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Abstract

Background: A diagnosis of type | diabetes in a young person can create vulnerability for sleep. Historically it has been
rare for young people to be offered a closed-loop system soon after diagnosis meaning that studies examining sleep under
these circumstances in comparison with standard treatment have not been possible. In this study, we examine sleep in young
people (and their parents) who were provided with hybrid closed-loop therapy at diagnosis of type | diabetes versus those
who receive standard treatment over a 2-year period.

Methods: The sample comprised 97 participants (mean age = 12.0 years; SD = 1.7) from a multicenter, open-label,
randomized, parallel trial, where young people were randomized to either hybrid closed-loop insulin delivery or standard
care at diagnosis. Sleep was measured using actigraphy and the Pittsburgh Sleep Quality Index (PSQI) in the young people,
and using the PSQI in parents.

Results: Sleep in young people using hybrid closed-loop insulin delivery did not differ significantly compared with those
receiving standard care (although there were nonsignificant trends for better sleep in the closed-loop group for 4 of the 5
sleep actigraphy measures and PSQI). Similarly, there were nonsignificant differences for sleep between the groups at 24
months (with mixed direction of effects).

Conclusions: This study assessed for the first time sleep in young people using a closed-loop system soon after diagnosis.
Although sleep was not significantly different for young people using closed-loop insulin delivery as compared with those
receiving standard care, the direction of effects of the nonsignificant results indicates a possible tendency for better sleep
quality in the hybrid closed-loop insulin delivery group at the beginning of the treatment.
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Introduction

A diagnosis of type 1 diabetes (T1D) in a young person can
create vulnerability for sleep within the family.! Indeed, anx-
iety and life changes associated with this new diagnosis can
cut into restful sleep.> Even once initial challenges associ-
ated with the diagnosis have subsided, sleep may continue to
be impacted over time because of requirements for night-
time interventions to optimize blood glucose levels and other
related factors. Type 1 diabetes may create sleep challenges
for the young person living with the condition and can also
affect caregivers such as parents.! Indeed, parents can be
centrally involved in the diabetes care of children, although
adolescence is often a time of change for diabetes manage-
ment, with young people beginning to take more responsibil-
ity for their condition.® Short-term and long-term sleep
difficulties for young people and their parents are notewor-
thy, as missing out on sleep and experiencing sleep of poor
quality can have consequences for many different areas of
life. Indeed, sleep is important for emotional regulation* as
well as memory and cognition.” What is more, suboptimal
sleep can have negative effects on various aspects of health
including those directly relevant to diabetes such as insulin
resistance and glucose metabolism which consequently
affects glucose control.®

Different methods of treatment for diabetes are likely to
impact sleep in different ways. A series of controlled trials
have not found differences between hybrid closed-loop sys-
tems and sensor-augmented pumps using objective methods
to assess sleep.”” However, several studies have found
improvements in subjective sleep quality.”’ Although further
research is needed to understand the associations between
treatment method and sleep, there are hypotheses as to why
we might find associations. For example, the use of a closed-
loop system with the ability to automatically tackle both
hypoglycemia and hyperglycemia can reduce burden (less
manual intervention means less sleep displacement). Closed-
loop systems can also provide feelings of safety for young
people and their parents'—which is so key for sleep.!!
However, it is also possible that the learning curve to prop-
erly use the device can temporarily disrupt sleep as can asso-
ciated alarms.®? Another possibility is that wearing an insulin
pump can be uncomfortable for some and therefore can be a
disturbance for sleep. Previous works comparing sleep in
those using closed-loop systems and other treatments have
provided mixed results. For example, self-reported sleep
quality was better in adolescents when using hybrid closed-
loop therapy with the Medtronic 780G advanced hybrid
closed loop as compared with low-glucose suspend.'?
Furthermore, in a study using a sample of both children and
adults, it was found that the use of hybrid closed loop with
the first-generation MiniMed 670G system (Medtronic) was
also associated with sleep quality improvements.'> However,
another study found that there were no significant differ-
ences in actigraphy-assessed sleep variables (except a

