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OBJECTIVE

Perioperative management of glucose levels remains challenging. We aimed to
assess whether fully closed-loop subcutaneous insulin delivery would improve
glycemic control compared with standard insulin therapy in insulin-requiring pa-
tients undergoing elective surgery.

RESEARCH DESIGN AND METHODS

We performed a single-center, open-label, randomized controlled trial. Patients
with diabetes (other than type 1) undergoing elective surgery were recruited
from various surgical units and randomly assigned using a minimization schedule
(stratified by HbA1c and daily insulin dose) to fully closed-loop insulin delivery
with fast-acting insulin aspart (closed-loop group) or standard insulin therapy ac-
cording to local clinical practice (control group). Study treatment was adminis-
tered from hospital admission to discharge (for a maximum of 20 days). The
primary end point was the proportion of time with sensor glucose in the target
range (5.6–10.0 mmol/L).

RESULTS

Forty-five patients were enrolled and assigned to the closed-loop (n5 23) or the
control (n5 22) group. One patient (closed-loop group) withdrew from the study
before surgery and was not analyzed. Participants underwent abdominal (57%),
vascular (23%), orthopedic (9%), neuro (9%), or thoracic (2%) surgery. The mean
proportion of time that sensor glucose was in the target range was 76.7 ± 10.1%
in the closed-loop and 54.7 ± 20.8% in the control group (mean difference 22.0
percentage points [95% CI 11.9; 32.0%]; P < 0.001). No episodes of severe hypo-
glycemia (<3.0 mmol/L) or hyperglycemia with ketonemia or any study-related
adverse events occurred in either group.

CONCLUSIONS

In the context of mixed elective surgery, the use of fully closed-loop subcutaneous
insulin delivery improves glucose control without a higher risk of hypoglycemia.

Hyperglycemia is particularly frequent in the perioperative period, with prevalence
estimates ranging from 20 to 80%, depending on the type of surgery (1,2). The
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high frequency is explained by the surgi-
cal stress that results in an increase of
catabolic hormones inducing insulin resis-
tance and compromising b-cell function
(3). Observational and prospective ran-
domized studies have shown that peri-
operative hyperglycemia is associated
with increased rates of morbidity and
mortality (4–6). Perioperative hypergly-
cemia is also known to increase hospital
costs and readmission rates (7). Thus,
there is a universal consensus that
perioperative hyperglycemia should be
treated with insulin once glucose levels
are >10.0 mmol/L (8,9). However, striv-
ing for more stringent glycemic goals in-
creased the risk of iatrogenic hypoglycemia
in previous studies using standard thera-
peutic approaches (10,11).
Perioperative glucose management re-

quires frequent blood glucose monitoring
and insulin adjustments to accommodate
the highly variable insulin requirements
caused by surgical stress changes in nu-
tritional status and prescribed medica-
tion (e.g., vasopressors, glucocorticoids).
Implementation in the perioperative pe-
riod is further complicated by the need
to coordinate clinical care among various
staff teams (e.g., surgeons, anesthesiolo-
gists, ward physicians) and care settings
(e.g., transitions from operating room to
the postanesthesia care unit and general
wards) (12).
We have previously reported the con-

cept of fully automated subcutaneous
closed-loop insulin delivery (also known
as the artificial pancreas) to address the
unmet need of improving glucose con-
trol without increasing the risk of hypo-
glycemia and to streamline clinical staff
workflow (13). The closed-loop approach
involves communication of real-time glu-
cose data provided by a continuous glu-
cose monitoring (CGM) device to a control
algorithm, which autonomously modulates
insulin delivery in response to sensor glu-
cose levels. In previous work, we have
demonstrated that fully automated closed-
loop insulin delivery in noncritically ill pa-
tients outside early perioperative care is
efficacious and safe. In addition, it achieves
superior glucose control over standard in-
sulin therapy, including in challenging
groups such as those requiring nutrition
support and/or hemodialysis (13–15).
In the perioperative context, the fully

closed-loop approach has so far only been
adopted using the STG-55 or its precursor
device made by Nikkiso, which is available

exclusively in Japan. The system relies on
continuous intravenous (IV) glucose meas-
urements, drawing 2 mL of blood per
hour while modulating an IV insulin and
dextrose infusion. Although glycemic bene-
fits were convincingly shown (16,17), the
system’s invasiveness, substantial blood re-
quirements, and complexity restrict its use
to a transient period of time (e.g., 48 h)
and intensive care settings only. Thus, fully
closed-loop insulin delivery using the sub-
cutaneous route for both glucose sens-
ing and insulin delivery may offer a
more pragmatic approach for periopera-
tive glucose management.

