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Abstract

According to large randomized trials, results suggest that maintaining normoglycemia postoperatively through
tight glycemic control (TGC) and intensive insulin therapy (IIT) can improve surgical outcomes as well as
reduce mortality and morbidity in critically ill patients. However, trials examining the effects of TGC have had
conflicting results. Systematic reviews and meta-analyses have also led to differing conclusions. The main reason
these clinical trials and meta-analyses show negative results for TGC is the high incidence of hypoglycemia
induced by IIT. This could not be prevented because there is no reliable technique that can avoid this condition
during IIT. The development of accurate, continuous blood glucose monitoring devices and closed-loop
systems for computer-assisted blood glucose control in the intensive care unit (ICU) will probably help avoid
hypoglycemia in these situations.

The STG closed-loop glycemic control system was introduced to our department to be used and evaluated
for strict serum glucose control with no hypoglycemic episodes during IIT in the surgical ICU, to reduce the
workload of ICU nurses, and to decrease incidents related to the management of blood glucose levels according
to manual conventional venous infusion insulin therapy. The goal of our team was to use the STG closed-loop
glycemic control system for perioperative TGC in surgical patients to solve the complications of IIT and reduce
risk of hypoglycemia. The challenge at our hospital demonstrated that the STG closed-loop glycemic control
system can be expected to achieve TGC with no occurrence of hypoglycemia induced by IIT after surgery.
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Introduction

:[)erioperative hyperglycemia in critically ill surgery patients increases the risk of postoperative infection, which is
a common surgical complication.!? Until 2001, neglecting hyperglycemia was standard intensive care unit (ICU) care,
and it was in a landmark paper that Van den Berghe and coauthors® published the results of a randomized controlled
trial of critically ill surgical patients showing that tight glycemic control (TGC) reduced both hospital mortality and
morbidity by one-third.* However, subsequent trials examining the effects of TGC produced conflicting results,5”
while systematic reviews and meta-analyses also led to differing conclusions.*® The negative results for TGC in these
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clinical trials and meta-analyses largely reflected the high incidence of hypoglycemia (10-17%) induced by intensive
insulin therapy (IIT).*8

In many ICUs, blood glucose (BG) management by TGC with IIT commonly employs the manual conventional use
of an intravenous infusion of insulin in saline. However, incidents related to the management of BG levels, such as
hypoglycemic attacks and mistakes in the units of insulin administered, account for the majority of the total number
of complications.”!® The development of accurate, continuous BG monitoring devices and closed-loop systems for
computer-assisted BG control in the ICU will probably help avoid hypoglycemia and reduce the workload of ICU
nursing staffs in these situations.!!

This article describes the technical challenges and clinical outcomes of using the STG-22 system (Nikkiso, Tokyo, Japan)
for closed-loop glycemic control to avoid hypoglycemia during IIT and to reduce the workload of ICU nursing staffs
in the hospital through several different studies as follows: experimental study in earlier work, technical challenges
in the clinical setting, and clinical outcomes of using the STG system for closed-loop glycemic control in the hospital.

STG Closed-Loop Glycemic Control System

The STG-22 has been commercially applicable in Japan for more than 20 years and remains the only glycemic control
system in the world that uses a closed-loop system (Figure 1).!> Unfortunately, the STG-22 has been used mostly in
cases that involve glucose clamp techniques, and only a small number of the institutions use a glycemic control device.
However, clinical surgeons and anesthesiologists have a strong need for a closed-loop glycemic control system,
especially for patients with unstable BG control in both medical and surgical ICUs.

The STG-22 system is composed of (1) a glucose sensor that performs glucose detection/monitoring and (2) pumps
that infuse the appropriate amount of insulin or glucose.® The insulin and glucose pumps are computer regulated
based on a target BG value predefined prior to system
- initiation. It would be, of course, of interest to know
A I B T—-‘(r whether the target can be set for any range depending

on the requirements of different hospitals and depending
on the intended patient population. Peripheral blood for
; glucose monitoring was sampled continuously at 2 ml/h
' during TGC in the surgical ICU (Figure 2). Furthermore,

< the STG-22 was employed to evaluate the patient’s insulin

Intravenous BG sampling at 2 mi/h

- !