reduction of number of parental awakenings during the
night) in children using hybrid closed loop with Tandem
Control 1Q as compared with sensor-augmented pump ther-
apy.” Similarly, there was no difference in objectively
assessed sleep quality and quantity in adolescents using
hybrid closed loop with the 670G as compared with before
they were using this system.® There have also been mixed
results when focusing on parental sleep. In the aforemen-
tioned study, as with the adolescents, parents of those using
the hybrid closed-loop 670G did not show differences for
objective sleep quality after their children had started using
the closed-loop pump.® However, self-report data revealed
an improvement in parental sleep quality after closed-loop
initiation.

A previous study by our group found a mixed pattern of
nonsignificant results when examining the sleep quality and
quantity (using both actigraphy data and questionnaires) in
caregivers of children living with T1D using closed-loop
insulin delivery with CamAPS FX as compared with sensor-
augmented pump therapy.'* However, when considering the
direction of effects, there was some indication of better sleep
quality in the primary caregiver of children using closed
loop. Further data from a multicenter trial focusing on the
Control 1Q closed-loop system found that the use of this
device was associated with improved sleep in parents (of
children living with T1D) who previously met the criteria for
inadequate sleep.!> Similarly, use of the Omnipod 5 hybrid
closed-loop system was associated with caregiver better self-
reported sleep quality in certain domains.!® Furthermore, in
an aforementioned study focusing on children using hybrid
closed-loop with Control IQ as compared with sensor-
augmented pump therapy,’ the closed-loop system was asso-
ciated with better self-reported parental sleep (although there
were not differences for actigraphy with the exception of
night wakings).”

As historically it has been rare for young people to be
offered a closed-loop pump soon after diagnosis, studies
comparing sleep under these circumstances in comparison
with those receiving standard treatment have not been pos-
sible. However, early adoption of a closed-loop system could
reduce the burden of diabetes management and may have
significant implications for sleep. Given mixed results to
date, the limited research available on this topic, and the
absence of information concerning the early adoption of the
closed-loop system on sleep, further research using different
closed-loop systems, age groups, and measures of sleep in
young people and their parents are needed as are well-
powered samples to elucidate this association further.

For these reasons, in this study, we examine sleep in
young people commenced on hybrid closed-loop therapy at
diagnosis of T1D (ie, within 21 days) versus those who
receive standard treatment (for study details, see Boughton
et al'’) over a 24 months period. We also examine the sleep
of their parents. We look to see whether both sleep quality
and length differ in those using a closed-loop system and
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their parents as compared with those on standard treatment in
both the short term (at the 6 months assessment) and longer
term (at the 24 months assessment). We measure sleep using
actigraphy (for the young people living with T1D) and using
self-report (for both the young people and their parents).

Methods
Sample

This study compared sleep quality and quantity in young
people who joined the study when they were newly diag-
nosed with T1D and their parents. Data came from the
CLOuD study, a multicenter, open-label, randomized, paral-
lel trial, where young people were randomized to either
hybrid closed-loop insulin delivery (CL) or standard care
(SC) soon after diagnosis.!” All control group participants
were commenced on multiple daily injections at diagnosis
but were free to commence insulin pump therapy and/or use
flash/continuous glucose monitoring at any time following
randomization. Treatment adjustments were made by local
diabetes clinical teams (not the research team) as clinically
indicated, applying National Institute for Health and Care
Excellence criteria regarding eligibility for insulin pump
therapy and/or glucose monitoring use. Interested readers
can obtain more information about the treatment of the con-
trol group over the 24-month period elsewhere.!” The trial
protocol and glycemic outcomes are also available else-
where.!” Participants were recruited from pediatric diabetes
clinics in the United Kingdom (Cambridge, Edinburgh,
Leeds, Liverpool, Nottingham, Oxford, and Southampton).
The key inclusion criterion for this study was a diagnosis of
T1D within the previous 21 days and participant age from
10.0 to 16.9 years (full inclusion and exclusion criteria are
available elsewhere).!” The total sample comprised 97 par-
ticipants who were randomly allocated to receive CL (N =
51) or SC (N = 46) therapy over a period of 24 months. See
the work by Boughton et al'’ for further information and
details about the CamAPS FX hybrid CL system.

