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Abstract

Objective: Many hybrid closed-loop (HCL) systems struggle to manage unusually high glucose levels as experienced
with intercurrent illness or pre-menstrually. Manual correction boluses may be needed, increasing hypoglycemia risk with
overcorrection. The Cambridge HCL system includes a user-initiated algorithm intensification mode (“Boost”), activation
of which increases automated insulin delivery by approximately 35%, while remaining glucose-responsive. In this analysis, we
assessed the safety of “Boost” mode.

Methods: We retrospectively analyzed data from closed-loop studies involving young children (I-7 years, n = 24), children
and adolescents (10-17 years, n = 19), adults (=24 years, n = |3), and older adults (=60 years, n = 20) with type | diabetes.
Outcomes were calculated per participant for days with =30 minutes of “Boost” use versus days with no “Boost” use.
Participants with <10 “Boost” days were excluded. The main outcome was time spent in hypoglycemia <70 and <54 mg/dL.

Results: Eight weeks of data for 76 participants were analyzed. There was no difference in time spent <70 and <54 mg/
dL between “Boost” days and “non-Boost” days; mean difference: —0.10% (95% confidence interval [Cl] —0.28 to 0.07; P =
.249) time <70 mg/dL, and 0.03 (—0.04 to 0.09; P = .416) time < 54 mg/dL. Time in significant hyperglycemia >300 mg/dL
was |.39 percentage points (1.01 to 1.77; P < .001) higher on “Boost” days, with higher mean glucose and lower time in
target range (P < .001).

Conclusions: Use of an algorithm intensification mode in HCL therapy is safe across all age groups with type | diabetes. The
higher time in hyperglycemia observed on “Boost” days suggests that users are more likely to use algorithm intensification
on days with extreme hyperglycemic excursions.
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Introduction

Automated insulin delivery systems are becoming increas-
ingly common in clinical practice as more such systems are
becoming available.'? All currently available systems use
the hybrid closed-loop (HCL) approach, where the closed-
loop algorithm automatically adjusts insulin delivery based
on real-time sensor glucose levels, but user-initiated prandial
boluses are required for optimal outcomes. These systems
have been shown to improve glycemic control and reduce
time in hypoglycemia.>® There are however limitations.
Systems may struggle to cope with unusually high glucose
levels and/or unusually high insulin requirements, as experi-
enced with intercurrent illness, in the pre-menstrual period,
following high-fat meals or during pubertal or growth hor-
mone surges. This is often due to inherent safety mitigations
that do not allow algorithm-driven insulin delivery to exceed
pre-specified amounts. Consequently, users need to adminis-
ter manual correction boluses to bring glucose back into the
target range, contributing to management burden and risk of
hypoglycemia with overcorrection.’

Qualitative research shows that people with type 1 dia-
betes increasingly expect closed-loop systems to be able to
cope with atypical scenarios.®!° In response, some closed-
loop systems, such as the CamAPS FX app, now include a
personalizable user-initiated mode of operation, activation
of which notifies the algorithm that insulin requirements
are higher for a user-defined time period.!" This has the
potential to improve usability, increase time in range, and
reduce risk of hypoglycemia associated with standard

manual correction doses. However, the safety of this spe-
cific user-initiated mode of operation that allows intensifi-
cation of insulin delivery has not been evaluated. In the
present analysis, we explore the relationship between user-
initiated intensification of insulin delivery and time spent
with glucose levels below the target range when using the
Cambridge HCL algorithm, hypothesizing that use of
“Boost” mode is not associated with an increase in time
spent in hypoglycemia.

Methods
Study Population

We retrospectively analyzed data from four multicenter ran-
domized clinical trials conducted in children, adolescents,
adults, and older adults with type 1 diabetes, aged 1 to 80
years.*>1213 All participants used the CamAPS FX HCL app
for a minimum period of eight weeks in the unsupervised
home setting. Study participants and parents/caregivers of
participants signed informed consent; in line with local eth-
ics committee recommendations, written assent was obtained
from minors whenever possible. The studies were approved
by independent research ethics committees and national reg-
ulatory authorities. Inclusion criteria for the studies included
type 1 diabetes diagnosis (World Health Organization crite-
ria) for a minimum of six months (young children) or 12
months (older adults), pump therapy for a minimum of three
months, and a baseline glycated hemoglobin of <10% (all
except adolescents).
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Closed-Loop System

