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Abstract
Automated insulin delivery (AID) systems, so-called closed-loop systems or artificial pancreas, are based upon the concept 
of insulin supply driven by blood glucose levels and their variations according to body glucose needs, glucose intakes and 
insulin action. They include a continuous glucose monitoring device which provides a signal to a control algorithm tuning 
insulin delivery from an infusion pump. The control algorithm is the key of the system since it commands insulin adminis-
tration in order to maintain blood glucose in a predefined target range and close to a near-normal glucose level. The last two 
decades have shown dramatic advances toward the use in free life of AID systems for routine care of type 1 diabetes through 
step-by-step demonstrations of feasibility, safety and efficacy in successive hospital, transitional and outpatient trials. Because 
of the constraints of pharmacokinetics and dynamics of subcutaneous insulin delivery, the currently available AID systems 
are all ‘hybrid’ or ‘semi-automated’ insulin delivery systems with a need of meal and exercise announcements in order to 
anticipate rapid glucose variations through pre-meal bolus or pre-exercise reduction of infusion rate. Nevertheless, these 
AID systems significantly improve time spent in a near-normal range with a reduction of the risk of hypoglycemia and the 
mental load of managing diabetes in everyday life, representing a milestone in insulin therapy. Expected progression toward 
fully automated, further miniaturized and integrated, possibly implantable on long-term and more physiological closed-loop 
systems paves the way for a functional cure of type 1 diabetes.
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Introduction

Loss of insulin secretion in type 1 diabetes (T1D) implies the 
vital need of insulin administration which became available 
shortly after the discovery of insulin in 1921. The results 
of the Diabetes Control and Complications Trial (DCCT) 
documented the need for targeting near-normal glucose res-
toration in patients with T1D in order to prevent diabetes 

complications [1]. Reaching optimal glucose control in order 
to prevent these complications with the use of multiple daily 
insulin injections or insulin pumps without the availability 
of insulin analogues and continuous glucose monitoring 
(CGM) was, however, hardly achievable without a highly 
burdensome commitment of the patients and an intensive 
support from the diabetes health care providers, as shown by 
the post-study Epidemiology of Diabetes Interventions and 
Complications (EDIC) during which HbA1c levels increased 
by an average 1% (5 mmol/mol) in the DCCT “intensive 
control” arm [2]. Moreover targeting normoglycemia was 
associated with an increased risk of severe hypoglycemia 
during the DCCT [3]. These hurdles in reaching and main-
taining near-normal glucose control in free life are related to 
the variability of body insulin needs due to the many factors 
which influence blood glucose levels, resulting in a difficult 
matching of timely delivery of insulin according to T1D 
patient’s need [4]. Recently reported observatories of glu-
cose control in T1D patients in North America and the other 
continents highlight the current failure in reaching optimal 
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goals in the majority of patients in spite of the incremental 
use of insulin analogues, insulin pumps and CGM systems 
[5, 6]. In order to allow fast tuning of insulin delivery, con-
tinuous insulin infusion automatically modulated accord-
ing to blood glucose levels and trends is needed. This is 
the concept of automated insulin delivery (AID) systems, 
aka “artificial pancreas” (AP) or “closed-loop systems” [7], 
depicted as early as in the 1970s. The 3 key components of 
these closed-loop systems include continuous insulin deliv-
ery, CGM and a control algorithm. This narrative review 
paper describes the ‘closed-loop’ saga from early research 
investigations to routine care of T1D (Fig. 1). 

Early approaches of AID systems

Bedside artificial (endocrine) pancreas models have been 
developed in the 1970s, almost simultaneously in Europe, 
Japan and Northern America [8–10]. These systems, such as 
the Biostator®[11], included intravenous (IV) insulin infu-
sion from a motor-driven syringe, CGM by an extracorporeal 
enzymatic sensor from an access to IV blood and a comput-
ing system that drove insulin delivery to keep glucose levels 
in a close to normal range based upon proportional-deriva-
tive (PD) algorithms. These feedback algorithms modulate 
insulin delivery according to the difference between current 
glucose level and the target level (proportional component) 
and the glucose rate-of-change (derivative component). An 
IV glucose infusion line was also available in case of glucose 
lowering toward hypoglycemia. These systems were shown 
to be able to keep blood glucose in a near-normal glucose 

range. The technologies were, however, unavailable by these 
times to allow ambulatory implementation. While portable 
insulin pumps were gradually developed from the 1980s, 
mostly using subcutaneous (SC) insulin infusion, the lack of 
reliable glucose sensors allowing wearable CGM remained 
the bottle-neck for further progression toward an outpatient 
use of AID systems.