Approval was received from the Cambridge East Research
Ethics Committee (16/EE/0286) and the Medicines and
Healthcare Products Regulatory Agency. Safety aspects were
overseen by an independent data and safety monitoring
board. The trial was co-coordinated by the Cambridge
Clinical Trials Unit.

Measures

Actiwatch data. Actigraphy (Philips Respironics, Bend, Ore-
gon, USA) was used to obtain objective sleep data. Partici-
pants wore this device on the nondominant wrist for 7
consecutive nights (concomitantly with sleep diaries) and the
mean scores for key variables are reported in analyses. Data
were scored using the Philips ActiWare software version
6.0.9. To improve the accuracy of the actigraphy-derived

sleep variables, the demarcation of the major rest intervals
(ie, bed times and getting-up times) was manually edited
using the intervals manipulation tool in the ActiWare soft-
ware. Manual adjustment was done with the help of (1) sleep
diaries; (2) markers from event marker button, if used within
the actigraphs; (3) sharp changes in light level, if a light sen-
sor is integrated within the actigraph, indicating light turned
on/off at the time of waking-up/getting to sleep; as well as
(4) sharp changes in activity count from/to sedentary level
that usually accompanies sleep/wake activity pattern. After
manual editing, the Philips software algorithms were then
used to score the data. Data were scored using a 15-second
epoch with default settings provided by the manufacturer (10
minutes of inactivity for onset of sleep and an awake thresh-
old of 40 counts [medium]) to obtain standard measures of
sleep continuity (1. total sleep time; 2. time in bed; 3. sleep
efficiency [percentage of time spent asleep while in bed]; 4.
sleep onset latency [time that it takes to change from wake-
fulness to sleep]; 5. number of awakenings; and 6. wake after
sleep onset [WASO; time in wakefulness after having ini-
tially fallen asleep and prior to final awakening]). None of
our participants reported extreme (6 hours) disparities
between the data provided by the actigraph and sleep diary or
provided less than 70% data. Actigraphy data were measured
for those living with T1D (but not their parents) at 2 different
time points: (1) at 6 months after diagnosis (=2 weeks) and
(2) between 21 and 24 months after diagnosis. Per protocol,
data were also collected at 12 months, but for the purpose of
this study, we decided to focus on the first and last assess-
ments (6 and 24 months) to reduce the number of statistical
analyses. Nonetheless, on request from a reviewer, we now
briefly summarize findings from the 12 months assessment).
Data from actigraphy were available for 71 and 61 partici-
pants at the 6- and 24-month time points, respectively. A
sleep diary to verify actigraphy data was used which included
the following questions: (1) enter the weekday; (2) at what
time did you go to bed last night?; (3) after settling down,
how long did it take you to fall asleep?; (4) after falling
asleep, about how many times did you wake up in the night?;
(5) after falling asleep, for how long were you awake during
the night in total?; (6) at what time did you finally wake up?;
(7) at what time did you get up?; (8) how would you rate the
quality of your sleep last night? (with 5 response options
from very poor [1] to very good [5]); and (9) times you took
off the actiwatch. Participants who reported actigraphy data
for less than 5 nights were removed.

Pittsburgh Sleep Quality Index. The Pittsburgh Sleep Quality
Index (PSQI) is a widely used questionnaire to assess self-
reported sleep quality during the previous month.'8 The
PSQI comprises 7 subscales: (1) subjective sleep quality, (2)
sleep latency, (3) sleep duration, (4) habitual sleep efficiency,
(5) sleep disturbances, (6) use of sleeping medication, and
(7) daytime dysfunction. Scores on these 7 subscales range
from 0 to 3 and are used to build a global score (ranging from
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Table 1. Demographic Variables by Group.

