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Context: Elevated blood glucose levels occur frequently in the crit-
ically ill. Tight glucose control by intensive insulin treatment mark-
edly improves clinical outcome.

Objective and Design: This is a randomized controlled trial compar-
ing blood glucose control by a laptop-based model predictive control
algorithm with a variable sampling rate [enhanced model predictive
control (eMPC); version 1.04.03] against a routine glucose management
protocol (RMP) during the peri- and postoperative periods.

Setting: The study was performed at the Department of Cardiac
Surgery, University Hospital.

Patients: A total of 60 elective cardiac surgery patients were included
in the study.

Interventions: Elective cardiac surgery and treatment with contin-
uous insulin infusion (eMPC) or continuous insulin infusion combined
with iv insulin boluses (RMP) to maintain euglycemia (target range
4.4—6.1 mmol/liter) were performed. There were 30 patients random-

ized for eMPC and 30 for RMP treatment. Blood glucose was mea-
sured in 1- to 4-h intervals as requested by each algorithm during
surgery and postoperatively over 24 h.

Main Outcome Measures: Mean blood glucose, percentage of time
in target range, and hypoglycemia events were used.

Results: Mean blood glucose was 6.2 += 1.1 mmol/liter in the eMPC
vs. 7.2 = 1.1 mmol/liter in the RMP group (P < 0.05); percentage of
time in the target range was 60.4 + 22.8% for the eMPC vs. 27.5 *
16.2% for the RMP group (P < 0.05). No severe hypoglycemia (blood
glucose < 2.9 mmol/liter) occurred during the study. Mean insulin
infusion rate was 4.7 = 3.3 IU/h in the eMPC vs. 2.6 + 1.7 IU/h in the
RMP group (P < 0.05). Mean sampling interval was 1.5 * 0.3 h in the
eMPC vs. 2.1 = 0.2 h in the RMP group (P < 0.05).

Conclusions: Compared with RMP, the eMPC algorithm was more
effective and comparably safe in maintaining euglycemia in cardiac
surgery patients. (J Clin Endocrinol Metab 92: 2960-2964, 2007)

ELEVATED BLOOD GLUCOSE levels are commonly ob-

served in the critically ill (1-3). This phenomenon de-
noted “diabetes of injury” presents indiscriminately in diabetic
and nondiabetic critically ill patients, and has distinct patho-
physiology from type 1 or 2 diabetes (4). The main cause of
hyperglycemia in the critically ill is the release of counterregu-
latory stress hormones (catecholamines, cortisol, glucagon, GH)
and proinflammatory cytokines that interfere with the insulin
signaling cascade at the postreceptor level (5, 6). Hyperglycemia
in critically ill patients has many undesirable effects, such as
increased oxidative stress (7-9), increased infectious complica-
tions (10), impaired cardiovascular function (11, 12), prothrom-
bogenic effect, endothelial dysfunction (13-15), ischemic renal
injury, and others (16).
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Numerous clinical studies have demonstrated that tight
glycemic control by intensive insulin therapy improves clin-
ical outcome by decreasing the risk of complications in crit-
ically ill patients (17). In a prospective randomized trial in
Leuven, post-cardiac surgery patients were treated either by
a conventional or intensive insulin regimen (18). Tight glu-
cose control (4.4-6.1 mmol/liter) reduced in-hospital mor-
tality and decreased organ system dysfunction compared
with the conventional group that had moderate hypergly-
cemia (6.1-11.1 mmol/liter). In a mixed adult medical-
surgical population, the implementation of an intensive glu-
cose management protocol decreased mortality, morbidity,
and the length of intensive care unit (ICU) stay (19). Another
study performed in Leuven at the medical ICU failed to show
significant influence of glucose control on overall mortality.
However, morbidity was significantly reduced by the pre-
vention of newly acquired kidney injury, accelerated wean-
ing from the mechanical ventilation, and accelerated dis-
charge from the ICU and hospital (20).