The availability of sufficiently safe and accurate SC glu-
cose sensors from 1999 opened the door for a renewal of the 
AID concept for diabetes care [12]. Meanwhile, modeling 
of glucose metabolism and insulin action led to the develop-
ment of simulation platforms that allowed the design and the 
assessment of closed-loop algorithms through in silico tri-
als in which virtual patients with diabetes could be submit-
ted to insulin infusion according to glucose evolution [13]. 
Attempts were initially performed to develop and investi-
gate in patients with diabetes sophisticated fully implanted 
closed-loop systems which combined IV glucose sensing via 
implanted long-term sensors placed through jugular or sub-
clavian access and intra-peritoneal (IP) insulin delivery from 
implanted pumps [14]. The rationale for this initial choice 
was based upon the expected fast glucose sensing and insulin 
action thanks to the respective IV and IP routes. Using PD 
algorithms derived from earlier experiments with bedside 
AP systems, or secondarily newly designed proportional-
integral-derivative (PID) algorithms to take into account the 
observed internal delays of glucose sensing inherent to the 
implanted sensors and the somewhat delayed insulin action 
of IP insulin compared to IV insulin, closed-loop glucose 
control could be reported in 48-h hospital trials with up to 
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Fig. 1   The closed-loop saga: 45-year history from early prototypes to systems available for routine care
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91.7% time spent in 80–240 mg/dl glucose range [15]. The 
invasiveness and limited lifetime of implanted IV sensors 
led to a move to SC sensors connected to IP-insulin pumps 
which allowed keeping glucose in 80–180 mg/dl range for 
76.5% of time in hospital trials under a hybrid closed-loop 
design including priming pre-meal bolus [16]. Nevertheless, 
the limited extension of IP insulin use worldwide compared 
to the broadly adopted continuous subcutaneous insulin infu-
sion (CSII) from wearable pumps drove the research efforts 
toward the privileged SC sensing-SC infusion combination, 
supported by funding from the Juvenile Diabetes Research 
Foundation (JDRF) from 2006, US National Institute of 
Health (NIH) from 2009 and European Union (EU) from 
2010.

Implementation of CSII and SC CGM 
for investigations of AID systems in a controlled 
setting

While ADICOL experience [17] with simulated SC glucose 
sensing and newly designed model predictive control (MPC) 
algorithms which took into account delays of SC sensing and 
SC insulin action had shown the feasibility of a semi-closed-
loop insulin delivery (i.e., closed-loop control between 
meals and prandial insulin bolus), the first full-closed-loop 
30-h inpatient clinical experiment with actual SC sensing, 
SC insulin infusion and a PID algorithm was reported by 
Steil et al. in a landmark paper in 2006 [18]. Glucose was 
kept for 75% of time in 70–180 mg/dl range, but time spent 
below 60 mg/dl was not reduced under closed-loop glucose 
control. Indeed, full-closed-loop insulin delivery at meal-
times resulted in early blood glucose spikes followed by late 
post-meal hypoglycemia due to the delayed action of SC 
infused insulin in response to the increase in blood glucose 
levels following meal intakes. This phenomenon could be 
prevented by manually ordered pre-meal bolus as shown by 
Weinzimer et al. [19]. Hence, further developments of AP 
systems using SC glucose sensing and SC insulin infusion 
have followed this hybrid configuration of closed-loop, also 
called semi-closed-loop, which includes meal announcement 
so that meal intakes are preceded by an insulin bolus com-
puted according the carbohydrate component of the meal, 
the pre-meal blood glucose level and the estimated ‘insulin 
on board’ according to insulin infusion rate [20].

