nature medicine

Article

https://doi.org/10.1038/s41591-022-02144-z

Fully automated closed-loop insulindelivery
inadults with type 2 diabetes: an open-label,
single-center, randomized crossover trial

Received: 15 July 2022

Accepted: 23 November 2022

Published online: 11 January 2023

W Check for updates

A list of authors and their affiliations appears at the end of the paper

Inadults with type 2 diabetes, the benefits of fully closed-loop insulin
delivery, which does not require meal bolusing, are unclear. In an open-label,
single-center, randomized crossover study, 26 adults with type 2 diabetes
(7women and 19 men; (mean + s.d.) age, 59 + 11 years; baseline glycated
hemoglobin (HbAlc), 75 + 15 mmol mol™ (9.0% + 1.4%)) underwent two
8-week periods to compare the CamAPS HX fully closed-loop app with
standard insulin therapy and a masked glucose sensor (control) in random
order, with a2-week to 4-week washout between periods. The primary
endpoint was proportion of time in target glucose range (3.9-10.0 mmol I).
Analysis was by intention to treat. Thirty participants were recruited
between 16 December 2020 and 24 November 2021, of whom 28 were
randomized to two groups (14 to closed-loop therapy first and 14 to control
therapy first). Proportion of time in target glucose range (mean * s.d.)

was 66.3% + 14.9% with closed-loop therapy versus 32.3% + 24.7% with
control therapy (mean difference, 35.3 percentage points; 95% confidence
interval (CI), 28.0-42.6 percentage points; P < 0.001). Time >10.0 mmol I}
was 33.2% + 14.8% with closed-loop therapy versus 67.0% + 25.2% with
control therapy (mean difference, -35.2 percentage points; 95% CI, —42.8

to —27.5 percentage points; P < 0.001). Mean glucose was lower during

the closed-loop therapy period than during the control therapy period

(9.2 +1.2mmol I versus 12.6 + 3.0 mmol I}, respectively; mean difference,
-3.6 mmol I;95% Cl, —4.6 to —2.5 mmol I}; P < 0.001). HbAlc was lower
following closed-loop therapy (57 + 9 mmol mol™ (7.3% + 0.8%)) than
following control therapy (72 + 13 mmol mol™ (8.7% + 1.2%); mean difference,
-15 mmol mol™; 95% Cl, -11to -20 mmol I} (mean difference, —1.4%; 95%
Cl,-1.0to -1.8%); P< 0.001). Time < 3.9 mmol I was similar between
treatments (a median of 0.44% (interquartile range, 0.19-0.81%) during

the closed-loop therapy period versus a median of 0.08% (interquartile
range, 0.00-1.05%) during the control therapy period; P=0.43). No severe
hypoglycemia events occurred in either period. One treatment-related
serious adverse event occurred during the closed-loop therapy period. Fully
closed-loop insulin delivery improved glucose control without increasing
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hypoglycemia compared with standard insulin therapy and may represent
asafe and efficacious method toimprove outcomes in adults with type 2
diabetes. This study is registered with ClinicalTrials.gov (NCT04701424).

The burden of type 2 diabetes is far reaching, with an estimated
415 million people affected worldwide' and an estimated annual global
health expenditure of US $760 billion (ref. ?). Intensive glycemic man-
agement to achieve the target glycated hemoglobin (HbAlc) value of
less than 7% (53 mmol mol™) is supported by good-quality evidence?,
but glucose control remains inadequate globally?.

Intheinitial stages of the disease, most people with type 2 diabetes
require acombination of lifestyle interventions and pharmacological
therapy, benefiting from the availability of an increasing number of
oral antihyperglycemic agents®. Progressive beta-cell depletion and
adoption of the early intensive glycemic-control paradigm mandate
initiation of insulin therapy®, which improves glycemic control but
increases the risk of hypoglycemia®.

Closed-loop insulin delivery offers a new, glucose-responsive
method of glucose control and comprises a continuous glucose moni-
tor, aninsulin pump and a control algorithm that automatically modu-
lates subcutaneous insulin delivery’. Hybrid closed-loop systems, with
arequirement for carbohydrate announcement and prandial insulin
boluses, are commercially available for people with type 1 diabetes’’.

Fully closed-loop systems, which are more convenient and have no
requirement for user input at meal times, have previously been shown
toimprove glucose control in people with type 2 diabetes in the inpa-
tientsetting'®*?, and in those requiring dialysis over a period of 20 days
in an outpatient setting". However, benefits over longer periods of
several months are unclear. Here we proposed that fully closed-loop
insulin delivery in people with type 2 diabetes may improve glycemic
control compared with standard insulin therapy, without increasing
therisk of hypoglycemia over an 8-week period of unrestricted living.

