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ABSTRACT

Introduction
We aimed to test in an outpatient setting the safety and efficacy of continuous subcutaneous 

insulin infusion (CSII) driven by a modular model predictive control (MMPC) algorithm informed by 

continuous glucose monitoring (CGM) measurement.

Methods
Thirteen patients affected by type 1 diabetes participated in a non-randomized outpatient 42-

h experiment that included two evening meals and overnight periods (in short, dinner & night 

periods). CSII was patient-driven during dinner & night period 1 and MMPC-driven during dinner 

& night period 2. The study was conducted in hotels, where patients could move around freely. 

A CGM system (G4 Platinum; Dexcom Inc., San Diego, CA, USA) and insulin pump (Accu-Chek 

Combo; Roche Diagnostics, Mannheim, Germany) were connected wirelessly to a smartphone-

based platform (DiAs, Diabetes Assistant; University of Virginia, Charlottesville, VA, USA) during 

both periods.

Results
A significantly lower percentage of time spent with glucose levels <3.9 mmol/l was achieved 

in period 2 compared with period 1: 1.96% ± 4.56% vs 12.76% ± 15.84% (mean ± standard 

deviation, p < 0.01), together with a greater percentage of time spent in the 3.9–10 mmol/l target 

range: 83.56% ± 14.02% vs 62.43% ± 29.03% (p = 0.04). In addition, restricting the analysis to 

the overnight phases, a lower percentage of time spent with glucose levels <3.9 mmol/l (1.92% 

± 4.89% vs 12.7% ± 19.75%; p = 0.03) was combined with a greater percentage of time spent 

in 3.9–10 mmol/l target range in period 2 compared with period 1 (92.16% ± 8.03% vs 63.97% 

± 2.73%; p = 0.01). Average glucose levels were similar during both periods.

Conclusion
The results suggest that MMPC managed by a wearable system is safe and effective during 

evening meal and overnight. Its sustained use during this period is currently being tested in an 

ongoing randomized 2-month study.
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INTRODUCTION

While the restoration of near-normoglycaemia is the widely accepted goal of insulin therapy 

in patients with type 1 diabetes, reaching it with minimal occurrence of hypoglycaemia and 

reduced glucose variability (i.e. by keeping glucose levels within a predefined target range) is 

an associated objective for patient safety and comfort. Continuous insulin delivery driven by 

a control algorithm based on continuous glucose monitoring (CGM), also known as closed-

loop insulin therapy or artificial pancreas (AP), is a novel treatment method aimed at reaching 

these objectives. AP prototypes have been extensively investigated in hospital settings with 

more than 30 inpatient trials conducted during the last 5 years to assess the safety and efficacy 

of this technology.1-3 Different approaches and control techniques have been tested, ranging 

from a heuristic approach4 to proportional-integral-derivative,5 fuzzy logic6 and model predictive 

control.4,7–9 In addition, systems that also infuse glucagon (bi-hormonal systems) have been 

used.10,11 While most overnight inpatient studies have reported reductions in the occurrence of 

hypoglycaemia and/or increased time spent in a glucose target range with closed-loop systems 

compared with continuous subcutaneous insulin infusion (CSII) alone and sensor-augmented 

pump (SAP) therapy, meal control has remained a challenge.12 Aiming at combined improvements 

of glucose control at meal-time and overnight has led to the concept of meal announcement, 

i.e. the specific computation and delivery of the insulin required as a pre-meal bolus, and the 

development of modular algorithms which mitigate the risk of hypoglycaemia and maintenance 

of glucose in range.4,13 A further challenge is to bring AP technology to an outpatient setting, i.e. 

in real-life scenarios, using a wearable, ideally wirelessly interconnected, system.

