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Advanced hybrid closed loop therapy versus conventional
treatment in adults with type 1 diabetes (ADAPT):
a randomised controlled study
Pratik Choudhary, Ralf Kolassa, Winfried Keuthage, Jens Kroeger, Charles Thivolet, Mark Evans, Roseline Ré, Simona de Portu, Linda Vorrink,
John Shin, Aklilu Habteab, Javier Castañeda, Julien da Silva, Ohad Cohen, on behalf of the ADAPT study Group*

Summary

Background Adults with type 1 diabetes who are treated with multiple daily injections of insulin plus intermittently
scanned continuous glucose monitoring (isCGM) can have suboptimal glucose control. We aimed to assess the
efficacy of an advanced hybrid closed loop (AHCL) system compared with such therapy in this population.
Methods The Advanced Hybrid Closed Loop Study in Adult Population with Type 1 Diabetes (ADAPT) trial
is a prospective, multicentre, open-label, randomised controlled trial that involved 14 centres in three European
countries (France, Germany, and the UK). We enrolled patients who were at least 18 years of age, had a type 1 diabetes
duration of at least 2 years, HbA1c of at least 8% (64 mmol/mol), and were using multiple daily injections of insulin
plus isCGM (cohort A) or real time continuous glucose monitoring (cohort B) for at least 3 months. Here, only results
for cohort A are reported. Participants were randomly allocated 1:1 to AHCL therapy or continuation of multiple daily
injections of insulin plus continuous glucose monitoring for 6 months with an investigator-blinded block
randomisation procedure. Participants and treating clinicians could not be masked to the arm assignment.
The primary endpoint was the between-group difference in mean HbA1c change from baseline to 6 months in the
intention-to-treat population using AHCL therapy and those using multiple daily injections of insulin plus isCGM.
The primary endpoint was analysed using a repeated measures random-effects model with the study arm and period
as factors. Safety endpoints included the number of device deficiencies, severe hypoglycaemic events, diabetic
ketoacidosis, and serious adverse events. This study is registered with ClinicalTrials.gov, NCT04235504.
Findings Between July 13, 2020, and March 12, 2021, 105 people were screened and 82 randomly assigned to treatment
(41 in each arm). At 6 months, mean HbA1c had decreased by 1·54% (SD 0·73), from 9·00% to 7·32% in the
AHCL group and 0·20% (0·80) in the multiple daily injections of insulin plus isCGM from 9·07% to 8·91% (modelbased difference −1·42%, 95% CI −1·74 to −1·10; p<0·0001). No diabetic ketoacidosis, severe hypoglycaemia, or
serious adverse events related to study devices occurred in either group; two severe hypoglycaemic events occurred in
the run-in phase. 15 device-related non-serious adverse events occurred in the AHCL group, compared with three
in the multiple daily injections of insulin plus isCGM group. Two serious adverse events occurred (one in each
group), these were breast cancer (in one patient in the AHCL group) and intravitreous haemorrhage (in one patient
in the multiple daily injections of insulin plus isCGM group).
Interpretation In people with type 1 diabetes using multiple daily injections of insulin plus isCGM and with HbA1c
of at least 8%, the use of AHCL confers benefits in terms of glycaemic control beyond those that can be achieved
with multiple daily injections of insulin plus isCGM. These data support wider access to AHCL in people with
type 1 diabetes not at target glucose levels.
Funding Medtronic International Trading Sàrl.
Copyright Copyright © 2022 Elsevier Ltd. All rights reserved.

Introduction
Medical devices, such as insulin pumps and continuous
glucose monitors, have become an integral component of
disease management for many people with type 1 diabetes.
There has been a steady increase in the use of such
technology over the past two decades,1 which has con
tributed to the improvements in disease management
seen in some long-term studies.2 Systems combining
insulin delivery with continuous glucose monitoring and
with either low glucose suspend or hybrid closed loop

algorithms have been shown to result in better glycaemic
control than multiple daily injections of insulin plus selfmonitoring of blood glucose.3 In randomised controlled
trials, automated insulin delivery systems that take glucose
readings from a continuous glucose monitor and use
an algorithm to continuously adjust insulin delivery
have shown substantial improvements in glucose control
when compared with sensor-augmented pumps.4 Despite
this benefit, in Europe and in other parts of the world,
access to such systems is sometimes scarce and some
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Research in context
Evidence before this study
The technology underpinning medical devices used in
type 1 diabetes has advanced rapidly over the past decade.
A 2020 systematic review and network meta-analysis by
Pease and colleagues compared the findings of randomised
controlled trials of different insulin delivery and glucose
monitoring devices published up to 2019. They reported that
integrated insulin delivery and continuous glucose monitoring
systems including hybrid closed-loop or low glucose suspend
systems were associated with lower HbA1c levels relative to
multiple daily injections of insulin plus either intermittently
scanned continuous glucose monitoring (isCGM) or selfmonitoring of blood glucose. However, improvements in the
technology continued, meaning that notable improvements in
devices, and consequently clinical outcomes, might have
occurred since 2019. Literature searches using Embase and
Medline were performed to identify randomised controlled trials
published from 2019 to 2022 using the search string ("insulin
dependent diabetes mellitus"/exp OR "insulin dependent
diabetes mellitus") AND ("randomised controlled trial"/exp OR
"randomised controlled trial") AND ("automated insulin delivery
system"/exp OR "automated insulin delivery system" OR "closed
loop" OR "artificial pancreas"/exp OR "artificial pancreas") NOT
("pregnancy"/exp OR "pregnancy" OR "children"/exp OR
"children" OR "real world") AND [2019-2022]/py). Searches
returned a total of 118 hits. After title and abstract screening
was done to exclude reviews and studies including people with
type 2 diabetes or end stage renal disease, 26 articles were
identified for full-text review. Only one study partially met the
criteria for a randomised controlled trial comparing automated
insulin delivery systems with multiple daily injections of insulin
with continuous glucose monitoring. The identified study used
a hybrid closed loop system rather than the advanced hybrid
closed loop (AHCL) system used here, and the control group
consisting of a mix of different therapies (continuous
subcutaneous insulin infusion or multiple daily injections of
insulin, with or without continuous glucose monitoring) and
different criteria in terms of baseline HbA1c. AHCL insulin delivery
systems currently represent the state-of-the-art therapy,
whereas real-time continuous glucose monitoring (rtCGM) or
isCGM with multiple daily injections represents the standard of
care for many patients. The rapid pace of innovation means that
head-to-head comparisons of the devices at the forefront of
technology are often lacking.