In this article, we report the results of
a single-center, randomized, open-label
trial assessing the efficacy of fully closed-
loop insulin delivery in patients with di-
abetes other than type 1 who require
insulin while undergoing elective surgery
at a tertiary hospital. We hypothesized
that perioperative closed-loop insulin
delivery compared with standard insulin
therapy would improve glycemic control
without increasing the risk of hypoglyce-
mia from hospital admission to discharge.

RESEARCH DESIGN AND METHODS

Study Design and Participants
In this single-center, open-label, random-
ized controlled trial, participants were
recruited during preadmission appoint-
ments at University Hospital of Bern.
We included patients with type 2 or
other forms of non–type 1 diabetes aged
$18 years, planned for elective surgery of
$2 h duration expected to require in-
sulin perioperatively and to stay for
$72 h in the hospital. Exclusion criteria
were type 1 diabetes, pregnancy, breast-
feeding, any physical or psychological
condition likely to interfere with the
conduct of the trial or the interpreta-
tion of the results, and incapacity to
give informed consent. Full inclusion
and exclusion criteria are available in the
Supplementary Material. Eligible candi-
dates were identified through elective
surgery plans and direct referrals by lo-
cal surgeons. Written informed consent
was obtained from participants during
the preadmission appointment, before the
start of study-related procedures. The study
protocol was approved by the local re-
search ethics committee (Ethics Commit-
tee Bern, Switzerland, approval number
2020-01024). The safety of the trial was
overseen by a local study monitor. The

trial was done in accordance with the
principles of the Declaration of Helsinki.
The full trial protocol is available in the
Supplementary Material.

Randomization and Masking
Eligible participants were randomly allo-
cated (1:1) to either fully closed-loop
subcutaneous insulin delivery with fast-
acting insulin aspart (closed-loop group)
or standard insulin therapy according to
modus operandi of responsible clinical
care teams (control group). Group allo-
cation was done using the minimization
method (18), implemented in the ran-
domization software MinimPy (19) to
balance between group characteristics
as follows: glycated hemoglobin A1c
(HbA1c) (<7.5 or $7.5%) and total
daily insulin dose (<50 or $50 units).
The allocation was performed after re-
cruitment by the investigator. This study
was open label, but the CGM receiver in
the control group masked the sensor
glucose values to blind the participant,
investigators, and ward staff.

Procedures
At enrollment, participant demographics
and medical history, body weight and
height, comorbidity burden, antidiabetic
medication, and details of the planned
surgery (including day of hospital admis-
sion) were recorded, and HbA1c was mea-
sured if not performed within #3 months.
Devices were installed upon hospital ad-
mission by the study team and contin-
ued for a maximum of 20 days or until
hospital discharge. In the closed-loop
group, this included the discontinuation
of the participants’ usual insulin therapy
and sulfonylurea medication, if prescribed.
All other antidiabetic medications were
continued as per prescription of the
anesthesiologists. A subcutaneous can-
nula was inserted by the investigator in
the abdomen or upper arm for delivery
of fast-acting insulin aspart (Fiasp; Novo
Nordisk, Bagsværd, Denmark) by a study
pump (Dana Diabecare RS; SOOIL, Gyeonggi-
do, South Korea). A subcutaneous real-time
CGM sensor (Dexcom G6; Dexcom, San
Diego, CA), which performed with satis-
factory accuracy in previous inpatient
studies (20, 21), was placed on the upper
arm or abdomen. The pump was con-
trolled by the CamAPS HX closed-loop ap-
plication (CamDiab Ltd., Cambridge, U.K.),
which resided on an unlocked Android
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phone and received sensor glucose data
from a Dexcom G6 transmitter. Using the
Cambridge adaptive model predictive con-
trol algorithm (version 0.3.71, HX variant),
insulin infusion was modulated every
8–12 min in response to sensor glucose
data. The CamAPS HX system controls
glucose levels fully autonomously with-
out the need for manual input to man-
age meals or nutrition support. Sensor
glucose and insulin data were automat-
ically uploaded to the Diasend/Glooko
data management platform (https://
diasend.com//en). The control algorithm
was initialized using the participant’s
weight and estimated total daily insulin
dose. The nominal glucose target was
set to the default of 5.8 or 7.0 mmol/L
on the basis of individual circumstances.
The low-glucose alert was used per the
default setting (3.1 mmol/L). When sensor
glucose was unavailable during warmup
or for other technical reasons, hourly ar-
terial blood glucose was entered by the
study team without interruptions to
closed-loop insulin delivery. In the control
group, a masked CGM sensor (Dexcom
G6) was inserted at hospital admission
and maintained throughout the study
duration for the assessment of glucose
outcomes. None of the study-related
activities interrupted or specified clini-
cal workflows of perioperative care.

