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Abstract This clinical study aimed to compare a novel and

conventional artificial pancreas (AP) used in surgical

patients for perioperative glycemic control, with respect to

usability, blood glucose measurements, and glycemic

control characteristics. From July in 2010 to March in

2015, 177 patients underwent perioperative glycemic

control using a novel AP. Among them, 166 patients were

eligible for inclusion in this study. Intensive insulin therapy

(IIT) targeting a blood glucose range of 80–110 mg/dL was

implemented in 82 patients (49 %), and the remaining 84

patients (51 %) received a less-intensive regime of insulin

therapy. Data were collected prospectively and were

reviewed or analyzed retrospectively. A comparison study

of 324 patients undergoing IIT for glycemic control using a

novel (n = 82) or conventional AP (n = 242) was con-

ducted retrospectively. All patients had no hypoglycemia.

The comparison study revealed no significant differences

in perioperative mean blood glucose level, achievement

rates for target blood glucose range, and variability in

blood glucose level achieved with IIT between the novel

AP and conventional AP groups. The usability, perfor-

mance with respect to blood glucose measurement, and

glycemic control characteristics of IIT were comparable

between novel and conventional AP systems. However, the

novel AP was easier to manipulate than the conventional

AP due to its smaller size, lower weight, and shorter time

for preparation. In the near future, this novel AP system

might be accepted worldwide as a safe and useful device

for use in perioperative glycemic control.

Keywords Perioperative glycemic control � Novel
artificial pancreas � Intensive insulin therapy � Closed-loop
glycemic control system � Hypoglycemia

Introduction

Surgical stress-induced hyperglycemia is a major cause of

postoperative infection (POI) resulting in unfavorable

surgical outcomes [1–4]. Although the optimal blood

glucose range needed to avoid hyperglycemia and thus

prevent POI remains unclear, such prevention is clearly

desirable in critically ill surgical patients [5–8]. On the

other hand, hypoglycemia with blood glucose levels less

than 40 mg/dL or levels of 70 mg/dL associated with the

conventional glycemic control methods, such as tight

glycemic control (TGC) with an open-loop system and the

sliding-scale method, can cause fatal complications in the

presence of neurological disorders [9–12]. Furthermore,

hypoglycemia was found to be more common in patients

in surgical wards [9].

To solve the problem of hypoglycemia, we elucidated

the perioperative glycemic control using a conventional

artificial pancreas (AP) (STG-22, Nikkiso Co., Ltd, Tokyo)

and closed-loop glycemic control system clinically [9–11].

Using this system, we achieved strict glycemic control

approaching normoglycemia, such as targeting blood glu-

cose ranging from 80 to 110 mg/dL corresponding inten-

sive insulin therapy (IIT), without hypoglycemia and with

less variability of blood glucose concentration [9–11].
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To further improve the clinical usability of glycemic

control, we recently explored a novel AP (STG-55) for use

in our system [13, 14]. Our previous experimental and

clinical evaluation of STG-55 in an animal model showed

strong correlations in blood glucose concentrations with

those achieved using the conventional STG-22 AP device

[14]. Unfortunately, the previous clinical data were from

low patient-number studies, with groups comprising no

more than 5 patients [14]. This larger clinical study,

therefore, compared STG-55 and STG-22 for usability,

performance in blood glucose measurements, and glycemic

control characteristics in surgical patients undergoing

perioperative glycemic control.

Methods

Study population

From July in 2010 to March in 2015, 177 patients under-

going hepatic, pancreatic, or esophageal surgical resection

underwent perioperative glycemic control using a novel AP

(STG-55, Nikkiso Co., Ltd, Tokyo). Of these patients, 11

were excluded and 6 due to insufficient data resulting from

blood sampling defects, while 5 cases underwent only

blood glucose monitoring without perioperative glycemic

control based on the targeted blood glucose range. The

remaining 166 patients undergoing perioperative glycemic

control using the novel AP were enrolled in this study, with

data collected prospectively and reviewed or analyzed

retrospectively. Among them, 82 (49.4 %) received gly-

cemic control targeting a blood glucose range of

80–110 mg/dL, so-called IIT, and 84 patients (50.6 %)

were treated using a less-intensive insulin therapy to target

a higher blood glucose range (Fig. 1). For our AP com-

parative study, we used retrospective data from 242

patients administered IIT using the conventional AP

system (STG-22, Nikkiso Co., Ltd, Tokyo) during similar

surgical procedures from August in 2006 to July in 2012.