recommendations advocate the integration of technological
solutions in a stepwise approach starting from multiple
daily injections of insulin and self-monitoring of blood
glucose, and gradually progressing to automated insulin
delivery systems.5,6
The MiniMed 780G advanced hybrid closed loop
system (AHCL; Medtronic, Northridge, CA, USA) is the
latest generation automated insulin delivery system for
use in people living with type 1 diabetes and incorporates
2

Added value of this study
The MiniMed 780G AHCL reflects the latest generation of
automated insulin delivery systems, and the ADAPT trial
provides a head-to-head comparison of the efficacy of the
MiniMed 780G AHCL algorithm system versus multiple daily
injections of insulin plus isCGM, which is representative of the
standard of care across many countries in western Europe for
people with type 1 diabetes with baseline HbA1c levels of at least
8% (64 mmol/mol). Previous studies of multiple daily injections
of insulin plus isCGM and multiple daily injections of insulin plus
rtCGM in type 1 diabetes have shown beneficial effects in disease
management but have consistently not shown benefits in terms
of achieving the combined outcome of time-in-range of more
than 70%, low time below range, and a HbA1c of less than 7%.
This study added the comparison of the MiniMed 780G AHCL
algorithm to the outcomes of multiple daily injections of insulin
plus isCGM. The efficacy data from ADAPT in combination with
the patient reported outcomes that were investigated could in
turn be used to inform future cost-effectiveness analyses of
AHCL versus multiple daily injections of insulin plus isCGM.
Implications of all the available evidence
The findings of ADAPT are in line with previous findings
showing benefit of earlier generation automated insulin
delivery systems relative to comparators in terms of glycaemic
control, although the magnitude of the treatment effect in
terms of HbA1c reduction seen in ADAPT was larger than that
reported by previous investigators. However, the large
treatment effect is likely to be at least partly attributable to the
characteristics of the study population (ie, high baseline HbA1c
despite at least 3 months of isCGM use before study
enrolment). Moreover, ADAPT also showed that AHCL was
associated with substantial benefits relative to multiple daily
injections of insulin plus isCGM in terms of time-in-range and
some patient reported outcomes. The insight gained from
ADAPT, combined with that from previously published studies
of other automated insulin delivery systems suggests that,
particularly for patients struggling to achieve good glycaemic
control, AHCL could represent a valuable treatment option. The
combined benefits in terms of HbA1c, time-in-range, patient
reported outcomes, and the potential long-term implications
of this further suggest that AHCL should be considered early in
the course of the disease when the use of multiple daily
injections of insulin plus isCGM fails to achieve targets.

several advanced features, such as auto basal and auto
corrections. A single-arm study has showed AHCL to be
safe and has been associated with improvements in
both HbA1c and time-in-range (ie, the amount of time
spent with glucose levels in the target range of
70–180 mg/dL [3·9–10·0 mmol/L]) in adults and
adolescents with type 1 diabetes.7 Similarly, a crossover
study comparing the AHCL algorithm with the earlier
MiniMed 670G device showed that, in people with
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type 1 diabetes (aged 14–29 years and mean baseline
HbA1c 7·9%), AHCL use led to a significantly lower
proportion of time spent in hyperglycaemia relative to
the 670G system, without increasing the proportion of
time spent in hypoglycaemia.8 Furthermore, real-world
data from more than 12 000 users showed that targets of
time-in-range of more than 70% and a glucose
management indicator of less than 7% were achieved by
more than 75% of users.9 However, available real-world
data provide little insight on the prior management of
patients, and the Advanced Hybrid Closed Loop Study
in Adult Population with Type 1 Diabetes (ADAPT)
study was specifically designed to assess the
performance of the AHCL in individuals struggling to
achieve glucose targets with conventional treatment
(multiple daily injections of insulin plus intermittently
scanned continuous glucose monitoring [isCGM] or
real-time continuous glucose monitoring [rtCGM]) for a
period of 6 months. We aimed to assess the efficacy of
an AHCL system compared with multiple daily
injections of insulin plus isCGM in adults with
type 1 diabetes with suboptimal glucose control.

Methods

Study design
The ADAPT study design is described in detail
elsewhere;10 briefly, it was a prospective, multicentre,
open-label, randomised controlled trial consisting of
a 2-week run-in phase and a 6-month study phase
followed by a 6-month continuation phase. Two separate
cohorts were included, with a separate randomisation for
each. Cohort A (confirmatory cohort) consisted of par
ticipants randomly assigned to continue with multiple
daily injections of insulin plus isCGM or to initiate
AHCL, and cohort B (exploratory cohort) consisted of
participants randomly assigned to either continue with
multiple daily injections of insulin plus rtCGM or to
initiate AHCL. The findings presented here pertain to
the 6-month study phase in cohort A only; results for
cohort B will be published separately.
ADAPT was conducted in 14 centres across three
European countries (France [n=6 centres], Germany
[n=4 centres], and the UK [n=4 centres]), and was conducted
in line with the principles of the Declaration of Helsinki,
those of good clinical practice, and in line with local
legislation in all three countries. Approval from competent
authorities and ethics committees was obtained for all
study centres.

Participants
Eligible participants were aged at least 18 years, had been
diagnosed with type 1 diabetes for 2 years or more, had
HbA1c of at least 8·0% (64 mmol/mol), and were on
multiple daily injections of insulin for at least 2 years at
the time of the screening visit. For cohort A participants
were required to have been using isCGM for at least
3 months, with an average of at least five scans per day,

and sensor readings available for more than 70% of the
time in the month prior to screening. Exclusion criteria
included a use of pramlintide, dipeptidyl-peptidase-4
inhibitors, glucagon-like peptide-1 agonists or mimetics,
metformin, or sodium-glucose cotransporter-2 inhibitors
at screening, women of childbearing potential who were
either pregnant at screening, or planning to become
pregnant during the study period, subject planning to
switch from isCGM to rtCGM during screening, history
of hearing or visual impairment that would hinder
perception of glucose display and alarms, and unresolved
skin conditions around the area of sensor placement.
A complete list of the inclusion and exclusion criteria are
provided elsewhere.10 Study participants were recruited
from the pool of eligible people with type 1 diabetes seen
regularly at participating study centres. All participants
provided written informed consent.