In 2011, our multicentre group conducted a first 42-h pilot outpatient feasibility study in two 

subjects,14 thanks to the availability of the Diabetes Assistant (DiAs; University of Virginia, 

Charlottesville, VA, USA), a wearable smart phone-based AP platform with wireless connections 

with the continuous glucose monitor and the insulin pump.15 This was followed by a feasibility 

study in 20 patients.16 These studies used a heuristic algorithm, the hypo- and hypermitigation 

system.4 We then tested a more advanced algorithm, the modular model predictive control 

(MMPC) system in an outpatient setting:4 the safety of MMPC compared with SAP therapy was 

shown in 20 subjects during two randomized 40-h sessions17 and its efficacy was tested in a 

pilot study on 6 patients,18 achieving encouraging post-meal glucose control.

In the present paper, we report the results of a non-randomized study using the 42-h protocol, 

as above, with three novel features: (i) a multicentre outpatient study conducted in Amsterdam, 

Montpellier and Padova; (ii) use of improved technology, i.e. the Dexcom G4 CGM system 

(Dexcom Inc., San Diego, CA, USA), which has outperformed the previously used Dexcom 7 

Plus CGM system,19 and the Accu-Chek® Spirit Combo insulin pump (Roche Diagnostics, 

Mannheim, Germany) which allows wireless communication with the DiAs; and (iii) an improved 

version of the MMPC algorithm.20
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METHODS

Study Design
The study was conducted according to the protocol of previous outpatient studies,14,16,18 

with slight modifications. It was approved by the ethics committees in Amsterdam, Montpellier 

and Padova and registered with ClinicalTrials.gov under the numbers NCT01447979 and 

NCT01470807. Written informed consent was obtained from the patients.

Patients
All participants were experienced insulin pump users for the treatment of type 1 diabetes and 

were required to have pre-study glycated haemoglobin (HbA1c) in the range 6–9%, pre-defined 

insulin pump parameters for basal rates, insulin to carbohydrate ratios and insulin sensitivity factor, 

and normal mental/cognition status. The exclusion criteria were focused on safety and included 

a recent history of diabetic ketoacidosis or severe hypoglycaemia; pregnancy, breast feeding or 

intention to become pregnant (women), uncontrolled high blood pressure and conditions which 

may increase the risk of hypoglycaemia or infections.

Study Procedures
Patients who met the inclusion criteria had two DexCom G4 Platinum sensors (DexCom, Inc.) 

inserted 1–3 days before day 1 of the study. From this moment and throughout the trial the 

sensors were calibrated according to the manufacturer’s instructions using the patients’ glucose 

meter.

On admission day (protocol day 1), patients met the study teams at ~17:00 hours in a hotel 

located nearby the university hospital. There, their usual insulin pump was replaced by an Accu-

Chek Spirit Combo (Roche Diagnostics) insulin pump and the best performing among the two 

previously inserted sensors was selected by the study personnel to be the primary sensor. The 

other sensor was kept on the patient in case of primary sensor failure. The secondary CGM 

system did not have to be used in any patient during the study.

From 18:00 to 07:00 hours the next morning (day 1-evening meal, night 1; Figure 1), SAP 

therapy was managed using the DiAs set in ‘open-loop’ mode (see next section for a detailed 

description). After the patients had been trained in device use by the study personnel, they were 

free to adjust insulin delivery based on self-monitoring of blood glucose and CGM data through 

interactions with the DiAs, by using its graphical user interface. At 19:00 hours, the patients 

had a meal at a local restaurant. Meal bolus and all other insulin commands were administered 
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according to patients’ regular routine via the smart phone interface. The carbohydrate content of 

the meals was estimated by the patients. Patients were invited to choose a menu similar to their 

daily habits, both in terms of meal amount and composition. After the meal the patients spent 

the night in their hotel room.

