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Abstract

Introduction/Objective: The scope of this review is a critical appraisal of the efficacy and safety of regulatory authorities-approved, commercially
available Hybrid Closed-Loop Systems compared to conventional treatments in individuals with Type 1 diabetes

Methods: Medline and Embase databases were searched for Randomized Controlled Trials (RCT), meta-analyses of RCTs and Real-World studies using
the terms hybrid closed-loop systems, automated insulin delivery systems and artificial pancreas.

Results: Limited data from Randomized Controlled Trials and meta-analyses and growing evidence from real-world use support the superiority of
Hybrid Closed-Loop Systems in improving all the Ambulatory Glucose Profile metrics compared to Sensor Augmented Pumps or Multiple Daily

Injections with Continuous Glucose Monitoring.

Conclusion: Commercially available Hybrid Closed-Loop Systems are effective in reducing HbAlc, increasing Time In Range and decreasing time in

the hypoglycemic range in individuals with Type 1 diabetes.
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Introduction

Despite progress in the treatment of Type 1 Diabetes (T1D), less
than one third of patients achieve optimal glycemic control [1,2].
Emerging technologies by means of newer insulin pumps, more reliable
glucose sensors and efficient control algorithms drive a paradigm shift
in the treatment of diabetes. Hybrid Closed-Loop Systems (HCLS),
or else Automated Insulin Delivery (AID) systems represent the
most advanced currently available treatment for T1D. These systems
integrate data from Continuous Glucose Monitoring (CGM), a control
algorithm and an insulin pump into an automated glucose-responsive
subcutaneous insulin infusion. Mimicking basal endogenous insulin
production, HCLS automatically modify insulin infusion rates during
fasting state thus eliminating patients’ involvement with the self-
management of diabetes to prandial boluses that are still given manually
through a user-initiated procedure [3]. Three main classes of control
algorithms are currently used to determine the insulin infusion rates in
HCLS: Model Predictive Control (MPC) uses inputs such as Insulin to
Carbohydrates Ratio (ICR), Active Insulin Time (AIT), glucose target
and insulin sensitivity to build and update an individually customized
algorithm. The Proportional-Integral-Derivative (PID) algorithm
modifies insulin infusion rates in response to glucose increments
(proportional component), difference from preset glycemic target
(integral component), and the rate of glucose fluctuation (derivative
component). Finally, Fuzzy logic algorithms combining elements
of the other two mimic the decision-making of diabetes clinicians
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based on the current state of the user and accommodating day-to-
day variations [4]. Fully closed-loop systems that require no user
intervention are under investigation.This narrative review investigates
the efficacy and safety of the commercially available HCLS. Medline
and Embase databases were searched for Randomized Controlled
Trials (RCT), meta-analyses of RCTs and Real-World studies published
up to 31.01.2024 using the terms hybrid closed-loop systems, automated
insulin delivery systems and artificial pancreas. The psychosocial impact
and the cost effectiveness of HCLS are beyond the aims of this review.

Commercially Available Regulatory Authorities
Approved HCLS

The Medtronic 670G was the first HCLS cleared by the U.S. Food
and Drug Administration (FDA) and the Conformite Européenne
(CE) for ages above 7 years [5]. It was initially upgraded to the 770G
(FDA approved, licensed for age 2 and above) and finally to the 780G
(CE marked, licensed for age 7-80 years). Also known as the Advanced
Hybrid Closed Loop (AHCL), the 780G incorporates Bluetooth
connectivity and remote software updates. In addition, 780G
automatically deliver correction boluses while maintenance in auto
mode is substantially increased compared to 670G [6]. Medtronic’s
PID algorithm is installed in the pump. Initiation of the auto-mode
requires Insulin to Creatinine Ratio (ICR), Active Insulin Time (AIT)
and glucose target. Two glucose sensors are compatible with the 780G:
Guardian 3 lasts up to 7 days and requires at least 2 calibrations per
day ,while the recently launched Guardian 4 requires no calibrations.
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CamAPS FX (CamDiab, Cambridge, UK) is a HCLS using a MPC
algorithm embedded into an Android smartphone. Both Dexcom
G6 glucose sensors which last for 10 days and require no calibration
and Libre 3 CGM devices are compatible with the algorithm. Insulin
infusion is mediated by Dana RS, Dana I or YpsoPump insulin pumps.
CamAPS FX is, for the time being, the only HCLS licensed by CE for
use from 1 year upwards and in pregnancy [7,8]. It is also the HCLS
where both rapid and ultra-rapid insulin analogues have been tested in
clinical studies. In addition, CamAPS FX allows for multiple glucose
targets to be set at different times.