CL SC Total
Mean age (SD) 12.2 (1.56) 11.8 (1.69) 12 (1.63)
Range 10-16 Range 10-16 Range 10-16
% male 54% 60% 57%
Ethnicity 85% white 76% white 81% white
6% unknown/not reported 10% unknown/not reported 8% unknown/not reported
4% Asian 7% Asian 6% Asian

2% black/African American
2% more than one selected

5% black/African American
2% more than one selected

3% black/African American
2% more than one selected

Abbreviations: CL, closed-loop therapy; SC, standard care.

0 to 21) where higher scores represent poorer self-reported
sleep quality.'® Subjects with a score higher than 5 points can
be classified as having poor sleep quality. This questionnaire
shows good psychometrics, scores correlate highly with
objective measures of sleep,!®?° and has been validated in
adolescent samples.?!

Statistical Analysis

All the analyses were done in R v.4.2.2. by the first author
(JIM-V).%2 Descriptive analyses were performed for acti-
watch and questionnaire data. To test for significant differ-
ences between CL and SC, a series of T-tests were done.
Sensitivity analyses where outliers were excluded were
also performed. Outliers were identified as a score =1.5
times the interquartile range (see Supplementary Table 1).
In addition, regression models for measures at 24 months
were fitted based on reviewers’ comments on an early draft
of this article (so therefore represent a deviation from the
original statistical plan). These models include baseline
measures, age, sex, and study group (ie, CL/SC) to check
whether treatment has an impact on sleep variables over the
period of 24 months while controlling for baseline sleep
measures.

Results

The sample was 56.6% male and the mean age was 12.0
years (SD = 1.7) at baseline (Table 1). There were no signifi-
cant differences between the CL and the SC groups for gen-
der (P = .77), age (P = .20), or hemoglobin A,. (HbA,)
levels pretreatment (P = .82). The HbA, levels were not
associated with sleep quality nor sleep duration (both P >
.05; at baseline and at 24 months assessment). There were
also no differences regarding demographic variables for
those who reported data and those who did not (P > .05).
This sample has been shown to be representative of the gen-
eral population of youths with newly diagnosed T1D (see the
work by Boughton et al,'” Supplementary Table 15).
Information from the PSQI was available for 60 young peo-
ple living with T1D and 49 parents at the first assessment (6
months) and for 75 participants and 75 parents at the second
assessment (24 months).

Six-Month Measure

T tests comparing sleep measures (actigraphy and PSQI)
between groups were nonsignificant for all variables at 6
months (Table 2). When examining the direction of effects,
participants from the CL group (as compared with the SC)
showed longer sleep duration (x=7.9 [SD: 0.9] vs x=7.8
hours [SD: 0.7]), higher sleep efficiency (x=84.0% [SD:
4.3] vs x=83.0% [SD: 7.1]), shorter sleep onset latency
(x=29.9 [SD: 18.1] vs Xx=36.6 minutes [SD: 37.3]), and
fewer awakenings (x=47.7 [SD: 12.9] vs x=51.2 [SD: 11.6]).
Participants from the CL group, however, also showed lon-
ger WASO as compared with the SC group (Xx=36.5 [SD:
10.8] vs x=35.5 minutes [SD: 12.1]). Regarding self-reported
sleep quality from the PSQI, participants from the CL group
reported better sleep quality (x=4.8 [SD: 2.5] vs x=5.5 [SD:
2.5]). Parents from the CL group reported slightly poorer
sleep quality as compared with the SC group (x=6.0 [SD:
3.3] vs x=5.5 [SD: 2.7]) (Table 2). Similar results were found
when outliers were removed (Supplementary Table 1).