Large-scale clinical studies together with other indicative
data demonstrated tight glucose control to be an important
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prerequisite of improved survival and reduced morbidity in
the critically ill. However, tight glucose control is not easy to
achieve. It is based on the combination of a continuous iv
insulin infusion and frequent blood glucose measurements,
potentially increasing the workload of the nursing staff. Im-
portantly, tight glucose control significantly increases the
risk of hypoglycemia, potentially harming the patients.
Therefore, the implementation of tight glucose control in the
ICU requires not only safe and efficacious glucose manage-
ment protocols but also appropriate education of health care
professionals.

Numerous glucose management protocols have been de-
veloped to achieve tight glycemic control, including com-
puter-based algorithms (21-25). Within the European Com-
mission Closed Loop Insulin Infusion in Critically Ill Patients
project, which aims to develop an automated system for
blood glucose control in critically ill patients, we developed
a computer algorithm for tight glucose control [model pre-
dictive control (MPC)] and compared it with standard glu-
cose management protocols in three different European car-
diovascular centers (26). Our study demonstrated that the
MPC algorithm (version 1.01.05; Dr. Roman Hovorka, De-
partment of Pediatrics, University of Cambridge, Cam-
bridge, UK) was safe and effective to maintain tight glucose
control. The major disadvantage of the original algorithm
was the need for hourly blood glucose measurements. In the
present study, we performed a randomized study to com-
pare an updated version of the algorithm with variable sam-
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pling [enhanced model predictive control (eMPC); version
1.04.03; Dr. Roman Hovorka, Department of Pediatrics, Uni-
versity of Cambridge, Cambridge, UK) and the standard
protocol at the postoperative cardiac surgery ICU, Depart-
ment of Cardiac Surgery, General University Hospital,
Prague.

Subjects and Methods
Study design and subjects

The study was designed as a single-center nonblinded randomized
trial. A total of 60 adult patients [43 men and 17 women; mean age 68 *
10 yr; mean body mass index (BMI) 27.2 + 4.6 kg/m?; 27 patients with
type 2 diabetes mellitus) admitted for major elective cardiac surgery (51
patients with aortocoronary bypass, nine with valvular plastic) partic-
ipated in the study. There were 30 patients randomized for treatment by
the computer algorithm with variable sampling (eMPC) and 30 using the
standard glucose management protocol developed at the Department of
Cardiovascular Surgery, General University Hospital, Prague (Fig. 1). A
total of 13 patients from the eMPC and 14 from the standard protocol
group had a history of diabetes; on admission, six of 13 patients in the
eMPC group and seven of 14 patients in the standard group were treated
by peroral antidiabetic drugs (glimepiride, metformin, or both). The
remaining patients with diabetes were treated by insulin.

The mean duration of the surgery was 5.6 + 1.3 h. Characteristics of
both groups are shown in Table 1.

The study consisted of two parts: a screening visit performed 1 d
before the surgery, and a treatment visit that coincided with the start of
surgery and continued for up to 24 h at the ICU. A written informed
consent was signed by all participants before being enrolled in the study.
The study was approved by the Human Ethical Review Committee, 1st
Faculty of Medicine and General University Hospital, Prague, Czech

BASIC STARTING DOSAGE:
Blood glucose Bolus iv. insulin (IU) Starting ins(unllilr;}gl fusion rate

6.5-7.9 0 1

8-9.9 1

10-12.9 7 2

13-159 10 3

16-19.9 13 4

20 or more 15 5

2 hours after start of insulin infusion check glucose; if:

Check
F1G. 1. The standard glucose management algorithm. Blood glucose INTERVENTION glycemia
in
<35 Stop insulin, give G40% 40 ml iv.- call for ICU doctor! 1 hour
) Insulin at 1 ml/h with glycemia over 6mmol/l