The next morning (day 2), at 7:00 hours, the system was switched to ‘closed-loop’ mode. From 

day 2-breakfast to day 3 at 11:00 hours, the closed-loop MMPC algorithm was active and was 

challenged by four meals. In Amsterdam and Padova, these 28 hour were spent entirely in the 

hotel, while in Montpellier, on ethical committee request, the patients moved to the Clinical 

Research Centre for closed-loop initiation and for the first ~12 hour of closed-loop use while 

they remained free to move within the building and without any protocol restriction. Lunch was 

served at ~12:30 hours at the hotel or in the Clinical Research Centre and the patients had an 

evening meal at 19:00 hours in a local restaurant. In closed-loop mode, the patients were asked 

to announce the estimated meal carbohydrate content and the controller computed pre-meeal 

bolus on the basis of patient-specific parameters, but also taking into account predicted future 

glucose values. All pre-meal boluses were delivered just before the meal. To avoid potential 

‘learning’ of optimum bolus doses from the first dinner which would have favoured the closed-

loop intervention, the same patient-specific carbohydrate: insulin ratios and correction factors 

were used in both open- and closed-loop evening meals. Moreover, to avoid gross estimation 

errors, which could bias the open- vs closed-loop comparison, in both cases patient estimate of 

carbohydrate content of the meal was confirmed by the attending clinician. The patients spent 

the second night in their hotel room. The next morning (day 3) at 7:00 hours, the MMPC was 

challenged by a second breakfast, consumed in the hotel in all three centres. The experiments 

ended at ~11:00 hours.

Reference glucose levels were measured from capillary blood simultaneously with a HemoCue 

(HemoCue® AB, Ängelholm, Sweden) and with the patient’s own glucose meter. No overnight 

blood glucose check was scheduled. Reference blood glucose was measured only if the CGM 

reading was <3.9 mmol/l or if the DiAs alarm indicated impending hypo- or hyperglycaemia 

(see section on DiAs system for details). Any DiAs hypoglycaemia red-light warning triggered 

treatment with ~15 g fast-acting carbohydrate (e.g. juice), while hyperglycaemia red-light 

warnings prompted checking the insulin pump for occlusion or malfunction. Any unexplained 

HemoCue reading >13.9 mmol/l was followed by a β-hydroxybutyrate blood measurement using 

Precision Xtra β-Ketone strips. 

At all times, the patients were free to move around the facility and in its immediate vicinity while 

CGM and insulin delivery data were remotely monitored in real time via the DiAs telemedicine 

system through a password-protected website.21 Throughout the trial, a study physician and 

an engineer were constantly monitoring the study from a nearby room without interfering with 

patient activities and intervening only to perform safety blood glucose checks as prescribed by 

the protocol or to fix system malfunctioning.
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Figure 1. Study overview. OL, open loop; CL, closed loop.

Wearable AP Platform
Figure 2 shows the components of the wearable control system used during the study.15 The 

platform hosting the DiAs system was an off-the-shelf smart phone running the Android operating 

system. To ensure the operation of the smart phone as a medical device, its operating system 

was modified to disable processes not related to study operations and to include self-checks of 

system integrity.

The communications between the DiAs, the insulin pump and the CGM system were wireless. 

Direct Bluetooth communication was available with the pump, but not with the Dexcom G4 

Platinum CGM system. As a consequence, the system components worn by the patient included 

the G4 Platinum receiver connected by USB to a dedicated Bluetooth-USB hub, implemented on 

an Xperia Active phone (Sony, Tokyo, Japan). 

The patients interacted with DiAs using a Graphical User Interface,22 which allows real-time input 

(e.g. entries of meal carbohydrate content, pre-meal capillary glucose level or hypoglycaemia 

treatment) and displays CGM and insulin delivery graphs. Moreover, the interface provides 

hypo- and hyperglycaemia alerts. The controller implemented on the DiAs relies on the modular 

architecture scheme, as presented in Patek et al.13 The range control module implements the 

model predictive controller reported in Toffanin et al.20 and Soru et al.23 The data were streamed 

by the DiAs over the internet, using the smart phone 3G connection, to a remote monitoring 

website.21 Through the website, the study team was able to monitor the state of the patient 

remotely and to check whether the system was correctly functioning throughout the trial, without 

interfering/interacting with the experiment unless requested.
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Figure 2. Description of the components of the wearable artificial pancreas system used during 

the study.