Ean Continuous BG
.&-_j! monitoring by glucose sensor
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‘ Automatic insulin and/or glucose infusion
according to computer algorithm

¥

Maintenance of target
BG level (e.g., 80-110 mg/dl)

Figure 1. Two bedside-type closed-loop glycemic control systems: Figure 2. Computer-regulated control for BG concentration. STG
(A) STG-22, a conventional closed-loop system; and (B) STG-55, a new, automatically infuses insulin and/or glucose to adjust the BG level of
progressive closed-loop system. the patient in accordance with a target glucose value.
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requirements. However, the current price of the ordinary STG-22 system is high (approximately $138,000), 2 ml/h
is a substantial amount of blood required for continuous sampling, and the method involves approximately 1 h of
preparation time. Therefore, these disadvantages of the STG-22 will be addressed by the new progressive closed-loop
glycemic control system (STG-55) system that will be commercially available in the near future (Figure 1). The STG-55
will be easier to use and will feature improved feasibility and cost-effectiveness in the clinical setting as compared
with the STG-22.

Blood Glucose Control by a Closed-Loop Glycemic Control System in a
Pancreatectomized Canine Model

In earlier work at Baylor College of Medicine in 2000, a total pancreatectomy canine model was used to evaluate
the safety and feasibility of the STG system.!* Figure 3 shows BG levels controlled by the STG for 3 days after total
pancreatectomy in experimental dogs (n = 5). Blood glucose levels remained around 100 mg/dl, coincidental with
targeting BG levels of 90-110 mg/dl, even with pancreatogenic diabetes after a total pancreatectomy. In all dogs,
the BG concentration was controlled tightly at a mean level of 110 + 4 mg/dl without the occurrence of hypoglycemia
(see Figure 3). These experimental data contributed
significantly to establishing a basic method for TGC using
a closed-loop glycemic control system in animals that
had undergone a total pancreatectomy, which mimics
the most severe diabetic condition in human patients.
Based on these successful results in an animal model,*
we initiated a clinical practice in 2006 to evaluate the
efficacy of TGC by using a closed-loop glycemic control
system (STG) in surgical patients.

BG level
control group
(mg/dl)

Time (h)

Figure 3. Perioperative continuous BG levels in dogs with total
. . pancreatectomy (n = 5). In all dogs, the BG concentration was
Technical Challenges of Using the STG controlled tightly.*
System for Closed-Loop Glycemic Control
in the Hospital

Accuracy and Reliability of Continuous Blood Glucose Measurement in Post-Surgical Patients

Fifty surgical patients (34 males and 16 females, 70 + 8 years of age, 160 £ 9 cm in height, and 56 + 10 kg
in weight) were recruited in the study to evaluate the accuracy and reliability of the STG-22, and these patients
had undergone hepatectomy (1 = 34), pancreaticoduodenectomy (n = 4), total esophagectomy (1 = 6), vascular surgery
(n = 4), and off-pump coronary artery bypass grafting (n = 4). From the 50 patients, 200 matched sets of data were
obtained. Blood glucose levels and insulin infusion rates were automatically recorded every 1 min by the STG-22
that performs continuous BG monitoring using the dual lumen catheter blood sampling technique, a high-quality
roller pump (multichannel pump), and a glucose sensor electrode with a glucose oxidase membrane (Yellow Springs
Inc,, Dayton, OH; Figure 4A). The dual lumen catheter blood sampling technique is a novel method for preventing
blood coagulation, and blood is easily withdrawn from a peripheral forearm vein without applying a tourniquet.
The technique does not require administration of heparin to the patient, as shown in Figure 4A. Two-point calibration
was performed using the standard solution for internal calibration [glucose concentration 0(0) mmol (mg/dl)] and
the standard glucose solution [glucose concentration 11.11(200) mmol (mg/dl)] before starting glucose monitoring;
internal calibration was automatically performed every 4 h using the standard solution during continuous BG
monitoring. Our team compared BG levels measured by the STG-22 and the ABL 800FLEX (Radiometer Medical
ApS, Bronshej, Denmark) recommended by the National Committee for Clinical Laboratory during surgery and
ICU stays.!>® The error grid analysis of BG measurements showed these systems to be effective for continuous
monitoring of BG levels in the ICU for 16 h (Figure 4B). For all data, correlation coefficient (R*) was 0.96 (p < .01).
In the Clarke error grid, 99.8% of the paired measurements were in zone A and 0.02% of those were in zone B
(Figure 4B). The following conclusions were made: the STG can be used for measuring BG levels continuously,
measurement results are consistent with intermittent measurement, and the STG is a useful device for monitoring
BG levels in the surgical ICU.
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Figure 4. Error grid analysis for BG concentrations measured by the STG-22 compared with those measured by the ABL 800FLEX in the ICU
(n = 50).1 The error grid analysis of BG measurements showed these systems to be effective for continuous monitoring of BG levels in the ICU for
16 h (n = 50).1 (A) The whole circuit of the STG. (B) Error grid analysis for BG concentrations measured by STG-22.

