range (upper and lower quartile). For insulin dosage: treatment group: x (mU/
m2/min), control group: patients given insulin (range of total units). P-value: t-test except £ ManneWhitney, b Fisher�s exact test.

Treatment Range Control Range p-value

n ¼ 9 n ¼ 9

Sex (M/F) 6/3 7/2 ns b
Age (yrs)x 71 (10) 46e79 67 (13) 42e81 0.46
BMI (kg/m2)x 23.7 (2.5) 19.5e27.7 25.8 (2.7) 21.9e30.8 0.14
Resection>2 segments (pats) 3 4 ns b
Operation (min)x 277 (120) 147e470 262 (113) 122e481 0.78
Resection (min)x 50 (28) 5e90 67 (44) 7e128 0.33
Pringle (pats) 0 2 ns b
Blood products (pats) 1 2 ns b
RBP (units) 0e4 0e3 ns b
Blood loss (ml)V 400 250e500 600 200e2200 0.22£
Co-morbidity
IHD 2 0 ns b
Hypertension 2 3 ns b
Pulmonary 1 1 ns b
Noradrenaline (mg/kg/min)x 0.06 (0.02) 0.03e0.11 0.04 (0.02) 0.009e0.075 0.02
Insulinx 19.4 (12.7) 0e45.6 3 0e2
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(p < 0.001, ANOVA). All glucose values sampled during surgery are
presented in electronic supplement, Fig. 2.

Glucose sampled at each time phase during surgery clearly
demonstrate the development of hyperglycemia in the control
group (p ¼ 0.00002, ANOVA) (see Fig. 1).

In both groups, the postoperative M-value was reduced
compared with the pre-operative value, however significantly
more in the control group. In the control group, preoperative M-
value declined from 4.58 (4.07e5.00) to 0.56 (0.10e1.79), whereas
in the treated group the preoperative M deceased to a lesser extent,
from 4.58 (4.36e6.75) to 2.12 (1.22e2.56) (p ¼ 0.03, ANOVA) (see
Fig. 2).

Glucose turnover rates altered between the pre- and post-
operative clamp. The groups behaved comparable during both pe-
riods. EGP values (mmol/kg/min) in the preoperative clamp were
similar in the two cohorts; 1.84 (�0.86e4.19) in the treatment and
2.91 (1.89e3.81) in the control group. During the postoperative
clamp values augmented to 3.38 (2.58e6.47) and 6.41 (3.16e10.83)
in the treatment and control group respectively (see Fig. 3). How-
ever, the alterations in pre-to postoperative values were not sig-
nificant different between the groups (p ¼ 0.85, ANOVA) but a time
affect was observed (p ¼ 0.05, ANOVA).
Fig. 1. Intraoperative glucose values at time-points 1e4. 1. Start of anesthesia, 2. Start
of surgery, 3. Start of resection, 4. End of resection, in treatment vs control (dotted line)
group (p ¼ 0.00002, ANOVA).
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Whole-body glucose disposal (WGD) values (mmol/kg/min) in
the preoperative clamp were comparable, 31.55 (25.63e42.95) and
32.73 (31.60e34.50) in the treatment and control group respec-
tively. In the postoperative clamp values decreased to 15.42
(11.96e22.31) and 13.96 (11.63e16.29) in the treatment and control
group respectively. WGD values subsided significantly within both
groups, a time effect was demonstrated (p < 0.0001, ANOVA) (see
table 1 in electronic supplement and Fig. 3). However, between
the groups no significant difference could be detected (p ¼ 0.60,
ANOVA).

During surgery EGP decreased, with a significant difference in
the treatment group, from 17.15 to 11.56 mmol/kg/min and 15.32 to
10.14 mmol/kg/min in the treatment and control group respectively
(p ¼ 0.02, ANOVA) (see Fig. 4). However, WGD remained unaltered
during surgery, with no difference over time or between groups
(p ¼ 0.67, ANOVA).

Circulating hormone levels, insulin and C-peptide, were ana-
lysed (see Table 2). During the preoperative clamp, C-peptide
values diminished equally in both groups; in the treatment group
from 2.47 (1.53e2.81) ng/mL to 1.21 (0.73e2.10), in the control
group from 2.29 (1.61e2.59) to 1.61 (0.94e1.65) ng/mL (p ¼ 0.56;
ANOVA) However, during surgery, the groups behaved different.
Fig. 2. Individual (dotted lines) and median M-values are presented as mg/kg/min, at
preoperative and postoperative clamp, in treatment and control group (p ¼ 0.03, log
transformed ANOVA).