Randomisation and masking
Participants were allocated 1:1 to use either AHCL or
multiple daily injections of insulin plus isCGM.
Randomisation was done electronically via case report
forms using an investigator-blinded block randomisation
procedure with blocks of different sizes according to
a sequence prepared by the study statistician. Study
enrolment and group assignment (based on the
randomisation procedure described) were performed by
investigators at participating centres who were already
involved in patients' care and continued to be involved
throughout the study period.10 Due to the nature of the
intervention, participants and treating clinicians could
not be masked to the arm assignment.

Procedures
The study included a 2-week run-in phase, during which
participants were required to show tolerance to wearing
the Guardian Sensor 3 (Medtronic, CA, USA) and
compliance with the blinded continuous glucose
monitoring procedure, which was performed using the
Guardian Sensor 3 attached to a Guardian Link
3 transmitter (Medtronic; CA, USA) acting as a recorder.
Participants with a satisfactory run-in phase were
randomly assigned to either AHCL therapy or
continuation with multiple daily injections of insulin
plus isCGM for the 6-month study phase. For the AHCL
arm, use of optimal AHCL settings was recommended
(ie, glucose target of 100 mg/dL and active insulin time
of 2 h) unless there was concern relating to
hypoglycaemia. 2-week blinded continuous glucose
monitoring periods (using the same procedure as in the
run-in phase) were repeated at 3 months and 6 months
for individuals in the multiple daily injections of insulin
plus isCGM group. At 6 months, participants in the
multiple daily injections of insulin plus isCGM arm
were crossed over to the AHCL arm for a continuation
phase of 6 months, while participants in the AHCL
group continued with AHCL. The AHCL used in the
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Multiple daily
injections of insulin
plus isCGM group
(n=41)

Advanced hybrid
closed loop group
(n=41)

Mean

39·7 (13·12)

41·5 (11·63)

Range

19–69

23–63

Male, n (%)

25 (61%)

19 (46%)

Female, n (%)

16 (39%)

22 (54%)

Duration of
type 1 diabetes, years

18·1 (9·97)

18·8 (11·42)

Weight, kg

78·4 (14·77)*

79·9 (15·09)

BMI, kg/m²

25·8 (4·92)*

27·0 (4·37)

105 patients assessed for eligibility

23 excluded
18 screen failure
5 discontinued

Age, years

Sex

82 randomised

41 allocated to multiple daily
injections of insulin plus
isCGM

2 discontinued

41 allocated to advanced
hybrid closed loop

5 discontinued

39 completed the 6-month
study phase

36 completed the 6-month
study phase

41 included intentionto-treat analysis

41 included intentionto-treat analysis

HbA1c, %
HbA1c, mmol/mol

9·07% (0·72)
75·7 (7·83)

9·00% (0·97)
74·9 (10·64)

isCGM scans, n per day

9·0 (5·23)*

8·8 (7·37)

Insulin total daily dose,
units

53·3 (22·33)

54·3 (25·89)

Values are mean (SD) unless otherwise stated. HbA1c=glycated haemoglobin.
isCGM=intermittently scanned continuous glucose monitoring. *Data were
missing for two participants.

Table 1: Baseline characteristics
Figure 1: Trial profile
Five participants in the advanced hybrid closed loop arm and two participants in
the multiple daily injections of insulin plus isCGM arm discontinued during the
study phase; in all cases the reason for discontinuation was withdrawal by the
participant.

study was the MiniMed 670G (version 4.0), which is an
investigational system with an AHCL algorithm
equivalent to the MiniMed 780G system, which does not
include Bluetooth connectivity and glucose target of
110 mg/dL.7 There were a total of five planned follow-up
visits for each arm during the study period.

Outcomes
The primary endpoint was the between-group difference
in mean change in HbA1c from baseline to 6 months.
HbA1c was measured at a centralised laboratory at
baseline and at the end of months 3 and 6. Secondary
endpoints were percentage time spent in the
hyperglycaemic range (time spent with sensor glucose
levels >250 mg/dL [13·9 mmol/L] and >180 mg/dL
[10·0 mmol/L]), percentage time spent in the
euglycaemic range (70–180 mg/dL [3·9–10·0 mmol/L]),
and percentage time spent in hypoglycaemic ranges
(<54 mg/dL [3·0 mmol/L] and <70 mg/dL [3·9 mmol/L])
using continuous glucose monitoring data. Safety
endpoints included the number of severe hypoglycaemic
events, diabetic ketoacidosis, serious adverse events,
serious adverse device effects, and unanticipated serious
adverse devices effects. All adverse events were assessed
by the study investigators. A Clinical Events Committee
was responsible for assessing all serious adverse events,
serious adverse device effects, unan
ticipated serious
adverse device effects, severe hypoglycaemia, diabetic
4

ketoacidosis and deaths. Ancillary endpoints included
time spent in closed loop and open loop in the AHCL
arm and frequency of self-monitoring of blood glucose
in the AHCL arm, number of scans in the multiple daily
injections of insulin plus isCGM group, sensor use
(which in the multiple daily injections of insulin plus
isCGM group was determined from glucose reports
obtained as per the manufacturer’s instructions),
measures of gly
caemic variability, change in weight,
change in BMI, and measures of medical resource use
in both arms. A complete list of ancillary endpoints is
provided in the study protocol.10
The analysis of time spent in the hyperglycaemic,
euglycaemic, and hypoglycaemic ranges, and number of
hypoglycaemic events, mean sensor glucose levels, and
time spent in open-loop and closed-loop was also done
specifically for daytime (0600 h to 2359 h) and night time
(0000 h to 0559 h).
Patient-reported outcomes included fear of hypo
glycaemia, quality of life, and treatment satisfaction
assessed using the Hypoglycemia Fear Survey, the
Diabetes Quality of Life Questionnaire, and the Diabetes
Treatment Satisfaction Questionnaire.

Statistical analysis
The sample size calculation assumed a 0·5% difference
in the mean change from baseline in the AHCL versus
the multiple daily injections of insulin plus isCGM
group, with an SD of 0·7% and a 7·5% attrition rate
during the 6-month study phase.11 For an α level of 0·05
and a power of 80% based on a two-sided, two-sample
t-test, a sample size of 70 participants was required.
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Role of the funding source
The study was funded by Medtronic. Medtronic was
involved in the design of the study protocol, study conduct,
data collection, and data analysis.

