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Objective: The aim of this study was to compare a stan-

ard insulin protocol with a computer-guided glucose man-

gement system to determine which method achieves

ighter glucose control.

Design: A prospective, randomized trial.

Setting: A cardiothoracic intensive care unit (ICU) in a

arge academic medical center.

Participants: Forty patients with diabetes mellitus who

ere scheduled for cardiac surgery.

Interventions: After induction of anesthesia and for the

rst 9 hours in the ICU, each subject received a standardized

nfusion of a 10% glucose solution at a rate of 1.0 mL/kg/h

ideal body weight). The subjects were then randomized to

ave their glucose controlled by either a paper-based insulin

rotocol or by a computer-guided glucose management sys-

em (CG). The desired range for blood glucose was set be-
ome insulin protocols is that the adjustments to insulin dosage
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Measurements and Main Results: There were no differ-

nces between groups in baseline characteristics. Patients

n the CG group spent more time in the desired range during

oth the intraoperative phase (49% v 27%, p � 0.001) and

he ICU phase (84% v 60%, p < 0.0001). There were no

tatistical differences between groups in the number of hy-

oglycemia episodes.

Conclusions: The computer-guided glucose management

ystem achieved tighter blood glucose control than a standard

aper-based protocol in diabetic patients undergoing cardiac

urgery. However, the low proportion of blood glucose record-

ngs within the desired range in both groups during the intra-

perative period reflects the challenges associated with

chieving normoglycemia during cardiac surgery.

 2008 Elsevier Inc. All rights reserved.

EY WORDS: hyperglycemia, tight glucose control, computer-
ween 90 and 150 mg/dL. guided insulin protocol
ATIENTS WHO HAVE diabetes mellitus have increased
morbidity and mortality after cardiac surgery.1-3 The

IGAMI study suggested that if blood glucose is tightly con-
rolled, patients with diabetes have improved outcome after
yocardial infarction.4 Similarly, evidence has emerged in the

urgical, anesthesia, and critical care literature that patients
ith diabetes have improved outcomes when the blood sugar is
ell controlled.5 Even in patients without diabetes, the provi-

ion of glucose, insulin, and potassium (GIK) has been asso-
iated with improved outcome after myocardial infarction and
fter cardiac surgery.6-8 The provision of usable energy sub-
trates to the heart in the form of the insulin-glucose combina-
ion may have additive benefit over the control of blood sugar
lone.9-12 Increasing evidence is emerging that the combined
trategy of the GIK infusion with tight blood sugar control in
atients undergoing cardiac surgery is associated with im-
roved outcomes. The evidence is the strongest for patients
ho have diabetes. Studies have shown a lower incidence of

trial fibrillation, inotrope requirements, need for pacing, in-
ensive care unit (ICU) stay, recurrent myocardial ischemia,
enal failure, wound infection, and postoperative death.5 Even
ery brief elevations in blood sugar may be associated with
omplications, such as wound infections.13

One of the major problems associated with the GIK regimens
s the observation that during surgical stress there has been a
rend toward hyperglycemia.14 Several intravenous insulin pro-
ocols have been developed for trying to achieve tight blood
ugar control. One such protocol targeting blood sugar concen-
rations between 90 and 150 mg/dL currently guides the stan-
ard of care in the surgical and cardiothoracic ICUs at the
uthors’ institution. However, because of the implementation
f this insulin protocol, patients continue to have episodes of
igh and low blood sugar, which is likely to be exacerbated by
he administration of a GIK solution containing high concen-
rations of both glucose and insulin. The main limitation with
re based only on single blood sugar readings. There is no
ttempt to incorporate a trend of blood sugar results, which
hen mathematically modeled can determine a patient’s insulin

esistance and theoretically control blood glucose more tightly.
his approach would theoretically facilitate more accurate in-
ulin administration and decreased overshooting in both direc-
ions.

