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Summary
Background Older adults with type 1 diabetes have distinct characteristics that can make optimising glycaemic control 
challenging. We sought to test our hypothesis that hybrid closed-loop glucose control is safe and more effective than 
sensor-augmented pump (SAP) therapy in older adults with type 1 diabetes.

Methods In an open-label, multicentre, multinational (UK and Austria), randomised, crossover study, adults aged 
60 years and older with type 1 diabetes using insulin pump therapy underwent two 16-week periods comparing hybrid 
closed-loop (CamAPS FX, CamDiab, Cambridge, UK) and SAP therapy in random order. Block randomisation by 
means of central randomisation software to one of two treatment sequences was stratified by centre. The primary 
endpoint was the proportion of time sensor glucose was in target range between 3·9 and 10·0 mmol/L. Analysis for 
the primary endpoint and adverse events was by intention-to-treat. The study has completed and is registered at 
ClinicalTrials.gov NCT04025762.

Findings 38 participants were enrolled. One participant withdrew during run-in because of difficulties with the study 
pump infusion sets. 37 participants (median [IQR] age 68 [63–70] years, mean [SD] baseline glycated haemoglobin 
[HbA1c]; 7·4% [0·9%]; 57 [10] mmol/mol) were randomly assigned between Sept 4, 2019, and Oct 2, 2020. The 
proportion of time with glucose between 3·9 and 10·0 mmol/L was significantly higher in the closed-loop group 
compared to the SAP group (79·9% [SD 7·9] vs 71·4% [13·2], difference 8·6 percentage points [95% CI 6·3 to 11·0]; 
p<0·0001). Two severe hypoglycaemia events occurred during the SAP period. There were two non-treatment related 
serious adverse events: cardiac arrest from pulmonary embolism associated with COVID-19 during the SAP period 
resulting in death, and a hospital presentation for parenteral hydrocortisone because of COVID-19 in a participant 
with adrenal insufficiency during the run-in period.

Interpretation Hybrid closed-loop insulin delivery is safe and achieves superior glycaemic control to SAP therapy in 
older adults with long duration of type 1 diabetes. Importantly this was achieved without increasing the risk of 
hypoglycaemia in this population with risk factors for severe hypoglycaemia. This suggests that hybrid closed-loop 
therapy is a clinically important treatment option for older adults with type 1 diabetes.

Funding National Institute of Diabetes and Digestive and Kidney Diseases.

Copyright © 2022 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.

Introduction
The population of older adults with type 1 diabetes is 
growing because of rising incidence and advancements 
in diabetes care leading to increased longevity.1 Older 
adults present distinct challenges for management of 
type 1 diabetes. Impaired awareness of hypoglycaemia is 
more common with increasing age and diabetes 
duration, with as many as 28% of adults with diabetes 
duration of 30 years or more having impaired awareness 
of hypoglycaemia as determined by Gold score.2 The 
WISDM study showed a high burden of undetected 
hypoglycaemia, particularly overnight, when adults aged 
over 60 years used a masked glucose sensor.3 Time spent 
with glucose concentrations of less than 3·9 mmol/L 

was 4·9% (70 min/day) when partici pants used standard 
blood glucose monitoring.

The prevalence of diabetes related complications and 
other significant comorbidities also rises with increasing 
age and duration of diabetes, with older adults having the 
highest rates of major lower-extremity amputation, 
cardiovascular events, visual impairment, and end-stage 
renal disease in addition to potential problems with 
hearing, dexterity, mobility, and cognition.4–7

Although recommended glycaemic targets are different 
for older adults with type 1 diabetes, with emphasis on 
minimising hypoglycaemia,8 older adults remain at risk 
of developing the vascular complications associated with 
suboptimal glycaemic control. Many older adults wish to 
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pursue the standard recommended targets to avoid 
complications associated with persistent hyperglycaemia. 
Severe hypoglycaemia remains a common occurrence in 
this population.9,10

Hybrid closed-loop systems are transforming the 
management of type 1 diabetes for children and adults, 
and there is good evidence to support the safety and 
efficacy of this approach.11 The ability to manage 
technology and devices in older adults might not be as 
widespread as in younger people and high-quality 
evidence for the safety and efficacy of closed-loop 
technology in older adults is scarce. In the present study, 
we sought to test our hypothesis that use of the 
Cambridge closed-loop algorithm in older adults with 
type 1 diabetes is safe and improves glucose control 
compared with sensor augmented pump (SAP) therapy.