3.6-45 Stop insulin and call ICU doctor! 1 hour

4.6-5.0 Decrease by 1 ml/h 2 hour

Keep the same rate, if glycemia is stable in the 2 following 2 hour

5.1-59 measurements, the next glucose level could be checked in 4

hours

6.0-69 Increase rate by 0,5 ml/h 2 hour

7.0-79 Increase rate by 1 ml/h 2 hour

8.0-9.9 Increase rate by 2 ml/h 2 hour

10.0 -12.9 | Bolus 5 IU, increase rate by 3 ml/h 1 hour

13.0-15.9 |Bolus 5 IU, increase rate by 4 ml/h 1 hour

16.0-19.9 |Bolus 10 IU, increase rate by 5 ml/h 1 hour

>20.0 Bolus 15 IU, increase rate by 5 ml/h 1 hour

If blood glucose drops by more than 8 mmol/l between 2 adjacent measurements decrease
rate by half and call the ICU doctor
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TABLE 1. The clinical characteristics of patients participating in
the study

eMPC Standard
No. of patients 30 30
Age (yr) 67 = 11 69 =9
BMI (kg/m?) 271 4.7 27.3 £ 4.7
Duration of surgery (h) 52+ 1.1 59+14

No. of subjects with diabetes 13 14
Baseline blood glucose (mmol/liter)  6.98 = 2.79 7.01 = 2.43

Unless stated otherwise, values are the mean =+ sp. No significant
differences between the groups were found among parameters.

Republic, and was performed in accordance with the guidelines pro-
posed in the Declaration of Helsinki. Exclusion criteria were defined as:
insulin allergy, mental incapacity, and language barrier.

Patients’ examination and blood sampling

An anthropometric examination of the patients was part of the screen-
ing visit performed 1 d before the surgery. All subjects were measured
and weighted, and BMI was calculated. A blood sample was taken for
routine laboratory examination. Diabetes history, and information about
concomitant illnesses and medication were collected.

During the treatment part of the study, the blood samples were
withdrawn from the arterial line and measured on an ABL 700 analyzer
(Radiometer Medical A/S, Copenhagen, Denmark). The first sample
was taken before the start of the surgery (time 0). Patients were ran-
domized to the eMPC or standard protocol treatment, regardless of the
preoperative blood glucose level. No threshold glucose level was de-
fined as an inclusion criterion.

Subsequent samples were taken as requested by the eMPC or stan-
dard protocol. The insulin treatment started at the beginning of the
surgery and continued until the end of the study. In the eMPC group,
the insulin infusion started based on the advice of the eMPC; in the
standard protocol group, insulin administration started when blood
glucose was more than 9 mmol/liter. Insulin was given iv through a
central venous catheter using a 50-ml syringe and standard infusion
pumps. The standard concentration was 50 IU Actrapid HM (Novo
Nordisk, Baegsvard, Denmark) in 50 ml 0.9% NaCl. A continuous iv
infusion of 10% glucose solution was administered during whole study
in all patients (5-7 g/h according to an institutional protocol). No ad-
ditional nutrition was administered.

MPC and routine glucose management protocol

The eMPC algorithm used in this study has been described in detail
previously (27, 28). Briefly, the eMPC includes a model of the glu-
coregulatory system. The model adapts itself to the input-output rela-
tionship observed during tight glucose control, i.e. an incoming glucose
measurement is used by the model to update model parameters such as
insulin sensitivity, considering previously given insulin, and parenteral
and enteral glucose. Compared with the original MPC controller de-
veloped for the treatment of type 1 diabetes and using sc insulin delivery
(27, 28), the eMPC for the treatment of the critically ill is simplified
because insulin is delivered iv, and a submodel describing insulin ab-
sorption from the sc depot is not needed. However, the higher inter-
subject and temporal variability in insulin sensitivity and insulin needs
among the critically ill compared with subjects with type 1 diabetes
makes the delivery of an appropriate insulin dose challenging.

Once individualized to a critically ill subject, the eMPC uses the
glucoregulatory model to determine the optimum insulin infusion rate
that is expected achieve the target glucose concentration. This is
achieved by numerical optimization using simulated experiments with
the individualized glucoregulatory model. The output of this optimi-
zation is a sequence of insulin infusion rates that are expected, based on
model predictions, to result in the target glucose concentration over a
period of 4 h. The first insulin infusion rate is displayed to the user and
recommended for the delivery.