All participants used the CamAPS FX closed-loop app
(CamDiab Ltd, Cambridge, UK), running on an unlocked
android smartphone and communicating via Bluetooth with
the Dana Diabecare RS insulin pump (Sooil Development,
Seoul, Korea) and Dexcom G6 (Dexcom, San Diego, CA,
USA) continuous glucose monitor (CGM). In this HCL sys-
tem, a model-predictive control algorithm incorporating
adaptive learning automatically adjusts insulin delivery
every 8 to 12 minutes to achieve a default nominal glucose
target of 104.5 mg/dL. CamAPS FX offers personalizable,
user-initiated modes of operation, including “Boost” and
“Ease off” modes. Activating “Ease off” mode raises the
personal glucose target and reduces algorithm-driven insu-
lin delivery, and additionally stops any insulin delivery if
glucose drops below 126 mg/dL. “Boost” mode increases
algorithm-driven insulin delivery by approximately 35% for
a user-defined period, while remaining glucose-responsive.
“Boost” can be used in circumstances of unusually high glu-
cose levels or increased insulin requirements, such as during
the pre-menstrual period, for low-grade illness in the
absence of significant ketones, to correct post-prandial
hyperglycemia or during growth hormone pulses. Once tar-
get glucose is reached “Boost” mode will become inactive,
irrespective of pre-programmed duration. Study participants
were free to use “Boost” mode at any time during the study
period; however, no data were collected on reasons for
“Boost” use.

Statistical Analysis

For each participant, the following outcomes were calculated
per 24-hour segment starting at 00:00 and ending at 23:59
over the eight-week data collection period: time in “Boost”
mode; percentage of time in closed-loop; percentage of time
with CGM available; mean sensor glucose, standard devia-
tion (SD) and coefficient of variation of sensor glucose; per-
centage of time with sensor glucose below 70 and 54 mg/dL;
percentage of time with sensor glucose above 300 mg/dL;
and daily total, basal, and bolus insulin dose. Participant
days with <70% time in closed-loop were excluded from the
analysis.

To explore the association between “Boost”-use and time
in hypoglycemia, each participant day was categorized
according to “Boost”-use: Either as “non-Boost day” (time
with “Boost” active = 0 minutes) or “Boost day” (time with
“Boost” active = 30 minutes). Participant days with “Boost”-
use between 1 and 29 minutes were excluded from the analy-
sis. Mean glycemic metrics for all non-Boost days and all
Boost days were then calculated per participant. Participants
who had <10 non-Boost days or <10 Boost days were
excluded from the analysis. Glycemic metrics on Boost ver-
sus non-Boost days were compared using a paired #-test,
non-normally distributed data were winsorized.

Outcomes were calculated using GStat software, version
2.3 (University of Cambridge, UK), and statistical analyses
were performed using SPSS, version 27 (IBM Software,
Hampshire, UK). Measures are reported as mean = SD for
normally distributed or median (interquartile range [IQR])
for non-normally distributed data. P values < .05 were con-
sidered statistically significant.

Results

Data from 143 participants aged between 1 and 80 years
were analyzed over an eight-week period of HCL use in the
home setting. Out of 7983 available days, 7378 days (92%)
met the pre-specified inclusion criteria of at least 70%
closed-loop use and Boost use of either 0 minutes or = 30
minutes; 76 participants had =10 days of Boost use (median
23 days [IQR: 15-29] per participant), and were included in
the final analysis.

Glycemic and closed-loop specific outcomes are shown
in Table 1. The cohort included 24 children aged 1 to 7 years,
19 children and adolescents aged 10 to 17 years, 13 adults
aged 24 to 55 years, and 20 older adults aged 60 to 80 years;
54% of the cohort were men, with an overall mean age of
29.4 = 12.9 years. Closed-loop usage was high across all age
groups at median 99%. The overall mean time with sensor
glucose in the target range of 70 to 180 mg/dL was 75% =
9%. The overall median time “Boost” was active per partici-
pant per day was 0.0% (IQR: 0.0-6.2; equivalent of 0.0-89.3
minutes). Time spent in hypoglycemia <70 mg/dL was low
overall (2.6% [1.6-4.4]), and highest in very young children
(5.2% [3.2-7.7)).

There were 3933 available days for analysis, of which
1785 (45%) had = 30 minutes “Boost” use (Table 2). On
“Boost” days, “Boost” mode was activated for a median
103 minutes (83-151). There was no difference in time
spent in hypoglycemia <70 and <54 mg/dL between
“Boost” days (days with =30 minutes “Boost” use) and
“non-Boost” days; mean difference —0.10% (95% confi-
dence interval [CI] —0.28 to 0.07; P = .249) time <70 mg/
dL, and 0.03 (-0.04 to 0.09; P = .416) time <54 mg/dL.
Time in significant hyperglycemia >300 mg/dL was 1.39
percentage points (1.01-1.77; P < .001) higher on “Boost”
days, while time in target range 70 to 180 mg/dL was 9.5
percentage points (7.2-11.8; P < .001) lower and mean glu-
cose 14.6 mg/dL (12.1-16.9; P < .001) higher on “Boost”
days. In addition, glucose variability was higher on “Boost”
days with mean coefficient of variation of glucose 35%,
compared with 31% on “non-Boost” days (mean differ-
ence: 3.9% [3.2-4.6, P < .001]). Figure 1 shows the trend
of time spent in hypoglycemia <70 and <54 mg/dL and
time spent in significant hyperglycemia >300 mg/dL per
participant on “Boost” versus ‘“non-Boost” days. The
observed increase in time spent in significant hyperglyce-
mia >300 mg/dL on “Boost” days was not unexpected and
is further explored in the “Discussion.”