Methods
Study design and participants
The study adopted an open-label, multicentre, multi-
national, two-period, randomised, crossover design 
contrasting 16 weeks of hybrid closed-loop insulin 
delivery with 16 weeks of sensor augmented pump 
therapy. Participants were recruited from diabetes 
outpatient clinics at three centres in the UK (Cambridge, 
Manchester, and Birmingham) and one centre in Austria 
(Graz).

Key inclusion criteria were age 60 years and above, 
type 1 diabetes for 12 months or more, insulin pump 
therapy for 3 months or more, and screening glycated 
haemoglobin (HbA1c) 86 mmol/mol or less (≤10·0%). Key 
exclusion criteria included current use of a closed-loop 
system, use of any glucose-lowering agent commenced in 
the 3 months before enrolment, and more than one 
episode of severe hypoglycaemia during the preceding 
6 months. Complete inclusion and exclusion criteria are 
in the appendix (p 2). There was no screening for dexterity, 
vision, or hearing impairment. There was no screening 
for cognitive impairment but given the inclusion criteria 
of insulin pump use with good knowledge of insulin self-
adjustment, individuals with substantial cognitive 
impairment would probably not have been included in 
the study cohort. Participant withdrawal criteria are in the 
appendix (p 9). Eligible participants were identified by 
clinical teams at each centre.

Approval was received from an independent research 
ethics committee in the UK (17/NW/0394) and Austria 
(31-446 ex 18/19), and regulatory authorities in the 
UK (Medicines and Healthcare products Regulatory 
Agency), and in Austria (Austrian Agency for Health 
and Food Safety). Safety aspects were overseen by an 
independent data safety monitoring board which met 
every 6 months. Participants gave written informed 
consent before any study procedures. The study 
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Research in context

Evidence before this study
We searched PubMed for articles published from database 
inception up to Sep 30, 2021, with no language restrictions, using 
the terms (“artificial pancreas” OR “closed-loop”) AND (“type 1 
diabetes” OR “diabetes”) AND (“older adults”) AND 
(“randomised” OR “randomised controlled trial”), for reports of 
randomised controlled trials. We identified no randomised trials 
in this population.

A small non-randomised pilot study of 15 older adults (age 
≥65 years) compared 4 weeks of closed-loop therapy with 
Control IQ to 4 weeks of sensor augmented pump therapy and 
reported 79·6% time in target glucose range and 0·8% of time 
spent in hypoglycaemia (<3·9 mmol/L) during closed-loop use. 
In a retrospective real-world analysis of 48 older adults (aged 
≥65 years), which used the Control IQ closed-loop system, time 
in range was 76% during 3 months of follow-up. In a real-world 
analysis of 33 adults aged 50 years or older, which used the 
Medtronic 670G closed-loop system, time in target glucose 
range was between 73% and 75% during 12 months of 
follow-up. Assessment of the efficacy of the hybrid closed-loop 
system in this age-group from these non-randomised studies is 
limited by their design.

Added value of this study
To our knowledge, our study is the only multinational 
randomised study of hybrid closed-loop use specifically in 

older adults. Baseline HbA1c in our cohort was low at 7·4% 
(>57 mmol/mol), reflecting the high degree of motivation and 
engagement with diabetes management in this population. 
We showed that compared with sensor augmented pump 
therapy, hybrid closed-loop insulin delivery led to a clinically 
significant increase in time in range of 8·6 percentage points 
and a reduction in HbA1c of 2·7 mmol/mol. Importantly, this 
was achieved without increasing the time in hypoglycaemia. 
Closed-loop usage in the present study was high, suggesting 
high acceptability of this therapy in this age group.

Implications of all the available evidence
The use of the Cambridge hybrid closed-loop algorithm is safe 
and leads to clinically significant improvements in glycaemic 
control in older adults with type 1 diabetes compared with 
sensor augmented pump therapy. Our study shows that it is 
possible to achieve excellent glycaemic control by means of a 
hybrid closed-loop system without increasing the risk of 
hypoglycaemia above that of sensor augmented pump therapy 
in older adults. Results from this study support the adoption of 
closed-loop therapy in older adults with type 1 diabetes in 
clinical practice.