The determination of the time-to-next glucose sample uses prediction
accuracy. Through an internal procedure, the eMPC estimates how
accurately it is able to predict glucose concentration. The extent of
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accuracy will differ over time because the unexplained variability in
glucose concentration varies due to, for example, temporal variations in
insulin sensitivity. The estimated prediction accuracy is used by the
eMPC to plot a prediction envelope. This is a funnel-like prediction
shape indicating a range of possible glucose concentrations at each time
point in the future. Once the prediction funnel crosses a border indi-
cating nonacceptable bounds, this might be a level indicating a risk of
hypoglycemia or unacceptable hyperglycemia, the eMPC suggests a
sample to be taken.

Glucose concentration, insulin dosage, and carbohydrate intake are
the input variables for the eMPC. The insulin infusion rate and the time
of the next glucose sample are the outputs. The eMPC was implemented
on a laptop computer.

The target range for blood glucose levels, as defined by the study
protocol, was 4.4-6.1 mmol/liter, which has reduced mortality and
morbidity in post-cardiac surgery patients (18). The percentage of time
in the target range was calculated as the number of values in the target
range in each patient divided by the number of measurements multi-
plied by 100.

The standard algorithm is described in detail in Fig. 1. Severe hy-
poglycemia was defined as blood glucose less than 2.9 mmol/liter.

Statistical analysis

The statistical analysis was performed using SigmaStat (Jandel Sci-
entific, San Rafael, CA). The results are expressed as mean * sp. Dif-
ferences between the standard and eMPC groups were evaluated using
the t test or Mann-Whitney U rank sum test as appropriate.

Results

Table 1 shows characteristics of the standard glucose man-
agement protocol and eMPC groups. The groups did not
significantly differ with respect to age, BMI, duration of
surgery, number of patients with previously diagnosed di-
abetes, or baseline blood glucose.

Blood glucose control characteristics, blood glucose and
insulin infusion rate profiles, and percentage time in pre-
defined ranges of both groups are shown in Tables 2 and 3,
and Figs. 2 and 3, respectively. Mean blood glucose through-
out the entire study, at the operating theater, and at the ICU
was significantly lower in the eMPC vs. standard glucose
management protocol group (Table 2). On the contrary, the
mean insulin infusion rate and the total insulin dose were
significantly higher in the eMPC vs. standard glucose man-
agement protocol group. The mean sampling interval was
significantly shorter in the eMPC vs. standard glucose man-
agement protocol group (Table 2).

The percentage time in the target range (4.4—6.1 mmol/
liter) and less than the target range was significantly higher
in the eMPC wvs. standard glucose management protocol

TABLE 2. The mean blood glucose, insulin infusion rate, total
insulin dose, and sampling interval during the entire study, at the
operating theater, and at the ICU in patients treated by the
standard glucose management protocol or the eMPC algorithm
(mean * SD)

Standard eMPC
Blood glucose: entire study (mmol/ 72=*11 6.2 = 1.1¢
liter)
Blood glucose at operating theater 7.1*x1.2 6.6 = 1.8
(mmol/liter)
Blood glucose at ICU (mmol/liter) 7.3+ 1.3 6.0 = 1.0¢
Average insulin rate (IU/h) 2.6 +1.7 4.7 + 3.3%
Total insulin dose (IU/24 h) 69 = 45 111 = 67¢
Average sampling interval (h) 21x0.2 1.5 *+0.3¢

¢ P < 0.01 eMPC vs. the standard glucose management protocol.
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TABLE 3. Blood glucose control expressed as time in the
predefined glucose range (4.4—6.1 mmol/liter) in patients treated
by the standard glucose management protocol or the eMPC
algorithm

Standard eMPC
Time in target range (h) 6.6 = 3.9 14.5 = 5.5¢
Time in target range (%) 27.5 +16.2 60.4 + 22.8%
Time above target range (h) 16.7 = 4.1 7.4 47
Time under target range (h) 0.6 = 1.5 1.9 +1.7¢

No. of severe hypoglycemia 0 0
(<2.9 mmol/liter)

Unless stated otherwise, values are the mean * SD.
P < 0.01 eMPC vs. the standard glucose management protocol.

group (Table 3). The percentage time more than the target
range was significantly lower in the eMPC vs. standard glu-
cose management protocol group.
No severe hypoglycemia defined as blood glucose lower
than 2.9 mmol/liter was observed during the study.
Hourly profiles of mean blood glucose values and insulin
infusion rates are displayed in Figs. 2 and 3, respectively.