Results

Participants

From 16 December 2020 to 24 November 2021, a total of 46 people
were screened, and 30 participants were recruited. One participant
died before randomization, and one participant was ineligible because
of an HbAlc level of >108 mmol mol™ (12%). The flow of participants
through the trial is shown in Fig. 1. Twenty-eight participants were
randomized to two groups (14 to closed-loop therapy first and 14 to
control therapy first). Two participants withdrew before starting
their first study period (both randomized to control therapy first).
One participant stopped the study early during the first intervention
period (closed-loop) because of difficulty managing the devices. This
participant completed a minimum of 48 h. Therefore, data for this
period were included in the analysis. Baseline characteristics of the
study population are shownin Table 1, and baseline diabetes regimen
details are shownin Supplementary Table 1.

Primary endpoint

The primary and secondary endpoints, which were calculated using
data from all randomized participants for whom at least 48 h of data
were collected in at least one study period (n=26), are presented
in Table 2. The primary endpoint, which was the proportion of time
with sensor glucose in the target glucose range of 3.9-10.0 mmol |7,
was greater during closed-loop insulin therapy than during stand-
ard insulin therapy ((mean +s.d.) 66.3% + 14.9% versus 32.3% +24.7%,
respectively), with a mean difference of 35.3 percentage points (95%
confidenceinterval (ClI), 28.0-42.6 percentage points; P < 0.001). The
differenceinthe proportion of time that glucose wasin the target range
inthe closed-loop therapy period compared with the control therapy
period for individual participants is shown in Extended Data Fig. 1.

Key secondary endpoints

The proportion of time with sensor glucose of >10.0 mmol I was lower
duringthe closed-loop therapy period than during the control therapy
period ((mean £ s.d.) 33.2% + 14.8% versus 67.0% + 25.2%, respectively;
mean difference, -35.2 percentage points; 95% CI, —42.8 to —27.5 per-
centage points; P< 0.001). Mean glucose was also lower during the
closed-loop therapy period than during the control therapy period
((mean s.d.) 9.2 +1.2 mmol I versus 12.6 + 3.0 mmol I}, respec-
tively; mean difference, —3.6 mmol 1™, 95% CI, —4.6 to 2.5 mmol I };
P <0.001). HbAlc was significantly lower after the closed-loop
therapy period ((mean +s.d.) 57 + 9 mmol mol™ (7.3% + 0.8%)) than
after the control therapy period (72 + 13 mmol mol™ (8.7% + 1.2%);
mean-adjusted difference, -15 mmol mol™; 95% CI, 20 to-11 mmol I
mean difference, -1.4 percentage points; 95% Cl, -1.8 to —1.0 percent-
age points; P < 0.001). Time spent in hypoglycemia (<3.9 mmol 1)
was low and similar between treatment periods (a median of 0.44%
(interquartile range (IQR), 0.19-0.81%) during closed-loop therapy
versus a median of 0.08% (IQR, 0.00-1.05%) during control therapy;
P=0.43). Figure 2 shows the 24-h sensor glucose and closed-loop
insulin profiles.

Formal statistical hypothesis testing was terminated after time
spentin hypoglycemia (3.9 mmol I!) was found not to be significantly
different between treatment periods (Methods). Therefore, analysis
of other secondary endpoints is considered exploratory.

Other secondary endpoints

The proportion of time spent in hyperglycemia (>16.7 mmol I and
>20.0 mmol ") was lower during closed-loop therapy than during
control therapy (for >16.7 mmol I, amedian of 1.8% (IQR, 0.6-3.3%)
during the closed-loop therapy period versus a median of 12.5% (IQR,
3.6-31.3%) during the control therapy period; and for >20 mmol 17, a
medianof 0.2% (IQR, 0.0-0.5%) for the closed-loop therapy period ver-
susamedianof3.2% (IQR, 0.2-9.7%) during the control therapy period).
Time spent with glucose < 3.0 mmol I was low and similar for both
periods (amedian of 0.04% (IQR, 0.01-0.08%) during the closed-loop
therapy period versus amedian of 0.03% (IQR, 0.00-0.32) during the
control therapy period). Glucose variability measured by the s.d. of glu-
cose was lower during closed-loop therapy than during control therapy
((mean +s.d.)3.0 + 0.8 versus 3.4 + 1.0, respectively), but the coefficient
ofvariation was higher during closed-loop therapy than during control
therapy ((mean ts.d.) 32.2% + 5.7% versus 27.7% + 8.5%, respectively).
Total daily insulin dose was higher during the closed-loop therapy
period (median, 0.90 U kg™ per day; IQR, 0.72-1.63 U kg™ per day))
than during the control therapy period (median, 0.71U kg™ per day;
IQR, 0.56-1.26 U kg™ per day).

Per-protocol analysis of the primary endpoint is similar to
the intention-to-treat analysis (Supplementary Table 2). Glucose
metrics during daytime and nighttime, and by fortnightly periods
are shown in Supplementary Tables 3 and 4. The primary and key
endpoints by treatment sequence are presented in Supplementary
Table 5. There was no period effect for time in target glucose range
(P=0.12) or HbAlc (P=0.78).