Study design

Perioperative glycemic control using any type of AP

(Fig. 2) is typically performed 1–2 days before starting

general anesthesia and continued until the end of post-

surgical intensive care. The detailed mechanisms and

characteristics of an AP were reported previously

[9–11, 13, 14].

Briefly, an AP device comprises a measurement unit,

control unit, and infusion unit, all of which are connected

in a closed-loop system designed to maintain a specific

blood glucose target level. The control unit receives elec-

trical signals from the measurement unit and interprets

these in accordance with the internal intravenous insulin

and glucose infusion algorithms that are programmed for

specific parameters. Every minute, the control unit instructs

the insulin pump and the glucose pump to deliver insulin

and glucose, respectively, with the amount varying

according to the blood glucose level and to its change rate.

There were no differences between the STG-22 and the

STG-55 in the infusion parameters of insulin and glucose,

because both systems have the same algorithm.

Thus, peripheral venous blood was sampled continu-

ously at less than 2 mL/h for glucose monitoring, with the

AP able to continuously measuring blood glucose using the

glucose oxidase sensors and automatically infuse insulin

and/or glucose to adjust blood glucose levels and maintain

the target blood glucose value; this setup comprises the

closed-loop system. The continuously measured intraop-

erative and postoperative blood glucose levels and

achievement rate of the target blood glucose range were

analyzed and calculated retrospectively. We previously

established the perioperative accuracy and reliability of

continuous blood glucose monitoring using an AP, intra-

operatively [15] and postoperatively [16, 17].

In perioperative nutritional support care, calorie intake

in all patients is calculated using the Harris–Benedict for-

mula [18], and such unified standard calorie intake and

standard care were provided to all our patients. On surgical

days, patients were fed continuously with intravenous total

parental nutrition. Combined intravenous total parental

nutrition and enteral feeding were provided on the next

day. After staying in the ICU for 1–2 days, patients were

moved to the hospital ward, and total enteral feeding was

attempted as early as possible.

Data collection

Patients were informed of the purpose and details of the

study, and written informed consent was obtained from

177 patients were found to be eligible                    

6 and 5 were excluded for insufficient 
data due to blood sampling defects and 
only blood glucose monitoring without 
glycemic control, respectively    

166 patients remained eligible

82 patients were administered intensive insulin therapy 
targeting a blood glucose range of 80-110 mg/dL

84 patients were excluded due to other glycemic 
control not intensive insulin therapy targeting a 
blood glucose range of 80-110 mg/dL

Fig. 1 Patient enrolment flow chart
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them prior to enrolment. The study was approved by the

local ethics committee at the Kochi Medical School and

carried out in accordance with the Helsinki Declaration.

All the patients of this study were enrolled prospectively at

the Kochi Medical School between August in 2006 and

March in 2015.

Data were collected prospectively for retrospective

review and/or analysis. The primary end point was hypo-

glycemia less than 70 mg/dL. Secondary end points

included a blood glucose target range of 80–110 mg/dL

and stable glycemic control with low variability in blood

glucose concentrations.

Statistical analysis

Blood glucose data and infusion rates of insulin/glucose

used in this study were stored electronically. Rate of

achieving the target blood glucose range of IIT was cal-

culated using the following formula: (total time of gly-

cemic control) - (time out of range of 80–110 mg/dL)/

(total time of glycemic control) 9 100 (%), as described

previously [9].

Data are presented as mean ± standard deviation

(SD). The statistical analyses were performed using a

statistical software package (JMP 8; SAS Institute

Japan, Tokyo, Japan). Changes in the glucose level at

all times points were analyzed by the repeated-mea-

sures analysis of variance (ANOVA) with post hoc

testing. In the comparison study of IIT between the

novel AP group and the conventional AP group, the

statistical differences of intraoperative, postoperative,

and perioperative mean blood glucose levels and

achievement rates targeting blood glucose range or

differences in disease site between the groups were

analyzed by unpaired Student’s t test and Mann–

Whitney U test, respectively. P values less than 0.05

were considered statistically significant.