Computer-guided glucose management systems are specifi-
ally designed with mathematical modeling to tailor the insulin
osing to the individual patient with frequently changing re-
uirements. Trends of glucose readings are analyzed and mod-
led to formulate a patient-specific insulin-resistance curve.
djustments are made in the dosing curves according to pre-
ictive mathematical models to prevent episodes of hypogly-
emia and hyperglycemia. The ability to perform complex
athematical analysis of past blood glucose readings to deter-
ine slopes and standard deviation from slopes is beyond the

raining of most nurses and physicians in the operating room
nd ICU. Therefore, the concept of designing a computer
rogram to model glycemic control makes sense when consid-
ring the complex relationships that are occurring when pa-
ients are under surgical stress.

Diabetic patients undergoing cardiac surgery have rapidly
hanging and unpredictable insulin requirements in the periop-
rative period. Because computer-guided systems are specifi-
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378 SAAGER ET AL
ally designed to tailor the insulin dosing to the individual
atient who has frequently changing requirements these prod-
cts may be an effective method of obtaining good glucose
ontrol during and after surgery. The purpose of this study was
o determine whether tighter blood sugar control was achieved
ith the current standard ICU paper-based protocol or a com-
uter-guided algorithm.

METHODS

Forty patients with known diabetes (type 1 or 2) who were
cheduled for elective cardiac surgery that requires cardiopulmo-
ary bypass were enrolled in this study. There were 24 men and 16
omen between the ages of 50 to 85 who took part in this prospec-

ive, randomized study. Exclusion criteria included �18 years of
ge and known pregnancy.

The study protocol was approved by the Human Research Protection
ffice, and all patients gave written informed consent before study

nrollment. Once consent was obtained, the subjects were randomized
nto 1 of 2 groups. One group (PB) consisted of subjects who had their
lood glucose controlled by the standard paper-based ICU insulin
rotocol (standard of care). The standard paper-based ICU insulin
rotocol was developed at this institution with the goal of targeting
lood sugar concentrations between 90 and 150 mg/dL (see Appendix).
his protocol uses a systematic method of giving insulin for specific
lood sugars based on the most recent glucose reading. The computer-
uided group (CG) was the second study group, and it consisted of
ubjects who had their blood glucose managed with the EndoTool (MD
cientific, Charlotte, NC) software. The EndoTool Glucose Manage-
ent System (MD Scientific) is proprietary, patent-pending software.
he EndoTool system recommends the insulin dose, glucose determi-
ation frequency, and a 50% dextrose dose (when appropriate) for
ypoglycemia. This software upregulates and downregulates a qua-
ratic insulin dosing relationship based on the entered blood glucose
eadings from a point-of-care device. It uses engineering control math
hat considers the previous 4 dose responses to regulate the dosing
elationship. It is designed to be used by trained health care profes-
ionals to calculate individual patients’ optimal intravenous insulin
ose to control blood glucose levels in critically ill patients.
After the induction of anesthesia, each subject received a standard-

zed infusion of a 10% glucose solution at a rate of 1.0 mL/kg/h (IBW).
his infusion continued throughout the surgery and was discontinued
nce the subject had been in the ICU for 9 hours. Blood glucose and
otassium concentrations were measured at least hourly while the
lucose infusion was running, and insulin (and glucose) administered
iven according to either the standard-of-care paper-based protocol or
he computer-guided recommendations that were calculated by the
oftware. During surgery, the desired blood glucose range was 90 to
50 mg/dL. Intravenous potassium was supplemented on an hourly
asis to maintain a blood potassium concentration between 4 and 5.5
mol/L. This is similar to the GIK regimen that has been shown to be

eneficial for diabetic patients undergoing cardiac surgery.5

Once the subject had been in the ICU for 9 hours, then the 10%
lucose solution was discontinued and the subject’s insulin require-
ents were managed via the standard-of-care method until they were

ischarged home. The desired blood glucose in the ICU during this
ime frame was 90 to 150 mg/dL.