Safety

There were no episodes of severe hypoglycemia during either interven-
tion period (Table 3). Eight serious adverse events (SAEs) were reported.
Four occurred during the closed-loop therapy period, of which one
was study procedure related (hospital admission with abscess at pump
cannulasite requiringincision and drainage). Two SAEs were reported
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Enrollment

Allocation

Assessed for eligibility (n = 46)

Excluded (n =16)

- Declined to participate (n = 16)

| Recruited (n = 30) |

Excluded (n =2)
» HbA1c above upper limit

(n=1)
«Died (n=1)

4| Randomized (n = 28)

Allocated to closed-loop period first (n =14)
« Received allocated intervention (n = 14)
- Did not receive allocated intervention (n = 0)

Allocated to control period first (n = 14)

« Received allocated intervention (n =12)

« Did not receive allocated intervention
(withdrew before arm commencement, n = 2)

Withdrawn (because of

n=1)

difficulty managing devices,

Crossover

Crossover to control period (n =13)

« Received allocated intervention (n = 13)
« Did not receive allocated intervention (n = 0)

Crossover to closed-loop period (n =12)

« Received allocated intervention (n =12)
« Did not receive allocated intervention (n = 0)

Analyzed (n =14)

Analyzed (n =12)

Analysis

Excluded from analysis (n = 0)

Excluded from analysis (n = O)

Fig.1|Participant flow. Overview of the participant flow.

Table 1| Baseline characteristics

during the control therapy period, and both were not study related.
Details of the individual SAEs are shown in Supplementary Table 6.
Eleven adverse events were reported (five during the closed-loop
therapy period, five during the control therapy period, and one during
the washout period), and six device deficiencies occurred (six during
the closed-loop therapy period and none during the control therapy
period) but did not lead to an adverse event.

Glucose sensor availability was higher during the closed-loop therapy
period than during the control therapy period (a median of 98.1% (IQR,
96.8-98.5%) versus amedian 0f92.6% (IQR, 89.8-98.0%), respectively).
The proportion of time that the closed-loop system was active was
high during the closed-loop therapy period (median, 92.3% (IQR,

Protocol deviations are shown in Supplementary Table 7.
The majority of protocol deviations (25 out of 30) were outside of

Questionnaire responses

Hypoglycemia confidence scores and PAID (problem areas in diabe-
tes) scores of diabetes distress were similar between interventions
(for hypoglycemia confidence score, a median of 3.3 (IQR, 3.2-3.9)
for closed-loop therapy versus amedian of 3.4 (IQR, 2.9-3.6) for con-
trol therapy; for PAID, amedian of 22.5 (IQR, 6.9-55.6) for closed-loop
therapy versus amedian of 20.0 (IQR, 11.3-39.7) for control therapy).

Characteristic Overall®(n=26) Closed-loop Control therapy
therapy first first® (n=12)
(n=14)

Age (years) 59 (11) 59(12) 59 (10)
Female sex, n out 7outof 26 (27) 3 outof14(21) 4 out of 12 (33)
of total n (%)
Ethnic origin, n (%) Utility

White 25 (96) 14 (100) 1(92)

Black 0(0) 0(0) 0(0)

Asian 1(4) 0(0) 1(8)
BMI (kgm™) 35.3(8.6) 374 (90) 33.0(77)

— 0,

HbA1c (mmolmol™) 75 (15) 76 (12) 74 (19) 87.6-96.4%)).
HbA1c (%) 9.0(1.4) 91(11) 9.0(1.8)
Duration of diabetes 175 (8.2) 17.2(7.3) 17.8 (9.5) protocol visits.
(years)
Duration of insulin 8.5(6.9) 7.9 (7.0) 9.3(7.0)
therapy (years)
Total daily insulin 0.70 (0.54-1.31) 0.69(0.38-1.32) 0.83(0.58-1.36)
dose (Ukg™)
Prior CGM or flash 3(12) 1(4) 2(8)
glucose monitor
use, n (%)
Charlson 4 (2-5) 4 (2-6) 4(2-4)

comorbidity index

Data are presented as mean (s.d.) or median (IQR) unless stated otherwise. No significant
differences between the groups were observed at baseline. For the Charlson comorbidity
index, the higher the comorbidity index, the greater the burden of comorbidities. CGM,
continuous glucose monitor. *Excludes two participants who were randomized to the control
therapy period first but were withdrawn before starting the allocated treatment.

Hypoglycemia worry score was higher following closed-loop therapy
thanfollowing control therapy (a median of15.0 (IQR, 6.5-20.0) versus
amedianof9.5(IQR, 6.0-21.0), respectively), indicating greater fear of
hypoglycemiaduring closed-loop therapy than during control therapy
(Supplementary Table 8). Responses to the closed-loop experience
questionnaire are shown in Supplementary Table 9.
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Table 2 | Primary and secondary endpoints during the closed-loop and control therapy periods