See Online for appendix
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protocol and statistical analysis plan are available in the 
appendix.

Randomisation and masking
Participants were assigned following the run-in period by 
means of block randomisation and central randomisation 
software (Randomizer version 2.1.0, Medical University 
Graz, Graz, Austria) to one of two treatment sequences; 
16 weeks of closed-loop insulin delivery followed by 
16 weeks of sensor augmented pump therapy or vice 
versa. There was a 4 week washout period between 
treatment periods. Randomisation was stratified by 
centre and done by the site study team.

Procedures
Participants were screened for eligibility including blood 
tests. Following enrolment, participants had bodyweight 
and height measured, a 12-lead electrocardiogram (ECG) 
done, baseline questionnaires administered, and were 
trained on the study devices which were used as sensor 
augmented pump therapy (auto mode disabled) for a 
3–4 week run-in period at home following baseline 
screening. A minimum of 10 days of sensor data during 
the run-in period, and demonstration of safe use of the 
insulin pump was required for randomisation.

Study visit schedules are in the appendix (pp 4–7).
Following random assignment to the closed-loop insulin 
delivery system group, participants were trained on the 
closed-loop system and then used this at home over 
16 weeks with no study restrictions to activities or travel. 
For the sensor augmented pump (SAP) therapy period 
participants used the same study devices as during the 
closed loop period but with the auto mode function 
disabled. Participants used the devices for 16 weeks with 
no study restrictions to activities or travel. There was no 
low glucose suspend or predictive low glucose suspend 
functionality during the SAP period. For those randomly 
assigned to SAP therapy first, this sequence was reversed.

For both periods, after the three telephone or email 
contacts in the first 2 weeks after treatment period 
initiation, all participants were contacted by the study 
team monthly to record adverse events, device 
deficiencies, and other relevant information. Throughout 
the study, participants or their clinical team were free to 
adjust diabetes therapy, but no active treatment 
optimisation was done by the research team outside of 
planned study contacts. Study contacts were scheduled 
more frequently than would be provided in standard 
clinical care to apply study devices (Actiwatch [Philips 
Respironics, Murrysville, PA, USA] and Lifecard Holter 
monitor [Spacelabs Healthcare, Snoqualmie, WA, 
USA]). All participants were able to contact a 24-h 
telephone helpline to the local research team throughout 
the study, but there was no remote monitoring by the 
study team. During the washout period, participants 
could continue to use the study devices with auto mode 
disabled or they could continue to use their prestudy 

devices. There were no study procedures during the 
washout period.

HbA1c was measured locally at enrolment, at treatment 
initiation and at the end of each study group by means of 
an International Federation of Clinical Chemistry 
reference HbA1c method.

The CamAPS FX hybrid closed-loop system comprises 
an unlocked android smartphone (Samsung Galaxy S8, 
South Korea) hosting the CamAPS FX app (CamDiab, 
Cambridge, UK) running the Cambridge adaptive model 
predictive control algorithm (version 0.3.71), which 
receives sensor data from the Dexcom G6 continuous 
glucose monitor (Dexcom, San Diego, CA, USA) and 
directs insulin delivery on a Dana Diabecare RS insulin 
pump (Sooil, Seoul, South Korea). Both pump and sensor 
communicate via Bluetooth with the CamAPS FX app 
hosted on the smartphone. Participants could use the 
CamAPS FX app on their own smartphone provided this 
was compatible.

The control algorithm was initialised by use of total daily 
insulin dose and bodyweight. Algorithm directed insulin 
delivery is automatically adjusted every 8–12 minutes, with 
the app-based control algorithm communicating the 
current insulin infusion rate to the insulin pump 
wirelessly. Insulin sensitivity and active insulin time are 
automatically calculated and adjusted over time by the 
adaptive algorithm. When auto mode is not operational, 
the insulin pump reverts to pre programmed basal rates. 
The treat-to-target control algorithm had a nominal 
glucose target concentration of 5·8 mmol/L, which was 
adjustable between 4·4 and 11·0 mmol/L across different 
times of day and night. Participants were free to adjust 
their targets during different times of the day throughout 
the study period. The closed-loop system includes an 
optional exercise mode (Ease-off function), which 
temporarily raises the glucose target and suspends 
algorithm-directed insulin delivery if sensor glucose is less 
than 7·0 mmol/L and a so-called Boost function to 
intensify algorithm-driven insulin delivery. No information 
on the use of Ease-off and Boost was collected.