Figure 2. Description of the components of the wearable artificial pancreas system used during 

the study. Upper panel: system architecture; lower panel: Diabetes Assistant (DiAs) user interface. 

CGM, continuous glucose monitoring.
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Statistical Methods
Two comparable 12 h time periods, i.e. the evening meal (19:00–24:00 hours) and overnight 

(00:00–07:00 hours) periods were selected to compare open-loop (study period 1, days 1–2) 

with closed-loop (study-period 2, days 2–3) control (Figure 1). In addition, to prevent technical 

issues confounding the comparison of open- vs closed-loop in this short trial, data portions 

where technical errors compromised glucose control were discarded from the analysis, resulting 

in a per-protocol analysis. Following the rationale of the per-protocol analysis in Luijf et al.,9 

technical errors that affected the correct functioning of the system for at least 1 hour triggered 

data exclusion. Data collected during the system dysfunction and the 5 h after its resolution were 

excluded for the per-protocol analysis.

The primary safety outcome was the percentage of time spent with glucose levels <3.9 mmol/l 

(time-in-hypoglycaemia) and the primary efficacy outcome was the percentage of time spent 

with glucose levels in the target range 3.9–10 mmol/l (time-in-target), as recorded by CGM. 

Secondary outcomes were mean blood glucose, percentage of time spent with glucose levels 

>10 mmol/l (time-in-hyperglycaemia), percentage of time spent in the tight target range 4.5–7.8 

mmol/l (time-in-tight-target) and glucose standard deviation (SD).

All values are reported as mean ± standard deviation or as median (interquartile range) values, 

as appropriate. Normality of the data was assessed through a Lilliefors test. Normally distributed 

homoscedastic data were tested with a paired t-test, whereas data for which the normality hy-

pothesis was rejected were tested with a non-parametric Wilcoxon signed-rank test. All p values 

were two-tailed and values <0.05 were taken to indicate statistical significance.

RESULTS

Included Patients
A total of 13 adults, aged 28–65 years, with type 1 diabetes were enrolled at the University Hospital 

of Montpellier, France (4 patients), the Academic Medical Centre, Amsterdam, the Netherlands (4 

patients) and the University of Padova, Italy (5 patients). In Padova and Amsterdam, all patients 

were studied simultaneously in September and October 2013, respectively, while in Montpellier 

the 4 patients were studied in two sessions of 2 patients in August 2013. Patient characteristics 

are shown in Table 1.
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Table 1: Characteristics of the study patients at inclusion. 

# Sex Age,
years

Body
weight, kg

Height, 
cm

BMI, 
kg/m²

Duration 
of 

diabetes,
years

Durati-
on on 
pump, 
years

Total 
daily 

insulin, 
U per day

Amster-
dam

4 3 M
1 F

53±14 78.3±26.4 171±11 26.4±5.9 30±20 8±4 40.1±20.8

Montpel-
lier

4 2 M
2 F

50±14 80.0±11.5 171±2 27.3±3.9 19±18 11±3 46.3±11.1

Padova 5 3 M
2 F

35±7 68.9±9.6 174±11 22.6±1.0 9±3 5±4 28.0±5.4

All patients 13 8 M
5 F

45±14 75.2±16.3 172±9 25.2±4.2 19±16 8±8 37.3±14.6

Table 1. Values are mean±standard deviation. BMI, body mass index; F, female; HbA1c, glycated 

haemoglobin; M, male.