Discussion

The present study demonstrates that a laptop-based eMPC
algorithm can safely and effectively control blood glucose
levels in patients during and after elective cardiac surgery.

A major limitation of the previous version of the MPC was
the need for hourly blood glucose measurements (29). It was
argued that frequent blood sampling may have biased the
overall results toward the eMPC relative to the standard
protocol. Furthermore, hourly blood glucose sampling puts
an additional burden on the nursing staff because it is more
frequent than that prescribed by standard treatment proto-
cols in most ICUs and is difficult to achieve under outside-

94 4.4 - 6.1 mmol/l
Target range

Blood glucose (mmol/l)
(4]

2 —&— Standard Group
—0— eMPC Group
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Fic. 2. The blood glucose profiles in patients treated by the standard
glucose management protocol (RMP) or the eMPC algorithm (ex-
pressed as mean * SEM; n = 30 per group). Black horizontal lines in
the graph show the 4.4 —6.1 mmol/liter blood glucose target range. The
table shows the number of glucose values used for calculation in each
hour.
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Insulin infusion rate (IU/h)
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Time (hrs)
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Fia. 3. The insulin infusion rate in patients treated by the standard
glucose management protocol or the eMPC algorithm (expressed as
mean * SEM; n = 30 per group).

study conditions. To address this criticism, we modified the
MPC sampling pattern to allow a less frequent blood glucose
sampling. The eMPC evaluates how well it can predict glu-
cose excursions and increases the sampling interval once its
predictions have become more accurate. This usually means
that a more frequent sampling pattern is established during
highly dynamic conditions such as during the surgery or the
early part of a stay at the ICU when postoperative stress and
treatment procedures may induce considerable variability in
insulin sensitivity and, thus, limit the ability of the MPC to
make accurate predictions of glucose excursions. Using in-
formation about the prediction accuracy, the mean sampling
interval in the eMPC group increased from hourly to 1.5 *
0.3 h, which was still significantly more frequent than in the
standard glucose management protocol group (1.5 = 0.3 hin
the eMPC vs. 2.1 * 0.2 h in the standard group; P < 0.05).
Compared with our earlier report (26), the present study
used the eMPC during and after the surgery, used a 10%
dextrose infusion in both treatment groups, and adopted a
single-center study design.

The additional modifications of the eMPC algorithm re-
sulted in establishing a tighter glucose control compared
with the original version with hourly blood glucose sam-
pling. The original MPC gave a mean blood glucose level of
6.5 = 0.1 mmol/liter and the percentage of time in the target
range of 54.8 = 8.8% (26). The present eMPC resulted in the
mean blood glucose level of 6.2 + 1.1 mmol/liter and the
percentage in the target range of 60.4 * 22.8%. The new
eMPC algorithm was also more effective in establishing the
target blood glucose range. The time-to-target was 10.3 *
0.9 h using the original MPC vs. 6.5 * 4.1 h with the currently
tested eMPC.

Another important finding of the present study was that
both the standard glucose management protocol and the
eMPC were safe with respect to the incidence of severe hy-
poglycemia. No severe hypoglycemia occurred in the eMPC
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or standard glucose management protocol group. The fear of
hypoglycemia represents a major barrier for the implemen-
tation of tight glucose control in ICUs. The benefit vs. harm
analysis balancing the tight glucose control against the dan-
ger of complications of hypoglycemia is a hotly discussed
topic in the critical care community (30).

In conclusion, our study demonstrated that a computer
algorithm with variable sampling (eMPC) was more effective
in achieving tight glucose control in post-cardiac surgery
patients than the standard protocol. The use of the algorithm
on a laptop or its implementation in a stand-alone infusion
system promises the achievement of tight glucose control in
the critically ill.
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