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Objective: Previous attempts to achieve tight glucose control in surgical patients were associated with
a significant incidence of hypoglycemia. The purpose of this study was to evaluate the efficacy of
perioperative glucose and insulin administration while maintaining normoglycemia using a hyper-
insulinemic-normoglycemic clamp technique.
Methods: We studied 70 non-diabetic and 40 diabetic patients undergoing cardiac procedures.
Before induction of anesthesia, insulin was administered at 5 mU $ kg�1 $ min�1. Blood glucose
(BG) concentrations were determined every 15–30 min. Dextrose 20% was infused at a rate
adjusted to maintain BG within 3.5–6.1 mmol/L. At the end of surgery, insulin infusion was
decreased to 1 mU $ kg�1 $ min�1 and continued for 24 h. The mean � standard deviation of BG
and the percentage of BG values within the target range were calculated perioperatively. Episodes
of severe hypoglycemia, i.e., BG <2.2 mmol/L, were recorded.
Results: The mean BG remained within target at all times. Normoglycemia in non-diabetic patients
was achieved in 92.8% of measurements during and in 83.2% after surgery. In diabetic patients
87.4% of values were within target intraoperatively and 76.7% after surgery. The rate of severe
hypoglycemia was 2.7% (three patients). In non-diabetic patients the incidence of severe hypo-
glycemia was 0.2% of measurements during and 0.1% after surgery. Diabetic patients showed only
one episode of severe hypoglycemia after surgery (0.1%).
Conclusion: Perioperative use of a hyperinsulinemic-normoglycemic clamp technique established and
maintained normoglycemia in patients undergoing cardiac surgery with little risk of hypoglycemia.

� 2010 Elsevier Inc. All rights reserved.
Introduction

Major surgical tissue trauma is associated with alterations in
carbohydrate metabolism, including increased glucose produc-
tion and impaired glucose utilization, resulting in hyperglycemia
[1,2]. During cardiac surgery this disturbance of glucose
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homeostasis is striking, with blood glucose levels frequently
exceeding 10 mmol/L in non-diabetic and 15 mmol/L in diabetic
patients [3,4]. Moderately increased circulating blood glucose
concentrations are independent risk factors for death, cardio-
vascular, respiratory, infectious, and renal complications [5–11].

Although tight glucose control has been demonstrated to
improve outcomes in critically ill patients, mostly after cardiac
surgery [12], there is only observational evidence to suggest that
maintenance of perioperative normoglycemia is beneficial
[13,14]. This lack of evidence may be due to the fact that previous
attempts to maintain glucose homeostasis, during and immedi-
ately after cardiac surgery, failed, leading to the commonly held
belief that normoglycemia is unattainable [4,15]. The only
randomized-controlled trial on the effect of rigorous
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intraoperative glycemic control found no risk reduction in
cardiac surgery [16]. This investigation was limited by the fact
that normoglycemia was not achieved. Similarly, other protocols
in the critical care setting were unable to achieve their glycemic
targets [16–18]. Recently, two large European trials had to be
terminated prematurely due to an unacceptably high incidence
of severe hypoglycemia (blood glucose <2.2 mmol/L) [17,18]. The
consequences of severe hypoglycemia may offset the benefits of
controlling blood glucose levels. It appears that tight glucose
control cannot be achieved by occasional measurement of blood
glucose, which is followed by reactive adjustments of insulin
infusion, the so-called insulin sliding scale.

In 2004 we introduced the GIN concept in cardiac surgery, i.e.,
perioperative glucose and insulin administration while main-
taining normoglycemia, applying the principle of the hyper-
insulinemic-normoglycemic clamp technique; using a fixed
pre-emptive infusion of insulin together with glucose infused at
a variable rate titrated to maintain the blood glucose from 3.5 to
6.1 mmol/L, we established and preserved normoglycemia during
aortocoronary bypass surgery in a small number of diabetic and
non-diabetic patients [3]. As opposed to conventional traditional
insulin sliding scales, which dictate changes in the amount of
insulin to be administered, this strategy modifies the rate of
glucose infusion rather than changing the insulin infusion, which
is kept constant.