Outcomes
The primary outcome was the propor-
tion of time the sensor glucose concen-
tration was in the target glucose range
of 5.6–10.0 mmol/L from the first to the
last sensor reading. Secondary outcomes
comprised time with sensor glucose be-
low target range (<5.6 mmol/L), propor-
tion of time in hyperglycemia (>10.0
and >20.0 mmol/L) and hypoglycemia
(<3.9 and <3.0 mmol/L), and mean
sensor glucose and glucose variability
(defined as the SD and coefficient of
variation of sensor glucose). The propor-
tion of time the sensor glucose concentra-
tion was in the range of 3.9–10.0 mmol/L
was calculated to align with the con-
sensus recommendations for CGM and
reporting in clinical trials (22). Safety
outcomes included severe hypoglycemia
(<2.2 mmol/L) and clinically significant
hyperglycemia (>20.0 mmol/L) with keto-
nemia (b-hydroxybutyrate >1.0 mmol/L),
as well as other adverse events related to
the study procedures.

Sample Size Calculation
This was a proof-of-concept study in
which we planned for up to 40 patients
with at least 48 h of data. This sample
size was determined to have a power of
80% to detect a clinically significant be-
tween-group difference in the primary
outcome of 20 percentage points with
the use of a two-sided t test and an a

level of 0.05. Since previous inpatient
studies might not provide reliable infor-
mation about the SD of the primary end
point in the perioperative setting, an SD
of 30% for the primary outcome was
used for the power calculation.

Statistical Analysis
We analyzed efficacy and safety data
according to the intention-to-treat princi-
ple. We calculated outcomes and per-
formed statistical analyses with R (version
4.0.2). The unpaired Welch t test was
used to compare means of variables
conforming to normality assumptions,
while the Mann-Whitney U test was
used otherwise. The proportion of time
sensor glucose was in target range (pri-
mary outcome) was compared using
the unpaired Welch’s t test. Mean dif-
ference and 95% CIs between the inter-
ventions (or median of the differences
corresponding to the Hodges-Lehmann
estimate and its 95% CI in cases of non-
parametric testing) are reported for all
prespecified outcomes. We tabulated the
number of device and safety events in
each trial group and compared the pro-
portion of participants with events in
each group with the Fisher exact test.
We report values as mean ± SD or me-
dian (25th; 75th percentile), unless stated
otherwise. Reported P values correspond
to two-tailed tests. P < 0.05 was consid-
ered statistically significant.

RESULTS

From 23 September 2020 to 20 August
2021, 72 participants were approached
for enrollment, of whom 45 were eligi-
ble and consented. Twenty-three were
randomly assigned to the closed-loop
group and 22 to the control group
(Supplementary Material). Five partici-
pants had <48 h of data. One partici-
pant of the closed-loop group withdrew
from the study because of perceived dis-
comfort with wearing the study device
while waiting for the postponed surgery.
Due to the withdrawal before surgery,

data from this participant were not in-
cluded in the analysis. Four of 44 par-
ticipants experienced an earlier discharge
than expected and, thus, provided <48 h
of sensor glucose data. Underlying reasons
were quick recovery (two in the closed-loop
group and one in the control group) and
terminated surgery because of metastasized
disease and transition to palliative care
(one participant in the control group).
Nineteen and 20 participants in the
closed-loop and control groups, respec-
tively, were discharged before the max-
imum study duration of 20 days. The
Consolidated Standards of Reporting
Trials flow diagram is shown in the
Supplementary Material.