24-Month Measure

Again, T tests examining the group differences for all the
sleep variables (actigraphy and PSQI) at 24 months were
nonsignificant. When comparing the nonsignificant direction
of effects only, some of the effect sizes were of a moderate
magnitude (eg, sleep quality for parents and children as well
as WASQO; Table 2). In terms of the direction of effects at 24
months postdiagnosis, participants from the CL group as
compared with the SC group showed shorter sleep onset
latency (x=44.0 [SD: 29.4] vs x=50.4 minutes [SD: 32.0]),
fewer awakenings (x=41.7 [SD: 13.5] vs x=44.9 [SD:
10.4]), and higher levels of sleep quality (self-reported)
(x=4.5[SD: 2.1] vs x=5.3 [SD: 3.4]). On the contrary, par-
ticipants from the CL group (as compared with the SC group)
showed shorter sleep duration (x=7.1 [SD: 1.0] vs x=7.5
hours [SD: 2.0]), slightly lower sleep efficiency (x=79.0%
[SD: 8.0] vs x=79.9% [SD: 7.5]), and longer WASO (x=36.9
[SD: 17.3] vs x=31.9 minutes [SD: 10.3]) (Table 2). Parents
from the CL group reported better sleep quality (x=6.4 [SD:
3.8] vs x=7.5 [SD: 3.1]). Similar results were found when
outliers were removed (Supplementary Table 1).
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Table 2. Descriptive Statistics and Group Comparison.

Measure (N for CL group/N for SC group) CL SC P-value  Cohen’s D
Sleep duration 6 months (N = 40/31) 7.9 (SD = 0.9) hours 7.8 (SD = 0.7) hours 0.89 0.03
Sleep duration 24 months (N = 36/25) 7.1 (SD = 1.0) hours 7.5 (SD = 2.0) hours 0.37 0.26
Sleep efficiency 6 months (N = 40/31) 84.0% (SD = 4.3) 83.0% (SD = 7.1) 0.50 0.17
g Sleep efficiency 24 months (N = 36/25) 79.0% (SD = 8.0) 79.9 % (SD = 7.5) 0.67 0.11
1 Wake after sleep onset 6 months 36.5 (SD = 10.8) minutes 35.5 (SD = 12.1) minutes 0.73 0.08
< (N = 40/31)
‘% Wake after sleep onset 24 months 36.9 (SD = 17.3) minutes 31.9 (SD = 10.3) minutes 0.16 0.34
I3 (N = 36/25)
< Latency 6 months (N = 40/31) 29.9 (SD = 18.1) minutes 36.6 (SD = 37.3) minutes 0.37 0.23
Latency 24 months (N = 36/25) 44.0 (SD = 29.4) minutes 50.4 (SD = 32.0) minutes 0.44 0.21
N° of awakenings 6 months (N = 40/31) 47.7(SD = 12.9) 51.2(SD = 11.6) 0.25 0.27
N° of awakenings 24 months (N = 36/25) 41.7 (SD = 13.5) 44.9 (SD = 10.4) 0.30 0.26
Participant PSQI 6 months (N = 30/30) 4.8 (SD = 2.5) 5.5 (SD = 2.5) 0.26 0.26
O Participant PSQI 24 months (N = 41/34) 4.5 (SD = 2.1) 53 (SD = 34) 0.26 0.27
&  Parent PSQI 6 months (N = 27/22) 6.0 (SD = 3.3) 5.5(SD = 2.7) 0.55 0.17
Parent PSQI 24 months (N = 41/34) 6.4 (SD = 3.8) 7.5(SD = 3.1) 0.18 0.31

Abbreviations: CL, closed-loop therapy; PSQI, Pittsburgh Sleep Quality Index; SC, standard care.
Higher scores for PSQI represent poorer sleep quality. All data come from actigraphy except where it is stated that it comes from the PSQI. All measures
refer to the young people living with type | diabetes, except for the PSQI which was also available for parents. Measures are available at 6 and 24 months

postdiagnosis.