Outcomes
The primary endpoint was the between-group difference 
in time in target glucose range from 3·9 to 10·0 mmol/L 
over the 16-week intervention periods. Key secondary 
endpoints were time in hyperglycaemia (>10·0 mmol/L), 
mean sensor glucose, HbA1c, and time in hypoglycaemia 
(<3·9 mmol/L) over the 16 week treatment periods and at 
the 16-week treatment period. Additional secondary 
efficacy endpoints were SD and coefficient of variation of 
glucose, time with glucose less than 3·5 mmol/L, less 
than 3·0 mmol/L, greater than 16·7 mmol/L, and insulin 
metrics (appendix). Sensor-use and closed-loop use were 
assessed over the 16-week treatment periods. A subset of 
secondary endpoints (time in the target range, time 
<3·9 mmol/L, time >10·0 mmol/L, mean sensor glucose, 
SD of glucose, and total insulin dose) were also tabulated 
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separately for daytime (0600 h–2359 h) and night-time 
(0000 h–0559 h) over the 16-week period.

Safety evaluation comprised the frequency of severe 
hypoglycaemia and diabetic ketoacidosis, and other 
adverse events or serious adverse events.

Statistical analysis
The power calculation is based on improvements in time 
in target glucose range (3·9–10·0 mmol/L). A sample 
size of 31 participants was established to have 80% power 
to detect a between-group difference in time in target, 
assuming a population difference of 10 percentage 
points,12 an SD of 18 percentage points at baseline, and a 
two-sided type 1 error rate of 0·05. Up to 40 participants 
were to be recruited aiming for 36 completed participants 
to allow for drop-outs.

Analyses were done on an intention-to-treat basis. All 
randomly assigned participants were included in the 
primary analysis. The primary endpoint (time in target 
glucose range) and secondary endpoints were compared 
between treatment groups by means of a linear mixed 
model. Analysis included the fixed, categorical effects of 
treatment period and the random, categorical effect of 
site. For highly skewed data a rank-based transformation 
was used. Missing data were not imputed.

Significance tests were based on a two-sided α=0·05 
(two-sided 95% CIs). For the primary endpoint and other 
key endpoints, the familywise type I error rate was 
controlled at two-sided α=0·05 by means of a gatekeeping 
strategy. The primary endpoint (ie, time spent with sensor 
glucose concentrations between 3·9 and 10·0 mmol/L, 
was tested first, and if it passed significance testing, other 
key endpoints were tested in the order listed below by 
means of the fixed-sequence method at α=0·05 in the 
following order: time spent above target glucose 
(10·0 mmol/L), HbA1c, average of glucose concentrations, 
and time spent below target glucose (3·9 mmol/L).

Secondary endpoints were adjusted for multiple 
comparisons to control the false discovery rate by means 
of the Benjamini-Hochberg method.13 Outcomes were 
calculated by means of GStat software, version 2.3 
(University of Cambridge, Cambridge, UK), and statistical 
analyses were done with SPSS version 27.

The study is registered with clinicaltrials.gov 
(NCT04025762).

Role of the funding source
The funder of the study had no role in the study design, 
data collection, data analysis, data interpretation, or 
writing of the report.

Results
Between Sept 4, 2019 and Oct 2, 2020, 38 participants 
were enrolled. One participant withdrew during run-in 
because of difficulties with the study pump infusion sets. 
Overall, 37 participants were randomly assigned (median 
[IQR] age 68 [63–70] years, 57% [n=21] male, mean [SD]
baseline HbA1c 7·4% [0·9%]; 57 [10] mmol/mol]; table 1). 
One participant died during the first study period (sensor-
augmented pump therapy) following cardiac arrest 
caused by a pulmonary embolism associated with 
COVID-19 infection. Two participants from Graz had 
reduced duration of the second study period (90 days and 
92 days) owing to Brexit-related sponsorship issues. The 
flow of participants through the study is shown in the 
appendix (p 14).