Preliminary Study by Using a Closed-Loop Glycemic Control System in the Clinical Setting

Nineteen patients who underwent hepatic resection for primary liver tumor were enrolled in the study. Following
surgery, BG was continuously monitored by the STG.? Glucose levels were controlled using either a manual injection of
insulin according to the commonly used sliding scale (sliding-scale group, n = 9) or a programmed infusion of insulin
determined by the control algorithm of the STG (STG group, n = 10). The first 9 patients were assigned to the manual
insulin group in which BG levels were continuously monitored by the STG and also routinely assessed in capillary
finger-stick blood by nursing staff every 6 h using a handheld glucose meter. In this group of patients, BG levels were
controlled by the subcutaneous injection of regular human insulin. The dose was determined by the commonly used
sliding scale and the target BG level was 150-200 mg/dl to avoid hypoglycemia. The subsequent 10 patients were
assigned to the programmed insulin group in which BG levels were monitored and controlled automatically by the
intravenous infusion of regular insulin or glucose, according to the control algorithm preprogrammed in the STG.
In this study, the targeted BG level was 90-110 mg/dl in the programmed insulin group. For these reasons, it should be
conceivable that some of the difference noted was due to the different glucose target ranges chosen for the STG and
the conventional sliding scale. The total amount of insulin required for glycemic control in the first 16 h after hepatic
resection was compared for patients in both groups. The total amount of insulin used in the first 16 h after hepatic
resection in the two groups was measured.

In the sliding-scale group, postoperative BG rose initially and reached a plateau of approximately 250 mg/dl between
4 and 7 h after hepatectomy and then returned toward normal levels by 16 h. In the STG group, BG was steadily
lowered, reaching the target zone (90-110 mg/dl) by 12 h post-surgery. Figure 5 shows suppression of this hyper-
glycemia following hepatic resection by maintaining TGC with the STG to near normoglycemic levels, even in
diabetes patients. Blood glucose levels were significantly different between both groups of patients at 4, 7, 10, and 13 h
after hepatectomy. No patient in either group became hypoglycemic during their stay in the surgical ICU. Our team
published the first report of a closed-loop glucose-sensing and insulin delivery system such as the STG being used
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Figure 5. Continuous BG levels in hepatectomy patients under
Hyperglycemia induced by surgical stress often dys-  glycemic control using the STG-22 system and sliding-scale method.?

: : : : : Postoperative BG levels (mg/dl), expressed as means + standard
Feg.ulate,s liver metabOh'Sm and lmn};’l;;e function, resultmg deviation, in the sliding-scale group (filled circles; n = 9) and STG
in impaired postoperative recovery.””!® The adverse effects  group (filled squares; n = 10) monitored using the STG-22 system.
of hyperglycemia on the function of white blood cells Asterisks indicate that the BG levels between the patient groups were
have been well described. Numerous cellular mechanisms ~ Significantly different at p <.05.2
are improved by insulin and better glycemic control,
indicating a direct relation between white cell function and elevated BG level.” Furthermore, several immunologic
pathways have been identified by which hyperglycemia affects the host immune system, increasing its susceptibility
to infection. There is substantial in vitro and in vivo evidence that short-term hyperglycemia impairs immune
function through the following pathways/mechanisms: abnormalities in neutrophil activity, increased expression of
intercellular adhesion molecules and E-selectins, the inflammatory cytokine cascade with increasing levels of early
pro-inflammatory cytokines such as interleukin-6 and tumor necrosis factor-a, impairment of the microvasculature’s
ability to relax in the presence of vasodilating stimuli such as nitric oxide radical, and promotion of adherence and
sequestration of neutrophils and monocytes into peripheral tissue.?’

Patients with BG levels >200 mg/dl following open-heart surgery develop surgical site infection (SSI) more frequently
than patients with lower glucose concentrations.?! In addition, continuous perioperative insulin infusion in diabetes
patients undergoing cardiac surgery significantly reduces major infectious morbidity and its associated socioeconomic
costs.”? However, the relationship between IIT and SSI is unknown. To address this knowledge gap, our team
performed two prospective randomized clinical trials in patients undergoing either pancreatectomy or hepatectomy.?2*

Effect of Intensive Insulin Therapy Using a Closed-Loop Glycemic Control System
in Hepatic Resection Patients

Anatomically, the liver is situated downstream from the pancreas. It is a primary site for the metabolism of pancreatic
hormones, such as insulin and glucagon, which have a central role in regulating peripheral BG levels. In addition,
the liver is positioned downstream from the gut, from which it absorbs a large amount of ingested glucose, and is
involved in glycogenolysis and gluconeogenesis. Accordingly, either reduced liver function or removed liver parenchyma
following hepatic resection may result in metabolic disturbances of the pancreatic hormones and glucose intolerance.