Fig. 3. Individual (dotted lines) and median values for EGP (left) and WGD (right) (mmol/kg/min), at the preoperative and postoperative clamp, in treatment and control group. EGP
increased (p ¼ 0.05, ANOVA) and WGD decreased significantly after surgery (p < 0.0001, ANOVA), with no difference between groups.

Fig. 4. Intraoperative glucose kinetics, EGP (left) and WGD (right) (mmol/kg/min), individual (dotted lines) and median values are presented. Numbers represent sampling at
timepoints: 1. Start of anesthesia, 2. Start of surgery, 3. Start of resection, 4. End of resection. EGP decreased (p ¼ 0.02, ANOVA) while WGD remained unaltered (p ¼ 0.67, ANOVA).
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The treatment group declined from 2.66 (1.72e3.59) ng/mL to 0.86
(0.60e1.93) ng/mL compared to the control group, which increased
from 2.62 (2.36e2.89) ng/mL to 3.40 (2.52e3.60) ng/mL (p ¼ 0.001,
ANOVA). During the postoperative clamp, the C-peptide value again
diminished in both groups; from 0.40 (0.4e1.03) ng/mL to 0.22
(0.21e0.40) ng/mL and from 2.45 (1.44e3.08) ng/mL to 1.05
(0.42e1.20) ng/mL, in the treatment and the control group
respectively (p ¼ 0.64; ANOVA).

Insulin levels changed comparably during both pre- and post-
operative clamps between the groups (log transformed data,
p ¼ 0.30 and 0.57, ANOVA, pre- and postoperative HNC respec-
tively) (see Table 2). During surgery, the two groups diverged as
expected, due to insulin infusion in the treatment group, however
without reaching significance (log transformed data, p ¼ 0.07,
ANOVA).
Table 2
Hormone levels, Insulin and C-peptide, values are presented as median (lower and uppe

Treatment (Median (Q1eQ3))

Insulin (mlU/mL)
Preoperative clamp-before 10.6 (6.5e19.1)
Preoperative clamp-after 131.0 (121.0e137.0)
Start operation 11.6 (9.6e25.9)
Pre resection 69.4 (27.8e112.0)
Post resection 35.8 (8.4e68.8)
Postoperative clamp-before 8.3 (4.2e14.9)
Postoperative clamp-after 154.5 (127.5e211.5)
C-Peptide (ng/mL)
Preoperative clamp-before 2.47 (1.53e2.81)
Preoperative clamp-after 1.21 (0.73e2.10)
Start operation 2.66 (1.72e3.59)
Pre resection 1.33 (1.15e2.09)
Post resection 0.86 (0.60e1.93)
Postoperative clamp-before 0.40 (0.40e1.03)
Postoperative clamp-after 0.22 (0.21e0.40)
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4. Discussion

In this randomized controlled trial, we confirmed the results
of our previous study that continuous glucose control using in-
sulin infusion during open liver resection maintains higher post-
operative insulin sensitivity, measured by the glucose infusion rate.
65% vs 89% of the preoperative sensitivity were lost in the treat-
ment and control group respectively. In addition, we studied the
dynamics of glucose turnover during the clamp and during surgery,
using a stable isotope labelled glucose tracer infusion. During the
postoperative clamp a higher endogenous glucose production was
observed in both groups, indicating development of hepatic insulin
resistance. Glucose disposal during the postoperative clamp was
significantly lower compared to the preoperative values. However,
the absolute changes were largest for the glucose disposal. The
r quartile).