All patients had arterial blood drawn from an arterial catheter that
as available for routine monitoring procedures for measurement of
lood glucose. Whole-blood glucose was analyzed by a SureStep Flexx
oint-of-care testing device (Lifescan Inc, Milpitas, CA) at all time
oints of the study. Peripheral arterial blood samples (troponin I,
etones, and brain natriuretic peptide) were collected for analysis

efore induction of anesthesia, after removal of the aortic cross-clamp

Downloaded from ClinicalKey.com at Duke U
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nd 6 and 12 hours after cardiopulmonary bypass. Triglycerides and
bA1C were obtained before the induction of anesthesia.
Based on a reduction in mean blood glucose that the authors con-

idered clinically significant (30 mg/dL), a power analysis was calcu-
ated. To detect a mean decrease of 30 mg/dL (standard deviation � 30
g/dL) in blood glucose (eg, from 150 to 120 mg/dL), 20 patients in

ach group (standard protocol and computer-guided protocol) would
ive a power of 87% with a 2-tailed p value of 0.05. Hypoglycemia was
efined as any glucose reading below 60 mg/dL. Normal distribution
as tested by using Kolmogorov-Smirnov tests. Continuous variables
ere compared by using a Student t test (2-sided) or Mann-Whitney U

est if appropriate. Categoric variables were assessed via chi-square
ests and Fisher exact tests. Repeated measures on continuous depen-
ent variables were analyzed by using repeated-measures analysis of
ariance for the factor time and group as a between factor. Time within
he desired range for cardiac surgery patients was calculated.15 The
uthors considered a result statistically significant if probability values
ere �0.05. All analysis was performed by using SPSS (SPSS Inc,
hicago, IL) version 14 software.

RESULTS

Each study group consisted of 20 patients. The group char-
cteristics are summarized in Table 1. These 2 groups had
imilar baseline characteristics. There were no differences in
he length of surgery (281 � 82 minutes [PB] v 290 � 67

inutes [CG], p � 0.69), length of cross-clamp (77 � 29
inutes [PB] v 85 � 34 minutes [CG], p � 0.44) or cardio-

ulmonary bypass times (123 � 43 minutes [PB] v 135 � 33
inutes [CG], p � 0.36). The data did not reveal differences in

he median ICU length of stay (2.5 days [interquartile range
IQR), 2-4.75] PB v 2.5 days [IQR, 2-6] CG, p � 0.825) or
ospital length of stay (7.0 days [IQR, 6-11.75] PB v 9.5 days

Table 1. Subject Characteristics

PB Group
(n � 20)

CG Group
(n � 20)

p
Value

Age (y) 63.6 � 8.5 69.0 � 9.4 0.07
Male (n) 12 12 1.00
BMI 33 � 8 32 � 8 0.52
Hypertension (n) 20 18 0.49
Chronic heart failure (n) 10 6 0.33
Myocardial infarction (n) 9 9 1.00
Chronic renal failure (n) 1 2 1.00
Ejection fraction (%) 50.8 � 12.7 48.7 � 15.2 0.66
Diabetic control

Diet (n) 2 3 0.58
Oral insulin (n) 10 12
Sub Q insulin (n) 8 5

Length of diabetes (y) 9.9 � 9.1 15.0 � 14.2 0.21
Preoperative blood

glucose (mg/dL) 149 � 52 128 � 33 0.14
Preoperative HbA1C (%) 7.0 � 1.3 6.8 � 1.5 0.72
Preoperative triglyceride

(mg/dL) 152 � 108 109 � 47 0.12
Surgical procedure

CABG (n) 6 11 0.05
Valve replacement (n) 7 4
CABG � valve

replacement (n) 3 0
Other (n) 4 5
Abbreviation: CABG, coronary artery bypass graft.

niversity November 23, 2016.
yright ©2016. Elsevier Inc. All rights reserved.
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379DIABETIC PATIENTS UNDERGOING CARDIAC SURGERY
IQR, 6-11.75] CG, p � 0.183) between the groups There were
lso no differences in the number of postoperative complica-
ions (arrhythmias, prolonged intubation, infection, stroke, or
yocardial infarction) between the groups. Both groups

howed comparable blood glucose levels, hemoglobin A1C,
nd triglycerides at baseline.