The baseline characteristics of the
closed-loop and control groups are shown
in Table 1. Mean age was 67.3 ± 15.0
years in the closed-loop group and
69.6 ± 9.6 years in the control group,
of whom 45.4% and 22.7%, respectively,
were female. In both groups, abdominal
surgery was the predominant type of
elective surgery (54.5 and 59.1% in
closed-loop and control groups, respec-
tively). Presurgery HbA1c was 7.5 ± 1.8%
(58.0 ± 19.7 mmol/mol) in the closed-
loop group and 7.6 ± 1.9% (60.0 ± 20.8
mmol/mol) in the control group. The
mean Charlson Comorbidity Index, length
of hospital stay and surgical complica-
tions (classified according to standard-
ized definitions [23]), and American College
of Surgeons preoperative risk assessment
for perioperative complications (24) did
not significantly differ between groups
(Table 1 and Supplementary Material).

The study duration, defined as the
period from the first sensor reading af-
ter admission until the last sensor read-
ing, was similar between groups (8.4 ±
5.0 days in the closed-loop group and
9.4 ± 6.0 days in the control group; P =
0.558). Closed-loop was suspended in
four participants because of transient
stays in the intensive care unit in two,
decision of a clinical team to temporarily
use IV insulin for glucose control after a
surgical revision in one, and a magnetic
resonance examination (bridged with
4 units of insulin detemir) in one. The
time with suspension of closed-loop
insulin delivery ranged from 8 to 97 h.
Sensor glucose data were available for
99.2% (25th; 75th percentile 97.9; 99.9)
of the study period in the closed-loop
group and 99.0% (98.2; 100.0) in the
control group. Closed-loop therapy was
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operational for 99.6% (98.8; 100.0) of
the study duration and for 100.0% (99.1;
100.0) of the time when sensor glucose
data were available.
Surgery was performed on the day of

admission in 10 participants (45.5%) of
the closed-loop group and 10 (45.5%)
of the control group; all other partici-
pants were admitted on the day before
surgery. Eight participants (36.4%) of
the closed-loop group and one (4.5%)
of the control group received preopera-
tive oral carboloading (1–4 h before ad-
mission). Mean duration of surgery was
257 ± 129 min in the closed-loop group
and 267 ± 111 min in the control group
(P = 0.528). During surgery, three closed-
loop participants (13.6%) required IV in-
sulin for the treatment of hyperkalemia,
whereas 13 control participants (59.1%)
received IV insulin for glucose control.
The proportion of participants receiving
glucocorticoids intraoperatively was
63.6% in the closed-loop group and

72.7% in the control group (Supplementary
Material).

In the postoperative period, control
participants were mostly treated with
subcutaneous insulin, but 36.4% tran-
siently received IV insulin during their
stay on the ward. Delivery of nutrition
support parenteral and/or enteral was
36.4 and 31.8% of participants in the
closed-loop and control groups, respec-
tively. The proportion of participants
receiving postoperative glucocorticoids
was 13.6% in both groups. Length of
hospital stay was 9.5 days (25th; 75th

percentile 5.0; 15.3) in the closed-loop
group and 9.4 days (4.8; 13.0) in the control
group. Occurrence of surgical complica-
tions (assessed using the Clavien-Dindo
classification) did not significantly differ be-
tween the groups (Supplementary Material).

The proportion of time that sensor
glucose concentration was in the target
range (5.6–10.0 mmol/L; primary out-
come) was 22.0 percentage points (95%