Excluded Data Portions
A technical problem was encountered at the start of the trial in Amsterdam, which was related to pump-

language switching from English to Dutch. This issue caused a communication failure between the DiAs 

and the pump and a consequent lack of insulin delivery for ~ 2 h before the evening meal (from ~17:00 

to 19:00 hours). The study team temporarily suspended the open-loop management through the DiAs 

and reverted back to CSII through the pump interface. Patients received their meal bolus and a suitable 

correction dose. After ~1 h CSII delivery through the DiAs was restored. Despite this intervention, dinner 

control was probably negatively affected by the lack of insulin preceding the meal; therefore, as specified 

in the Statistical Methods, data from 17:00 to 19:00 hours and the subsequent 5 h from19:00 to 24:00 

hours, corresponding to the whole open-loop dinner portion for these 4 patients, were excluded from the 

data analysis. Overall the excluded portions were <5% of the collected data.

Per-protocol Analysis
time-in-hypoglycaemia was achieved during period 2 compared with period 1: 1.44 ± 2.93% vs 

10.26 ± 11.13% (p < 0.01). Simultaneously, there was an improvement in time-in-target in period 

2: 83.56 ± 14.02% vs 62.43 ± 29.03% (p = 0.04). Similar joint improvements were recorded 

restricting the analysis to the overnight period only, where closed-loop control improved safety, 

as shown by a reduction in the percentage of time-in-hypoglycaemia from 12.70 ± 19.75 to 1.92 

± 4.89% (p=0.03) and improved control efficacy, because time-in-target increased significantly 

from 63.97 ± 32.73 to 92.16 ± 8.03% (p = 0.01). Evening meal glucose control was similar in 

both periods. Secondary outcomes are shown in Table 2.
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Figure 3 shows the mean glucose profiles obtained in open- and closed-loop control, together 

with their ± standard deviation envelope, showing the improved glucose control, especially 

overnight.

Figure 3. Glucose control profile according to continuous glucose monitoring during open- and 

closed-loop evening meal/overnight periods. Comparative periods extend from 19:00 to 07:00 

hours with open-loop period in red and closed-loop period in blue. Mean blood glucose is shown 

together with the ±1 standard deviation (SD) envelope. The mean ±1 SD blood glucose during 

initiation period of closed-loop control (from 07:00 to 19:00 hours) and during the last breakfast-

challenged period (from 07:00 to 11:00 hours) is also shown. 

Intention-to-treat Analysis
Including all data collected, a significant reduction in time-in-hypoglycaemia was still observed 

during period 2 compared with period 1: 1.44 ± 2.93% vs 10.26 ± 11.13% (p < 0.01), but only 

a trend for improvement in time in target 79.67 ± 12.92% vs 66.05 ± 26.31% was recorded 

(p = 0.08). Moreover, a trend towards a greater insulin requirement (p = 0.06) was registered 

during the evening meal period, when the controller was actively trying to compensate for the 

postprandial glucose increase. Overnight results were identical to the ones presented in the 

previous section, as the excluded data portion did not involve night time.
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Time-in-
hyperglycaemia, %