Overall, patients in the CG group achieved a blood glucose
evel within the desired range significantly faster compared
ith patients in the PB group (Table 2). Glucose management
y a computer-guided protocol resulted in a significantly tighter
ontrol; these patients spent a higher percentage of time within
he desired range during surgery as well as during the following

Table 2. Comparison of Glucose Control

PB Group
(n � 20)

CG Group
(n � 20)

p
Value

Operating room
Number of samples 101 118 0.16
Mean BG (mg/dL) 177 � 36 147 � 19 �0.001
BG in range (%) 27 49 �0.001
Time in range (min) 64 � 85 121 � 67 0.02
Mean time to

BG �150 mg/dL (min) 91 � 121 62 � 92 0.55
BG �60 mg/dL (n) 0 1 1.00

Intensive care unit
Number of samples 225 223 0.84
Mean BG (mg/dL) 147 � 27 126 � 18 0.01
BG in range (%) 60 84 �0.001
Time in range (min) 377 � 214 536 � 135 0.01
Mean time to

BG �150 mg/dL (min) 171 � 238 40 � 97 0.02
BG �60 mg/dL (n) 1 4 0.60

Abbreviation: BG, blood glucose.
Fig 1. Intra- and postoperative glucose levels. *p < 0.05. Pre OP, baselin

n the ICU.

Downloaded from ClinicalKey.com at Duke U
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hours in the ICU. Repeated-measures analysis of variance for
lood glucose levels during surgery showed a significant effect
or time (p � 0.02) and group (p � 0.001). Over the study
eriod in the ICU, a significant group effect (p � 0.01) but no
ffect for time (p � 0.48) was found. There was no significant
ime-group interaction at any time (odds ratio, p � 0.14;
ntensive care unit, p � 0.48). Changes in blood glucose levels
uring surgery and ICU stay are displayed in Figure 1. There
ere no significant differences between the groups when tro-
onin I, brain natriuretic peptide, and ketones were measured at
aseline, after the removal of the cross-clamp, and at 6 hours
nd 12 hours after surgery.

In the computer-based protocol, there was 1 episode of hypo-
lycemia (blood glucose level � 59 mg/dL) during the intraoper-
tive period and 4 episodes of hypoglycemia in the ICU period
blood glucose range, 48-57 mg/dL). There were no occurrences
f hypoglycemia during the intraoperative period in the paper-
ased protocol and only 1 occurrence of hypoglycemia (blood
lucose level � 59 mg/dL) during the ICU period.

DISCUSSION

The importance of good glycemic control in hospitalized
atients has been well documented in the literature.4,5,16-19

hese studies have shown a decrease in morbidity and mortal-
ty when glucose is tightly controlled during a patient’s hospi-
alization. In this study, the authors were not trying to prove
hat glycemic control is important, that has already been shown.
he authors were comparing a standardized ICU protocol that
nly incorporates changes to insulin dosing based on individual
eadings with that of a computer-guided system that bases the
nsulin doses on trends of glucose readings.

The results of this study show that the CG group achieved
ighter glycemic control more rapidly than the patients in the
e measurements; OR#1-4, time points in the OR; ICU#1-9, time points

niversity November 23, 2016.
yright ©2016. Elsevier Inc. All rights reserved.
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380 SAAGER ET AL
tandardized PB group. The Endotool Glucose Management
ystem is a fairly new device that has not been extensively
tudied. Cochran et al20 reported the use of this system over an
8-month period in the ICU setting. These authors report that
his device provided effective and safe blood glucose control in
he ICU population. In addition to the Endotool system, there
re other reports of computerized glucose management sys-
ems. Boord et al21 and Vogelzang et al22 reported that after
eveloping their own computerized insulin protocols glycemic
ontrol was improved in the surgical ICU. Plank et al23 showed
hat the utilization of an adaptive model predictive control
lgorithm improved glucose control in patients after cardiac
urgery when compared with a standardized insulin protocol.
he Glucommander has also been described as a safe, simple,
nd effective method for maintaining glycemic control in all
reas of the hospital, but it has not been compared with a
tandardized insulin protocol.24