Results

Patient characteristics between STG-55 and STG-22

Table 1 shows the characteristics of the patients who

underwent IIT with either the STG-55 or STG-22. Of the

82 patients involving the STG-55, 48 patients (58.5 %)

underwent hepatic resection for liver disease, 20 (24.4 %)

underwent pancreatic resection for pancreatic disease, and

5 (6.1 %) with bile ductal disease underwent pancreatico-

duodenectomy (PD). Nearly, all patients had malignant

neoplasms, except those who underwent emergency oper-

ation. None of the 82 patients had hypoglycemia, which as

defined by the American Diabetes Association, is blood

glucose levels not only less than 40 mg/dL but also less

than 70 mg/dL.

Of the 242 patients treated using the STG-22, 124

patients (51.2 %) underwent hepatic resection for liver

disease, 50 (20.7 %) underwent pancreatic resection for

pancreatic disease, and 25 (10.3 %) with esophagus disease

underwent esophageal resection. Similar to the STG-55

group, no patient in the STG-22 group showed hypo-

glycemia. Although the incidence of esophageal disease

seemed to be higher in the STG-22 group (10.3 %) than in

the STG-55 group (2.4 %), there was no significant dif-

ference in disease sites, including the esophagus between

two groups.

The comparison of the general concept between the

STG-55 and STG-22 devices is shown in Table 2. The

STG-55 was of markedly smaller size and lower weight

than the STG-22, and required a shorter time for

Peripheral blood is sampled continuously 
at less than 2 mL/h

Glucose blood level is monitored 
continuously by glucose sensor 

Automatic-feedback 
insulin and/or glucose infusion

Targeting blood glucose range maintained STG-55STG-22

Fig. 2 Bedside-type artificial

pancreas with closed-loop

glycemic control system
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preparation. In addition, the STG-22 was not equipped

with the battery and touch panel monitors found in the

STG-55.

IIT outcomes between STG-55 and STG-22

surgeries

Figure 3 shows the perioperative continuous blood glucose

levels in 82 patients administered IIT using the STG-55.

Stable glycemic control was achieved within the target

blood glucose range in every patient, with mean intraop-

erative, postoperative, and perioperative mean blood glu-

cose levels of 94.9 ± 8.2, 109.9 ± 9.8, and

103.6 ± 14.6 mg/dL, respectively. Intraoperative, postop-

erative, and perioperative achievement rates of the target

blood glucose range of 80–110 mg/dL were 93.0 ± 10.0,

83.4 ± 20.0, and 89.4 ± 14.3 %, respectively. The oper-

ation time of surgery and the operating time of the STG-55

were 315.9 ± 116.6 and 1473.2 ± 153.2 min, respec-

tively. The amount doses for 24 h were 131.5 ± 113.1

Table 1 Study population of

the 323 patients undergoing

intensive insulin therapy with

STG-55 or STG-22

Site Cases Novel artificial pancreas (STG-55) Conventional artificial pancreas (STG-22)

Liver 172 48 124

Pancreas 70 20 50

Esophagus 27 2 25

Bile duct 16 5 11

Peritonitis 10 0 10

Gallbladder 8 4 4

Colon 6 1 5

Gastrocolic 5 1 4

Other 10 1 9

Total 324 82 242

Table 2 Comparison of the general features of STG-55 and STG-22

Novel artificial pancreas (STG-55) Conventional artificial pancreas (STG-22)

Size (cm) 37.5 (W) 9 42.5 (D) 9 135.0 (H) 50.5 (W) 9 56.5 (D) 9 133.5 (H)

Weight (kg) 36 62

Time for preparation (h) 1–1.5 3–12

Battery Built-in backup battery NA

Guidance function for preparation Installed NA

Data display Integrated user-friendly touch panel monitor Requires external printer

NA not available
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Fig. 3 Perioperative blood

glucose levels in all patients

using STG-55
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U/day for insulin and 16.1 ± 29.3 g/day for glucose,

respectively.