Following the first trials that showed the feasibility of 
closed-loop insulin delivery by SC glucose sensing and SC 
insulin delivery, the primary concern became the preven-
tion of hypoglycemia while using these systems since a 
failure on this matter would prevent any progression toward 
outpatient use of AID. Because nocturnal hypoglycemia 
is especially fearful in young T1D patients, Hovorka et al. 
assessed for the first time in children and adolescents how 
an AID system using an MPC algorithm could reduce the 

risk of hypoglycemia at night while improving time spent in 
a near-normal glucose range compared to CSII [21]. In their 
seminal paper which cumulated three randomized control 
trials, these authors reported in a pooled analysis an increase 
of % time spent in the target range (70–145 mg/dl) from 40 
to 60% while % time spent below 70 mg/dl was reduced 
by half from 4.1 to 2.1%. Similar results were reported by 
Kovatchev et al. in adult T1D patients who were investi-
gated for night-time control using another combination of 
SC glucose monitoring system, SC insulin pump and MPC 
algorithm [22].

Meanwhile, the Boston University group assessed the 
feasibility of an AID system which combined SC glucose 
monitoring and both SC insulin and SC glucagon infu-
sions, driven by an MPC algorithm and a PD algorithm, 
respectively [23]. While glucose was kept for 68% of time 
in 70–180 mg/dl target range with minimal time spent in 
hypoglycemia (0.7%) during 51 h, the percent time in target 
overnight reached 93%. These results suggested a poten-
tial additional benefit of glucagon infusion for minimizing 
hypoglycemia at the cost of a more cumbersome system due 
to the need of wearing two infusion pumps and changing 
glucagon solution daily because of its poor physical stability.

In order to further reduce the risk of hypoglycemia while 
keeping single-hormone (insulin) infusion, the concept of a 
safety supervising module working in addition to the range 
control algorithm was brought by the international AP study 
group [24]. This modular control-to-range algorithm was 
assessed during 22-h admissions in two randomized con-
trol studies versus CSII, showing its ability to keep glucose 
between 70 and 180 mg/dl for 97% of time and between 80 
and 140 mg/dl for 77% of time with a reduction by 2.7-fold 
of time spent below 70 mg/dl and reduced overnight glucose 
variability [25]. Moreover, these investigations reported for 
the first time the ability of closed-loop control to reduce 
significantly mean blood glucose level without increasing 
hypoglycemia in hospital-setting.

The safety of closed-loop systems for glucose control 
at night-time was further confirmed by the DREAM group 
which used an MD-Logic algorithm based on fuzzy logic 
design, i.e., on the estimated risks of hyper-or hypoglycemia 
according to physician and patient experiences without any 
pre-established equations linking glucose level to insulin 
delivery [26]. This algorithm was run on a laptop which 
received inputs from continuous SC glucose sensing and 
sent outputs to a SC insulin infusion pump. Children hosted 
in diabetes camps showed reduced occurrence of hypoglyce-
mic events and time spent in hypoglycemia overnight when 
using the AID system compared to CSII during two nights 
submitted to each option in randomized order.

Beside extending the study period over 24 h, the EU-
funded ‘AP at home’ consortium randomly assessed in 
48 adult T1D patients two MPC algorithms compared to 
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patient use of a sensor-augmented pump (SAP) about their 
ability to keep blood glucose in 70–180 mg/dl range [27]. 
While time in target range was similar with the two AID 
options and SAP (close to 60% over 24 h), the AID systems 
appeared as safer since % time spent with blood glucose 
below 70 mg/dl was 2 and 2.1% vs. 6.4% with SAP. From 
this demonstrated and confirmed safety of various closed-
loop systems, a move to experiments in a less controlled 
environment was considered. These so-called transitional 
trials aimed at demonstrating the feasibility, the safety and 
the efficacy of closed-loop systems in home-like conditions. 
A key-element of feasibility was the availability of a wear-
able platform able to run the control algorithm and to offer 
an easy-to-understand interface to the patient that allows 
monitoring of AID functioning.

Assessment of closed‑loop systems in home‑like 
setting

Following the DREAM study mentioned above, several stud-
ies have been performed in diabetes camps, mostly in chil-
dren and adolescents with T1D in order to assess the safety 
and the efficacy of closed-loop systems while the patients 
were hosted in a less protected environment than in a Clini-
cal Research Centre. Closed loop was active either overnight 
only or day and night during periods of 5–6 days. Systems 
with insulin use only showed similar percent time in target 
range under closed-loop vs. SAP overnight [28] or vs. SAP 
with threshold low glucose suspend during day and night 
[29]. A bi-hormonal system (insulin and glucagon) showed 
lower mean sensor glucose and percent time with glucose 
below 60 or 70 mg/dl when compared to patient use of an 
insulin pump [30].