Journal of Diabetes Science and Technology 00(0)

Table 1. Participant Characteristics and Outcomes by Study Cohort.

Children and
Overall Very young children*  adolescents® Adults? Older adults?
(n=76) (n=124) (n=19) (n=13) (n=20)

Age (yr) 294 £ 129 52+ 14 124 = 1.6 395 +938 682 £ 45
Sex—no. (%)

Female 35 (46) 12 (50) 9 (47) 6 (46) 8 (40)

Male 41 (54) 12 (50) 10 (53) 7 (54) 12 (60)
Usage

Time using CGM (%) 97 + 4 95 +5 96 + 3 97 £3 9 +2

Time in closed-loop (%) 99 (93-100) 99 (94-100) 98 (91-100) 99 (95-100) 99 (96-100)

Time in “Boost” (%) 0.0 (0.0-6.2) 0.0 (0.0-6.9) 0.0 (0.0-6.3) 0.0 (0.0-4.2) 0.0 (0.0-6.3)
Sensor glucose

Time in range 70-180 mg/dL (%) 75+ 9 74 =7 71 =11 74+ 6 799

Mean glucose (mg/dL) 1454 = 16.0 141.1 = 13.8 153.2 = 204 146.4 = 9.1 142.9 = 153

SD (mg/dL) 54.1 £ 122 553 *£938 622 £ 155 547 + 6.8 445 *+ 6.8

Coefficient of variation (%) 37 £6 395 40 =6 37 £3 31 £3

Time < 70 mg/dL (%) 2.6 (1.6-4.4) 5.2 (3.2-7.7) 2.4 (2.0-3.5) 3.2 (1.7-4.0) 1.5 (1.2-2.2)

Time < 54 mg/dL (%) 0.4 (0.2-1.0) 1.2 (0.5-1.6) 0.4 (0.2-0.7) 0.7 (0.3-0.8) 0.1 (0.1-0.3)

Time > 300 mg/dL (%) 1.0 (0.4-2.6) 1.3 (0.6-2.6) 4.0 (0.9-6.0) 1.4 (0.9-2.3) 0.5 (0.1-0.8)
Insulin delivery

Total daily insulin dose (U/day) 42 =25 17 =5 65 = 29 48 = 14 45 = 12

Total daily basal insulin dose (U/day) 24 = 18 83 40 = 24 29 = 10 26 =9

Total daily bolus insulin dose (U/day) 178 9*3 25+9 195 196

Data are mean = SD or median (IQR) unless otherwise indicated.

Abbreviations: CGM, continuous glucose monitor; IQR, interquartile range; SD,

*Very young children were aged | to 7 years, children and adolescents 10 to |7

standard deviation.
years, adults 24 to 55 years, and older adults 65+ years.

Table 2. Comparison of Main Glycemic Outcomes on Boost and Non-Boost Days.

Mean difference

Boost days Non-boost days  [95% confidence interval] P value
Total available days 1785 2148 — —
Number of days available per participant 23 (15, 29) 28 (20, 37) — —
Time using “Boost” (%) 7.2 (5.7, 10.5) — — —
Time using “Boost” (minutes) 103 (83, I51) — — —
Time in hypoglycemia (%)
<70 mg/dL 3.18 £ 1.91 3.28 = 1.88 -0.10 [-0.28, 0.07] 249
<54 mg/dL 0.60 = 0.51 0.57 £ 0.51 0.03 [-0.04, 0.09] A4l6
Time in significant hyperglycemia >300 mg/dL (%) 237 £ 211 0.98 + 1.36 1.39 [1.01, 1.77] <.001
Time in target range 70-180 mg/dL (%) 69.1 = 13.2 78.6 = 8.9 -95[-11.8,-7.2] <.001
Mean sensor glucose (mg/dL) 153.3 = 19.6 1389 = 14.8 14.6 [12.1, 16.9] <.001
Coefficient of variation of glucose (%) 35252 31.2 = 49 3.9 [3.2, 4.6] <.001

Data are mean = SD or median (IQR). N = 76 participants.
Abbreviations: IQR, interquartile range; SD, standard deviation.

Discussion

The present study reports on the safety of a unique user-
initiated insulin delivery intensification mode (“Boost”) dur-
ing eight weeks of home-use of the Cambridge HCL algo-
rithm by children and adults with type 1 diabetes. There was

no difference in time spent in hypoglycemia on days when
“Boost” was used compared with “non-Boost” days. This
suggests that user-initiated closed-loop insulin delivery
intensification is safe to use across all age groups.