There are numerous insulin protocols that have been devel-
ped to obtain tight glycemic control. These protocols are often
omplex and may require tables and sometimes intricate cal-
ulations to titrate insulin doses. Also, these protocols may not
e sensitive enough for the rapidly changing insulin require-
ents that are often seen during and after surgery. Because
anaging glycemia can be challenging during the perioperative

eriod and insulin protocols are often difficult to follow, a
omputer-guided glucose management system may be helpful
n obtaining effective and safe glycemic control. Before decid-
ng what method should be used to achieve glycemic control,
onsideration should be given to the logistics involved in the
uccessful implementation of this strategy.

Even though the benefits of good glycemic control are well
nown among health care professionals, implementing such a
trategy can often be difficult. Anger and Szumita25 have de-
cribed possible barriers of glucose control in the ICU and
ays to address those barriers so that glycemic control can be
btained. One of the barriers to the successful implementation
f tight glucose control is the increased workload for the
ursing staff, which was also apparent in the present study.26-28

n a study that evaluated the efficiency and safety of a nurse-
anaged insulin protocol, there was a 35% increase in the

umber of bedside glucose readings.26 The increase in bedside
lucose readings resulted in an increase in the nursing work-
oad. Aragon28 estimated that tight glycemic control could
esult in a major increase in medical costs because of the labor
nd supplies involved. An additional 2 hours of labor may be
equired for tight glycemic control for a single patient in a

4-hour period. n

Downloaded from ClinicalKey.com at Duke U
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Another barrier to glycemic control is the fear of hypogly-
emia.25 Some of the insulin (paper- and computer-guided)
rotocols require large amounts of insulin to be given when
yperglycemia is still present despite a current insulin infusion.
he need for large doses of insulin often impedes the clini-
ian’s willingness to comply with tight glucose control out of
oncern for the patient’s safety. This was apparent in this study
hen larger doses of insulin were recommended by the com-
uter-guided system for treatment of hyperglycemia. The cli-
icians and nurses were often resistant to administering the
ecommended insulin dose for fear of hypoglycemia.

Hypoglycemia did occur more frequently in the CG group in
he operating room (OR) and the ICU, but it was not statisti-
ally significant. The incidence of hypoglycemia in the CG
roup was 1 of 118 (0.84%) in the OR and 4 of 223 (1.8%) in
he ICU compared with the PB group who had 0% incidence in
he OR and 1 of 225 (0.44%) in the ICU. Of note, of the 4
ccurrences of hypoglycemia in the ICU phase in the CG
roup, 3 of these episodes occurred within the same patient
ho was on very low doses of insulin (0-0.5 U/h). Despite the

pisodes of hypoglycemia in the CG group, these finding are
imilar to the report published by Cochran et al20 who had a low
ncidence of hypoglycemia (blood glucose � 60 mg/dL) of
.97% in the ICU.
There are several limitations in this study. A uniform popu-

ation was not enrolled. The authors enrolled any cardiac sur-
ery patient who would require the use of cardiopulmonary
ypass. Although the cardiopulmonary bypass time was similar
etween groups (123 � 43 minutes [PB] v 135 � 33 minutes
CG], p � 0.36), the PB group had more combined and valvular
urgeries. Another limitation of this study is that the authors
nly implemented the study intervention for a short period of
ime (9 hours). The outcome measured in this study was a
urrogate outcome (blood glucose control) rather than a clinical
utcome. The small number of patients prevented the authors
rom determining if the computer-guided protocol reduced
ostoperative complications. A large clinical trial would be
equired to detect difference in clinical outcomes.