The aim of the present study was to evaluate the efficacy and
safety of GIN administered perioperatively, i.e., during surgery
and the first 24 h after surgery, in larger cohort of patients
undergoing cardiac surgery requiring cardiopulmonary bypass
(CPB).

Materials and methods

This study was conducted according to the Declaration of Helsinki. With
approval from the McGill University Health Center research ethics board we
approached and received written consent from patients scheduled for elective
coronary artery bypass grafting, valve procedure, or a combination of both. The
inclusion criteria were patients 18 to 90 y of age and the ability to give written
informed consent. Patients scheduled for off-pump coronary artery bypass
grafting, or with anticipated deep hypothermic circulatory arrest, elevated
baseline troponin I (>0.5 ng/L) levels, emergency procedures, or requiring
hemodialysis were excluded. In diabetic patients, the administration of oral
hypoglycemic agents was discontinued 24 h before surgery. Diabetic patients
receiving insulin had their daily dose of insulin withheld the evening before
surgery and were treated with a subcutaneous insulin sliding scale as described
previously [3].

Anesthetic and surgical care

All patients were anesthetized by the same two staff anesthesiologists.
Patients received standardized total intravenous anesthesia using sufentanil,
midazolam, and pancuronium. Before CPB, heparin 400 IU/kg was administered
intravenously followed by additional doses, if necessary, to maintain an acti-
vating clotting time longer than 500 s. Protamine was administered on a 1:1 ratio
after complete separation from CPB.

Cardiopulmonary bypass was conducted with a roller pump (Jostra-Maquet)
and membrane oxygenator (Dideco, Mirandola, MO, Italy). The prime solution
consisted 1 L of Ringer’s lactate, 5000 IU of heparin, 750 mL of starch colloid
(Pentaspan, Bristol-Myers-Squibb, Montreal, Canada), and 44 mmol of bicar-
bonate. The arterial and venous lines were back-primed as tolerated by the
patient, yielding a net prime volume of 900–1100 mL. During CPB, pump flow
was set at 2.4 L $ min�1 $ m�2 and mean arterial pressure maintained at 60 to 70
mmHg. The temperature was allowed to drift with active rewarming at the end of
CPB. Cardioplegia was performed by a blood based microplegia system providing
high-dose (40 mmol/L) or low-dose (2 mmol/L) potassium (MPS, Quest Medical
Systems, Allen, TX, USA).

Glucose management protocol

We obtained all blood samples from catheters inserted into one of the radial
arteries. Before induction of anesthesia, a baseline blood glucose value was
obtained. Blood glucose concentrations were analyzed using the Accu-Chek
glucose monitor (Roche Diagnostics, Indianapolis, IN, USA). The aim was to
maintain the blood glucose at 3.5 to 6.1 mmol/L. A 2-U priming bolus of insulin
was followed by an infusion of regular insulin (Humulin R, Eli Lilly and Company,
Indianapolis, IN, USA) at 5 mU $ kg�1 $ min�1 administered through the central
venous catheter. Approximately 15 min after starting the insulin infusion, and as
soon as the blood glucose was <6.1 mmol/L, dextrose 20% supplemented with
phosphate (30 mmol of potassium phosphate/L) was administered. In the oper-
ating theater blood glucose levels were measured every 15–30 min and appro-
priate adjustments of the dextrose infusion rate were made to maintain the blood
glucose within the target level.

At the end of the surgery, the insulin infusion was decreased to 1 mU $ kg�1 $

min�1 and the blood glucose was measured hourly. The dextrose infusion
continued for 24 h in the intensive care unit (ICU) and was modified by the
attending nurse according to the following protocol.