The addition of personalizable features in HCL systems is
an evolving area. In qualitative studies exploring peoples’
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Figure |. Individual participants’ time spent with glucose in level |

hypoglycemia <70 mg/dL (a), overall mean shown in red; level 2

hypoglycemia <54 mg/dL (b), overall mean shown in red; and in significant hyperglycemia >300 mg/dL (c), overall mean shown in red,

during days when no “Boost” was used and days when “Boost” was

experience using different closed-loop systems, users
reported wanting to actively collaborate with the system, to
improve glycemic control on days with atypical glucose
excursions.”!%!* Intrinsic day-to-day variability in insulin
requirements'>!® can be exacerbated by a variety of factors
including intercurrent illness, hormonal fluctuations, and
challenging meals.!®!” Closed-loop systems aim to address
variability by automatically adjusting insulin delivery based
on real-time sensor glucose values, but are more limited in
their ability to cope with extreme glucose levels, in contrast
to users’ expectations.® Even in the context of systems incor-
porating adaptive learning, users felt that being able to com-
municate new information to the algorithm and influence
insulin delivery was important in terms of managing glucose
levels at times when the system might not be “aggressive”
enough on its own.”!8

“Boost” mode enables users to notify the closed-loop
algorithm that insulin requirements are higher than usual. In
our study, time spent in significant hyperglycemia >300 mg/
dL was higher on “Boost” days, with lower time in target
range and higher mean glucose. This was an expected result
and suggests that participants use “Boost” on days with more
extreme hyperglycemic excursions. An episode of signifi-
cant hyperglycemia is likely the trigger for “Boost” activa-
tion, explaining the higher percentage time >300 mg/dL on
days when “Boost” mode was used. In keeping with this sug-
gestion, our results showed that there were fewer “Boost”
days than “non-Boost” days, with the majority of participant
days not including use of “Boost.” This is reflective of the
closed-loop system’s general ability to maintain glucose in
the target range at default settings without need for

used =30 minutes.

additional user-input, as evidenced by an overall mean time
of 75% with glucose in the target range of 70 to 180 mg/dL.
The suggestion that “Boost” is primarily used on days with
significant hyperglycemia was corroborated by qualitative
study findings, where participants reported that activating
“Boost” helped the closed-loop system to manage minor ill-
ness and atypical hyperglycemia events more effectively.!%!
Improving the closed-loop system’s ability to cope with sig-
nificant hyperglycemia events may help to improve overall
glycemic control and system usability.

Incorporating user-initiated increased insulin delivery
into the closed-loop algorithm itself has potential safety ben-
efits. Using manual insulin correction doses or temporary
basal rates to manage significant hyperglycemia carries an
inherent risk of resultant hypoglycemia.” Appropriate dosing
decisions rely on the accuracy of a range of settings, as well
as the timing of the corrective insulin dose itself, making
dosing decisions a challenging task.” In contrast “Boost”
enables an increase in algorithm-driven insulin delivery
adjusted continuously based on sensor glucose values, with
the algorithm using parameters based on adaptive learning,
rather than pre-defined settings. When glucose levels have
returned to target, “Boost” becomes inactive, regardless of
pre-programmed duration. In our study, there was no differ-
ence in time spent in hypoglycemia on “Boost” days, empha-
sizing the potential benefit of advanced technologies in terms
of managing extreme glucose excursions safely.

The strengths of our study include the broad age-range of
participants between 1 and 80 years and the multicenter,
multinational study design with home use of the HCL system
without remote monitoring. The longer eight-week study
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period has been shown to provide representative data for
mean glucose, glucose variability, and time spent with glu-
cose below, within, and above the target range,?® supporting
the generalizability of our findings. We included only partici-
pants with at least 10 “Boost” days and 10 “non-Boost” days,
reducing the risk of selection bias. Limitations include the
retrospective analysis and the fact that time spent with
“Boost” active and time spent in hypoglycemia was calcu-
lated on a day-by-day basis rather than an individual event
basis. This approach does not allow for any assessment of
efficacy of “Boost” and has the potential of underestimating
delayed hypoglycemia events following “Boost”-use.

Conclusions

In summary, the use of a user-initiated insulin delivery inten-
sification mode is safe in children, adolescents, adults, and
older adults with type 1 diabetes using the Cambridge HCL
algorithm. Increasingly, users expect systems to be personal-
izable as well as individually adaptable. Further studies are
warranted to assess whether such personalizable closed-loop
features could improve glycemic control while maintaining
the safe use of these systems.

Abbreviations

CGM, continuous glucose monitor; CI, confidence interval; HCL,
hybrid closed-loop.
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