Control (Median (Q1eQ3)) ANOVA p-value

9.7 (7.5e15.0)
134.0 (104.0e141.0) 0.30
17.7 (11.8e21.7)
17.7 (10.5e26.9)
21.4 (16.8e31.6) 0.07
17.6 (12.8e33.4)
161.0 (107.0e241.0) 0.57

2.29 (1.61e2.59)
1.61 (0.94e1.65) 0.56
2.62 (2.36e2.89)
3.29 (2.19e4.50)
3.40 (2.52e3.60) 0.001
2.45 (1.44e3.08)
1.05 (0.42e1.20) 0.64
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difference in reduction between the groups was subtle and failed to
reach significance. It is possible that both glucose production and
utilization, were affected, with the net result of reduced insulin
resistance when controlling perioperative glucose. This suggestion
is supported by the observation of a negative correlation between
the relative reduction of postoperative insulin sensitivity, the M-
ratio, and postoperative EGP (r2 ¼ 0.55) and a positive correlation
between the M-ratio and the postoperative WGD (r2 ¼ 0.31) (see
Fig. 5).

Nevertheless, the study failed to find changes in postoperative
glucose kinetics to give a clear explanation for the significant dif-
ference in M-value between the groups.

We also measured intraoperative glucose kinetics to investigate
whether the stress-induced hyperglycemia is the result of an
increased glucose production or a decreased glucose utilization.
Glucose production decreased intraoperatively in both groups,
though significantly more in the treatment group. The decline
started immediately after induction of anesthesia and continued
during surgery. The reduction noted in both groups was most likely
due to the intraoperative continuous glucose infusion, with an
additive effect of the insulin infusion in the treatment group. In
contrast, glucose disposal remained unchanged during surgery in
both groups.

However, patients in the control group developed hyperglyce-
mia after start of surgery, despite a decreased glucose production
and unaltered disposal (Figs. 1 and 4). The rapid increase of hy-
perglycemia was not distinctively reflected in the glucose kinetic
data. This may be explained by considerable kinetic alterations
occurring in-between our sampling periods and therefore not
detected. The largest increase in glucose levels was observed be-
tween timepoints “Start of the surgery” and “Start of the resection”,
whereas prior and after these timepoints the glucose levels were
relatively stable, suggesting that the largest changes in kinetics
happened in this period.

This trial had insulin sensitivity as primary endpoint. Since the
number of patients was very small, we have not investigated the
effects on clinical outcome. However, the data from this and the
previous study show that intraoperative glucose control in liver
surgery results in a significantly better postoperative insulin
sensitivity. This may be of clinical importance since a lower degree
of insulin resistance has been associated to faster recovery and
shorter hospital length of stay [43]. In cardiac surgery, glucose
control was demonstrated favorable in non-diabetics on post-
operative complications [44]. Moreover, Hanazaki et al., reported
reduced postoperative surgical site infection rates using perioper-
ative glucose control in hepatic and pancreatic surgery [45]. In
addition, for each 1 mg/kg/min decrease in insulin sensitivity, a
more than doubled risk for major complications, and a five-fold
increased risk for severe infections was demonstrated [46].
Fig. 5. Correlation between postoperative EGP (r2 ¼ 0.55), (left) and WGD (r2 ¼ 0
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However, this doesn't imply that improving insulin sensitivity will
lead to a faster recovery.

Abdominal surgery may result in a significant reduction of in-
sulin sensitivity, initially often up to 50% [47]. Although most pro-
nounced on the first postoperative day, it may persist up to three
weeks after surgery. The degree of reduction of insulin sensitivity
demonstrated by Thorell et al., was somewhat less than our results.
However, these patients were subjected to cholecystectomy, a less
extensive procedure compared to liver resection, and the degree of
insulin resistance may correlate to the size of surgery [48,49].

Brandi et al. demonstrated an impaired response to insulin in
the liver and peripheral tissues 6e8 h after surgery [50]. Our
findings of alterations in the glucose turnover in the immediate
postoperative period, are in line with other trials, reporting
impaired peripheral glucose disposal being the major contributor
to early decreased postoperative glucose clearance [51,52]. From a
series of studies on experimental surgery in pigs it is clear that in
this model the direct postoperative insulin resistance is the result of
a reduced glucose disposal in skeletal muscle [53e55]. However,
the results from human surgery are less clear, most likely due to the
heterogeneity of surgery, clinical routines and timing.

Glucose disposal was shown to be reduced 2 h after orthopedic
surgery, a timing well in line with our results, [37]. In addition, a
decreased glucose production was observed, most likely due to a
reduced stress response after spinal anesthesia. On the day after
abdominal surgery, a lower insulin sensitivity was accompanied by
significantly decreased glucose disposal and increased glucose
production, a finding similar to ours. It was also suggested that
mere bedrest may contribute to the decreased glucose disposal
[52].