CGM < 10 mmol/l 47.35 ± 
32.40

32.38 ± 
35.83

0.15 45.12 ± 
30.33

31.42 ± 
33.91

0.07

Mean glucose, mmol/l —  10.06 ± 
2.06

9.06 ± 
2.96

0.16 9.68 ± 
1.83

9.20 ± 
2.50

0.35

SD glucose, mmol/l — 2.04 ± 
0.93

2.11 ± 
0.96

0.75 1.91 ±
 0.84

1.97 ±
0.93

0.74

Mean insulin 
delivery, U/h

— 10.06 ± 
2.06

10.06 ± 
2.06

0.43 1.17 ± 
1.06

0.78 ± 
0.4

0.06

Overnight Time-in-
hypoglycaemia, %

CGM <3.9 mmol/l 1.92 ± 
4.89

12.7 ± 
19.75

0.03 1.92 ±
4.89

12.7 ± 
19.75

0.03

Time-in-target, % CGM 3.9-10 
mmol/l

92.16 ± 
8.03

63.97 ± 
32.73

0.01 92.16 ± 
8.03

63.97 ± 
32.73

0.01

Time-in-tight-target,
 %

CGM 4.5-7.8 
mmol/l

75.55 ± 
21.99

53.1 ± 
39.45

0.11 75.55 ±
21.99

53.1 ± 
39.45

0,11

Time-in-
hyperglycaemia, %

CGM < 10 mmol/l 5.92 ± 
8.07

23.33 ± 
36.01

0.25 5.92 ± 
8.07

23.33 ± 
36.01

0.25

Mean glucose, mmol/l — 6.87 ± 
1.00

7.20 ± 
2.76

1.00 6.87 ± 
1.00

7.20 ± 
2.76

1.00

SD glucose, mmol/l — 1.20 ± 
0.55

1.15 ± 
0.55

0.58 1.20 ± 
0.55

1.15 ± 
0.55

0.58

Mean insulin delivery, 
U/h

— 0.63 ± 
0.25

0.73 ± 
0.32

0.13 0.63 ±
0.25

0.73 ± 
0.32

0.13

Evening 
meal + 
overnight

Time-in-
hypoglycaemia, %

CGM <3.9 mmol/l 1.96 ± 
4.56

12.76 ± 
15.84

0.00 1.44 ± 
2.93

10.26 ± 
11.13

0.00

Time-in-target, % CGM 3.9-10 
mmol/l

83.56 ± 
14.02

62.43 ± 
29.03

0.04 79.67 ± 
12.92

66.05 ± 
26.31

0.08

Time-in-tight-
target, %

CGM 4.5-7.8 
mmol/l

65.63 ± 
21.02

47.96 ± 
32.84

0.1
3

59.75 ± 
16.46

47.89 ± 
29.4

0.1
8

Time-in-
hyperglycaemia, %

CGM < 10 mmol/l 14.48 ± 
14.66

24.81 ± 
31.69

0.5
6

18.89 ± 
13.97

23.69 ± 
28.38

1.00

Mean glucose, mmol/l — 7.50 ± 
1.25

7.56 ± 
2.45

0.94 140.32 ± 
18.38

138.4 ± 
38.85

0.86

SD glucose, mmol/l — 1.86 ± 
0.99

1.89 ± 
1.13

0.85 37.61 ± 
15.39

39.18 ± 
18.04

0.62

Mean insulin delivery, 
U/h

— 0.73 ± 
0.43

0.75 ± 
0.33

0.82 0.83 ± 
0.46

0.75 ± 
0.32

0.29

Table 2. Primary safety and efficacy outcomes are presented in bold characters. Per-protocol 

and intention-to-treat analysis for the overnight period are identical. CGM, continuous glucose 

monitoring; SD, standard deviation.

Per-protocol analysis Intention-to-treat analysis

Outcome metrics Closed-
Loop

Open-
Loop

p Closed-
Loop

Open-
Loop

p

Evening 
meal

Time-in-
hypoglycaemia, %

CGM <3.9
mmol/l

0.00 ± 
0.00

5.01 ± 
6.29

0.13 0.00 ± 
0.00

3.47 ±
5.68

0.13

Time-in-target, % CGM 3.9-10 
mmol/l

0.00 ± 
0.00

5.01 ± 
6.29

0.13 0.00 ± 
0.00

3.47 ±
5.68

0.13

Time-in-tight-
target, %

CGM 4.5-7.8 
mmol/l

28.66 ± 
28.39

35.36 ± 
28.04

0.36 29.99 ± 
23.63

30.38 ± 
24.21

0.88

Table 2: Glucose control dinner/overnight results during the study. Primary safety and efficacy 

outcomes are presented in bold characters.
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DISCUSSION

The present study, performed in a ‘home-like’ setting using a wearable AP system driven by an 

MMPC algorithm, shows the combined safety and efficacy of the system in the evening meal/

overnight period in adult patients with Type 1 diabetes.