A prospective randomized trial was conducted in patients undergoing hepatic resection.? The perioperative BG
concentration was continuously monitored using the STG-22 closed-loop system. The clinical parameters analyzed
included patient characteristics, indicators of liver status, and operation-related risk factors. We prospectively divided
patients into two groups: one for patients whose glucose levels were controlled using a manual injection of insulin
according to the commonly used sliding scale (150-200 mg/dl; sliding-scale group [n = 44]) and a second group that
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received programmed infusions of insulin determined by the control algorithm of the STG system (80-110 mg/dl;
STG group [n = 44]). The 44 patients assigned to the sliding-scale group underwent continuous monitoring of BG by
the STG b-22 and were routinely checked by nursing staff, and then insulin was given every 2 h. In this group of
patients, BG levels were controlled by the subcutaneous injection of regular human insulin; the dose was determined
by the commonly used sliding scale, and the target BG level to avoid hypoglycemia was 150-200 mg/dl. Perioperative
BG levels in the STG group were near 100 mg/dl, but those in the sliding-scale group were greater than 150 mg/dl
(Figure 6A). The incidence of SSI in the STG group was significantly lower than that in the sliding-scale group.
The length of hospitalization required for patients in the STG group was significantly shorter than that in the sliding-
scale group (Figure 6B). Total hospital costs for patients in the STG group were significantly lower than for those in
the sliding-scale group (Figure 6B). This prospective clinical study for liver resection patients demonstrated that IIT
using a closed-loop glycemic control system during hepatic resection maintained near-normoglycemia and contributed
to a reduction in the incidence of SSI and total hospital costs due to shortened hospitalization.?*

A 350 1 1 % 1 B
% 300 Variable Sliding-scale STG group P value
) 250 S
é Operation time (min) 274 + 84 270 = 79 0.963
o 200 Blood loss (ml) 571 + 553 704 + 526 0.169
> Surgical site infection cases (%) 8 (18.2) 1(2.3) 0.030
2 150 Length of hospitalization (days) 18.7 + 11.7 143 +5.9 0.049
O -1 T In-hospital cost (1000 yen) 2187.9 + 1578.4 | 1640.7 + 528.4 0.047
@ 100 I' T T T

50 - 0 T 4 ............... s .............. 1 216 ..............

Postoperative time (h)

Figure 6. Effect of IIT using the STG in hepatic resection patients. (A) Mean BG levels were adequately controlled by a closed-loop glycemic control
system.” (B) The incidence of SSI in the STG group was significantly lower than that in the sliding-scale group. The length of hospitalization
required for patients in the STG group was significantly shorter than that in the sliding-scale group. Total hospital costs for patients in the STG
group were significantly lower than for those in the sliding-scale group.!? Values are mean + standard deviation.

Continuous Postoperative Blood Glucose Monitoring and Control by the STG System in Patients Undergoing
Pancreatic Resection

Under normal conditions, BG homeostasis is regulated by hepatic and/or pancreatic metabolism.” The role of the
hepatocyte in producing glucose in the fasting and stressed state or for postprandial glucose uptake is critical for
metabolic homeostasis.® These functions depend largely on three circulating glucoregulatory hormones that are secreted
by the pancreas: insulin, glucagon, and pancreatic polypeptide. After pancreatectomy, insufficiency or deficiency of
these hormones causes glucose intolerance, a form of secondary diabetes mellitus termed pancreatogenic diabetes.?
The appropriate method for glycemic control in pancreatogenic diabetes after pancreatectomy has yet to be established
because of the instability of BG levels, especially in patients after total pancreatectomy.