� If blood glucose is >7.0 mmol/L, then decrease dextrose infusion rate by
half.
� If blood glucose is 6.5–7.0 mmol/L, then decrease dextrose infusion rate by

15 mL/h.
� If blood glucose is 6.1–6.4 mmol/L, then decrease dextrose infusion rate by

10 mL/h.
� If blood glucose is 5.5–6.0 mmol/L, then decrease dextrose infusion rate by

5 mL/h.
� If blood glucose is 4.6–5.4 mmol/L, then maintain dextrose infusion rate.
� If blood glucose is 4.2–4.5 mmol/L, then increase dextrose infusion rate by

5 mL/h.
� If blood glucose is 3.5–4.1 mmol/L, then increase dextrose infusion rate by

10 mL/h and administer a 10-mL bolus.
� If blood glucose is <3.5 mmol/L, then increase dextrose infusion rate by

15 mL/h and administer a 20-mL bolus.

Definitions and study outcomes

A set of a priori event definitions was used in the present study:

1. Severe hyperglycemia was defined as a blood glucose level >10.0 mmol/L.
2. Moderate hyperglycemia was defined as a blood glucose level from 6.2 to

10.0 mmol/L.
3. Mild hypoglycemia was defined as a blood glucose level <3.5 mmol/L.
4. Severe hypoglycemia was defined as a blood glucose level <2.2 mmol/L.

The primary outcome of the study was the proportion of patients presenting
severe hypoglycemia. The secondary outcome was the incidence of hypergly-
cemia, the average and standard deviation (SD) of the blood glucose measure-
ments, and the wobblingddefined as the average absolute point-to-point
glucose variation over timedof blood glucose measurements.

The mean and SD of blood glucose concentration were calculated for non-
diabetic and diabetic patients at each period, i.e., before surgery, at skin incision,
before CPB, during early and late CPB, after the administration of protamine, at
sternal closure, on arrival in the ICU, and hourly during the first 24 h
postoperatively.

In each patient, the mean and SD of blood glucose concentration during and
after surgery were calculated as the arithmetical mean and SD of the entire set of
measurements intra- and postoperatively. To evaluate relative variability, the
coefficient of variability (CV¼ SD/average blood glucose) was also calculated for
each patient [19].

Potassium levels in the ICU were measured every 4 h.
Statistical analysis

Differences between non-diabetic and diabetic patients in mean blood
glucose values, SD and CV of blood glucose, and percentage of measurements
within each glucose range were tested using two-sample Student’s t test, chi-
square test, or Fisher’s exact test as appropriate. Blood glucose levels at different
time points were compared using analysis of variance for a repeated-measure-
ment approach. P< 0.05 was considered statistically significant. All analyses
were performed using the General Linear Model in SPSS 17.0 for Windows (SPSS
Inc., Chicago, IL, USA).

Sample size was computed on the basis of the primary hypothesis. Based on
previously published investigations [12,17,18,20–31] showing an approximative
incidence of hypoglycemia of 20%, the primary hypothesis was to be able to
detect a �10% absolute reduction of the incidence of the event or more with an
a of 0.05, a one-sided approach, and a power of 0.8. A sample of 99 patients was
required to detect an incidence of hypoglycemia of �10%.



Table 1
Characteristics of patients*

Characteristic Non-diabetic patients Diabetic patients

Age (y) 65� 13 66� 9
Men/women 50/20 30/10
Weight at admission (kg) 78� 20 83� 17
Height (cm) 170� 10 171� 10
BMI (kg/m2) 27� 6 28� 5
Parsonnet score 16� 12 18� 10
HbA1c (%) 5.5� 0.4 7.4� 1.8y

Ejection fraction (%) 52� 13 48� 13
Type of surgery
CABG 46 35
Valve 15 2
CABG and valve 9 3
Surgery time (min) 207� 64 220� 52
CPB time (min) 101� 39 104� 3

BMI, body mass index; CABG, coronary artery bypass grafting; CPB, cardiopul-
monary bypass; HbA1c, glycosylated hemoglobin

* Values are means� SD or numbers of patients.
y P< 0.05.
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Results

A total of 70 non-diabetic and 40 diabetic patients were
enrolled. There were no significant differences in the character-
istics of the two study groups, with the exception of preoperative
glycosylated hemoglobin values, which were higher in diabetic
patients (Table 1). Among diabetics, 9 patients were on insulin
treatment, 23 were taking oral hypoglycemic agents, and 8 were
treated by diet only.