In summary, a computer-guided glucose management sys-
em allowed more rapid and tighter glucose control during and
mmediately after cardiac surgery. However, any method of
chieving tight blood sugar control may require increased re-
ources and active participation of all the clinical staff. What-
ver method is chosen to obtain tight glycemic control during
nd after cardiac surgery, it should not only be safe and
ffective, but it also has to be cost-effective and not lead to staff

eglecting other crucial duties and other ill patients.

niversity November 23, 2016.
yright ©2016. Elsevier Inc. All rights reserved.
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APPENDIX: PAPER-BASED PROTOCOL

Insulin Infusion Monitoring: 
• BG Q1 hour with insulin infusion initiation  
• BG Q2 hours with 2 consecutive values in 80-150 mg/dL range  
• BG Q4 hours with 4 consecutive values in 80-110 mg/dL range and stable  
• BG Q3 hours if patient with any of the following: creatinine level greater than 1.5, receiving HD or CVVHD.   

Infusion should only be titrated Q3 hours. 
• Resume BG Q1 hour if: BG greater than 250 mg/dL, BG less than 70 mg/dL, BG changes by greater than 60 mg/dL, or patient o

infusion longer than 24 hours (decrease BG checks as outlined above)  

Use only for initial initiation of insulin infusion or if patient has been off infusion longer than 24 hours 

130-170  171-220  221-279  280-329  330-379  380-430  greater than 430  

mg/dL  mg/dL  mg/dL  mg/dL  mg/dL  mg/dL  mg/dL  

No IVP  Give 2 units  Give 4 units  Give 6 units  Give 8 units  Give 10 units  Call MD for orders  
Infusion @  IVP Infusion  IVP Infusion  IVP Infusion  IVP Infusion  IVP Infusion  
1 unit/hour  @ 1 unit/hour  @ 2 units/hour  @ 2 units/hour @ 2 units/hour @ 3 units/hour  

Insulin Infusion Titration 

Blood Glucose (BG)  If BG decreasing - infusion changes  If BG increasing - infusion changes  

less than 60 mg/dL  D/C insulin infusion. Give 25 ml D 50% IVP, Check BG in 15 minutes, if BG remains less than 60 
mg/dL, repeat 25 mL D 50% IVP and call HO. When BG greater than 110 mg/dL resume insulin 
infusion at 50% of previous rate (round down to whole number: previously 5 units/hour 2.5 
units/hour 2 units/hour)  

60-90 mg/dL  Stop infusion.  Continue to hold infusion  

91-110 mg/dL  
If BG less than 111 
mg/dL × 4 and 
infusion at 1-2 
units/hour obtain 
order to restart SSI 
regimen  

If BG was 90-120, continue same rate.  
If BG was 121-200, decrease by 2 units/hour 
or d/c if less than 2 units/hour 
If BG was greater than 200, decrease by 3 
units/hour or d/c if less than 3 units/hour  

Maintain at present rate.  

111-150 mg/dL  Continue same rate -If BG 'd by greater 
than 40 mg/dL over 2 hours - stop infusion 
check BG in 1 hour  

Increase by or restart at 1 unit/hour.  

151-200 mg/dL  Increase by or restart at 1 unit/hour - If BG 
'd by 40-60 mg/dL over 2 hours - continue 

same rate, if greater than 60 mg/dL - stop 
infusion check BG in 1 hour  

Increase by or restart at 2 units/hour. Resume BG Q2 
hours.  

201-250 mg/dL  Increase by or restart at 2 units/hour  Give 4 units insulin IVP then increase infusion by or 
restart at 2 units/hour. Resume BG Q2 hours.  

251-300 mg/dL  Increase by or restart at 2 units/hour  Give 4 units insulin IVP then increase infusion by or 
restart at 2 units/hour. Resume BG Q1 hour.  

301-349 mg/dL  Increase by or restart at 2 units/hour  Give 6 units insulin IVP then increase infusion by or 
restart at 3 units/hour. Resume BG Q1 hour.  

350-400 mg/dL  Increase by or restart at 3 units/hour  Give 6 units insulin IVP then increase infusion by or 
restart at 3 units/hour. Resume BG Q1 hour.  

greater than 400 
mg/dL

Call MD Call MD 
Downloaded from ClinicalKey.com at Duke University November 23, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.
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