The first report of ‘true’ outpatient AP use was pub-
lished by the Universities of Montpellier and Padova after a 
patient at each site had spent 28 h in near free-life conditions 
(sleeping in a hotel, taking meals in restaurants, walking 
in town…) with glucose control obtained from a wearable 
closed-loop system in which CGM device and insulin pump 
were connected to the Diabetes Assistant (DiAs) device, 
based on a smartphone hosting a patient interface and run-
ning an MPC algorithm [31]. This pilot outpatient study 
was extended to more numerous patients and confirmed the 
feasibility of outpatient closed-loop although still limited 
to 28 h [32]. Hence, the first outpatient randomized control 
trial testing overnight closed-loop control vs. SAP during 
40 h was performed and showed reduced risk and occurrence 
of hypoglycemia with the closed-loop system [33]. Using a 
similar system also based on DiAs wearable platform com-
pared to SAP during the dinner and overnight time frame, 
two studies reported increased percent time in target range 
(70–180 mg/dl) with combined reductions of percent time 

below and above this range under closed-loop control [34] 
and reduced fasting blood glucose level [35]

Home studies with AID systems

Overnight use for 6 weeks at home in adults and adoles-
cents has been initially assessed in a randomized crossover 
study against SAP by Nimri et al. who reported a signifi-
cant reduction of percent time with glucose below 70 mg/dl 
and an increased percent time in the glucose target range of 
70–180 mg/dl [36]. Improved percent time in 70–180 mg/dl 
glucose range was confirmed with an overnight use of AP for 
4 weeks in a multicenter study reported by Thabit et al. [37]. 
The ‘AP at home’ consortium assessed closed-loop control 
by a wearable AID system including the DiAs platform 
during dinner and nighttime vs. SAP during 2 months and 
reported a significant increase of percent time in 70–180 mg/
dl glucose range associated with combined reductions of 
percent time spent below and above this range [38]. Moreo-
ver, this study showed for the first time a reduction of HbA1c 
with prolonged use of closed-loop in free life. Interestingly, 
glucose control on day and night was also significantly 
improved although closed-loop was not active during day-
time. A one-month extension of this study with 24-h active 
closed-loop showed a further benefit on glucose variability 
[39]. Meanwhile, a multicenter prospective trial including 
sequential 2-week periods with SAP, followed by overnight 
AP and then full-day AP reported similar improvements vs. 
SAP when AP was active [40]. Moving from overnight to 
24-h AP only further reduced time spent below 70 mg/dl 
during day and night. This observation points to the lim-
its of the hybrid AID option in which meal management 
is close to that of a patient using a simpler bolus calcula-
tor. Hence improving glucose control during day-time by 
closed-loop vs. SAP is difficult to achieve. An extension of 
this trial investigated 24/7 closed-loop use up to 6 months 
and reported the sustained improvement of median time in 
target glucose range which was 77% against 66% at baseline 
[41]. Median time spent below 3.9 mmol/l remained sig-
nificantly lower at 1.3% vs. 4.1% at baseline. Mean HbA1c 
levels moved from 7.2 to 7.0%, with a significant relation-
ship between use of closed-loop mode and improvement of 
HbA1c level. Interestingly, glucose control was similar day 
and night although the patients perceived the benefit mainly 
at night-time. This study extension showed the feasibility of 
long-term closed-loop use. Nevertheless, the patients com-
plained about the cumbersome wearable devices in everyday 
life.

Another long outpatient AID experience was reported for 
12 weeks in adult, children and adolescents [42]. In this 
study, closed-loop was active day and night in adults and 
overnight only in children and adolescents, and randomly 
compared to SAP according to a crossover design. Percent of 
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time in the target range (70–180 mg/dl in adults; 70–145 mg/
dl in children and adolescents) while using AP was signifi-
cantly higher both in the adults study: 67.7% vs. 56.8%, and 
in the children/adolescents study: 59.7 vs. 34.4%. Similarly 
to previous studies, the improvement of glucose control by 
closed-loop was mostly due to tighter control during the 
night-time period.