Endpoint Closed-loop (n=26) Control (n=25)* Mean difference (95% ClI for Pvalue
treatment difference®)
Primary endpoint
Proportion of time with glucose 3.9-10.0mmoll™ (%) 66.3 (14.9) 32.3(24.7) 35.3(28.0to 42.6) <0.001
Key endpoints®
Proportion of time with glucose>10.0mmol ™ (%) 33.2(14.8) 67.0(25.2) -35.2 (-42.8 to -27.5) <0.001
Mean glucose (mmoll™) 9.2(1.2) 12.6 (3.0) -3.6 (-4.6to0-2.5) <0.001
HbA1c (mmolmol™) 57(9) 72 (13) -15 (-20 to -11) <0.001
HbA1c (%) 7.3(0.8) 8.7(1.2) -1.4(-1.8to -1.0) <0.001
Proportion of time with glucose<3.9mmol ™ (%) 0.44 (0.19-0.81) 0.08 (0.00-1.05) -0.10 (-0.36 to 0.16) 0.43
Secondary endpoints
Proportion of time with glucose>16.7mmol ™ (%) 1.8 (0.6-3.3) 12.5 (3.6-31.3) NA NA
Proportion of time with glucose>20.0 mmoll™ (%) 0.2(0.0-0.5) 3.2(0.2-9.7) NA NA
Proportion of time with glucose <3.0mmoll™ (%) 0.04 (0.01-0.08) 0.03(0.00-0.32) NA NA
s.d. of glucose (mmoll™) 3.0(0.8) 3.4(1.0) NA NA
Coefficient of variation of glucose (%) 32.2(5.7) 277 (8.5) NA NA
Total daily insulin dose (U per day) 108 (73-188) 84 (54-129) NA NA
Total daily insulin dose (Ukg™ per day) 0.90 (0.72-1.63) 0.71(0.56-1.26) NA NA
Proportion of time with sensor glucose availability (%) 98.1(96.8-98.5) 92.6 (89.8-98.0) NA NA
Proportion of time spent with closed-loop active (%) 92.3 (87.6-96.4) NA NA NA

Data are presented as mean (s.d.) or median (IQR). Endpoints are calculated data from all randomized participants for whom at least 48 h of sensor glucose data were collected in at least
one period. Glucose data are based on sensor glucose measurements. A two-sample t-test on paired differences was used to compare normally distributed variables. For highly skewed
residuals for key and secondary endpoints, a transformation (windsorization) was used. All P values are two-tailed, and P<0.05 was considered statistically significant. s.d. of glucose is
ameasure of glucose variability. NA, not applicable. *One participant randomized to closed-loop therapy first did not continue to control therapy. °Closed-loop minus control. “Tested in
hierarchy to control the type 1 error using the fixed-sequence method. A gatekeeping strategy was used, in which the primary endpoint was tested first and, if passing the significance
testing, other key endpoints were tested in order. If a nonsignificant result was encountered, formal statistical hypothesis testing was terminated, and analysis of any key endpoints below
the one in question (any that were lower in the hierarchy) was considered exploratory.
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Fig. 2| Glucose control during closed-loop and control periods. a, Median

sensor glucose measurements during closed-loop insulin delivery and control
insulin therapy (the patients' usual therapy). Red and gray shaded areas, IQR for
eachtreatment. The values are reported during a 24-h period from midnight to

midnight. Black horizontal dashed lines, lower and upper limits of the glucose

target range 0f3.9-10.0 mmol |

1. b, Median amount of algorithm-directed insulin

delivery during the closed-loop intervention. Shaded area, IQR.

Discussion

The present study shows that fully closed-loop insulin delivery is a
safe and effective approach to improve glycemic control in people
withtype 2 diabetes during 8 weeks of use in the outpatient setting.
The closed-loop system improved the proportion of time spent in
target glucose range by 35 percentage points (an additional 8 h per
day), and reduced mean glucose, compared with standard insulin
therapy, withoutincreasing the time spentin hypoglycemia (Table 2).

The results of this study build on evidence from afeasibility study
evaluating fully closed-loop therapy in people with type 2 diabetes
and end-stage renal failure on dialysis". Here, we demonstrate that
thistechnology can benefit the wider population with type 2 diabetes
requiring insulin and can be safely implemented in the home setting.
As a considerable proportion of people with type 2 diabetes struggle
toachieve therecommended glycemic targets with currently available
therapies, including insulin therapy™, fully closed-loop systems offer
anew approach to improve glycemic outcomes to reduce the risk of
long-term complications.

The proportion of time spentin target glucose range was higher
in this study thanin the previous study involving people on dialysis
(66% versus 57%, respectively)”. We postulate that this might be
due to the higher personal glucose targets applied for the more
vulnerable population requiring dialysis, who have a greater risk
of hypoglycemia. The majority of participants in the present study
used the default glucose target of 5.8 mmol I, whereas in the previ-
ous study, a personal glucose target of 7.0-7.5 mmol " was often
applied. The shorter study duration of 20 daysin the previous study
limits the benefit of the algorithm adaptation to an individual user
over time. Analysis of glucose metrics in fortnightly intervalsin the
present study shows that closed-loop insulin delivery results in an
almostimmediate improvementin glycemic control compared with
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Table 3 | Adverse events and safety analyses

Adverse event Overall Prerandomization Closed-loop Control Washout
(n=30) (n=30) (n=26) (n=25) (n=25)