Results
Between July 13, 2020, and March 12, 2021, 105 patients
were screened for eligibility. 41 (39%) of 105 participants
were randomly assigned to treatment in each arm.
36 (88%) of 41 participants in the AHCL arm and
39 (95%) of 41 participants in the multiple daily injections
of insulin plus isCGM group completed the 6-month
treatment phase (figure 1). Five patients in the AHCL
arm and two patients in the multiple daily injections of
insulin plus isCGM group discontinued during the study
phase; all of which were due to withdrawal by subject.

10

∆−1·43
(−1·75 to −1·10)
p<0·0001

9

HbA1c (%)

A reassessment of sample size based on an interim
analysis was done by an independent data monitoring
committee after 44 par
ticipants had completed the
6-month study phase; the committee recommended the
completion of the study with no changes in the initial
sample size.
The primary endpoint was analysed using a repeated
measures random-effects model with the study arm and
period as factors. Treatment effects were referred to as
model-based estimates. The repeated measures randomeffects model used all available data and accounted for
missing data. Sensitivity analyses were also performed,
which were per protocol analysis, multiple imputation
considering baseline characteristics, and baseline
observation carried forward. The secondary endpoints
and sensor glucose-based ancillary endpoints were
calculated for each of the two 2-week measurement
periods at the end of months 3 and 6. These were
analysed using a repeated measures random effects
model with study arm and period (within the study
phase) as factors and adjusted by the baseline value of
the variable associated with the endpoint as a covariate.
The method of White and Thompson12 was used to
adjust for incomplete baseline measurements.
To adjust for multiple statistical comparisons for
primary and secondary endpoints, a prespecified hier
archical test procedure was used. First, a superiority
test for the change in HbA1c was conducted at 0·05. The
secondary endpoints were then tested in a prespecified
order until one of the null hypotheses was nonrejected.10 Superiority and non-inferiority tests were
performed (appendix p 10) for secondary endpoints.
Ancillary endpoint testing was performed in an
exploratory manner. All effectiveness analyses were
performed on an intention-to-treat basis, which includ
ed all randomly assigned participants. All statistical
analyses were performed using SAS software, version 9.4,
and p values less than 0·05 were considered statistically
significant. This study is registered with ClinicalTrials.
gov, NCT04235504.

∆−1·42
(−1·74 to −1·10)
p<0·0001

8
7
6
5

Multiple daily injections of insulin plus isCGM
Advanced Hybrid Closed Loop
0

3

6

Time since randomisation (months)

Figure 2: Mean change in HbA1c
Error bars are 95% CIs.

At baseline, randomly assigned participants in the AHCL
arm had a mean (SD) age of 41·5 years (11·63 years), HbA1c
of 9·00% (0·97% [74·9 mmol/mol SD 10·64 mmol/mol]),
bodyweight of 79·9 kg (15·09 kg) and type 1 diabetes
duration of 18·8 years (11·42 years). Participants in the
multiple daily injections of insulin plus isCGM group had
a mean age of 39·7 years (13·12 years), HbA1c of
9·07% (0·72% [75·7 mmol/mol SD 7·83 mmol/mol]),
bodyweight of 78·4 kg (14·77 kg) and type 1 diabetes
duration of 18·1 years (9·97 years; table 1).
At 6 months, the mean change from baseline in HbA1c
was −1·54% (SD 0·73; –16·8 mmol/mol [SD 8·0]) in the
AHCL group and −0·20% (0·80; –2·2 mmol/mol [8·7]) in
the multiple daily injections of insulin plus isCGM group,
resulting in a model-based treatment effect of −1·42%
(95% CI −1·74 to −1·10; −15·5 mmol/mol [−19·0 to −12·0];
p<0·0001) in favour of AHCL (figure 2, table 2).
Participants in the AHCL group spent a greater
percentage of time with sensor glucose levels between
70–180 mg/dL (3·9–10·0 mmol/L) compared with the
multiple daily injections of insulin plus isCGM group
(time-in-range: 70·6% [SD 9·7] in the AHCL group vs
43·6% [SD 15.37] in the multiple daily injections of
insulin plus isCGM group; model-based treatment
effect 27·6%, 95% CI 21·6 to 33·6; p<0·0001; table 2).
During the study phase participants in the AHCL group
spent a mean of 6·6% (SD 5·02) of the time with
sensor glucose levels of more than 250 mg/dL and
26·7% (SD 10·44) of the time with sensor glucose levels
more than 180 mg/dL, whereas the corresponding values
for the multiple daily injections of insulin plus isCGM
arm were 22·5% (13·19) for time spent with sensor
glucose levels of more than 250 mg/dL and 53·8% (16·47)
for time spent with sensor glucose levels of more than
180 mg/dL. This resulted in model-based treatment
effects of −16·9% (95% CI −21·4 to −12·4; p<0·0001) for
time spent with glucose levels of more than 250 mg/dL
and −27·9% (−34·2 to −21·6; p<0·0001) for time spent
with glucose levels of more than 180 mg/dL (table 2). The
percentage of time spent in the hypoglycaemic range in
the AHCL group did not differ (was non-inferior)
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Multiple daily injections of insulin plus isCGM group
(n=41)

Advanced hybrid closed loop group (n=41)

N

N

Run-in

N

Study

Run-in

N

Study

··

36

−1·54 (0·73)

Model-based treatment
effect*

Primary endpoint
Change in HbA1c from baseline, %

··

··

38

−0·20 (0·80)

··

−1·42 (−1·74 to −1·10;
p<0·0001)

Secondary endpoints
Time in range, %
>250 mg/dL (13·9 mmol/L)

35

23·2% (10·84)

31

22·5% (13·19)

35

28·9% (13·87)

36

6·6% (5·02)

−16·9% (−21·4 to −12·4;
p<0·0001)

>180 mg/dL (10·0 mmol/L)

35

54·2% (12·59)

31

53·8% (16·47)

35

61·3% (14·71)

36

26·7% (10·44)

−27·9% (−34·2 to −21·6;
p<0·0001)

70–180 mg/dL (3·9–10·0 mmol/L)

35

42·6% (11·20)

31

43·6% (15·37)

35

36·4% (13·60)

36

70·6% (9·70)

27·6% (21·63 to 33·6;
p<0·0001)

<54 mg/dL (3·0 mmol/L)