CI 11.9; 32.0) higher in the closed-loop
group than in the control group (76.7 ±
10.1 vs. 54.7 ± 20.8%; P < 0.001) (Table 2).
Mean sensor glucose concentration was
significantly lower in the closed-loop group
than in the control group (8.0 ± 0.7 vs.
9.4 ± 2.5 mmol/L) (Table 2). Glycemic
variability during closed-loop therapy, as
measured by the SD of sensor glucose
measurement, was significantly lower
compared with conventional insulin therapy
(2.1 ± 0.4 vs. 2.6 ± 0.8 mmol/L; P = 0.011)
(Table 2). The coefficient of variation of
sensor glucose was 24.4 ± 3.9% during
closed-loop insulin therapy and 28.5 ±
7.1% with conventional insulin therapy
(P = 0.149). The proportion of time spent
at sensor glucose concentrations above
the target range (>10.0 mmol/L) was
significantly lower in the closed-loop
than in the control group (15.4 ± 8.4 vs.
33.9 ± 26.4%; P = 0.004), but the time
spent below the target range (<5.6
mmol/L) did not differ significantly
between groups (P = 0.257) (Table 2).
The proportion of time spent with concen-
trations <3.9, <3.0, and >20.0 mmol/L
were low and not significantly different be-
tween groups (Table 2). Total daily insulin
dose delivered did not differ significantly
between groups (P = 0.226) (Table 2).
Averaged 24-h profiles of sensor glucose
and insulin delivery data are illustrated
in Fig. 1. Mean daily sensor glucose val-
ues over the first 8 days of the study are
shown in Fig. 2.

The proportion of time that overnight
(00:00–06:00 h) and daytime (06:00–
00:00 h) sensor glucose concentrations
were in the target range was significantly
higher in the closed-loop group than in
the control group (overnight difference
21.4 percentage points [95% CI 10.2; 32.8
(P < 0.001)]; daytime difference 21.5 per-
centage points [10.1; 32.8 (P < 0.001)]).
Mean sensor glucose was significantly
lower in the closed-loop group than in the
control group during the overnight and
daytime periods (Supplementary Material).
SD of sensor glucose during the overnight
and daytime periods was significantly
lower in the closed-loop group than in
the control group. No significant dif-
ferences between groups were observed
for the coefficient of variation of sensor
glucose. Measures of hypoglycemia did
not significantly differ between groups
(Supplementary Material).

No episodes of severe hypoglycemia
or significant hyperglycemia with ketonemia

Table 1—Baseline characteristics

Closed-loop group Control group

Patients, n 22 22

Age (years) 67.3 ± 15.0 69.6 ± 9.6

Female sex 45.4 22.7

BMI (kg/m2) 30.8 ± 7.8 29.4 ± 3.7

HbA1c
% 7.5 ± 1.8 7.6 ± 1.9
mmol/mol 58.0 ± 19.7 60.0 ± 54.5

Diabetes duration (years)* 12.2 ± 10.5 8.2 ± 6.3

Duration of insulin therapy (years)** 4.4 ± 5.6 4.0 ± 4.9

Glucose-lowering therapy at enrollment (%)

Basal insulin therapy 18.2 31.8
Basal-bolus insulin therapy 27.3 31.8
Insulin naïve 54.5 36.4
Metformin 59.1 59.1
Gliptins 27.3 13.6
GLP-1RA 13.6 9.1
SGLT inhibitors 13.6 18.2
Sulfonylurea 9.1 0.0

Charlson comorbidity index 7.3 ± 3.8 8.0 ± 3.2

ACS risk of complications (%) 20.1 ± 13.1 22.7 ± 8.8

Surgical discipline (%)

Abdominal surgery 54.5 59.1
Neurosurgery 4.5 13.6
Orthopedic surgery 13.6 4.5
Thoracic surgery 4.5 0
Vascular surgery 22.7 22.7

Data are mean ± SD or %. ACS, American College of Surgeons; GLP-1RA, glucagon-like peptide 1
receptor agonist; SGLT, sodium–glucose cotransporter. *n = 21 per group (data from two
participants are missing). **Insulin-naïve patients are not considered.
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occurred in either group. One severe ad-
verse event (cardiac arrest) unrelated to
the study procedures occurred in one con-
trol participant (Table 3). Device deficiencies
occurred in six participants in the closed-
loop group and two in the control group.
The most common device deficiency was
intraoperative malfunction of the CGM
device, which in three cases resulted
in premature sensor failure requiring
replacement.

CONCLUSIONS

In this randomized controlled trial, we
compared the glycemic efficacy and
safety of fully closed-loop subcutaneous
insulin delivery with standard insulin
therapy in mixed elective surgery pa-
tients with diabetes other than type 1
from hospital admission until discharge
or a maximum of 20 days. We observed
that fully closed-loop insulin delivery
significantly improved glycemic control
by increasing the time spent in the gly-
cemic target range and lowering mean
sensor glucose. Improved glycemic con-
trol was notably achieved without in-
creasing the risk of hypoglycemia.