No. of severe hypoglycemic events 0 0 0 0 0

No. (%) of participants with severe 0(0) 0(0) 0(0) 0(0) 0(0)
hypoglycemic events

No. of SAEs 8 2 4 2 0
Study related 1 0 1 0 0
Nonstudy related 7 2 3 2 0

No. (%) of participants with SAEs 6(20) 1(3) 3(12) 1(4) 0(0)
No. of other adverse events n 0 5 5 1

No. (%) of participants with adverse events 11(37) 0(0) 5(19) 5(20) 1(4)
No. of device deficiencies 6 0 6 0 0
Pump related 4 o] 4 0 0
Sensor related 1 (o] 1 (0] 0
Smartphone related 1 0 1 0 0

No. (%) of participants with device 5(17) 0(0) 5(19) 0(0) 0(0)

deficiencies

standard insulin therapy (proportion of time in target range, 63.1%
versus 34.6% during days 1-14, respectively), but the proportion of
timein target glucose range improved further to 69% with increased
duration of closed-loop therapy (Supplementary Table 4). In this
study, very few participants used a glucose sensor as part of their
usual care. Therefore, some of the glycemic benefits observed dur-
ing the closed-loop therapy period may be attributable to use of a
continuous glucose monitor alone.

Amajor contributor totheclinicalinertiain the escalation of insu-
lin therapy among healthcare professionals, and a feared side effect
ofinsulinamong people with type 2 diabetes, is the risk of hypoglyce-
mia®™'®, We have shown that fully closed-loop insulin delivery does not
increase the risk of hypoglycemia despite improved glycemic control
andthere were no episodes of severe hypoglycemia during closed-loop
therapy. The study cohort spent very little time in hypoglycemia during
bothintervention periods.

The degree of comorbidity burden in our study population
is reflected in the number of nonstudy-related SAEs reported
during the study. These were hospital admissions for treatment
of comorbidities (diabetic foot disease) or infection. One severe
adverse event was related to study procedures and occurred
during the closed-loop therapy period (an abscess at the pump can-
nula site requiring hospital admission for incision and drainage
with nolong-termsequelae). Closed-loop therapy was continued pro-
vided that the participant was able to manage the system themselves
and the treating healthcare professionals were satisfied that this was
clinically appropriate.

Training and maintenance of study devices by participants was
acceptable. One participant withdrew because of difficulty manag-
ing the devices, whereas all other participants were able to manage
the devicesindependently and reported a high degree of satisfaction
while using the closed-loop system. All participants reported that they
were happy to have their glucose levels controlled automatically by the
system, and 89% reported that they spent less time managing their dia-
betes overall. Feedback from users highlighted the elimination of the
need for injections or finger-prick testing, and increased confidence
in managing blood glucose as key benefits (Supplementary Table 8).
Therewas atrend toward higher levels of hypoglycemia-related anxiety
during closed-loop therapy, which may reflect increased awareness
and monitoring of glucose levels associated with sensor glucose use.
Questionnaire feedback on drawbacks of the closed-loop system mainly
consisted of practical annoyances with wearing of devices, connectivity

issues between devices and aperceived increase in hypoglycemiaepi-
sodes. Increased exposure to diabetes technologiesin people with type
2 diabetes (insulin pumps and glucose sensors) may mitigate some of
these negativesifthe glycemic benefits are perceived tobe worthwhile.
Future-generation closed-loop systems with improved connectivity,
longer infusion set wear time and larger insulin reservoirs may also
resolve these issues.

The strengths of this study include its randomized crossover
design and the inclusion of a wider population with type 2 diabetes
self-managing the devices in an outpatient setting, increasing the
scope for uptake of this technology. The use of a fully closed-loop
system obviates the need for ongoing healthcare professional input
withoptimization and support following initial training on the devices.

The limitations of the study are that study participants were
recruited from asingle center and one general practice, and the group
was not ethnically diverse, with only one participant not of white eth-
nicity. Although the present study demonstrated glycemic benefits
over the 8-week intervention period, the results should not be general-
ized beyond this period. The washout period of 2-4 weeks is short for
measuring HbAlc. We also did not collect data on the use of boost and
ease-off functionality during the closed-loop therapy period. There
were arelatively large number of protocol deviations (Supplementary
Table 9); however, the majority of these (25 out of 30) were outside of
protocol visits with no effect on data analysis.

In conclusion, this study suggests that fully closed-loop insulin
delivery is a safe and efficacious approach to manage type 2 diabetes
inadults. Larger randomized controlled trials with diverse populations
and longer follow-up are required to ensure generalizability across a
wider target population and to determine whether it is a cost-effective
approach that provides sustained benefits for people with type 2 dia-
betesrequiringinsulin therapy.

Online content
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maries, source data, extended data, supplementary information,
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Methods

Study design and participants

The study used an open-label, single-center, randomized, two-period
crossover design, contrasting fully closed-loop glucose control using
faster-acting insulin aspart (Fiasp, Novo Nordisk) (closed-loop) and
standard multiple daily insulininjection therapy (control) during two
8-week periods of unrestricted living. The intervention periods were
separated by a2-week to 4-week washout period during which partici-
pants used their pre-study treatment. Assignment of participants to
the two groups (with a different order of interventions) was random.