35

1·0% (1·83)

31

0·7% (1·17)

35

0·8% (1·12)

36

0·6% (0·67)

−0·1% (−0·4% to 0·3%;
non-inferiority met)†

<70 mg/dL (3·9 mmol/L)

35

3·2% (3·37)

31

2·6% (2·55)

35

2·2% (2·12)

36

2·6% (2·01)

0·1% (−0.7% to 1·0%;
non-inferiority met)‡

Mean of sensor glucose, mg/dL

35

195·1 (23·75)

31

194·7 (29·53)

35

208·8 (29·01)

36

152·2 (16·49)

−44·9 (−55·8 to −34·1;
p<0·0001)

Mean of sensor glucose, mmol/L

35

10·8 (1·3)

31

10·8 (1·6)

35

11·6 (1·6)

36

8·5 (0·9)

Standard deviation of sensor glucose 35
values, mg/dL

73·3 (12·01)

31

69·4 (12·80)

35

73·3 (13·25)

36

54·2 (9·66)

Standard deviation of sensor glucose 35
values, mmol/L

4·1 (0·7)

31

3·9 (0·7)

35

4·1 (0·7)

36

3·0 (0·5)

Ancillary endpoints

−2·5 (−3·1 to –1·9;
p<0·0001)
−15·4 (−20·1 to −10·7;
p<0·0001)
−0·9 (−1·1 to −0·6);
p<0·0001)

Coefficient of variation of sensor
glucose values, %

35

37·8% (5·63)

31

35·9% (5·74)

35

35·4% (5·81)

36

35·5% (4·46)

0·6% (−1·4 to 2·5;
p=0·57)

Mean amplitude of glycaemic
excursion, mg/dL

35

153·8 (29·97)

31

145·0 (31·21)

35

156·8 (33·43)

36

121·4 (20·50)

−24·9% (−35·9 to −13·8;
p<0·0001)

Glucose management indicator, %§

35

8·0% (0·57)

31

8·0% (0·71)

35

8·3% (0·69)

36

7·0% (0·40)

−1·1% (−1·3 to −0·8;
p<0·0001)

Users achieving HbA1c
<7·0%, % (n/N)§

41

0% (0/41)

38

36

27·8% (10/36)

25·2% (10·1 to 40·4;
p=0·0011)

Users achieving glucose
management indicator <7·0%,
% (n/N)§

35

0% (0/35)

31

6·5% (2/31)

35

36

58·3% (21/36)

49·0% (31·7 to 66·3;
p<0·0001)

Users achieving time in range >70%,
% (n/N)§

35

0% (0/35)

31

6·5% (2/31)

35

0% (0/35)

36

52·8% (19/36)

51·1% (35·0 to 67·3;
p<0·0001)

Users achieving time below range
<4%, % (n/N)§

35

68·6% (24/35)

31

77·4% (24/31)

35

80·0% (28/35)

36

80·6% (29/36)

−0·6% (−17·4 to 16·3;
p=0·95)

0% (0/38)

41

0% (0/41)
2·9% (1/35)

Values are mean (SD) unless otherwise stated. *Model-based treatment effect (95% CI; p value for superiority test unless otherwise indicated). †Model-based treatment effect (95% CI; non-inferiority result),
non-inferiority is met when the upper confidence limit is less that the non-inferiority margin of 2%. ‡Model-based treatment effect (95% CI; non-inferiority result), non-inferiority is met when the upper
confidence limit is less that the non-inferiority margin of 5%. §Post hoc analysis.

Table 2: HbA1c and continuous glucose monitoring derived endpoints of glycaemic control

compared with multiple daily injections of insulin plus
isCGM. Specifically, the mean percentage of time spent
with sensor glucose levels of less than 70 mg/dL was
2·6% (SD 2·01) for AHCL and 2·6% (SD 2·55) for
multiple daily injections of insulin plus isCGM (modelbased treatment effect 0·1% (95% CI −0·7 to 1·0; noninferiority met). The mean percentage of time spent with
sensor glucose levels of less than 54 mg/dL was
0·6% (SD 0·67) for AHCL and 0·7% (SD 1·17) for
multiple daily injections of insulin plus isCGM (modelbased treatment −0·1% (95% CI −0·4 to 0·3; noninferiority met; table 2).
6

Ten (27·8%) of 36 of participants in the AHCL group
versus no participants in the multiple daily injections of
insulin plus isCGM group achieved an HbA1c of less than
7·0% at 6 months (table 2).
19 (52·8%) of 36 participants in the AHCL group
achieved a time-in-range of more than 70% at 6 months
versus two (7%) of 31 participants in the multiple daily
injections of insulin plus isCGM group (table 2). A time
below range of less than 4% was achieved by 29 (80·6%)
of 36 participants in the AHCL group versus 24 (77·4%)
of 31 in the multiple daily injections of insulin plus
isCGM group (table 2).
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Participants randomly assigned to the AHCL group
used the sensor 92·2% of the time, spent 95·8% of the
time in AHCL (the difference between sensor use and
time in the AHCL is due to the algorithm-driven
automation continuing for a limited time without
continuous glucose monitoring input), experienced
0·9 (SD 0·63) AHCL exits per week, and performed
a mean of 3·8 (SD 1·24) self-monitoring of blood glucose
measurements per day (appendix p 2). Participants
selected the glucose target of 100 mg/dL (5·5 mmol/L)
for 68·3% of the time or 120 mg/dL (6·7 mmol/L) for 31·7%
of the time and an active insulin time of 2 h for 54·4%,
2–3 h for 40·8%, 3–4 h for 4·8%, or more than 4 h for
0·0% of the time. For the multiple daily injections of
insulin plus isCGM group, mean sensor use was
87·3% and participants performed a mean of 9·7 scans
per day (appendix p 2).
Mean sensor glucose levels were 152·2 mg/dL (SD 16·49;
8·5 mmol/L [SD 0·9 mmol/L]) for the AHCL group versus
194·7 mg/dL (SD 29·53; 10·8 mmol/L [SD 1·6 mmol/L])
for the multiple daily injections of insulin plus isCGM
group (model-based treatment effect −44·9 mg/dL, 95% CI
−55·8 to −34·1; p<0·0001), corresponding to a glucose
management indicator of 7·0% for the AHCL group
and 8·0% for the multiple daily injections of insulin plus
isCGM group (model-based treatment effect −1·1%, 95% CI
−1·3 to −0·8%; p<0·0001; table 2). 21 (58·3%) of
36 participants in the AHCL group achieved a glucose
management indicator less than 7·0% at 6 months
compared with two (6·5%) of 31 in the multiple daily
injections of insulin plus isCGM group. Measures of
variability showed that the coefficient of variation of sensor
glucose levels did not differ between groups, but there was
a reduction in the mean amplitude of glycaemic excursions
in favour of AHCL (table 2). Participants in the AHCL
group had a mean weight increase of 2·8 kg from baseline
versus 0·8 kg in the multiple daily injections of insulin
plus isCGM group (model-based treatment effect
2·0 kg, 95% CI 0·3–3·7 kg; p=0·023). Participants in the
AHCL group had a mean decrease in total daily dose of
insulin of 0·6 units from baseline versus a mean total daily
dose decrease of 0·3 units in the multiple daily injections
of insulin plus isCGM group, which was not statistically
significant (appendix p 3).
Participants in the AHCL group had increased Diabetes
Treatment Satisfaction Questionnaire scores for
treatment satisfaction after 6 months compared with
multiple daily injections of insulin plus isCGM (mean
difference 6·2, 95% CI 2·9 to 9·4; p=0·0003; table 3),
which was accompanied by a decrease in perceived
hyperglycaemia with AHCL (p<0·0001). Perceived
frequency of hypoglycaemia did not differ between
groups. These findings were consistent across both the
Diabetes Treatment Satisfaction Questionnaire status and
change versions (table 3). Fear of hypoglycaemia
(Hypoglycemia Fear Survey total score) decreased from
baseline in both groups, but the magnitude of the