The glycemic benefits shown by this
study provide evidence that the fully
automated closed-loop approach has
the potential to substantially improve
glucose management during a complex
metabolic situation caused by surgical
stress and use of glucocorticoids, vaso-
pressors, and nutritional support. Enrolled
participants underwent a wide range of
surgical interventions with various post-
surgical procedures and needs. The

consistent benefit of the closed-loop
treatment underscores its wide appli-
cability due to its adaptive design for
personalized treatment.

Compared with our previous inpa-
tient fully closed-loop studies using the
same model predictive algorithm and
primary outcome measure (i.e., percent
time with sensor glucose between 5.6 and
10.0 mmol/L), the closed-loop approach in
the current study achieved an even higher
proportion of time spent in the target
range (77 vs. 66 [13] and 68% [14]). In
these previous studies, the fully closed-
loop system was started during the
course of the hospital stay (not upon
admission) and enrolled a mixed medi-
cal and surgical population. Of note,
the control group in the present study
showed a higher proportion of time
spent in the glucose target range com-
pared with those of the previous studies
(55 vs. 36 and 42%, respectively). We can
only speculate on the underlying reasons,
but the relatively high use of IV insulin in
the control group of the present study
may have resulted in a higher level of sur-
veillance and therapeutic adjustments,
and overall oral food intake may have
been lower than in previous studies.

Of note, this was a proof-of-concept
study and not powered to show poten-
tial differences in clinical outcomes such
as length of stay or postoperative com-
plications in previous studies. Whether
improved glucose control due to fully
closed-loop insulin delivery may trans-
late into improved clinical outcomes will
have to be investigated in trials with

larger sample sizes. The previously pub-
lished Randomized Study of Basal-Bolus
Insulin Therapy 2 Surgery (RABBIT 2 Sur-
gery) in general surgery patients with
type 2 diabetes demonstrated that
more intensive glucose control (basal-
bolus insulin therapy, n = 104) compared
with less stringent control (sliding scale
insulin [SSI] therapy, n = 107) resulted
in significantly reduced hospital compli-
cations (composite of wound infection,
pneumonia, bacteremia, and respiratory
and acute renal failure) (4). The mean
blood glucose levels in more intensively
versus less stringently controlled patients
were similar to mean sensor glucose lev-
els in the basal bolus vs. SSI group study
(e.g., 8.1 vs. 9.5 mmol/L). Conversely, the
average total insulin use in the RABBIT 2
Surgery study differed significantly be-
tween groups (33.4 vs. 12.3 units/day),
whereas no such between-group differ-
ence in insulin delivery was found in the
basal bolus vs. SSI group study. Finally,
better glucose control in the RABBIT 2
Surgery study came at a cost of a higher
risk of mild hypoglycemia (29 vs. 5% of
participants experienced blood glucose
levels <3.9 mmol/L), which could be
avoided using a fully closed-loop ap-
proach as done in the basal bolus vs.
SSI group study. Benefits of improved
perioperative glucose control on post-
operative complications were also dem-
onstrated in two meta-analyses (25,26).
Both analyses only considered random-
ized controlled trials, with the first focus-
ing on surgical site infections and the
second evaluating various postoperative

Table 2—Primary and secondary outcomes

Closed-loop group
(n = 22)

Control group
(n = 22)

Group
difference 95% CI P

Primary outcome
Percent time with sensor glucose in target range (5.6–10.0 mmol/L) 76.7 ± 10.1 54.7 ± 20.8 22.0 11.9; 32.0 <0.001

Secondary outcomes

Percent time with sensor glucose level (mmol/L)
3.9–10.0 84.2 ± 8.6 64.3 ± 25.4 19.9 8.2; 31.7 0.002
<5.6 6.4 (3.3; 9.0) 6.3 (1.5; 14.5) 0.3 �4.9; 3.2 0.953
<3.9 0.2 (0.0; 0.6) 0.0 (0.0; 0.6) 0.0 �0.03; 0.3 0.422
<3.0 0.0 (0.0; 0.01) 0.0 (0.0; 0.0) 0.0 0.0; 0.0 0.890
>10.0 15.4 ± 8.4 33.9 ± 26.4 �18.5 �30.7; �6.4 0.004
>20.0 0.0 (0.0; 0.0) 0.0 (0.0; 0.3) 0.0 �0.14; 0.0 0.071