A total of 3880 blood glucose measurements (average 35 per
patient) were recorded: 1415 during surgery and 2465 in the ICU.
The mean blood glucose value was lower in non-diabetic than in
diabetic patients during and after surgery (Table 2). Blood
glucose remained within the target range of 3.5 to 6.1 mmol/L
(Fig. 1) in both groups; target glycemia in non-diabetic patients
was achieved in 92.8% of measurements during and in 83.2%
after surgery. In diabetic patients 87.4% of values were within
target during surgery and 76.7% in the ICU (Table 2).

Severe hypoglycemia occurred in 2.7% (three patients). The
incidence of severe hypoglycemia in non-diabetic patients was
rare (intraoperative 0.2% of measurements: 1 patient, post-
operative 0.1%: 1 patient), whereas the incidence of mild hypo-
glycemia was 2.2% during surgery (7 patients) and 2.7% (19
patients) in the ICU (Table 2). Diabetic patients showed no severe
hypoglycemic event during surgery and only one episode of
severe hypoglycemia in the ICU (0.1%). The frequency of mild
Table 2
Glucose control during and after surgery

Non-diabetic patients Diab

During surgery After surgery Duri

Blood glucose (mmol/L) 4.9� 0.8 5.3� 1.2 5.2
SD glucose (mmol/L) 0.7� 0.2 1.1� 0.3 0.8
CV glucose (%) 14.4� 5.0 21.5� 5.9 15.2
Blood glucose range 2.1–8.5 2.0–10.4 2.6–
Measurements (n) 858 1545 557
<2.2 mmol/L 2 (0.2%) 2 (0.1%) 0 (
2.2–3.4 mmol/L 19 (2.2%) 41 (2.7%) 9
3.5–6.1 mmol/L 796 (92.8%) 1285 (83.2%) 487
6.2–7.9 mmol/L 39 (4.5%) 153 (9.9%) 56
8.0–10.0 mmol/L 2 (0.2%) 62 (4%) 5
>10.0 mmol/L 0 (0%) 2 (0.1%) 0

CV, coefficient of variability
Values are means� SD or numbers of patients (percentages). P values indicate the di
hypoglycemia in diabetic subjects was similar to that in non-
diabetic patients (intraoperative 4 patients, postoperative 10
patients; Table 2). There were no neurologic sequelae in any of
these patients. Non-diabetic patients had a lower incidence of
moderate and severe hyperglycemia (Table 2) when compared
with diabetics. The SD and CV of blood glucose were comparable
in the non-diabetic and diabetic populations (Table 2).

A total of 847 potassium levels were determined. The mean
plasma potassium level in the ICU was 4.0� 0.5 mmol/L
(mean� SD) with a range of 2.5–6.3 mmol/L. Seventy-five
percent of measurements were in the normal range of 3.5–
4.5 mmol/L, whereas hypokalemia (Kþ< 2.9 mmol/L) occurred in
2.2% of measurements. Hyperkalemia, i.e., a potassium value from
5.1 to 6.3 mmol/L, was observed in 28 measurements (3.3%).