N

Multiple daily
injections of
insulin plus
isCGM group

N

Advanced
hybrid closed
loop group

Model-based
treatment effect

6·2 (2·9 to 9·4;
p=0·0003)

Change in DTSQs scores from baseline
Treatment satisfaction
score

39

0·2 (6·84)

35

6·1 (7·55)

Perceived frequency of
hyperglycaemia score

39

−0·3 (1·49)

35

−2·0 (1·69)

−1·8 (−2·5 to −1·0;
p<0·0001)

Perceived frequency of
hypoglycaemia score

39

0·2 (1·44)

35

−0·4 (1·80)

−0·5 (−1·2 to 0·3;
p=0·22)

Change in DTSQc scores from baseline
Treatment satisfaction
score

38

3·7 (7·24)

35

13·7 (4·39)

9·8 (7·04 to 12·64;
p<0·0001)

Perceived frequency of
hyperglycaemia score

38

0·8 (1·42)

35

−1·1 (1·77)

−2·0 (−2·7 to −1·2;
p<0·0001)

Perceived frequency of
hypoglycaemia score

38

0·1 (1·27)

35

−0·5 (1·80)

−0·5 (−1·2 to 0·3;
p=0·22)

Change in Hypoglycaemia Fear Survey scores from baseline
Behaviour

39

−0·7 (7·52)

35

−4·8 (8·73)

−3·8 (−7·5 to −0·1;
p=0·047)

Worry

39

−2·0 (8·58)

35

−5·4 (10·42)

−3·0 (−7·4 to 1·4;
p=0·18)

Total score

39

−2·7 (13·08)

35

−10·2 (15·51)

−6·9 (−13·5 to −0·3;
p=0·041)

Change in DQoL scores from baseline*
Treatment satisfaction
score

25

−2·7 (13·57)

24

10·3 (16·35)

12·4 (3·9 to 21·0;
p=0·0052)

Treatment impact score

24

0·1 (6·69)

24

4·4 (8·05)

4·0 (−0·2 to 8·3;
p=0·062)

Social worry score

13

2·3 (10·64)

19

−0·3 (14·78)

−2·1 (−11·2 to 7·0;
p=0·64)

Diabetes worry score

16

6·7 (12·99)

19

5·4 (15·41)

−1·7 (−11·3 to 7·8;
p=0·72)

Total score

25

1·5 (10·08)

24

5·9 (10·60)

3·8 (−2·1 to 9·7;
p=0·20)

General well-being score

24

−1·3 (11·96)

22

6·1 (16·96)

7·2 (−1·4 to 15·8;
p=0·10)

Values are mean (SD) unless otherwise stated. DTSQs=Diabetes Treatment Satisfaction Questionnaire–status.
DTSQc=Diabetes Treatment Satisfaction Questionnaire–change. isCGM=intermittently scanned continuous glucose
monitoring. *QoL assessment was only conducted in study centres in France and the UK owing to the absence of a
German validation of the Diabetes Quality of Life Questionnaire (DQoL).

Table 3: Patient-reported outcomes during the 6-month study phase

decrease was greater with AHCL (table 3). At 6 months,
mean Hypoglycemia Fear Survey total scores decreased
by 10·2 points (SD 15·51) from baseline in the AHCL
group and 2·7 points (13·08) from baseline in the
multiple daily injections of insulin plus isCGM group
(model-based treatment effect −6·9, 95% CI −13·5 to −0·3:
p=0·041). Most results from the Diabetes Quality of Life
Questionnaire did not show any significant between
group difference in the change from baseline, with the
quality of life total scores improving by a mean of
5·9 (SD 10·60) points in the AHCL group and
1·5 (SD 10·08) points in the multiple daily injections of
insulin plus isCGM group (model-based treatment effect
3·8; 95% CI −2·1 to 9·7; p=0·20). However, the treatment
satisfaction subscore significantly improved in the AHCL
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arm compared with the multiple daily injections of
insulin plus isCGM group (model-based treatment effect
12·4; p=0·0052; table 3).
No severe hypoglycaemic or diabetic ketoacidosis event
occurred during the 6-month study phase. Two severe
hypoglycaemic events occurred during the run-in phase
(appendix p 4). Two serious adverse events, not related to
the devices, occurred during the study phase (these were
one case of breast cancer in the AHCL group and one
patient in the multiple daily injections of insulin plus
isCGM group experienced an intra-vitreous haem
orrhage). 66 non-serious adverse events occurred in the
AHCL group and 39 occurred in the multiple daily
injections of insulin plus isCGM group (appendix p 5).
15 (22·7%) of the 66 non-serious adverse events occurring
in the AHCL group, were considered to be related to the
study device; these were classed as lipohypertrophy
(n=5), cannula site reaction (n=3), sensor site reaction
(n=2), severe hyperglycaemia (n=1), topical adhesive
reaction (n=1), bleeding at sensor site insertion (n=1),
skin reaction to infusion set (n=1), and infusion site rash
(n=1; appendix 5–7). By contrast, only three non-serious
adverse events in the multiple daily injections of insulin
plus isCGM group were considered to be device-related
(n=1 each for itching at injection site, bleeding at sensor
insertion site, and device site erythema; appendix p 8).
Device deficiencies, which include issues specifically
related to the devices, such as adhesive issues related to
the sensor for both groups and issues such as cannula
site failure or a failure in communication between the
insulin pump and the transmitter for the AHCL group,
were more frequent in the AHCL group. There were
a total of 56 device deficiencies in the AHCL group
compared with eight in the multiple daily injections of
insulin plus isCGM group (appendix p 5). The higher
number of device deficiencies in the AHCL group was
anticipated, as the study device was used in this group
and participants in the AHCL group were new to AHCL
therapy. Hospitalisations, emergency room visits, and
events requiring ambulance assistance were low in both
groups (appendix p 9).