Control IQ HCLS combines the Tandem t: slim X2 insulin pump
with a MPC algorithm incorporated, the Dexcom G6 glucose sensor,
and the Control-IQ technology. It is approved by both FDA and CE
for use in ages 6 and above, but not during pregnancy. Augmented
by total daily insulin dose and a preset basal program the Control-IQ
algorithm predicts glucose value thirty minutes in advance adapting
insulin infusion rate to achieve a preset glucose target which can be
differentiated during nighttime and before announced exercise [6].

The Insulet Omnipod 5 combines a patch insulin pump, operated
by a wireless handheld device with the Dexcom G6 CGM. It is the
first tubeless HCLS cleared by FDA and CE marked for T1D patients
aged 2 years or older. It is not approved for use during pregnancy.
The adaptive MPC algorithm installed in the Omnipod 5 pump and
Omnipod 5 application is initiated using total daily insulin dose and
delivers insulin micro-boluses every 5min [9].

The Diabeloop Generation 1 (DBLG1) HCLS is a combination of
Kaleido patch pump or Roche Accu-check pump, with Dexcom G6
glucose sensor, and a command module running the systems MPC
algorithm. It has received the CE mark for use in adults with T1D and
is available in some countries in Europe [3]. A partly differentiated
version of DBLGI, the Diabeloop for Highly Unstable Type 1Diabetes
(DBLHU) has been recently approved in Europe for use by individuals
with unstable diabetes [10].

Data from RCTs

The efficacy and safety of HCLS have been tested in a limited
number of RCTs. In most of these crossover trials the number of
participants was small, and the duration of intervention did not

exceed six months.

Mc Auley et al. compared 670G HCLS to conventional treatment
with Multiple Daily Injections (MDI) or insulin pump in adults with
T1D. After 6 months intervention HbA1lc was lower (-0.4%; -4mmol/
mol, p<0.0001) and Time In Range (TIR) 70-180mg/dl; 3.9-10mmol/l
was 15% higher (p<0.0001) with HCLS [11]. In a 4-week periods,
crossover study, in AID naive patients with T1D aged 7-80 years
Collyns at al. compared 780G or Advanced Hybrid Closed-Loop
System (AHCL) to therapy with Sensor Augmented Pump (SAP) with
a Predictive Low Glucose Suspend (PLGS) algorithm. At the end of the
study TIR was higher with AHCL (70.4% + 8.1% vs. 57.9% + 11.7%)
by 12.5% + 8.5% (p< 0.001), The improvement in TIR was even greater
overnight (18.8 £ 12.9%, p<0.001) and in adolescents and young
adults group (14-21 years) (14.4%+8.4%). During AHCL therapy,
time with glucose <70 mg/dL,3.9mmol/l significantly decreased from
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3.1%£2.1% to 2.1% + 1.4% (p= 0.034) [12]. In the ADAPT study,
82 adults with T1D were randomly assigned to AHCL treatment or
continuation of the conventional treatment with MDI combined with
CGM. At 6 months, mean HbAlc decreased by 1.54%, from 9.0%
to 7.32%, in the AHCL group and by 0.20%, from 9.07% to 8.91%,
in the MDI plus CGM (between AHCL and MDI mean difference
—-1.42%, 95% CI —1.74% to —1.10%, p<0.0001) [13]. In a small, 12-
week periods, crossover study 780G was superior to 670G in reducing
HbA1lc (mean difference -0.2%, p=0.03) and in increasing TIR (4%,
p<0.0001) with no difference in hypoglycemia [14].