Mean sensor glucose levels (mmol/L) 8.0 ± 0.7 9.4 ± 2.5 �1.4 �2.5; �0.2 0.025
SD sensor glucose levels (mmol/L) 2.1 ± 0.4 2.6 ± 0.8 �0.5 �0.9; �0.1 0.011
CV sensor glucose levels (%) 25.4 ± 3.9 28.5 ± 7.1 �3.1 �6.0; 1.0 0.149
Total daily insulin dose (IU) 27.1 ± 14.2 21.4 ± 16.7 5.7 �3.7; 15.2 0.226

Data are mean ± SD or median (25th; 75th percentile). P values were computed using Welch t test or Wilcoxon rank sum test. The 95% CI is
the difference in the location parameters (difference in means or Hodges-Lehman estimator). CV, coefficient of variation.
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complications. Authors concluded that
intensive glucose control resulted in a
lower risk of surgical site infections, overall
postoperative infectious complications,
atrial fibrillation, and renal failure, as
well as shorter length of stay in the
intensive care unit and hospital. How-
ever, in both analyses, intensive glu-
cose control was again shown to increase
the risk of hypoglycemia. It is well es-
tablished that episodes of hypoglycemia
should be avoided because they can
potentially result in cardiac arrhythmias,
neurocognitive dysfunction, longer intensive

care unit stay, and even death (27,28).
Since the closed-loop approach yielded
significantly better glucose control with-
out increasing the risk of hypoglycemia,
future work will need to determine
whether 1) this emerging treatment mo-
dality can translate into improved periop-
erative patient outcomes and 2) identify
specific patient groups in whom such ef-
forts are of particular relevance.

Apart from providing a tangible treat-
ment option, the presented fully closed-
loop approach, which uses the subcuta-
neous route for both glucose sensing

and insulin delivery, provides additional
insights into the ongoing debate regard-
ing the use of IV or subcutaneous insulin.
Our findings support the notion that
satisfactory control can be achieved us-
ing subcutaneous insulin delivery, even
in patients with complex needs. The fully
closed-loop subcutaneous insulin approach,
therefore, fits well into the call for prag-
matic glucose management in light of
the coronavirus disease 2019 pandemic,
which requires economical use of staff
resources and minimization of patient
interactions (29). Although the high staff
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Figure 1—Sensor glucose concentration and insulin delivery profiles. Top: sensor glucose in a 24 h representation during closed-loop and control
intervention. The target glucose range is 5.6–10.0 mmol/L. Bottom: algorithm-directed insulin delivery during closed-loop intervention. Solid lines
indicate medians and shaded areas indicate the interquartile range.
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costs of IV insulin delivery (30) can be
reduced through the use of a previously
published fully closed-loop system
combining IV insulin delivery with subcu-
taneous glucose sensing (31), IV insulin
delivery is often not feasible outside the
intensive care environment because of
lower staffing levels and safety concerns
(32,33).

We acknowledge some limitations
of the current study. The study was

conducted at a single center only with a
limited sample size. In addition, hospital
staff were not involved in the manage-
ment of study devices, precluding any
statements regarding its compatibility with
daily clinical and operational workflows.

In conclusion, we have shown that
fully closed-loop insulin delivery allows
for effective and safe perioperative gly-
cemic management in patients under-
going elective surgery. To support the

wider adoption of fully closed-loop insu-
lin therapy in the perioperative setting,
future research is required to assess
whether closed-loop glycemic control
can translate into improved clinical out-
comes and increased cost-effectiveness.
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Table 3—Safety and device issues

Closed-loop
group, n

Control
group, n

Severe hypoglycemic events (plasma glucose <2.2 mmol/L) 0 0

Significant hyperglycemic events* 0 0

Serious adverse events 0 1†

Adverse device effects 0 0

Other adverse events 3 1

Device deficiencies 6 2

*Defined as plasma glucose >20.0 mmol/L with ketonemia (b-hydoxybutyrate >1.0 mmol/L).
†Non–study-related (non–ST-elevated myocardial infarction). Nonserious adverse events included
hyperkalemic episodes requiring insulin correction in patients with end-stage renal disease and
postoperative edema.
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