Primary, key, and secondary endpoints for all randomly 
assigned participants are shown in table 2. The time 
in target glucose range 3·9 to 10·0 mmol/L was 
8·6 percentage points (95% CI 6·3–11·0; p<0·0001) 
higher in 16-week closed-loop period compared with the 
16-week sensor-augmented pump (SAP) period. The 
time spent in hyperglycaemia (>10·0 mmol/L), HbA1c, 

Overall (n=37) Closed-loop first 
group (n=20)

Sensor-augmented 
pump therapy first 
group (n=17)

Age, years 68 (63–70) 68 (63–70) 67 (62–70)

Sex

Female 16 (43%) 8 (40%) 8 (47%)

Male 21 (57%) 12 (60%) 9 (53%)

Ethnic

White 36 (97%) 20 (100%) 16 (94%)

Black African, Caribbean 1 (3%) 0 1 (6%)

Body-mass index, kg/m2 27·4 (25·2–30·0) 28·2 (25·4–31·7) 27·4 (24·9–38·5)

Duration of diabetes, years 38 (32–47) 38 (32–48) 38 (32–48)

Duration of pump therapy, years 10 (7–15) 11 (8–16) 9 (5–14)

Presence of diabetes related complications

Macrovascular disease 4 (11%) 2 (10%) 2 (12%)

Nephropathy 4 (11%) 2 (10%) 2 (12%)

Retinopathy 9 (24%) 5 (25%) 4 (24%)

Neuropathy 10 (27%) 5 (25%) 5 (29%)

Foot disease 4 (11%) 3 (15%) 1 (6%)

Charlson comorbidity index 4 (1) 4 (2) 4 (1)

Continuous glucose monitor user 25 (68%) 13 (65%) 12 (71%)

HbA1c, mmol/mol 57 (10) 58 (10) 57 (9)

HbA1c, % 7·4% (0·9%) 7·5% (1·0%) 7·4% (0·9%)

Percentage of time with glucose

3·9–10·0 mmol/L 70·0 (13·8) 69·6 (14·1) 70·3 (13·7)

>10·0 mmol/L 25·5 (15·2–41·0) 25·5 (15·1–41·9) 25·5 (15·9–39·8)

>16·7 mmol/L 0·6 (0·0–1·8) 0·7 (0·2–1·9) 0·6 (0·0–2·0)

<3·9 mmol/L 1·8 (0·8–3·2) 1·6 (0·4–2·7) 1·8 (1·1–4·2)

<3·0 mmol/L 0·1 (0·0–0·4) 0·1 (0·0–0·4) 0·1 (0·0–0·4)

Mean glucose, mmol/L 8·5 (1·2) 8·6 (1·3) 8·5 (1·2

Glucose, mmol/L 2·8 (0·5) 2·8 (0·6) 2·8 (0·5)

Total daily insulin, units per day 45·1 (36·8–57·2) 45·8 (38·3–51·1) 40·0 (35·4–62·4)

Total daily basal insulin, units per day 21·8 (16·0–27·4) 22·0 (17·1–27·0) 21·8 (14·2–28·2)

Total daily bolus insulin, units per day) 23·2 (18·7–32·3) 24·0 (19·3–32·3) 23·2 (16·5–32·0)

TDD (units per kg/day) 0·5 (0·5–0·6) 0·5 (0·4–0·6) 0·6 (0·5–0·7)

Data are n (%), mean (SD), or median (IQR) unless otherwise indicated. Glucose data are based on sensor glucose 
measurements. HbA1c=glycated haemoglobin.

Table 1: Baseline characteristics
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and mean sensor glucose were all significantly lower 
during closed-loop compared with during the SAP period 
(table 2). The figure shows the 24-h glucose profiles. 
There was no difference in time spent in hypoglycaemia 
<3·9 mmol/L, between interventions (table 2). Type 1 
error has not been controlled outside the hierarchical 
analysis given the final p value of 0·54.

The percentage times spent with glucose less than 
3·5 mmol/L and less than 3·0 mmol/L were not 
significantly different between interventions (table 2). 
Time spent with glucose concentrations in significant 
hyperglycaemia (>16·7 mmol/L) was significantly lower 
in the closed-loop compared with the SAP period. 
Glucose variability as measured by SD of glucose was 
significantly lower in the closed-loop period compared 
to SAP, but there was no difference in the coefficient of 
variation of glucose between the two periods (table 2). 
Although total daily insulin dose was similar between 
treatment periods, basal insulin dose was significantly 
higher during the closed-loop compared to the SAP 
period, with a significant reduction in bolus insulin 
dose (table 2).