Patients who underwent pancreatic resection for pancreatic neoplasm were prospectively randomized.?* This study
recruited 32 patients undergoing elective pancreatic resection for pancreatic disease. Perioperative BG levels were
continuously monitored using the STG-22. We prospectively divided patients into two groups: one for patients whose
glucose levels were controlled using a manual injection of insulin according to the commonly used sliding scale
(sliding-scale group, n = 15) and another that received programmed infusions of insulin determined by the control
algorithm of the artificial pancreas (STG group, n = 17). In the sliding-scale group, postoperative BG levels rose initially
before reaching a plateau of approximately 200 mg/dl between 4 and 6 h after pancreatectomy. The levels remained
high for 18 h postoperatively. In the STG group, BG levels reduced steadily, reaching the target zone (80-110 mg/dl)
by 6 h post-surgery (Figure 7). Sliding-scale group patients required 8 + 6 IU of insulin per patient, according to
the routine sliding scale (range 0-20 IU; n = 13). In contrast, STG group patients needed 107 + 109 IU of insulin
(range 21-390 IU; n = 17) per patient for intensive glycemic control by a closed-loop glycemic control system during
the first 18 h after pancreatic resection. Also, neither group showed hypoglycemia. Perioperative use of a closed-
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Our results suggest that perioperative TGC by a closed-
loop glycemic control system in both hepatectomized and
pancreatectomized patients could be a safe and effective
method for lowering the SSI rates without increasing
the risk of hypoglycemia and its associated problems.
However, prospective study should be performed to assess
perioperative glycemic control strategies for reducing

SSI by comparing IIT with a target BG range of 80 to %0 0O 2 4 6 8 10 12 14 16 18
110 mg/dl and intermediate insulin therapy with a
target BG range of 140 to 180 mg/dl using a closed-loop
glycemic control system,®>® because, in previous studies,
the benefits for IIT with STG could be demonstrated for
either hepatectomized or pancreatectomized patients,
compared with the ordinary sliding-scale methods.??

.-"N.
B-.

J- .._._,.___-.-.L...M__._____.. ———
1 S

BG level (mg/dl)

1001

— Sliding-scale group
-—-- STG group

Postoperative time (h)

Figure 7. Postoperative BG levels in the sliding-scale and STG groups
during the first 18 h after pancreatic resection.** Asterisks indicate that
the BG levels between the patient groups were significantly different
at p < .05.%

Workload of Intensive Care Unit Nursing Staff and latrogenic Medical Events

Patient safety, a key component of hospital performance, is a focus of increasing attention at all levels of the health care
system, most notably when designing health care policies and hospital quality assurance programs. latrogenic events
are major contributors to mortality morbidity hospital stay prolongation and health care costs. In ICUs, the complexity
of care and severity of illnesses result in a high risk of iatrogenic events.l® Blood glucose management is one of the
important therapies in the ICU. However, BG management using the sliding-scale method of an intravenous infusion
of insulin in saline increases the workload of ICU nurses.

Our team examined the hypothesis that, compared with conventional methods, BG management using the STG reduces
the workload of ICU nurses and has a positive impact on awareness regarding the management of blood glucose.
In this retrospective study,!* the patients who underwent elective surgery and were treated at the ICU postoperatively
were separated into the following two groups: (1) BG was maintained using the STG (STG group) and (2) BG was
maintained using the sliding-scale method (sliding-scale group). In addition, a questionnaire was developed for an
awareness survey of ICU nurses. As a result, the frequency of blood sampling and number of double checks were
significantly lower in the STG group. Furthermore, the time needed for glucose management per admission was
significantly shorter in the STG group. Use of STG-22 for glucose management in the ICU increased the degree
of attention given by nurses to glucose management and contributed to an improved sense of security (Figure 8).
This retrospective study suggested that using the STG in the ICU reduces the workload of ICU nurses compared
with using the sliding-scale method. It also contributed to the reduction of the ICU nurses’ anxiety related to the
management of blood glucose.”

STG group Sliding-scale group P value
Frequency of blood sampling (times/Ad) 1.3x14 8.9 + 8.1 <0.001
Number of double checks (times/Ad) 1.0+ 14 9.8 + 8.5 <0.001
Number of Dr. calls (times/Ad) 0.6 = 1.1 22 +1.8 0.001
Time needed for management of BG (min/Ad) 9+ 13 27 =+ 24 0.003

Figure 8. Workload date of nursing staff and medical errors.” Using the STG in the ICU reduces the workload of ICU nurses compared with
using the sliding-scale method.l’ Data are mean + standard deviation. Ad, admission; number of Dr. calls, number of calls made to the physician;
time needed for management of BG, time needed for the management of BG per admission.
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Conclusion

Our review evaluated the STG-22 closed-loop glycemic control system for perioperative TGC in surgical patients
following safety and efficacy guidelines. The results indicate a reduced risk of hypoglycemia and a decreased incidence
of SSI after hepatectomy or pancreatectomy.
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