Study group (ie, CL/SC) was not a significant predictor
(P > .05) in any of the regression models (actiwatch data,
participants’ PSQI, and parents’ PSQI), including the base-
line sleep measure, age, sex, and study group (CL vs SC) for
sleep measures at 24 months. Finally, based on reviewers’
comments (not included in our statistical protocol), we also
analyzed measures from the 12 months assessment. Again,
we did not find significant differences between groups (CL/
SC) except for number of awakenings which was marginally
significant (P = .03) but nonsignificant after correcting for
multiple testing.

Because of the relatively small sample size, the discus-
sion of results below focuses on the direction of results and
effect sizes rather than statistical significance, although it is
important to keep in mind that none of the analyses reached
significance at P < .05 (see Table 2).

Discussion

In this study, we did not find significant differences between
CL/SC groups on objective or self-reported sleep variables 6
and 24 months after diagnosis of T1D. When direction of
effects and effect sizes were considered, young people using
hybrid closed-loop appeared to have better sleep at 6 months
after diagnosis as compared with those receiving SC (this
was the case for 5 of the 6 sleep measures considered [sleep
duration, sleep efficiency, latency, number of awakenings,
and participant’s PSQI], although effect sizes were either
very small or small for all variables, and none approached
significance). In contrast, no indication of an advantage was
found for the parent’s self-report of sleep quality in the

closed-loop group (as compared with SC) when assessed at 6
months. There were similarly no significant group differ-
ences for sleep at 24 months. When direction of effects and
effect sizes for differences in sleep were considered at 24
months, there was a much more mixed pattern of results,
with certain aspects of sleep appearing to be slightly better in
the closed-loop group, and other aspects of sleep appearing
to be better in the SC group. Parents reported slightly better
sleep quality at 24 months in the closed-loop group (vs the
standard treatment group). Furthermore, treatment group
was not a significant predictor in the regression analyses for
sleep outcomes at 24 months while controlling for measures
at 6 months.

The overall null results match other reports on this topic
considering sleep assessed objectively.”® Null results could
be explained by possible advantages of closed-loop technol-
ogy for sleep being offset by increased alarm frequency, dis-
rupting sleep, for example.” Our null results do, however,
contrast with some studies of closed-loop therapy, which
show an advantage for self-reported sleep quality in both
young people living with T1D'? and their parents.® Although
none of our group differences were significant, if there is a
small advantage to sleep for the closed group early on in the
diagnosis, which does not extend over time, there could be
multiple explanations for this. For example, the early adop-
tion of closed loop may bring advantages for sleep due to (1)
increased feelings of safety and (2) less manual work (to
address out of range blood glucose). Perhaps, group differ-
ences do not extend over time because these factors become
less significant over time. For example, for the SC group,
feelings of safety could increase over time because of the
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repeat confirmation of safety provided by waking up every
morning. This could reflect the normalcy bias,?® which refers
to the belief that normality will continue—and hence threats
(in this case, dangerous night-time blood glucose levels) are
underestimated. Another explanation is that the SC group
could reduce their manual input over time because of burn-
out.?* Such hypotheses are speculative and would need to be
tested—and do not explain the general overall trend that
sleep does not appear to improve over time in our sample.
Note that unlike other studies, here participants cannot com-
pare their previous sleep against a different treatment as they
were assigned directly to 1 treatment and therefore have
never experienced anything other than CL.