Discussion
ADAPT is the first randomised controlled trial to
evaluate the clinical benefits of the MiniMed
780G algorithm AHCL system in adults with
type 1 diabetes, in which the current conventional
therapy of multiple daily injections of insulin plus
isCGM is unable to control glucose levels. Over
a 6-month period, the use of AHCL was associated with
a statistically significant 1·42% reduction in HbA1c
relative to multiple daily injections of insulin plus
isCGM and 1·54% decrease relative to baseline.
Glycaemic control is established as a key determinant
of the risk for long-term microvascular and cardio
vascular complications in type 1 diabetes.13,14 As such, it
is feasible that if the improved glycaemic control
8

observed with AHCL can be sustained over the longterm, the use of AHCL could have benefits in terms of
reducing the risk for long-term complications.
Moreover, there is some suggestion that achieving good
glycaemic control early in the course of disease could
be particularly beneficial in terms of the effects on longterm complication risk.15
The magnitude of the effect observed in ADAPT
suggests that a wider use of AHCL should be considered.
The health economic implications of such warrant
future cost-effectiveness analyses, although previous
health economic analyses based on earlier data suggest
that AHCL is cost-effective relative to multiple daily
injections of insulin plus isCGM over a long-term time
horizon.16,17
In studies such as ADAPT, the choice of comparator is
a crucial consideration. Multiple daily injections of
insulin plus isCGM was chosen as this represents the
standard of care or first-line treatment for type 1 diabetes
across most of western Europe. Insulin pump therapy
could have been considered as a third comparator, but
previous studies have shown only small incremental
benefits of adding continuous subcutaneous insulin
infusion to continuous glucose monitors without
automation. For example, Beck and colleagues18 ran
domised 75 people on continuous glucose monitors to
use continuous sub
cutaneous insulin infusion or
continue with multiple daily injections of insulin and
found only a 0·3% reduction in HbA1c with continuous
subcutaneous insulin infusion plus continuous glucose
monitors, with an increase in time below range.
Real-world studies evaluating isCGM, such as the
UK-based ABCD audit,19 French RELIEF study,20 and the
Swedish21 and Belgian22 registry studies, have consistently
reported a reduction in hypoglycaemia and reduced
hospital admissions, providing further evidence for the
effectiveness of isCGM relative to self-monitoring of blood
glucose. However, in these studies, as well as large registry
studies such as the type 1 diabetes exchange23 and Diabetes
Prospective Follow-up Registry,24 mean HbA1c levels
remained close to 8%. The real-world FLARE-NL4 study
showed that with isCGM, the greatest HbA1c reductions
were observed in those with the highest baseline HbA1c
levels.25 However, although some patients can achieve
good glycaemic control with isCGM, the attainment of
HbA1c target levels (ie, HbA1c <7% for most people) is an
elusive goal for a substantial proportion of patients who
do not use automated insulin delivery devices.
Although the participants underwent a shift in the
therapeutic approach—from multiple daily injections of
insulin plus isCGM to an integrated AHCL system—
analysis of safety data showed an overall low incidence of
serious adverse events and no serious adverse device
effects, diabetic ketoacidosis, or severe hypoglycaemic
events. This finding could help to alleviate concerns that
people treating themselves with multiple daily injections
of insulin can find it challenging to adapt to new
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technologies, which has formed part of the rationale for
a stepped-care approach that has culminated in the
delayed adoption of advanced technologies.26 Participant
withdrawal from the AHCL group (attrition rate of 12%)
occurred early in the trial reflecting an a priori higher
reluctance to use pump therapy and the finger-pricking
required for calibration, and that pump therapy is not
universally accepted by all people with type 1 diabetes. The
high time spent in AHCL (95·8%) by most participants
who continued the trial, and the significant improvement
in treatment satisfaction, provides testament to the user
satisfaction and usability of the AHCL system.
Time-in-range was a secondary endpoint and there is
an increasing recognition of its value as an endpoint
alongside HbA1c.27 In ADAPT, AHCL was associated with
a higher percentage of time spent in the target range of
70–180 mg/dL (3·9–10·0 mmol/L) and the between
group difference in time-in-range was 27·6%, which is
considerably greater than the 5% increase considered to
be clinically significant.28 The increase in time-in-range
seen in the AHCL arm was primarily attributable to
a reduction in time above range. Baseline time below
range was low in both arms and remained below the
recommended threshold of 4%,28 again providing further
evidence that algorithm-based therapy was successful in
achieving target glycaemic levels without increasing
sensor-detected or clinical hypoglycaemia. This finding
contrasts with multiple daily injections of insulin
or non-automated continuous subcutaneous insulin
infusion-based therapy, in which achievement of HbA1c
target levels can lead to increased hypoglycaemia. For
example, in the landmark DCCT trial,29 which pre-dated
the widespread use of technologies such as continuous
glucose monitors and insulin pumps and wherein
glucose levels were monitored by self-monitoring of
blood glucose, intensive therapy was associated with
a three-times higher rate of severe clinical hypogly
caemia.29 Within the past 5–6 years, trials of multiple
daily injections of insulin plus isCGM and multiple daily
injections of insulin plus rtCGM in type 1 diabetes
have shown beneficial effects in disease management
but have consistently not shown benefits in terms
of achieving the combined outcome of time-in-range of
more than 70%, low time below range, and a HbA1c
of less than 7%. In particular, a 2016 study30 showed that
in adults with well controlled type 1 diabetes, isCGM was
associated with a significant reduction in time spent in
the hypoglycaemic range relative to self-monitoring of
blood glucose but no difference in HbA1c. Similarly, trials
of multiple daily injections of insulin plus rtCGM versus
multiple daily injections of insulin plus self-monitoring
of blood glucose have shown a reduction in time spent in
hypoglycaemia and improved HbA1c in people with
uncontrolled type 1 diabetes (baseline HbA1c of 8·6%),
but the HbA1c treatment effects were in the region of
decreases of 0·4–0·6% relative to the control group,
which was insufficient to allow the majority of