A per-protocol analysis of the primary outcome is 
shown in the appendix (p 11) confirming findings 
observed applying the intention-to-treat analysis. Efficacy 
and safety analysis by treatment sequence is shown in 
the appendix (p 12). There was no carryover effect 
between interventions (p=0·99).

Closed-loop glucose control overnight was superior to 
the daytime with time spent in target glucose range 
overnight 86·8% (8·7%) compared with 77·6% (8·0%) 
during the daytime period and time spent in 
hypoglycaemia (<3·9 mmol/L 2·0% [1·5 to 2·7]) during 
the day and 0·9% (0·5 to 1·6) during the night with 
closed-loop (appendix p 13). There was an appreciable 
difference in treatment effect between daytime and 
night-time across all key glycaemic metrics.

Glucose sensor use was high during both treatment 
periods at 98% (7%) in the closed-loop and 99% (7%) in 
the SAP period. In the closed-loop period, the closed loop 
was operational for 96·7% of the time (table 2).

Safety-related events are summarised in table 3. 
Two severe hypoglycaemia events occurred during the 
sensor augmented pump period. There were no diabetic 
ketoacidosis events. There were two non-treatment 
related serious adverse events: cardiac arrest from 
pulmonary embolism associated with COVID-19 during 
the SAP period resulting in death, and a hospital 
presentation for parenteral hydrocortisone because of 
COVID-19 in a participant with adrenal insufficiency 
during the run-in period. A total of 18 other adverse 
events (six closed-loop, nine SAP, two run-in, one 
washout) of which four were study procedure related 
(skin reactions to Holter electrodes or sensors) and 
eight device deficiencies (five closed-loop, one SAP, 
two run-in) were reported. No device deficiency led to an 
adverse event.

Discussion
This study shows that the Cambridge hybrid closed-loop 
algorithm is safe, and significantly improves glycaemic 
control compared with sensor-augmented pump therapy, 
without increasing hypoglycaemia in older adults with 
type 1 diabetes.

The time spent in target glucose range 
(3·9–10·0 mmol/L) with closed-loop in this study 
population was high at 80%, and the 8·6 percentage point 
additional time in range compared to SAP therapy 
equates to an additional 2 h each day in target glucose 
range. Importantly this improvement in glycaemic 
control with closed-loop was achieved without any 
increase in hypoglycaemia and in the context of a 
population with tight glycaemic control at baseline 
(baseline HbA1c 7·4%; 57 mmol/mol).

Closed-loop group 
(n=36)

Sensor-augmented 
pump therapy 
group (n=37)

Treatment difference 
(95% CI)