Figure 4 depicts the perioperative continuous blood

glucose levels in the 242 patients administered IIT using

the STG-22. Stable glycemic control was also achieved

within the target blood glucose range in every patient, with

mean intraoperative, postoperative, and perioperative mean

blood glucose levels of 98.2 ± 12.7, 102.2 ± 16.2, and

100.5 ± 11.9 mg/dL, respectively. Intraoperative, postop-

erative, and perioperative achievement rates of the target

blood glucose range of 80–110 mg/dL in all patients were

90.7 ± 12.4, 86.3 ± 18.9, and 88.1 ± 16.0 %, respec-

tively. The operation time of surgery and the operating

time of the STG-22 were 292.1 ± 120.5 and

1449.3 ± 151.9 min, respectively. The amount doses for

24 h were 158.2 ± 135.4 U/day for insulin and

8.0 ± 9.3 g/day for glucose, respectively.

Thus, there were no significant differences in perioper-

ative mean blood glucose levels, achievement rates of

target blood glucose range, variability in blood glucose

levels, operation time of surgery, the operating time of the

system, and the amount doses of insulin and glucose for

24 h between the STG-55 and STG-22 groups. Moreover,

there were no significant differences in perioperative mean

blood glucose levels at each hourly time point between the

groups.

Discussion

In this study, perioperative IIT and less-IIT using a novel

AP (STG-55) with closed-loop system had no hypogly-

caemia, while all the previous reports of IIT and less-IIT

with open-loop system had hypoglycemia ranging from 5

to 18.7 % and from 0.5 to 3.1 %, respectively. In addition,

we found that perioperative IIT and less-IIT using STG-55

had not only higher achievement rates targeting blood

glucose range of approximately 90 %, but also less vari-

ability of blood glucose concentration compared with for-

mer reports using the conventional glycemic control.

Tsukamoto et al. [14] performed an in vivo compara-

tive study in dogs of a novel AP (STG-55) vs. conven-

tional AP (STG-22) in terms of blood glucose

measurement and glucose infusion rate (GIR) values

during glucose-clamp in-animal experiments. The results

showed strong correlation in blood glucose concentrations

and GIR between STG-55 and STG-22 usage. This clin-

ical comparison study demonstrated that the eligibility of

perioperative glycemic control was comparable between

the two devices. Coupling these findings with the physical

and functional advantages of the STG-55 AP over the

STG-22 in terms of size, weight, and preparation time, as

well as comparable usability, accuracy, and feasibility

between devices, we anticipate that the novel STG-55 will

be acceptable as a progressive AP in the near future, at

least instead of STG-22.

The conventional IIT with an open-loop glycemic con-

trol system has been associated with several serious issues,

including hypoglycemia resulting in neurological critical

events, low achievement rates in blood glucose range tar-

geting, and high variability in blood glucose concentrations

[19–24]. To date, we have tried to solve these issues using

an AP with a closed-loop glycemic control system

[9–11, 24]. In addition, in this study, we found that using

the STG-55 produced higher achievement rates (*90 %)

for blood glucose range targeting and less variability in

blood glucose concentrations compared with former reports

using the conventional glycemic control. Of note, no

patients in this study had hypoglycemia, while the con-

ventional IIT with an open-loop system has reportedly
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resulted in hypoglycemia if 5.0–18.7 % [25–29] of the

patient population. These similar findings were shown in

our previous reports using an STG-22 [9–11, 20]. Thus,

glycemic control systems using an AP should achieve real-

time continuous blood glucose monitoring, achieve

stable glycemic control without hypoglycemia according to

the targeted blood glucose range, and prevent surgical

stress-induced hyperglycemia leading to morbidity and

mortality [9–11, 13–17, 20]. Moreover, it could potentially

reduce workload, anxiety, and the need for frequent blood

glucose measurements by medical staff, especially ICU

nurses [30, 31]. Our former report [30] suggested that using

AP for glucose management in ICU patients increased the

degree of attention given by nurses to glucose management

and contributed to improved patient security, resulting in a

reduced overall workload of ICU nurses compared to the

sliding-scale method. We would like to expect that these

characteristics of STG-22 will be replaced by STG-55 with

an added sophistication of design and consequent clinical

benefits for patients.