Availability of AID systems for daily care of T1D

At the EASD meeting in September 2016, the results of a 
3-month prospective 24/7 closed-loop study involving 124 
patients were presented [43]. While the patients used the 
Medtronic MiniMed 670G (Medtronic Diabetes, Northridge, 
CA, USA) system, including an insulin pump with embed-
ded control algorithm wirelessly connected to a CGM, with 
a median percent time of 87.2 in closed-loop mode, sen-
sor glucose moved from 66.7 at baseline to 72.2% for the 
3 months in the 70–180 mg/dl target range and mean HbA1c 
level decreased from 7.4 to 6.9%. Over 12 389 patient-days, 
no episodes of severe hypoglycemia or ketoacidosis were 
observed. These robust safety data led to the FDA approval 
of this system for clinical use in the therapy of T1D, which 

represents a milestone in the development of closed-loop 
insulin delivery. The detailed results of this study were 
reported a few months later [44].

Following this first approved AID system for routine care 
of T1D, the next step was to get a similar validation of other 
developed AID systems (Fig. 2). To reach this goal, the US 
National Institute of Diabetes and Digestive and Kidney Dis-
eases (NIDDK) funded 4 research programs by early 2017 
aiming at the collection of data necessary to bring AID tech-
nology to T1D patients. Besides, other AID systems have 
been developed by industry [45], start-ups [46, 47] and aca-
demic centers worldwide [48].

The follow-up of users of the Medtronic 670G system in 
routine care was the first one to be reported. While a sig-
nificant correlation was found between the use of the auto-
mated (Auto) mode and HbA1c levels, it appeared that many 
patients stopped using the Auto Mode with time: 28% after 
3 months, 34% after 6 months, 35% at 9 months and 33% 
at 1 year [49]. Reasons for stopping the utilization of the 
Auto Mode included sensor issues in 62%, problems obtain-
ing supplies in 12%, hypoglycemia fear in 12%, multiple 
daily injection preference in 8%, and sports in 8%. A more 
recently reported study investigated the glucose control in 

Fig. 2   Currently available closed-loop systems for routine care. a The 
Medtronic MiniMed 780G system, combining a MiniMed 780G insu-
lin pump with embedded SmartGuard algorithm and the connected 
Enlite glucose sensor and transmitter, b the Tandem Control-IQ sys-
tem, combining the Tandem t:slim X2 insulin pump hosting the Con-
trol-IQ algorithm and the Dexcom G6 glucose sensor and transmit-
ter, c the CamAPS FX application, hosted in an Android smartphone 

which receives Dexcom G6 glucose sensor and transmitter signal 
and tunes insulin infusion from a Dana insulin pump, d the Diabe-
loop DBLG1 system, combining a Kaleido insulin pump, the Dexcom 
G6 glucose sensor and transmitter et a terminal hosting the algorithm 
with wireless connection to the Dexcom G6 glucose sensor and the 
insulin pump and used as patient interface and for data remote trans-
fer
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the patients who went on using the 670G system for 1 year 
and the patient-reported outcomes (PROs) through question-
naires [50]. Mean percent time in target range (70–180 mg/
dL) was 66% at baseline, and 74% and 68% at 6 and 
12 months, respectively, for those who completed their CGM 
data. Related to PROs, fear of hypoglycemia decreased by 
6 and 11 points, respectively, from baseline to 12 months. 
More than half of the patients reported issues with sleep 
interruption at night due to alarms, and 40% did not like 
frequent exits from Auto Mode.