Ethical and regulatory approvals were obtained from the
London-Stanmore Ethics Committee and the Medicines and Health-
care Products Regulatory Agency. The study protocol is provided
in the Supplementary Information. The safety aspects of the trial
were overseen by an independent data and safety monitoring board.
The study is registered with ClinicalTrials.gov (NCT04701424).

Recruitment for the study took place through diabetes outpatient
clinics at Addenbrooke’s Hospital (Cambridge, UK) and a primary care
participantidentification center (GrantaMedical Practices, Cambridge,
UK). Planned population size was 30, to ensure 24 participants com-
pleted the study, allowing for a20% dropout rate.

Inclusion criteriawere age 18 years and older with type 2 diabetes
requiring subcutaneous insulin therapy and screening HbAlc < 12%
(108 mmol mol™). Participants had to be literate in English, willing to
performregular finger-prick blood glucose monitoring and willing to
wear study devices and follow study-specific instructions. Exclusion
criteriawere type 1diabetes, pregnancy or breastfeeding, severe visual
or hearing impairment, allergy to insulin or the adhesive of plasters
or serious skin disease affecting device placement, lack of reliable
telephone facility for contact, alcohol abuse, lllicit or prescription drug
abuse, any physical or psychological disease, or use of medication(s)
likely to interfere with the conduct of the trial or interpretation of
theresults.

Writteninformed consent was obtained fromall study participants
before any study-related activities. Participants received £30 for each
8-week study period completed, and all reasonable traveling expenses
were reimbursed.

Randomization and masking

Participants were randomized in a 1:1 ratio to an 8-week period of
fully closed-loop glucose control with faster-acting insulin aspart
(Fiasp) followed by an 8-week period of standard insulin therapy, or vice
versa. Randomization was performed using a web-based, permuted
blocks-of-four randomization method to assign study participants to
one of the two treatment sequences. Participants and investigators
were not masked to the intervention used during each period because
of the nature of the interventions.

Procedures

Study visits and procedures are shown in Supplementary Tables 10
and11. Participant demographics and medical history, body weight and
height, HbAlc and total daily insulin dose were recorded at enrollment.
The sex of participants was self-reported.

Closed-loop insulin delivery system

The closed-loop app (CamAPS HX, CamDiab) involves the Cambridge
adaptive model predictive control algorithm (HX software v.0.3.71)
onanAndroid smartphone, which receives data from the continuous
glucose monitor (Dexcom G6, Dexcom) and directs insulin delivery
via the insulin pump (Dana Diabecare). The closed-loop app is initi-
ated using participants’ total daily insulin dose and body weight.
Every 8-12 min, inresponse to the sensor glucose data, the algorithm
calculates aninsulininfusion rate and communicates this wirelessly to
the insulin pump. Sensor glucose and insulin data are automatically
uploadedto the Diasend (https://diasend.com//en) data management

platform. Over time, the algorithm adapts to observed glucose pat-
terns, enablingitto tailorinsulin delivery more accurately to minimize
glucose excursions. The default target glucose used by the closed-loop
algorithm is 5.8 mmol I and can be adjusted as required between
4.4 mmolI™and 11.0 mmol I"". Low and high glucose alarms were
adjusted according to the participant’s preferences. Participants
were trained to use the ‘boost’ and ‘ease-off’ functions within the app
as required to increase or decrease insulin, respectively, as directed
by the algorithm.

Closed-loop therapy period

Before the closed-loop therapy period commenced, participants
underwent a 1-h to 2-h training session with the study team on
the use of the insulin pump, continuous glucose monitoring and
closed-loop system. Once participants were deemed competent to
use the devices, the closed-loop system was initiated and continued
for 8 weeks. The usualinsulin therapy of participants was discontin-
ued, but all other medications were continued as directed by their
clinical team without interference from the study team. The insulin
pump delivered faster-acting insulin aspart continuously as
directed by the algorithm, without prandial boluses or carbohydrate
announcement.

The study did not interfere with the usual activities or dietary
intake of participants. Other diabetes therapies were continued
throughout the closed-loop therapy period. Participants were given
24-haccesstoastudy helplineinthe event of any study-related issues.
Atthe end of the closed-loop therapy period, devices were removed and
the usualinsulin therapy of participants was restarted.

Standard insulin therapy period

During the 8-week control therapy period, a glucose sensor (Dex-
com G6) was worn by participants throughout the standard insulin
therapy period. Sensor glucose on the sensor glucose receiver was
masked to the participant and investigators until the end of the study.
Participants continued their usual insulin therapy, and the study
team did not make any alterations to participants’ medications. Other
diabetes therapies were continued throughout the control therapy
period. Fingerstick blood glucose monitoring was performed by
participants as per their usual practice. Participants were unre-
stricted in their usual activities and dietary intake. Participants
remained under the care of their local clinical team for glycemic
management.

Participants were given 24-h access to astudy helplinein the event
of any study-related issues. At the end of the standard insulin therapy
period, the glucose sensor was removed and the usual insulin therapy
of participants was continued.