The CamAPS FX HCLS has been tested in a broad population of
patients with T1D from children 1 year old, to elderly individuals and
pregnant women. Tauschmann et al compared HCLS to treatment
with SAP with the threshold suspend and PLGS features inactivated
in individuals with T1D from the age of 6 years. After 12 weeks
intervention, HbAlc was significantly lower (mean difference 0.36%,
95% CI 0.19% to 0.53%, p<0.0001) and TIR was significantly higher
(65%+ 8% vs 54%+ 9%, mean difference 10.8%, 95% CI: 8.2% to
13.5%, p<0.0001) with HCLS compared to SAP. The time with glucose
values within the ranges of hypoglycemia (<70mg/dl;3.9mmol/l)
and hyperglycemia (>180mg/d];10.0mmol/l) was also significantly
reduced by -0.83%, 95% CI -1.40% to -0.16%, p=0.0013 and -10.3%,
95% CI -13.2% to -7.5%, p<0.0001, respectively with HCLS treatment
compared to SAP. Severe adverse events were restricted to one episode
of Diabetic Ketoacidosis (DKA) due to infusion set occlusion in the
HCLS group, while no episodes of severe hypoglycemia were reported
with either treatment Adverse events were numerically more in the
HCLS group (13 vs 3) [15]. In another randomized crossover study
adults previously treated with an insulin pump were assigned to
HCLS therapy or continuation of insulin pump treatment for periods
lasting 4 weeks. Compared to_conventional insulin pump treatment,
HCLS increased TIR by 10.5 percentage points;95% CI 7.6% to 13.4%,
p<0.0001 and reduced time in the hypoglycemia range <3.5 mmol/L
and <2.8 mmol/L by 65% and 76%,respectively (p<0.0001 for both
comparisons), without increasing the risk of severe hypoglycemia or
DKA [16]. Similarly, Thabit et al. reported decrease in HbAlc (mean
difference —0.3%; 95% CI —0.5% to —0.1%, p=0.002) and 11% increase
in TIR (95% CI, 8.1% to 13.8%) in adults treated with HCLS compared
to SAP therapy [17]. In another multicenter, crossover trial,74 children
1 to 7 years old with T1D previously on insulin pump were randomized
to receive HCLS or SAP treatment for two 16-week periods. During
the closed-loop treatment TIR increased by 8.7 percentage points (95%
CI, 7.4% to 9.9%, p<0.001) and HbAlc decreased by 0.4 percentage
points (95% CI, —0.5% to —0.3%), while time spent in hypoglycemia
was similar with the two treatments (p =0.74). One episode of severe
hypoglycemia occurred during treatment with HCLS [18]. The
efficacy and safety of CamAPS FX HCLS was also tested in16 pregnant
women with T1D and gestational age 8-24 weeks randomized to
receive closed-loop treatment or therapy with SAP without the option
of PLGS. HbAlc, TIR and Time in Hyperglycemia>140mg/dl were
comparable between HCLS and SAP. However, the incidence of
hypoglycemia (median number of episodes over 28 days treatment: 8
vs 12, p=0.04) as well as the time with glucose values below 63mg/dl
(1.6% vs 2.7%, p=0.02) and below 50mg/dl (0.24% vs 0.47%, p=0.03)
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favoured treatment with HCLS. Nocturnal hypoglycaemia (23: 00-07:
00 h) was also lower with HCLS treatment (1.1% vs 2.7%; p=0.008)
[19]. Finally, in a randomized crossover trial 37 patients>60 years
old were enrolled to receive treatment with CamAPS FX HCLS or
SAP therapy. After two 16-week periods, individuals assigned to
HCLS treatment achieved significantly higher TIR (79.9% vs 71.4%
p<0.0001). Severe hypoglycemia occurred twice during SAP period
[20].