Due to the observed and perceived limitations of the 670G 
system, Medtronic launched an advanced hybrid closed-
loop (AHCL) system with automated basal (Auto Basal) 
and automated bolus correction (Auto Correction) which 
has been commercialized as the Medtronic 780G system. 
This AHCL system was first compared to sensor-augmented 
pump therapy with predictive low glucose in a dual-center, 
randomized, open-label, two-sequence crossover study in 
AID–naive participants with T1D (aged 7–80 years) includ-
ing two study phases of 4 weeks. Auto Mode was active 
96.4% of the time during AHCL study phase. TIR was supe-
rior by 12.5%, while TBR was significantly reduced with 
AHCL with a higher improvement when AHCL target was 
set at 100 mg/dl vs. 120 mg/dl [51]. A second reported inves-
tigation of this AID system showed that time spent in closed 
loop averaged 94.9% ± 5.4% and involved only 1.2 ± 0.8 exits 
per week. Compared with sensor-augmented pump ± predic-
tive low glucose management or Auto Basal, AHCL reduced 
HbA1c levels from 7.5% ± 0.8% to 7.0% ± 0.5%, TIR 
increased from 68.8% ± 10.5% to 74.5% ± 6.9%, and TBR 
reduced from 3.3% ± 2.9% to 2.3% ± 1.7%. The 100 mg/dL 
target for closed-loop control increased TIR to 75.4%, which 
was further optimized at a lower active insulin time of 2 h, 
without increasing TBR. There were no severe hypoglyce-
mic or diabetic ketoacidosis events during the study phase 
[52]. In a randomized, open-label, two-period crossover trial 
comparing the AHCL system to the Medtronic 670G system 
(HCL) over two 12-week periods of closed-loop use, glucose 
monitoring satisfaction subscales for emotional burden and 
behavioral burden improved significantly over time with 
use of AHCL versus HCL and co-occurred with glycemic 
improvements with a reduced percent time above 180 mg/
dL during the day and no change in % time less than 54 mg/
dL across 24 h [53], and greater time in Auto Mode. [54].

The second AID system which became widely available 
for routine care of T1D was the system based upon a Tandem 
t:slim X2 insulin pump (Tandem, San Diego, CA, USA) 
hosting the Control-IQ algorithm connected to the Dex-
com G6 CGM (Dexcom, San Diego, CA, USA). A pivotal 
6-month randomized, multicenter trial comparing this AID 
system to a sensor-augmented pump showed a mean adjusted 
difference of 11 percentage points of TIR favoring the AID 
system [55]. TBR and HbA1c levels were also significantly 

better with the AID system. A pre-specified sub-analysis of 
outcomes in adolescents and young adults aged 14–24 years 
old who participated in this trial showed improved TIR and 
reduced hypoglycemia [56]. PROs which were assessed dur-
ing this trial showed a significantly improved Hypoglycemia 
Fear Survey Behavior subscale with the AID system, while 
the participants using it reported high benefit and low burden 
with closed-loop control [57]. During an extension of this 
study, the participants who used the Control-IQ AID system 
during the study were randomized to go on with it or switch 
to a predictive low glucose suspend algorithm (PLGS, 
Basal-IQ) hosted by the same insulin pump and connected 
to the same CGM [58]. Switching to PLGS reduced TIR and 
increased HbA1c toward the pre-closed-loop control val-
ues, while hypoglycemia remained similarly reduced with 
both algorithms. After the Control-IQ AID system had been 
launched for routine care, a retrospective one-year real-world 
analysis of its use showed the same glycemic improvements 
as in the randomized controlled trial in a broad age range of 
people with different types of diabetes [59].

Interestingly, the Control-IQ AID system has been simi-
larly investigated in T1D children aged 6–13 years in a 
16-week, multicenter, randomized, open-label, parallel-
group trial. Compared to a SAP, a mean adjusted differ-
ence of 11 percentage points favoring the AID system was 
reported. The median percentage of time that the system 
was in the closed-loop mode was 93% [60]. An extended 
12-week use of the AID system showed the sustainability 
of the improvement of glucose control [61]. The Control-
IQ AID system was also investigated to assess its safety 
and efficacy while used 24/7 versus only evening and night 
(E/N) for 18 weeks, and on extended 24/7 use for 18 more 
weeks, in free-living children with type 1 diabetes aged 
6–12 years. AID was active 94.1% and 51.1% of the time 
in the 24/7 and E/N modes, respectively. TIR from baseline 
increased more in the 24/7 versus the E/N mode: + 14.4% 
vs. + 9.6%. Mean percentage TBR was similarly reduced, 
from 4.2% and 4.6% to 2.7%. TIR increased through the 
whole range of baseline levels and always more with 24/7 
use. The results were maintained during the extension 
phase in those initially on 24/7 use and improved in those 
with initial E/N use up to those with 24/7 use [62].