Discussion

The clinical relevance of strict glycemic control during surgery
and critical care is still a matter of debate. Although the results of
the Leuven trial in 2001 showed a better outcome with mainte-
nance of normoglycemia in surgical ICU patients [12], other
investigators failed to show clinical benefits. Furthermore, recent
meta-analyses do not support the widespread adoption of tight
glycemic control. In addition to its well-known effects on glucose
homeostasis, insulin has a broad spectrum of non-metabolic,
pharmacologic properties including anti-inflammatory and
positive inotropic effects. To achieve these non-metabolic effects
of insulin therapy during critical illness, however, large amounts
of insulin and the presence of a normal blood glucose concen-
tration are required [32]. Unfortunately, the high incidence of
clinically significant hypoglycemia has prompted the use of
insulin at doses too small to exert pharmacologic effects.
Furthermore, current insulin administration regimens are reac-
tive and permit moderate hyperglycemia to occur before therapy
can be initiated. The results of the present study demonstrate that
GIN therapy using relatively large doses of insulin effectively
provides normoglycemia, during and after cardiac surgery, with
little risk of hypoglycemia.

Over the previous decade a variety of insulin administration
protocols has been applied to achieve tight glycemic control in
patients undergoing cardiac surgery [4,6,13,16,33–39] (Table 3).
Lecomte et al. [33], using a dynamic tabular formed algorithm,
concluded that this algorithm was able to maintain blood glucose
levels at 4.4 to 6.1 mmol/L, with hypoglycemia occurring in fewer
than 1%. However, only 41% of intraoperative blood glucose
values were in the target range in diabetic and 68% in
etic patients P

ng surgery After surgery During surgery After surgery

� 0.9 5.5� 1.4 0.002 0.049
� 0.2 1.2� 0.4 0.190 0.289
� 3.9 21.9� 5.8 0.461 0.749
8.6 2.1–12.0

920
0%) 1 (0.1%) 0.677 0.650

(1.6%) 24 (2.6%) 0.430 0.946
(87.4%) 706 (76.7%) <0.001 <0.001
(10.1%) 125 (13.6%) <0.001 <0.001
(0.9%) 56 (6.1%) 0.082 0.019
(0%) 8 (0.9%) d 0.014

fference between non-diabetic and diabetic patients during and after surgery.
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Fig. 1. Perioperative blood glucose concentrations in DM and nonDM patients. Values are mean blood glucose concentration� SD (millimoles per liter). Baseline, before
induction; CPB, cardiopulmonary bypass; DM, diabetic; Early CPB, immediately after the initiation of cardiopulmonary bypass; ICU, intensive care unit; ICU1, 6, 12, 18, 24 hr, 1,
6, 12, 18, 24 h after patient’s arrival in the intensive care unit; Incision, at skin incision; Late CPB, before separation from cardiopulmonary bypass; nonDM, non-diabetic;
PreCPB, before cardiopulmonary bypass; Protamine, after administration of protamine; Sternal closure, at sternal closure.

H. Sato et al. / Nutrition 26 (2010) 1122–1129 1125
non-diabetic patients, respectively. Saager et al. [34] showed that
the use of a computer-guided glucose management system
(EndTool software, MD, Scientific, Charlotte, NC, USA) led to
better blood glucose control and a lower incidence of hypogly-
cemia when compared with a conventional insulin sliding scale
[34]. However, the relatively wide target blood glucose range of
5.0–8.3 mmol/L was achieved in only 49% of measurements and
mean glycemia during surgery was 8.2�1.1 mmol/L in this
exclusively diabetic population. Hovorka et al. [35] compared
a laptop-based enhanced model predictive control algorithm
with a routine blood glucose management protocol aiming at
normoglycemia. Although the enhanced model predictive
control algorithm was reported to be effective and safe, normo-
glycemia was accomplished in only 60% of measurements and
the mean intraoperative blood glucose level was above the
defined target range of 4.4–6.1 mmol/L.