p value*

Primary endpoint†

Time with glucose 
3·9 to 10·0 mmol/L, %

79·9% (7·9) 71·4% (13·2) 8·6 (6·3 to 11·0) <0·0001

Key secondary endpoints†

Time with glucose 
>10·0 mmol/L, %

16·7% (11·4 to 23·9) 21·4% (16·9 to 36·5) −8·5% (−10·9 to −6·1) <0·0001

Mean glucose, mmol/L 7·8 (0·7) 8·5 (1·1) −0·7 (−0·9 to −0·5) <0·0001

HbA1c, mmol/mol 49·3 (7·9) 52·1 (9·2) −2·7 (−4·2 to −1·2) 0·0008

HbA1c,% 6·7% (0·7%) 6·9% (0·9%) −0·2% (−0·4 to −0·1) 0·0008

Time with glucose 
<3·9 mmol/L, %

1·7 (1·3 to 2·4) 1·7 (0·9 to 2·7) −0·1 (−0·3 to 0·2) 0·54

Other secondary endpoints‡

Time with glucose

<3·5 mmol/L, % 0·7% (0·5 to 1·1) 0·7% (0·4 to 1·2) 0·0% (−0·2 to 0·1) 0·69

<3·0 mmol/L, % 0·2% (0·1 to 0·3) 0·2% (0·1 to 0·3) 0·0% (-0·1 to 0·1) 0·69

>16·7 mmol/L, % 0·5% (0·2 to 0·8) 0·8% (0·2 to 2·8) −0·7% (−1·0 to −0·3) <0·0001

Glucose, mmol/L 2·6 (0·5) 2·8 (0·6) −0·2 (−0·3 to −0·1) <0·0001

Glucose coefficient of 
variation, %

32·5 (4·2) 32·7 (4·5) −0·3 (−1·2 to 0·6) 0·49

Total daily insulin, units 
per day

46·3 (36·9 to 53·5) 42·9 (36·6 to 53·0) 1·2 (−0·6 to 3·0) 0·20

Total daily basal insulin, 
units per day

27·7 (18·9 to 32·0) 21·5 (15·9 to 27·0) 4·7 (3·2 to 6·1) <0·0001

Total daily bolus insulin, 
units per day

20·2 (13·5 to 26·1) 23·4 (17·0 to 29·6) −3·5 (−4·9 to −2·0) <0·0001

Total daily dose, units per 
kg/day

0·5 (0·5 to 0·6) 0·5 (0·4 to 0·6) 0·0 (0·0 to 0·0) 0·35

Time using continuous 
glucose monitoring, %

99·7 (99·3−99·9) 99·4 (98·8−99·9) 0·45 (0·06−0·85) 0·026

Time using closed-loop, % 96·7% (95·1−98·0) ·· ·· ··

Data are mean (SD) or median (IQR). Endpoints calculated from all randomised subjects with at least 168 h of CGM data 
in at least one period. Glucose data are based on sensor glucose measurements. Treatment difference is calculated as 
closed loop minus sensor augmented pump therapy. One participant randomised to initial use of sensor-augmented 
pump therapy did not cross over to closed-loop insulin delivery. *Based on a linear mixed model adjusting for period as a 
fixed effect and site as a random effect. †Tested in hierarchy as listed to control the type 1 error using the fixed-sequence 
method. ‡Adjusted for multiple comparisons using Benjamini-Hochberg procedure to control false discovery rate. 
HbA1c=glycated haemoglobin

Table 2: Glucose control, insulin delivery, and usage endpoints in the intention-to-treat analysis 
population
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The guidelines suggest relaxation of glycaemic targets 
in older adults owing to increased risk of hypoglycaemia 
in older adults with long duration of diabetes.8 However 
many older adults with type 1 diabetes wish to pursue the 
standard recommended glycaemic targets to avoid 
complications associated with persistent hyperglycaemia, 
but might increase the risk of severe hypoglycaemia. The 
present study shows that it is possible to achieve excellent 

glycaemic control by means of a hybrid closed-loop 
system without increasing the risk of hypoglycaemia 
above that of sensor augmented pump therapy in older 
adults. The adjustable target glucose in the Cambridge 
closed-loop algorithm allows the user to customise the 
algorithm to suit their personal needs and risks, which is 
particularly useful in the older adult population. There 
were no episodes of severe hypoglycaemia during closed-
loop period compared with two episodes during sensor 
augmented pump period.

Hybrid closed-loop use was associated with a 
significant reduction in time spent in hyperglycaemia 
greater than 16·7 mmol/L, which is a risk factor for 
development of acute hyperglycaemic emergencies. The 
glycaemic outcomes shown with hybrid closed-loop in 
the present study compare favourably with those of 
studies of younger adults and children with type 1 
diabetes,14–16 probably reflecting the high degree of 
motivation and engagement with diabetes management 
in this population as can be observed by the glycaemic 
control attained during the sensor-augmented pump 
period.

Although total daily insulin requirements between 
treatment periods was similar, there was a significant 
increase in basal insulin delivery during the closed-loop 
period with a corresponding reduction in bolus insulin 
delivery. Other commercially available closed-loop systems 
use auto-corrections to manage hyperglycaemia as their 
ability to step up basal insulin delivery is more constrained. 
The CamAPS FX closed-loop system does not have such 
limitations on basal insulin delivery. The automated basal 
adjusts for insulin under-delivery and reflects the totality 
of basal and auto-corrections applied by Medtronic 780G 
[Northridge, CA, USA] and Tandem Control-IQ systems 
[San Diego, CA, USA].

Glucose sensor and closed-loop usage were high 
suggesting trust in the devices and automation of insulin 
delivery in this population, and the longer-term usability 
of the hybrid closed-loop system. Retention of partici-
pants in the present study was also good, supporting 
acceptability of this technology. Psychosocial, cognitive, 
and sleep outcomes will be reported separately.