The closed-loop algorithm developed by the University 
of Cambridge (Cambridge, UK) has also been investigated 
in view of reaching a commercially available AID sys-
tem. In a first open-label, randomized, crossover study, 
the FlorenceD2A closed-loop system using this algorithm 
was compared to usual pump therapy for 4-week periods in 
free-living adults with well controlled T1D [63]. TIR was 
10.5 percentage points higher during closed-loop deliv-
ery compared with usual pump therapy, while TBR was 
reduced by 65% and time below 2.8 mmol/l by 76%. No 
episodes of serious hypoglycemia or other serious adverse 



157Acta Diabetologica (2023) 60:151–161	

1 3

events occurred. The Cambridge MPC algorithm was then 
investigated while hosted in a smartphone and using a 
modified Medtronic 640G pump connected to an Enlite 
3 glucose sensor [64]. In an open-label, multicenter, mul-
tinational, single-period, parallel randomized controlled 
trial, including adults and children above 6 years of age, 
the closed-loop system was compared to a SAP therapy in 
T1D patients with suboptimal control for 12 weeks. TIR 
was significantly higher in the closed-loop group with a 
mean difference in change 10.8 percentage points. Reduc-
tions in HbA1c percentages were significantly greater in 
the closed-loop group compared with the control group 
with a mean difference in change of 0.36%. The time spent 
with glucose concentrations below 3.9 mmol/l and above 
10.0 mmol/l was shorter in the closed-loop group than in 
the control group.

Moreover, the Cambridge algorithm was shown to be safe 
and effective in very young children aged 1–7 years [65]. In 
a recently reported multicenter, randomized, crossover trial, 
including T1D children 1 to 7 years of age, the closed-loop 
system was compared with SAP therapy in two 16-week 
periods [66]. The TIR was 8.7 percentage points higher dur-
ing the closed-loop period than during the control period. 
The mean adjusted difference in the percentage of time spent 
in a hyperglycemic state was -8.5 percentage points and the 
difference in the HbA1c level was -0.4 percentage points 
with the closed-loop, while the time spent in hypoglycemia 
was similar with the two treatments.

The cumulated investigational data using the Cambridge 
MPC algorithm led to the CamAPS FX (CamDiab, Cam-
bridge, U.K.) hybrid closed-loop app hosting the algorithm 
on an Android smartphone. It is approved in the European 
Union for use in children ≥ 1 year and adults (including 
during pregnancy) with T1D. The interoperable CamAPS 
FX app receives glucose data from Dexcom G6 CGM and 
connects to the Dana Diabecare RS and DANA-I Sooil 
(Sooil, Seoul, South Korea) insulin pump to direct glucose-
responsive insulin delivery every 8–12 min, includes a bolus 
calculator allowing discrete bolusing, and streams data in 
real time to cloud-based diabetes data repositories (Diasend/
Glooko, Gothenburg, Sweden). A recent public announce-
ment declared that CamAPS FX app is expected to be used 
either with the Dexcom G6 CGM or the FreeStyle Libre 
3 CGM (Abbott Diabetes Care, Alameda, CA, USA) and 
the mylife Ypsomed insulin pump (Ypsomed, Liederbach, 
Germany).

The Diabeloop closed-loop system DBLG1 (Diabeloop, 
Grenoble, France) is the fourth AID system currently avail-
able in Europe. The DBLG1 system, which combines an 
algorithm based on machine-learning within a physiologi-
cal framework with an expert system and self-learning 
algorithms, is a hybrid closed-loop device that requires the 
patient to record carbohydrate intake semi-quantitatively, 