Four RCTs investigated the performance of the Control-IQ
HCLS in a broad population of individuals with T1D. In a 6-month,
multicenter trial,168 patients, at least 14 years old, with T1D were
randomized to therapy with HCLS, or SAP. At the end of intervention
the results for all the prespecified endpoints favoured treatment with
HCLS. The TIR 70-180mg/dl increased by 11% (95%CIL, 9% to 14%,
p<0.001) with concomitant decrease in time with glucose below
70mg/dl by 0.88% (95% CI, —1.19% to —0.57%, p<0.001) and in
HbAlc by 0.33% (95% CI, —0.53% to —0.13%, p = 0.001). Treatment
with HCLS was safe with no episodes of severe hypoglycemia and
one episode of DKA [21]. In another 16-week, multicenter trial, 101
young children between 6 and 13 year-old with T1D were randomized
to treatment with HCLS or SAP. Compared to SAP, HCLS treatment
increased the TIR 70-180mg/dl by 11% (95% CI, 7% to 14%, p<0.001)
adding 2.6 hours of euglycemia per day, with no episodes of DKA or
severe hypoglycemia [22]. Recently, in a trial lasting 13 weeks, 102
children with TID between 2 and 6-year-old were randomized to
receive treatment with HCLS or conventional treatment with either
an insulin pump or MDI plus a CGM. HCLS treatment resulted in
an increase in TIR 70-180mg/dl by 12.4% (95% CI, 9.5% to 15.3%,
p<0.001) adding about 3 hours of euglycemia per day. HbAlc and
time with glucose values below 70 mg/dl were comparable between
the two interventions. Two episodes of severe hypoglycemia and one
episode of DKA occurred during treatment with HCLS, while one
case of severe hypoglycemia occurred during conventional treatment
[23]. Finally, Control-IQ HCLS was compared with insulin pump and
CGM treatment in 72 adults with impaired hypoglycemia perception
defined as Clarke score >3 and/or history of severe hypoglycemia
within the last 6 months. After 12 weeks intervention HCLS treatment
resulted in significant reduction in time with glucose below 70mg/dl
(TBR) by 23.7% (95% CI 24.8% to 22.6%, p < 0.001). In addition, TIR
70-180mg/dl increased by 8.6% (95% CI 5.2% to 12.1%, p < 0.001),
and Time in hyperglycemia above 180mg/dl (TAR) decreased by 25%
(95% CI 87.7% to 1.8%, p=0.004) [24].

The DBLG1 HCLS was compared to SAP in 63 adults withT1D
and preserved hypoglycemia awareness. After 12-week periods
interventions TIR 70-180mg/dl increased by 9.2% (95% CI 6.4%
to 11.9%, p<0.0001) with HCLS compared to SAP treatment [25].
In another RCT, DBLG1 HCLS was compared to SAP in children
aged 6-12. After 13 weeks, treatment with HCLS decreased time in
the hypoglycemic range below 70mg/dl (2.04% with HCLS vs 7.06%
with SAP, p<0.001), without episodes of severe hypoglycemia or
DKA [26]. The DBLHU HCLS, derived from DBLGI, was tested in a
randomized, controlled study that comprised 2 circles of N-of-1 trials
in 5 adults with TID with severe glucose instability that could lead
to eligibility for islet transplantation. Compared to SAP with PLGS
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feature activated, DBLHU treatment resulted in significantly higher
TIR 70-180mg/dl (73.3%+1.7% vs 43.5%+1.7%, p<0.0001) and lower
time with glucose<70mg/dl (0.9%+0.4% vs 3.7%+0.4%, p<0.0001)
with no adverse events reported [10].

Data from Meta-analyses of RCTs

Six meta-analyses reported data from RCTs comparing
intervention with a HCLS to other standard treatments for T1D such
as MDI with Self-Monitoring of Blood Glucose (SMBG), flash or
Continuous Glucose Monitoring, Continuous Subcutaneous Insulin
Infusion (CSII), SAP and SAP with PLGS [27-32]. In all meta-analyses
the intervention with HCLS was associated with significant increase
in TIR 70-180mg/dl for sensor glucose. This increase ranged from
6.2% when HCLS was used during exercise to 17.9% when HCLS
was compared to MDI with SMBG [29,30]. Time Below the Range of
70mg/dl (TBR) was significantly reduced by 1.09%, 1.49% and 2.45%
in three meta-analyses remaining unchanged in the rest of them
[27,31,32]. Similarly, a significant decrease in Time Above the Range
of 180mg/dl (TAR) 8.5% and 8.9% was reported in two of the meta-
analyses [27,31]. Overall, the existing meta-analyses comprising data
from a wide range of patients and interventions in outpatient settings
have shown the superiority of HCLS over conventional treatments in
increasing time in euglycemia and reducing time in hypoglycemia in
individuals with T1D.