As with other unsuccessful attempts, the only randomized-
controlled trial on the effect of tight glycemic control, restricted
to the intraoperative period, failed to establish normoglycemia
and to improve outcomes after cardiac surgery, lending further
support to the contention that, independent of the provider of
insulin therapy (computer, physician, or nurse), optimal glucose
control cannot be achieved by occasional blood glucose
measurements followed by reactive adjustments of insulin
infusion. Contrary to this principle of traditional insulin sliding
scales, the GIN concept as outlined in the present report modifies
the rate of glucose infusion and keeps the insulin infusion
constant throughout the perioperative period. During surgery,
insulin was administered at 5 mU $ kg�1 $ min�1, equivalent to
approximately 20 U of insulin per hour in a 70-kg patient. This
large dose was chosen because insulin infused at this rate
consistently suppresses endogenous glucose production and
maximizes glucose utilization in healthy subjects and patients
with impaired glucose tolerance [40]. At higher doses, glucose
uptake by insulin dependent tissues, i.e., muscle and, to a lesser
degree, liver and adipose tissue, is not substantially greater in
non-diabetic [40] or in diabetic [41,42] patients.

In our patients the mean blood glucose values always
remained within the normal range, whether or not the patients
were diabetic. The percentage of measured glucose values within
the target range was higher than in previous reports [33–35],
intraoperatively and postoperatively. Using a technique similar
to ours, but involving a lower dose of insulin (1.66 mU $ kg�1 $

min�1) and less frequent blood sampling during surgery, Visser
et al. [38] reported a comparable success rate of 85% in a small
group of 10 non-diabetic patients.

In our study severe hypoglycemia, the most feared compli-
cation of intensive insulin therapy, was observed in three
patients (2.7% of patients). In non-diabetic patients it occurred in
2 of 858 measurements during surgery (0.2%) and in 2 of 1545
measurements (0.1%) postoperatively (Table 2). Diabetic patients
showed no hypoglycemia during surgery and only one episode in
the ICU (0.1%). None of the patients with at least one hypogly-
cemic event developed any neurologic problems.

The prevalence of hypoglycemia varies widely with intensive
insulin therapy and has been reported to occur in 0–94%
[4,6,12,13,16–18,21–30,33–39,43–47] (Tables 3 and 4). The most
intensive protocol for tight glycemic control during cardiac
surgery was proposed by Chaney [4]. According to his paradigm,
large doses of insulin were administered during CPB, but were
ineffective. Once patients were rewarmed, the massive doses of
insulin administered late began to take effect, and hypoglycemia



Table 3
Overview of studies on glycemic control in cardiac surgery (previous 10 y)

Insulin protocol No. of patients studied Dextrose
infusion

Definition of
hypoglycemia
(mmol/L)

Incidence of
hypoglycemia
(percentage
of patients)

Target
glycemia
(mmol/L)

Achievement of
target glycemia

Comment

Total Diabetics Non-
diabetics

% OR ICU

Lecomte et al. [33] (2008) tabular formed algorithm 651 168 483 0.05 g $

kg�1 $ h�1
<2.8 0.61 4.4–6.1 DM

non-DM
4168 6672 mean intraoperative BG in

diabetics always outside
target range

Saager et al. [34] 2008 computed-guided
(EndoTool)

20 20 0 0.10 g $

kg�1 $ h�1
<3.3 5 5.0–8.3 DM 49 84 intraoperative BG

8.2� 1.1 mmol/L
Hovarka et al. [35] (2007) computed-guided (enhanced

model predictive control)
30 13 17 variable

(5–7 g/h)
<2.9 0 4.4–6.1 60 intraoperative BG

6.6� 1.8 mmol/L
Gandhi et al. [16] (2007) sliding scale 185 37 148 0 <3.3 5 4.4–5.6 ? mean intraoperative

BG > target range
van Wezel et al. [43] (2006) clamp 22 0 22 variable <2.2 9.1 3.0–6.0 ? 18.8% of all BG measurements

> 6.1 mmol/L
Visser et al. [38] (2005) clamp 10 0 10 variable <2.2 0 4.0–5.5 ? 15% of all BG measurements

>6.1 mmol/L
Ouattara et al. [6] (2005) sliding scale 200 200 0 5 g/h <2.2 1.2 OR 8.3–10.0,

ICU <7.8
? 18% of patients with

BG >11.1 mmol/L
Carr et al. [36] (2005) sliding scale 737 314 423 0 <2.8 7.7 <7.2 ? 75% of patients with