Questionnaires

Questionnaires were completed by participants at the end of each study
period. These questionnairesinclude the PAID questionnaire, whichis
used to assess diabetes distress; the Hypoglycemia Confidence Survey,
whichisusedtoanalyze patients’ perception of their self-management
of hypoglycemia; and the Hypoglycemia Fear Survey-ll Worry Scale,
whichis used to assess hypoglycemia-related anxiety” . At the end of
the closed-loop therapy period, participants completed a closed-loop
experience questionnaire to feed back on the closed-loop system,
provide suggestions forimprovement and indicate whether they would
recommend the system to friends or family.

Endpoints
The primary endpoint was the proportion of time the sensor glucose
measurementwas in the target glucose range of 3.9-10.0 mmol I based
onsensor glucose levels during the 8-week study period.

Key endpointsincluded the proportion of time with sensor glucose
above 10.0 mmol I}, mean sensor glucose, HbAlc and the proportion
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of time with sensor glucose below 3.9 mmol I™. Secondary efficacy
endpointsincluded the proportion of time with sensor glucose below
3.0 mmol I, the proportion of time with sensor glucose levels in hyper-
glycemia (>16.7 mmol I and >20 mmol I?), variability of glucose meas-
ured by s.d. and the coefficient of variation of sensor glucose, and the
total daily insulin dose.

Safety endpoints included severe hypoglycemia (capillary glu-
cose < 2.2 mmol I}, or requiring assistance of another person), adverse
events, SAEs and device deficiencies.

Utility evaluation included percentage time of sensor glucose
availability, and percentage time of closed-loop operation. Psychoso-
cial assessments were measured using questionnaires collected at the
end of each study period.

Exploratory endpoints included analysis of a subset of sensor
glucose metrics (timeintarget range, meanglucose, s.d. and time with
glucose < 3.9 mmol 1) over daytime (06:00 to 23:59) and nighttime
(00:00 to 05:59) periods, and on a fortnightly basis. There was no
prespecified analysis disaggregated by sex.

Samplessize

This was an exploratory study with an aim for at least 24 participants
to complete both closed-loop and control therapy periods, with a
minimum of 48 h of sensor glucose data for each of these partici-
pants. As previous studies using closed-loop systemsin an inpatient
setting and in outpatients requiring dialysis may not provide reliable
information about the s.d. of the primary endpointin this particular
population, no formal power calculationwas applied. The sample size
corresponds to the sample size of previous feasibility closed-loop
randomized trials'®>",

Statistical analysis

Thestatistical analysis plan was agreed by the investigatorsinadvance.
Allanalyses were carried out on anintention-to-treat basis. Weincluded
data from participants for whom at least 48 h of sensor glucose data
were collected in at least one study period. Comparisons were made
between values obtained during the 8-week randomized interven-
tions. A two-sample ¢-test on paired differences was used to compare
normally distributed variables®. A 95% Cl was reported for the dif-
ference between the interventions. For the primary and all key and
secondary sensor glucose metrics, a single value was calculated for
each participant for each 8-week period by pooling all sensor glu-
cose readings between the treatment initiation visitand 8 weeks after
the initiation visit, or the end of treatment visit, whichever occurred
sooner. For highly skewed residuals for key and secondary endpoints,
atransformation (windsorization) was used.

A gatekeeping strategy was used, in which the primary endpoint
was tested first and, if passing the significance testing, other key end-
points were tested in order. If anonsignificant result was encountered,
formal statistical hypothesis testing was terminated, and analysis of
any key endpoints below the one in question (any that were lower in
the hierarchy) was considered exploratory.

A per-protocol analysis was carried out for the primary end-
point, restricted to randomized participants, with a minimum of 60%
closed-loop use during the closed-loop therapy period and 60% sensor
glucose availability during the control therapy period.

Values are reported asmean + s.d. for normally distributed values
or median (IQR) for non-normally distributed values. Endpoints were
calculated using GStat software v.2.3 (University of Cambridge, Cam-
bridge, UK), and statistical analyses were performed using SPSS v.2
(IBMSoftware). All Pvalues are two-tailed, and P < 0.05 was considered
statistically significant.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
correspondingauthor for the purposes of advancing the management
and treatment of diabetes. All data shared will be de-identified. The
study protocol and statistical analysis plan are available in the Sup-
plementary Information.
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Sample size This was an exploratory study aiming for 24 completed subjects with at least 48 hours of data. Since previous studies using closed-loop in an
inpatient setting and in outpatients requiring dialysis may not provide reliable information about the standard deviation of the primary
endpoint in this particular population, no formal power calculation was applied. The sample size corresponds to the sample size of previous
feasibility closed-loop randomised trials (Thabit et al. Lancet Diabetes & Endocrinol. 2017, Boughton et al. Lancet Diabetes & Endocrinol.
2019, Boughton et al. Nat Med. 2021).
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Data exclusions  All analyses were carried out on an intention-to-treat basis. We included data from participants with at least 48 hours of sensor glucose data
in at least one study period. Of 28 randomized participants, two participants withdrew prior to starting their first study period (both
randomised to control therapy first). One participant stopped the study early during the first intervention period (closed-loop), due to
difficulty managing devices. This participant completed a minimum of 48 hours therefore data for this period was included in the analysis.