Real-World Data

As commercial availability and affordability of HCLS increases,
more and more people with T1D use technology for their treatment.
However, reimbursement status, and socioeconomic criteria may still
limit the access to advanced technology treatments to a large number
of individuals with diabetes that could potentially benefit from it
[1,33]. Evidence from real-world use of HCLS capture information
from a broader patient population, such as those with bad glucose
control and hypoglycemia unawareness, often under-represented
in clinical trials. In addition, longer use of HCLS under real-life
conditions may reveal adverse events and potential interactions with
comorbidities that could not emerge during short-time intervention
in a clinical trial.

Recently, Arunachalum et al. reported glycemic outcomes during
real-world 670G HCLS use by alarge cohort of 123,355 individuals with
T1D in the United States. Compared with pre-670G initiation, HCLS
users with a baseline Glucose Management Index (GMI) above 7%
showed significant decrease in GMI from 7.3%=+ 0.6% to 7.1%= 0.5%
(p <0.001), in TBR<70 mg/dL, from 2.11%+2.4% to 2.07%=+ 2.25% (p
=0.002), and in TAR>180 mg/dL from 36.3%%15.7% to 29.8%+12.2%
(p<0 .001), while TIR substantially increased from 61.5%+ 15.1% to
68.1% £11.9% (p <0.001). In users previously well-controlled with
GMI<7%, TIR remained unchanged with HCLS treatment [34]. These
results are in accordance with outcomes reported from numerous
previous real-world studies with the use of 670G [35-45].

Outcomes from real-world use of 780G AHCLS from 4,120
individuals with T1D were reported by Da Silva et al. Treatment with
AHCLS resulted in multiple glycemic targets achievement in almost
80% of individuals, with mean GMI 6.8%+0.3%, TIR 70-180mg/
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dl 76.2%+ 9.1%, TBR<70mg/dl 2.5%* 2.1%, and TAR >180mg/dl
21.3%%9.4%. Compared to the previous treatment (data available for
812 individuals) AHCLS further reduced GMI by 0.4% + 0.4% (p =
0.005) and increased TIR by 12.1%+10.5% (p < 0.0001). Almost 75%
of AHCLS users achieved both the glycemic targets of GMI <7.0%
and TIR>70% [46]. In another real-world study, treatment with 780G
resulted in significant improvement in all ambulatory glucose profile
metrics with decrease in mean GMI from 7.9 + 2.1% to 6.95 + 0.58%,
increase in TIR from 63.48 + 10.14% to 81.54 + 8.43%, and substantial
decrease in time spent in the hyperglycemic (>180mg/dl) and in the
hypoglycemic (<70mg/dl) range [47].

The performance of CamAPS FX HCLS was analyzed with
real-world evidence from 1,805 users across different age groups
and countries. TIR (70-180mg/dl, 3.9-10 mmol/L) ranged from
66.9+11.7% in children younger than 6 years to 81.8+ 8.7% in
elderly above 65 years with the mean TIR for all users being
72.6£11.5%. TBR (<70mg/dl, 3.9 mmol/L) was 2.3% while mean
sensor glucose and GMI were 151+20mg/dl, 8.4+ 1.1 mmol/L and
6.9%, respectively. Adherence to closed loop use was as high as 94.7%
[48]. Ng et al. reported also significant improvement in HbAlc (pre-
HCLS: 7.943.2%, 63+12mmol/mol, at 3 months: 7.3+3.0%, 56.6
+ 9.3mmil/mol, p=0.03), TIR (at baseline 50.5+17.4%, at 3 months
67.0+ 14%,p=0.001), and TBR (at baseline 4.3+1.6%, at 3 months
2.8+1.4%,p=0.004) after 3-months real life use of CamAPS FX HCLS
from a small cohort of individuals with T1D [49].