participants to reach glycaemic goals.31,32 Visser and
colleagues33 presented findings from a randomised
controlled trial in adults with type 1 diabetes who
previously used isCGM, including 81% treated with
multiple daily injections of insulin and mean baseline
HbA1c of 7·4%. At 6 months, use of rtCGM led to
improved time-in-range, reduced HbA1c, and a reduction
in time below range, but only 28% people on rtCGM (and
15% on isCGM) achieved time-in-range targets as defined
by international consensus guidelines,28 suggesting there
could be a ceiling effect for non-automated algorithmbased therapies, even with best practices.
Although no participant in the control arm of ADAPT
achieved a HbA1c of less than 7%, the percentage of
treatment arm participants who achieved HbA1c less
than 7% was 27·8%, whereas 58·3% achieved a glucose
management indicator of less than 7%, and 52·8%
achieved a time-in-range of more than 70%. The timein-range and glucose management indicator outcomes
are lower than the corresponding outcomes reported for
real-world users of the MiniMed 780G algorithm
system.9 The differences are probably attributable to the
ADAPT inclusion criteria, which focused on people
with high baseline HbA1c. Some of the behaviours
associated with raised baseline HbA1c could have also
contributed to the lower percentage of people achieving
target levels with AHCL. These include missed or late
boluses, more errors in carbohydrate counting, or
greater fear or anxiety relating to hypoglycaemia result
ing in higher glucose levels or increased carbohydrate
intake when in the lower levels of target range. An
example of this is the lower proportion of people using
optimal settings for AHCL.
The data presented here are in line with a descriptive
study that showed that switching from sensor augmented
pump therapy to AHCL resulted in an increase in timein-range in people with type 1 diabetes.34 Similarly,
randomised controlled trials of other advanced systems
have also shown improvements in glycaemic control but
not of the scale seen in ADAPT and not focused on this
specific population.35,36 However, the high baseline HbA1c
is likely to be a contributing factor in the large treatment
effect seen in ADAPT. The findings of the ADAPT study
also lend weight to a commentary by Forlenza and
colleagues37 pertaining to the process of user selection for
closed-loop systems, wherein the authors suggest that
there is a need to “shake up provider assumptions that
we should restrict technology to only those we deem to
be ‘good candidates’" (ie, those who are highly engaged).
The findings of ADAPT provide a robust, quantitative
evidence base to affirm the suggestion that access to
AHCL should be widened beyond those traditionally
considered as good candidates.
Several patient-reported outcome measures were
investigated in ADAPT. Significant between-group dif
ferences in favour of AHCL were reported in the
treatment satisfaction questionnaires results and in
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fear of hypoglycaemia. Overall quality of life scores did
not differ between the two groups, which suggests that
the added technological burden and finger-prick testing
does not negatively influence quality of life. However,
quality of life findings should be interpreted with
caution owing to low patient numbers as the Diabetes
Quality of Life Questionnaire was not used in study
centres in Germany. Nevertheless, the findings of
ADAPT are in line with those of a previous study
showing that AHCL was associated with improved
glucose monitoring satisfaction relative to an earlier
generation hybrid closed-loop system.38
The ADAPT study has several limitations. Firstly,
there was no optimisation of therapy at baseline, which
was in part mitigated by the fact that for study entry all
participants were required to have been treated at study
sites and using isCGM appropriately for at least
3 months before screening, and they continued to be
seen for optimisation during the study with minimal
improvements. Individuals in the control arm con
tinued to show a high degree of engage
ment with
therapy using isCGM 87·3% of the time with an average
of 9·7 scans a day, which is in line with international
data on isCGM use and UK guidance, which rec
ommends at least eight scans per day.39–41Indeed, the
study effect in the control group was minimal and it
also identifies the control group as people who had
raised HbA1c despite a high degree of engagement and
self-management.
Additionally, although blinded continuous glucose
monitoring data for the control group were not available
for the duration of the 6-month study phase, with
data limited to two 2-week periods at months 3 and
6, 2 weeks of continuous glucose monitoring data has
been shown to be representative of long-term glycaemic
control,42 and to minimise the effect, the comparisons in
continuous glucose monitoring data were appropriately
matched between the two arms in the statistical
analyses. The control arm treatment was limited to
multiple daily injections of insulin plus isCGM, which
is representative of the current standard of care
in Europe. However, the trial also included an explorato
ry analysis in a smaller cohort of rtCGM users; the
findings of this analysis will be published separately. A
further limitation pertains to the study duration, which
might not be of sufficient length to capture any rare
safety events. Strengths of the study include the
randomised controlled trial design and the fact that the
participants are likely to be representative of people
with type 1 diabetes with challenging glycaemic control
encountered in routine clinical practice.
In conclusion, the findings of the ADAPT study suggest
that for people with type 1 diabetes using multiple daily
injections of insulin plus isCGM and with a HbA1c of at
least 8·0%, the use of AHCL confers benefits in terms of
HbA1c and time-in-range beyond those that can be achieved
with multiple daily injections of insulin plus isCGM,
10

which represents the standard of care in the countries in
which the study was conducted. Improvements in patient
reported outcomes were observed in both treatment
groups but the use of AHCL was associated with significant
benefits relative to multiple daily injections of insulin plus
isCGM in terms of treatment satisfaction and fear of
hypoglycaemia. The extent of the benefit observed with
AHCL is likely to be translated into long-term benefits in
terms of reduced risk of long-term complications and
suggests that AHCL should be considered at the early
stages in the type 1 diabetes treatment pathway. Future
health economic analyses are warranted to determine the
long-term health economic implications of the use of
AHCL relative to multiple daily injections of insulin
plus isCGM.
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