Replication Not replicated due to the nature of the study design: randomised crossover trial.
Randomization  Participants were randomised in a 1:1 ratio to an 8-week period of fully closed-loop glucose control with faster-acting insulin aspart (Fiasp)
followed by an 8-week period of standard insulin therapy, or vice versa. Randomisation was performed using a web-based, permuted blocks-

of-four, randomisation method to assign study participants to one of the two treatment sequences.

Blinding Participants and investigators were not masked to the intervention being used during each period due to the nature of the interventions
precluding the ability to mask.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXX X X
OXXOOOO

Dual use research of concern

Human research participants

Policy information about studies involving human research participants

Population characteristics From 16th December 2020 to 24th November 2021, 30 participants were recruited and 28 randomised. Baseline
characteristics of the study population (7 females and 19 males, mean+SD age 59+11years, diabetes duration 17.5+8.2years,
baseline HbAlc 75+15mmol/mol [9.0+1.4%]), are shown in Table 1 and baseline diabetes regimen details are shown in
Supplementary Table 1. Sex of participants was determined based on self-report.

Recruitment Participants were recruited from diabetes outpatient clinics at Addenbrooke’s Hospital in Cambridge, United Kingdom, and a
primary care participant identification centre. Inclusion criteria comprised age 18 years and above with type 2 diabetes
requiring subcutaneous insulin therapy and screening HbAlc £ 12% (108mmol/mol). Participants had to be literate in English,
willing to perform regular finger-prick blood glucose monitoring and willing to wear study devices and follow study specific
instructions. Exclusion criteria were type 1 diabetes, pregnancy or breast-feeding, severe visual or hearing impairment,
allergy to insulin or the adhesive of plasters or serious skin disease affecting device placement, lack of reliable telephone
facility for contact, alcohol abuse, Illicit or prescription drug abuse or any physical or psychological disease or use of
medication(s) likely to interfere with the conduct of the trial or interpretation of the results. Sex and/or gender was not

020¢ f1dy




considered in the study design.

Ethics oversight The study protocol was approved by the local Research Ethics Committees (London — Stanmore Ethics Committee, UK) and
Regulatory Authorities (MHRA). The safety aspects of the trial were overseen by an independent Data and Safety Monitoring
Board.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration The study is registered with ClinicalTrials.gov NCT04701424.
Study protocol Study protocol is available with publication

Data collection Participants were enrolled and randomised from 16th December 2020 to 24th November 2021. Participant demographics and
medical history, body weight and height, glycated haemoglobin (HbA1lc) and total daily insulin dose were recorded at enrolment.
Participants were randomly assigned to either initial use of fully closed-loop glucose control with faster acting insulin aspart for 8
weeks followed by standard multiple daily insulin injection therapy for 8 weeks or vice versa. Glycaemic and insulin endpoints were
collected from each 8 week study period. Psychosocial assessments were measured using questionnaires collected at the end of each
study period.
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Outcomes The primary endpoint was the percentage of time the sensor glucose measurement was in the target glucose range of 3.9 to
10.0mmol/L based on sensor glucose levels during the 8-week study period.
Key endpoints included the percentage of time with sensor glucose above 10.0mmol/L, mean sensor glucose, HbAlc, and the
percentage of time with sensor glucose below 3.9mmol/L. Secondary efficacy endpoints included time with sensor glucose below
3.0mmol/L, time with sensor glucose levels in hyperglycaemia (>16.7 and >20mmol/L), variability of glucose measured by standard
deviation and the coefficient of variation of sensor glucose, and the total daily insulin dose.
Safety endpoints included severe hypoglycaemia (capillary glucose <2.2 mmol/L, or requiring assistance of another person), adverse
events, serious adverse events and device deficiencies.
Utility evaluation included percentage time of sensor glucose availability, and percentage time of closed-loop operation. Psychosocial
assessments were measured using questionnaires collected at the end of each study period.
Exploratory endpoints included analysis of a subset of sensor glucose metrics (time in target range, mean glucose, standard deviation
and time with glucose <3.9mmol/L) over daytime (06:00 to 23:59) and night-time (00:00 to 05:59) periods, and on a fortnightly basis.
There was no pre-specified analysis disaggregated by sex.

020¢ f1dy




	Fully automated closed-loop insulin delivery in adults with type 2 diabetes: an open-label, single-center, randomized cross ...
	Results

	Participants

	Primary endpoint

	Key secondary endpoints

	Other secondary endpoints

	Safety

	Utility

	Questionnaire responses


	Discussion

	Online content

	Fig. 1 Participant flow.
	Fig. 2 Glucose control during closed-loop and control periods.
	Extended Data Fig. 1 Individual participants’ time spent in target range 3.
	Table 1 Baseline characteristics.
	Table 2 Primary and secondary endpoints during the closed-loop and control therapy periods.
	Table 3 Adverse events and safety analyses.