There is little data regarding the use of closed-loop 
systems by older adults with which to compare our 
findings. A small non-randomised pilot study of 15 older 
adults (aged ≥65 years) compared 4 weeks of SAP therapy 
to 4 weeks of closed-loop therapy with Tandem Control 
IQ and showed improved glucose control with 79·6% 
time in range and 0·8% time in hypoglycaemia 
(<3·9 mmol/L) during closed-loop use.17 Use of the 
closed-loop system was associated with high scores in 
ease of use, trust, and usability. In a real-world analysis of 
33 older adults (aged ≥50 years) using the Medtronic 
670G closed-loop system, time in target glucose range 
was between 73% and 75% during 12 months of 
follow-up,18 whereas in a retrospective analysis of 48 older 
adults (aged ≥65 years) using Control IQ, time in range 
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Figure: Sensor glucose concentrations
Median sensor glucose concentrations and IQRs during closed-loop insulin delivery (solid red line and red shaded 
area, n=36) and sensor-augmented pump therapy (dashed dark blue line and blue shaded area, n=37). 
Dashed horizontal lines indicate the target glucose range between 3·9 and 10 mmol/L. 

Prerandomisation 
(n=38)

Closed-loop 
group (n=36)

Sensor- 
augmented 
pump therapy 
group (n=37)

Washout 
(n=36)

Severe hypoglycaemia* events 0 0 2 0

Participants with severe 
hypoglycaemia

0 0 2 (5%) 0

Incidence rate of severe 
hypoglycaemia/100 person years

·· 0 17·6 ··

Serious adverse events (not study 
related)

1 0 1 0

Participants with serious adverse 
events

1 (3%) 0 1 (3%) 0

Adverse events 2 6 9 1

Study related 0 3 1 0

Other 2 3 8 1

Participants with adverse events 2 (5%) 4 (11%) 7 (19%) 1 (3%)

Number of device deficiencies

Pump related 2 3 0 0

Sensor related 0 1 0 0

App related 0 1 0 0

Phone related 0 0 1 0

Participants with device 
deficiencies

2 (5%) 5 (14%) 1 (3%) 0

*Defined as requiring assistance of another person.

Table 3: Adverse events and safety analyses in the intention-to-treat analysis population
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was 76% over 3 months of follow-up.19 Assessment of the 
efficacy and safety of hybrid closed-loop system from 
these studies is limited by their design.

The strengths of our study include the multicentre, 
multinational, randomised, crossover design. The control 
sensor-augmented pump therapy period included the 
same devices with the closed-loop functionality disabled 
allowing any differences in glycaemic control to be 
attributed to algorithm-directed insulin delivery alone. 
There was very high treatment adherence in both study 
periods. Despite the study taking place during the 
COVID-19 pandemic, there were few protocol deviations 
which could have affected glycaemic outcomes. The study 
limitations include enrolling participants that might not 
be fully representative of the general population of older 
adults with type 1 diabetes owing to the requirement for 
insulin pump therapy and the low baseline HbA1c, 
although this is in keeping with reported epidemiological 
data in this age-group.10 There was little ethnic diversity 
in the study population which reflects study site 
demographics and registry demographics in this age 
group.10 Although there were no issues with training or 
management of the technology by participants during the 
study, the study participants had a relatively high level of 
educational attainment (appendix p 10) and might have 
had a higher level of technological proficiency than an age-
matched population which might limit generalisability of 
the results to the wider population of older adults with 
type 1 diabetes. However, our study cohort has a similar 
level of educational attainment to that reported of older 
adults in the type 1 diabetes exchange.10

The type 1 diabetes exchange data shows that older adults 
have lower HbA1c than younger adults, but greater burden 
of hypoglycaemia.10,20 Real-world data from the US reports 
a similarly low prevalence of microvascular complications 
in older adults with similar HbA1c to that of our study 
cohort (neuropathy 12–16%, nephropathy 11–14%).20 It is 
possible that those reaching older adulthood with a long 
duration of type 1 diabetes are characterised by a history of 
optimal glycaemic control and low burden of complications. 
These older adults have not succumbed to diabetes-related 
complications and are therefore over-represented in this 
age-group.

In conclusion, hybrid closed-loop insulin delivery by 
means of the CamAPS FX app applying the Cambridge 
algorithm was safe and led to clinically significant 
improvements in glycaemic control compared with 
sensor-augmented pump therapy in older adults with 
type 1 diabetes over 16 weeks. Closed-loop usage was 
high, suggesting high acceptability of this therapy in this 
age group.
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