Outpatient overnight safety and efficacy of an MD-Logic control-based AP system, managed 

through a non-portable bedside platform, was tested in 54 adolescents attending a diabetes 

camp and showed a significant reduction of time spent in hypoglycaemia.24 This experience was 

extended to four consecutive nights at the patients’ homes and reported as an interim analysis 

with similar hypoglycaemia-related outcomes.25 The Cambridge group tested a model predictive 

control algorithm compared with SAP therapy in randomized studies for 7 days of day-and-night 

closed-loop control in free-living conditions in 17 adults,26 overnight in 24 adults for 4 weeks in 

home conditions in three UK centres27 and overnight at home in 16 adolescents over a 3-week 

period.28 All studies reported improved time spent in glucose target, reduced mean glucose 

levels and time above glucose target, but similar time spent in hypoglycaemia. A portable bi-

hormonal AP investigated in a non-randomized feasibility trial in home settings under free-living 

conditions for 48 hour in 16 patients showed significantly lower median glucose levels in closed-

loop control at the expense of more time in hypoglycaemia.29 Another adaptive bi-hormonal 

AP was tested in outpatients for 5 days in two randomized crossover studies, in 20 adults 

and 32 adolescents.30 In both adults and adolescents closed-loop control allowed a reduced 

mean glucose level. In adults this was achieved with a simultaneous reduction of time spent in 

hypoglycaemia, while in adolescents time spent in hypoglycaemia was unchanged; thus, the 

present results add to those previously reported by other groups in the outpatient environment. 

Interestingly, we report success in combining reduced time in hypoglycaemia and increased 

time in the target range during an overnight period with a new MMPC algorithm, while previous 

experiments only succeeded in one of these two objectives.

Closed-loop control can be considered a further step forward in the research path aiming to 

reach overnight near-normal glucose control when compared with glucose threshold interruptions 

of insulin delivery in case of hypoglycaemic excursion at night-time, reported in the ASPIRE 

study,31 and their predictive version, tested in the study by Maahs et al.32 When insulin infusion 

is driven by a control algorithm based on CGM data, the goal is not only to prevent sustained 

hypoglycaemia but also to keep blood glucose within a safe target range, limiting both hyper- and 

hypoglycaemic excursions. So far, both the MD-Logic and model predictive control algorithms, 

thanks to anticipated glucose variations, have shown positive effects during the overnight period 

with regard to the goal of combining improved safety and efficacy in the control of type1 diabetes.

The inclusion of the evening meal and the hours that follow in the closed-loop control period 

aims at starting overnight control with blood glucose already in the target range when going to 
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bed. While we succeeded in preventing hypoglycaemia during the post-dinner period, we were 

unable to reduce the immediate post-meal excursion into hyperglycaemia. This contrasts with 

a previously reported experiment where post-meal excursion was significantly reduced after the 

evening meal when using closed-loop control.18 Further refinements in bolus computing are 

expected to include tuning elements related to the non-carbohydrate components of the meals 

in order to better control meal challenges.

From a practical point of view, allowing closed-loop control from evening meal time to wake-

up time is rational because most patients are at home during this period, i.e. in rather stable 

and quiet conditions in which using the combined devices is easy. Moreover, effective glucose 

control during this time period may contribute to improved overall daily glucose control, as shown 

by recently reported data.27 The limitations of the present study include: its limited number of 

patients; its non-randomized study design; the still partially controlled environment compared with 

‘real life’; and the fact that it was a single evening meal/overnight experiment. We acknowledge 

that more convincing data are needed to follow on from this pilot experiment.

CONCLUSION

The feasibility of the evening meal/overnight concept tested in the present study prompted our 

teams to start a randomized 4-month study including 2 months with an SAP driven by the 

patients and 2 months with the wearable AP system using the MMPC algorithm. That 4-month 

study is currently ongoing and aims to validate evening meal/overnight closed-loop control as an 

innovative way of managing type 1 diabetes in order to minimize patients’ fear of hypoglycaemia 

at night and improving overall control with minimized constraints.
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