Results from real-world performance of Control-IQ HCLS were
reported by Breton and Kovatchev analyzing retrospectively data
from 9,451 individuals using the HCLS for at least 12 months. Median
TIR 70-180 mg/dL increased from 63.6 % (IQR: 49.9%-75.6%)
to 73.6% (IQR: 64.4%-81.8%) after 12 months use of Control-IQ
technology remaining stable thereafter. Median TBR <70 mg/dL was
1% at baseline and did not change with HCLS treatment [50]. In the
Control-IQ Observational (CLIO) study almost 3,000 individuals with
T1D older than 6 years initiated treatment with theControl-IQ HCLS
and were longitudinally observed in real-world focusing primarily on
adverse events (AE) such as severe hypoglycemia and DKA. AEs were
reported every month over a period of 12 months and were compared
to data available from the participants in the T1D Exchange cohort.
Rates of severe hypoglycemia were significantly lower than those
expected from conventional treatment both for children (9.31 vs. 19.31
events/100 patient years, p< 0.01) and adults (9.77 vs. 29.49 events/100
patient years, p< 0.01). DKA incidence was also significantly lower in
all HCLS users. AEs incidence was lower for all the range of baseline
HbA1lc and was independent to prior treatment. TIR 70-180mg/dL
was 70.1% for adults, 61.2% for ages 6-13, 60.9% for ages14-17, and
67.3% overall. Less self-involvement in the management of diabetes
was steadily reported by most of the users [51].

Real-world performance of DBLG1 HCLS was assessed in a small
cohort of T1D individuals. After 6 months, HCLS therapy resulted
in decrease in HbAlc from 7.9%, 63 mmol/mol, to 7.1%,54 mmol/
mol (p<0.001), increase in TIR 70-180 mg/dL from 53% to 69.7%
(p<0.0001), and decrease in TBR <70 mg/dl from 2.4% to 1.3%
(p=0.03), without episodes of severe hypoglycemia or DKA [52]. In a
retrospective observational study, real world use of Omnipod 5 HCLS
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from a cohort of 179 individuals with T1D resulted in reduction of
HbAlc by a mean of -0.2+1.0%, p=0.005 [53].

Recently, Crabtree et al. reported data from 520 HCLS users
with TID followed-up for a median of 5.1 months after initiation
of any of the available in England HCLS. Treatment with HCLS
reduced HbAlc by 1.7%,18.1mmol/mol (95% CI 1.5%,16mmol/mol
to 1.8%,19.6mmol/mol p < 0.0001), and increased TIR 70-180 mg/
dl from 34.2% to 61.9% (p< 0.001). More users on HCLS treatment
achieved optimal glycemic control defined as HbA1¢<7.5%,58 mmol/
mol (from 0% at baseline to 39.4%, p < 0.0001) and TIR 70-180mg/
dl=70% with TBR 70mg/dl <4% (from 0.8 at baseline to 28.2%, p <
0.0001). Almost all participants reported improvement in the quality
of their life with HCLS therapy [54].

Future Perspectives

Several other closed-loop systems, such as Tidepool Loop MPC
algorithm, Inreda PID algorithm and the iLet bionic pancreas, are
under clinical investigation, or at the final stage to receive approval
by regulatory authorities [55]. Compared to other HCLS, iLet bionic
pancreas allows for a qualitative approach to meal announcement
defining a scheduled meal as usual, bigger or smaller than usual
thus alleviating the burden of accurate carbohydrates counting
[56]. Do-It-Yourself (DIY) Artificial Pancreas Systems are based
on the combination of existing CGMs and pumps with open-
source algorithms engineered mostly by individuals experienced
in self-management of their diabetes and embedded within a smart
device. While there are still concerns about safety, preliminary data
demonstrate an efficacy comparable to that of licensed systems [57].

Dual Hormone (DH) artificial pancreas combines insulin with
glucagon or pramlintide. Although DH systems seem to better mimic
normal pancreatic function, results from clinical trials have not so far
shown superiority over single hormone systems in outpatient settings
[58,59]. New algorithms that incorporate more detailed data such as
pulse rate, sweat, movements and step count in glucose management
are under development and may be a step ahead to the fully closed-
loop systems that require no intervention from the user [60,61]

Conclusions

Commercially available HCLS are effective in reducing HbAlc,
increasing TIR and decreasing time spent in hypoglycemia in
individuals with T1D. Although data from RCTs are limited for some
of these systems, real-world data from thousands of current users
confirm the efficacy and safety already established in the environment
of clinical trials in a broad age population from early childhood to older
adults. Areas that need further investigation include the use of HCLS
in pregnancy and during exercise as well as the management of meals.
Technology can alleviate much of the daily burden of people with T1D.
However, the cost of HCLS and the existing reimbursement disparities
may discourage many people with TID and suboptimal glycemic
control from using technology, contributing to socioeconomics and
geographical inequities in the treatment of T1D.
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