However, the described alterations were all assessed in the
direct postoperative period, hours after the surgical trauma. In the
present trial, we also observed intraoperative changes in glucose
production. This is coherent with other findings, which demon-
strated immediate alterations in glucose metabolism during colo-
rectal surgery. Schricker et al. revealed a progressive hyperglycemia
despite a decreased endogenous glucose production and an esti-
mated reduction in glucose clearance, which was suggested to be
due to a diminished glucose disposal [56,57].

Latterman et al. demonstrated a depressed glucose disposal as
early as 2 h after abdominal surgery. Moreover, an additional
epidural anesthesia reduced glucose production in this phase
[58e60] probably by minimizing the stress hormone release from
the adrenals. Seemingly in contrast, Svanfeldt et al. described an
increased glucose production in colorectal surgery on the first
postoperative day, which was attenuated by preoperative beverage
of carbohydrates [51]. Differently from the effect in the liver,
glucose disposal was reduced and remained unaffected by the
intervention. This indicates that the same mechanism, a decreased
.31) (right) vs relative reduction of postoperative insulin sensitivity (M-ratio).
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peripheral glucose uptake, is responsible for the development of
early stress hyperglycemia. Although a corresponding reduction
could not be found in our intraoperative data, it was demonstrated
in the postoperative clamp.

It is possible that the main site for postoperative insulin resis-
tance alters over time, making the timing of kinetic measurements
crucial. Studies up to the first postoperative day suggest that
decreased peripheral glucose disposal is the main cause for the
hyperglycemia [37,61]. Later in the postoperative phase, the
reduced glucose disposal seems to be consolidated and the hepatic
glucose production in relation to insulin resistance is probably
more prominent. In support of this, in trauma patients studied
24e48 h after the insult, normoglycemia achieved by insulin
treatment reduced glucose production, though it had no significant
impact on glucose disposal [38]. However, contradictive results
were presented in a trial performed two days after colorectal sur-
gery, where, glucose infusion increased glucose clearance without
having an effect on endogenous glucose production [62].

The seemingly contradictive data on glucose kinetics during and
after surgery and trauma is likely to be explained by the timing of
the measurements and the magnitude of the trauma. We studied
intraoperative data, while most other studies have been performed
only early or later in the postoperative phase and subjected to other
types of surgery. Whether glucose control was applied during
surgery is often unknown. In addition, all patients in our study had
an activated epidural anesthesia, a circumstance that may account
for the insignificant changes in EGP [58e60].

We acknowledge that our trial has limitations. The number of
patients includedwas small, whichmakes that minor differences in
baseline characteristics may go undetected. In addition, the glucose
range between the groups were on a group level different but
individually showed a considerable overlap. Five patients in the
control group did not develop hyperglycemia as expected and their
glucose level remained within the glucose range of the treatment
group. Baseline data of glucose kinetics are lacking. Such data
would potentially have made the results easier to interpret. Some
patients had repeated Pringle maneuvers performed during the
resection phase, a vascular occlusion demonstrated to induce
rapidly increasing hyperglycemia [63]. The patients in our study
were all fasted overnight, despite that preoperative carbohydrate
beverage have been proven to improve insulin sensitivity [64].

Furthermore, the administration of noradrenaline was signifi-
cantly higher in the treatment group. This could be an accidental
phenomenon due to the small sized study. In our previous study no
difference between groups or dosage could be demonstrated.
However, Baron et al. suggested that a better preserved insulin
sensitivity implies less reaction to vasopressors [65]. Still, it cannot
be excluded that anesthetic routines have been changed over the
years, with focus on higher dosage of vasopressors and less fluid
administration during surgery.
5. Conclusion

The current trial confirmed the finding that glucose control
during liver surgery significantly reduces the development of im-
mediate postoperative insulin resistance, measured by the glucose
infusion rate. With a glucose target of 6e8 mmol/l intraoperative
glucose kinetics immediately altered during insulin treatment. We
could demonstrate a significantly decreased endogenous glucose
production, while the peripheral glucose disposal remained rela-
tively unchanged with or without insulin treatment. However, in
the immediate postoperative phase of liver surgery, the major
4532
contributor to impaired insulin sensitivity and postoperative hy-
perglycemia was impaired peripheral glucose disposal.
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