and intensity and duration of planned physical activities. 
The used CGM is the Dexcom G6 which sends the glu-
cose signal to a hand-held terminal which hosts the control 
algorithm. This algorithm controls a Kaleido insulin pump 
(ViCentra, Utrecht, Netherlands) that replaces the initially 
selected Cellnovo pump [67]. In a multicenter, open-label, 
randomized, crossover trial, over two periods of 12 weeks 
comparing the DBLG1 system to a SAP therapy, TIR was 
significantly higher in the DBLG1 group with a mean dif-
ference of 9.2%, while TBR was significantly lower than 
with the sensor-assisted pump with a mean difference of 
–2.4%. A post hoc analysis of this trial investigated the effi-
cacy of the DBLG1 system in controlling the hypoglycemia 
induced by physical activity in real-life conditions. TBR was 
not significantly different between days with and without 
physical activity, regardless of its intensity or duration [68]. 
In a study where patients were exposed to real-life chal-
lenging situations (gastronomic dinners or sustained physi-
cal exercise), time spent overnight in the tight range of 4.4 
to 7.8 mmol/l was longer with the DBLG1 compared to an 
open-loop, while time spent during the day in the range of 
3.9–10.0 mmol/l was also longer [69]. In a real-life setting 
enrolling 25 T1D patients, at 6-month follow-up, the mean 
HbA1c decreased from 7.9 to 7.1% and TIR 70–180 mg/dl 
increased from 53 to 69.7%, while TBR decreased from 2.4 
to 1.3%, and time < 54 mg/dl decreased from 0.32 to 0.24%. 
No serious adverse event was reported during the study [70]. 
Of note, the Diabeloop algorithm has been recently used 
with the AccuChek Insight insulin pump (Roche Diabetes 
Care, Mannheim, Germany) and the Dexcom G6 CGM with 
similar performance on glucose control in free life in close 
to 1000 patients.

Perspectives

The last decade has shown dramatic advances in the per-
formance of clinical trials with AID systems which clearly 
document the feasibility of this mode of therapy for patients 
with T1D in real-world conditions, its ability to improve 
time spent in close-to-normal glucose range with a reduc-
tion of risk of hypoglycemia and a predominant efficacy for 
glucose control at night. Systematic reviews tell that outpa-
tients using AID systems spend 60–70% of time in a glucose 
range of 70–180 mg/dl [71, 72]. These results were obtained 
in rather selected patients who presented an average HbA1c 
level between 7 and 8%, were compliant to care and were not 
prone to harmful glucose deviations (ketoacidosis or severe 
hypoglycemia). Nevertheless, recently reported experiences 
with AID systems in real-world for periods up to one year in 
numerous less selected patients show in most cases sustained 
benefits close to those obtained in clinical trials.

Expected improvements of AID systems include a move 
toward full-closed-loop systems that will not need meal 
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announcements and systems with more discrete appearance. 
Reported trials with faster-acting insulin analogues did not 
show any significant improvements in glucose control [73, 
74]. Fully automated AID system with automatic prandial 
dosing have shown safety and feasibility and some benefits 
on glucose control in case of omission of meal announce-
ment [75]. The recently reported clinical trial of Omnipod 5 
system which includes the Omnipod tubeless insulin pump 
(Insulet Corporation, Acton, MA, USA) has shown in a 
single-arm, multicenter, prospective study improvements 
in HbA1c levels, TIR and TBR in adults and children [76].

The recent availability of stable glucagon (Xeris Phar-
maceuticals, Chicago, IL, USA) and dasiglucagon (Zea-
land Pharma, Søborg, Denmark) formulations in solution is 
expected to renew the feasibility of dual-hormone closed-
loop initiatives although demonstration of the safety of long-
term infusion of these glucagon formulations will be needed.

A recent editorial points to the need of more physiologi-
cal insulin delivery in order to avoid peripheral hyperin-
sulinism which may increase macrovascular complications. 
An insulin supply that is physiologically available to the 
hepatoportal circulation before release at lower levels into 
the peripheral circulation could fulfill this goal [77]. A non-
randomized experience of sequential full-closed-loop trials 
using a MPC algorithm performed in hospital in the same 
patients using SC insulin delivery and IP insulin infusion 
through a DiaPort system (Roche Diabetes Care, Mannheim, 
Germany) has reported the significant improvement of TIR 
with IP insulin associated with significantly lower post-meal 
glucose excursions [78].

The move toward tubeless insulin pumps, fully automated 
systems with no need of meal announcements and possible 
implanted AID systems could fulfill patient requests of more 
convenient systems in daily life than the currently available 
portable systems [79]. Indeed, in contrast to the improved 
glucose control associated with AID use, technical difficul-
ties, intrusiveness of alarms, and size of equipment have 
been reported by the patients who have been using AID sys-
tems as key negative aspects of this technology.

Ultimately, technology should allow moving from exter-
nal devices to implantable ‘artificial beta cells’ comprising 
long-term implantable glucose sensors and implanted insulin 
pumps using the more physiological intra-peritoneal or intra-
portal routes. Hence artificial organ option will compete 
with cell therapy as two different modes of cure for T1D.
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