BG >7.2 mmol/L
Lazar et al. [39] (2004) sliding scale (GIK) 72 72 0 variable ? ? 6.9–11.1 ? mean BG on arrival

in ICU 8.3 mmol/L
Furnary et al. [13] (2003) sliding scale

(Portland Protocol)
2612 2612 0 0 ? ? 5.6–8.3 ? preoperative BG

9.8� 1.7 mmol/L
Groban et al. [37] (2002) sliding scale 188 0 188 0 <3.9 12 4.4–6.7 ? 77% of patients with

BG >8.3 mmol/L
Chaney et al. [4] (1999) sliding scale 10 0 10 variable <3.3 40 5.6–8.3 ? on CPB, BG 13.7� 4.2 mmol/L

?, not specified; BG, blood glucose; CPB, cardiopulmonary bypass; DM, diabetes mellitus; GIK, glucose, insulin, potassium; ICU, after surgery in the intensive care unit; OR, during surgery in operating room
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Table 4
Occurrence of hypoglycemia in trials of intensive insulin therapy in ICU

Trial name Total no. of
patients

Type of ICU Definition of
hypoglycemia
(mmol/L)

Incidence of
hypoglycemia
(percentage of
patients)

Blood glucose
level targeted
(mmol/L)

Blood glucose
level achieved
(mmol/L)

Malmberg et al.
[45] (1995)

DIGAMI 1 620 CCU <3.0 15 7–10 9.6

Van den Berghe
et al. [12]
(2001)

Leuven 1 1548 surgical <2.2 5.1 4.4–6.1 5.7

Malmberg et al.
[46] (2005)

DIGAMI 2 1253 CCU <3.0 12.7 7–10 9.1

Van den Berghe
et al. [21]
(2006)

Leuven 2 1200 medical <2.2 18.7 4.4–6.1 6.2

Taylor et al. [22]
(2006)

119 surgical <2.2 3.4 4.4–6.1 7.3

Toft et al. [23]
(2006)

271 general <2.2 14 4.4–6.1 6.1

Devos et al. [18]
(2007)

GluControl 1101 general <2.2 9.8 4.4–6.1 6.6

Oksanen et al.
[24] (2007)

90 general <3.0 18 4–6 5.0

McMullin et al.
[25] (2007)

20 general <2.5 45.5 5–7 7.1

Arabi et al. [26]
(2008)

523 general <2.2 28.6 4.4–6.1 6.4

Brunkhorst et al.
[17] (2008)

VISEP 537 general <2.2 17 4.4–6.1 6.2

Iapichino et al.
[27] (2008)

72 general <2.2 22.2 4.4–6.1 6.1

Pachler et al. [28]
(2008)

50 medical <2.2 4 4.4–6.1 5.9

Dickerson et al.
[47] (2008)

40 general <2.2 0 3.9–8.3 6.8

Kaukonen et al.
[44] (2009)

1124 general <2.2 2.3 4–6 ?

Bilotta et al. [29]
(2009)

483 surgical <2.8 94 4.4–6.1 5.1

Finfer et al. [30]
(2009)

NICE-SUGAR 6104 general <2.2 6.8 4.5–6.0 6.0

?, not specified; CCU, coronary care unit; DIGAMI, Diabetes Mellitus Insulin Glucose Infusion in Acute Myocardial Infarction; ICU, after surgery in the intensive care unit;
VISEP, the efficacy of volume substitution and insulin therapy in severe sepsis
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was not unexpectedly observed in 40% postoperatively. The
application of intensive insulin protocols has also been prob-
lematic in the ICU setting (Table 4). The investigators from
Leuven, where the international interest in intensive insulin
therapy originated, were unable to prevent severe hypoglycemia
in 18.7% of their medical ICU population [21]. The efficacy of
volume substitution and insulin therapy in severe sepsis (VISEP)
trial, using the original Leuven protocol, in patients with severe
sepsis, was prematurely terminated because of a 17% incidence of
severe hypoglycemia [17]. The GluControl study [18] was also
stopped before completion because the set target of 4.4 to
6.1 mmol/L was not achieved and the risk of hypoglycemia was
unacceptably high. In the Diabetes Mellitus Insulin Glucose
Infusion in Acute Myocardial Infarction II study, target glycemia
was not achieved and hypoglycemia occurred in 12.7% in the
insulin-based treatment group [46]. A post hoc analysis revealed
that symptomatic hypoglycemia contributed to mortality
(unadjusted hazard ratio 1.99, 95% confidence interval 1.20–3.29,
P¼ 0.0074) in this trial [48].