Achieving stable glycemic control with low variabil-

ity in blood glucose concentration is very important for

prognosis in critically ill patients, more so than hypo-

glycemia and/or hyperglycemia [9, 22, 23]. Of note,

performing glycemic control using an AP is not war-

ranted for all surgeries, because stable glycemic control

is possible to achieve without this device, especially in

non-diabetic patients undergoing minimally invasive

surgery [9, 11]. Currently, we indicate this option mainly

for patients undergoing hepatic, pancreatic, or esopha-

geal resections who tend toward hyperglycemia and/or

hypoglycemia, as well as unstable blood glucose levels.

Consequently, pancreatogenic diabetes after pancreatic

resection is the best indication of this method, because

the conventional method cannot achieve stable glycemic

control near normoglycemia, especially in patients

undergoing total pancreatectomy (TP), for whom pan-

creatogenic diabetes is unavoidable in 100 % of cases

[10, 32, 33]. Recently, we suggested that perioperative

IIT using an AP enables stable glycemic control not only

without hypoglycemia and hyperglycemia, but also with

less variation in blood glucose concentration from the

target blood glucose range, even in patients with the

most serious form of diabetes, so-called ‘‘brittle dia-

betes,’’ and undergoing TP [10]. Therefore, AP was

shown to be safe and efficient in achieving stable peri-

operative IIT even immediately after TP. The next most

prominent indication is hepatectomy, because IIT by the

conventional methods could not be administered until at

least within 16 h after surgery [9, 33]. In addition, we

suggest liver and pancreas transplantation, cardiac sur-

gery, and esophageal resection as other indications, as

well as Type 2 diabetic or elderly patients undergoing

surgery with glucose intolerance and/or severe infection,

such as pan-peritonitis [9]. Based on the rapidly

increasing incidence of diabetic and elderly surgical

patients and the advancement of STG-55, the indications

for using an AP will swell in the near future.

In the present study, there was a significant difference

in disease site incidence between the STG-55 and STG-

22 groups, with a higher incidence of esophageal disease

in the latter group. However, since disease site was liver

and pancreas in [80 % of the STG-55 group and 70 %

of the STG-22 group, such a bias might be acceptable.

The main considerable trouble during the operation of

both the conventional and novel artificial pancreas is the

issues regarding insufficiency of blood sampling. In fact,

6 patients were excluded in this study due to insufficient

data resulting from blood sampling defects. Further

development of more sophisticated mechanical devices,

including venous catheter and glucose sensor, is

expected.

What should we do to advance the progression of STG-

55 use? While the accuracy of blood glucose measure-

ments, stability of blood glucose range achievement rates,

and safety without hypoglycemia are acceptable, some

urgent problems remain unsolved. First, the durable time

remains short at 1–2 days immediately after surgery, and

the clinical setting times of at least 1 week are necessary,

especially in patients undergoing TP or major hepatectomy.

Second, a fault in blood removal often occurred with the

device during continuous blood glucose measurements,

especially in elderly patients with unhealthy vessels, in

which the blood glucose sensor line must be inserted.

Solving this issue might require an alternative develop-

ment, such as a peripheral venous line or novel equipment

enabling use of the central venous line. Third, preparation

time still remains long because we need to further reduce

the labor burden of medical stuff, although the STG-55

time was shorter (1–1.5 h) than required for the STG-22

(3–12 h) [13, 14]. Ideally, preparation time needs to be as

short as possible. Finally, the miniaturization of the AP is

essential for its future use and development, especially in

Type 1 or Type 2 diabetic patients.

Conclusion

We found comparable usability, performance in blood

glucose measurement, and glycemic control characteristics

of IIT between the novel and conventional AP. In addition,

the novel AP was easier to use than the conventional AP

due to it smaller size, weight, and time for preparation. In

the near future, such a novel AP may gain acceptance

worldwide as a safe and useful device for use in periop-

erative glycemic control.
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