There is recent evidence to suggest that the variability of gly-
cemia, rather than the absolute circulating glucose concentration,
contributes to outcome [19]. It has been speculated that
pronounced fluctuations in blood glucose trigger oxidative stress to
a greater degree than sustained hyperglycemia [49]. It is, therefore,
conceivable that strict glycemic control improves outcome, not
only by normalizing glycemia but also by mitigating the extreme
swings that occur during cardiac surgery. Data obtained from 7049
critically ill patients showed that survivors experienced signifi-
cantly less blood glucose variability than non-survivors (CV of
glucose in survivors 20�12%, in non-survivors 26�13%) [19]. The
SD of blood glucose was an independent predictor of ICU mortality
and a stronger predictor of survival than the mean blood glucose
concentration. In the present study the SD and CV values of blood
glucose were small and lower than corresponding values reported
by Egi et al. [19] in their non-survivor group.

The perioperative administration of glucose and insulin has
been shown to dramatically reduce plasma free fatty acid (FFA)
levels during and after surgery [39,50,51], with potential impact
on cardiac function and outcomes. Myocardial glucose and FFA
metabolism are tightly coupled because an increase in FFA
metabolism inhibits myocardial glucose utilization and vice
versa [52]. Under normal conditions, the heart generates 60–90%
of its adenosine triphosphate (ATP) from the oxidation of fatty
acids and 10–40% from the uptake and oxidation of glucose [53].
Shifting myocardial energy metabolism from fatty acid to glucose
oxidation is, in fact, one objective of GIN therapy in the context of
coronary revascularization because it leads to a more efficient
ATP generation, i.e., significantly less oxygen is used per ATP
generated [54]. Furthermore, acute stimulation of lipolysis,
resulting in elevated FFA levels, has been associated with
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a number of adverse metabolic effects, such as impaired glucose
utilization [55], decreased insulin sensitivity [56], and increased
gluconeogenesis with potential impact on protein catabolism
[57,58]. In addition, FFA provoke cardiac arrhythmias, thereby
potentiating myocardial ischemic injury [59].

We acknowledge several limitations of our study. Routine use
of GIN is labor intensive because of the high frequency of blood
glucose measurements necessary for the adjustment of the
glucose infusion rate and the safe conduct of the protocol. A
continuous intravenous glucose monitor would obviate invasive
blood sampling and, thus, would make this practice safer and
available to more patients. Several closed loop systems [60–62]
and software programs [34,63,64] have been used and studied
for glucose control in the ICU, but so far no device has been
evaluated during the complex physiologic changes of cardiac
surgery. Use of cardioplegia including dextrose and blood
products, which also contain non-trivial amounts of dextrose,
may complicate the clinical application of GIN therapy because of
the intermittent administration of relatively unpredictable
boluses of glucose. Because the blood-sampling interval for
blood glucose measurements in the present protocol was 15–
30 min during surgery, the given percentage of successful
achievement of normoglycemia may slightly under- or over-
estimate the real quality of intraoperative glycemic control.

In conclusion, perioperative GIN therapy established and
maintained normoglycemia inpatients undergoing cardiac surgery
with little risk of hypoglycemia. A large randomized-controlled
trial has been initiated to determine the clinical relevance of this
therapy in patients undergoing elective cardiac surgery [65].
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