The results should be considered in light of strengths and
weaknesses of this study. Strengths of this report include the
multicenter, randomized, longitudinal design of this study.'’
Furthermore, the family context was considered by focusing
on sleep in both young people living with T1D and their par-
ents. In addition, young people were enrolled shortly after
diagnosis (although we acknowledge that sleep was measured
for the first time at 6 months after diagnosis and was not
assessed from the outset of the study). Finally, the develop-
mental stage of those living with T1D represents an interesting
time given that this period is associated with an increased shift
from parental to self-care. A further strength of this report is
that both self-report and actigraphy were used to assess sleep
in young people. A limitation of this work is that we did not
attempt to assess factors influencing sleep in different treat-
ment groups (eg, reports of manual interventions to address
diabetes; alarms). It is also noteworthy that parent sleep was
only measured using self-report. We also acknowledge that
while used as standard in studies, some actigraphy measures
such as number of awakenings are highly sensitive to move-
ment and may not represent true awakenings. A further limita-
tion is seasonality which could impact sleep measures, this
variable was not considered although we do not expect sea-
sonality to have impacted the sleep in one group to a greater
extent than another. Future work needs to consider such fac-
tors systemically to allow a comprehensive understanding of
the night-time experiences of those living with T1D and their
family members. A further consideration is that, while the
sample size was appropriate to consider the main aims of the
study (effect on preservation of C-peptide secretion with
closed-loop therapy in young people newly diagnosed with
T1D), it may be that if there is in fact an impact of closed-loop
therapy on sleep it may be small, and hence larger sample
sizes are needed to detect this. Even small changes in sleep
over substantial time-periods have the potential to make mean-
ingful differences to well-being—so need to be explored.

Conclusions

In conclusion, this study provides novel results about sleep in newly
diagnosed young people that have never experienced any treatment
other than a CL system and those newly diagnosed who were given
standard treatment. Although sleep was not significantly different
for young people using closed-loop insulin delivery as compared

with those receiving SC, there seems to be a tendency for better
sleep quality in the CL group at 6 months after diagnosis and the
beginning of the treatment. Careful consideration of the data sug-
gests that further study using a larger sample, further measurements
of sleep, longitudinal data, and an assessment of multiple factors
impacting sleep could prove beneficial.

Abbreviations

CL, closed-loop; PSQI, Pittsburgh Sleep Quality Index; SC, stan-
dard care; T1D, type 1 diabetes; WASO, wake after sleep onset.

Author Contributions

RH, CKB, JMA, MEW, TR, AG, REJB, DE, NT, and FMC co-
designed the study. AT, TR, AG, REJB, DE, NT, and FMC are the
lead clinical investigators. CKB, JMA, JW, MEW, SH, AT, TR,
AG, REJB, DE, NT, and FMC screened and enrolled participants,
provided patient care, and/or took study samples. JIM-V, EMS, and
AMG carried out or supported data analysis, including the statisti-
cal analyses and interpretation. JJM-V and AMG wrote the manu-
script. RH designed and implemented the glucose controller. All
authors critically reviewed the manuscript and contributed to the
interpretation of the results.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of interest
with respect to the research, authorship, and/or publication of this
article: EMS has received research support from Medical Research
Council, Diabetes UK, National Institute for Health Research
(NIHR), Abbott Diabetes Care and speaker honoraria: from Abbott
Diabetes Care, Ypsomed, and Lilly Diabetes Care. CKB has received
consulting fees from CamDiab and speaker honoraria from Ypsomed.
JW has received speaker honoraria from Ypsomed and Novo Nordisk.
MEW reports patents related to closed-loop and being a consultant at
CambDiab. SH serves as a member of Medtronic advisory board, is a
director of Ask Diabetes Ltd providing training and research support
in health care settings, and reports having received training honoraria
from Medtronic and Sanofi and consulting fees for CamDiab. TR
receives consultancy fees from Abbott Diabetes care and has received
honoraria from NovoNordisk for delivering educational meetings.
REJB reports receiving speaker honoraria from Eli Lilly and Springer
Healthcare, and reports sitting on the NovoNordisk UK Foundation
Research Selection Committee on a voluntary basis. She acted as an
independent advisor for Provent Bio, and received speaking hono-
raria from Sanofi and Medcape, which were donated to an education
research fund. RH reports receiving speaker honoraria from Eli Lilly,
Dexcom and Novo Nordisk, receiving license and/or consultancy
fees from BBraun and Abbott Diabetes Care; patents related to
closed-loop, and being director at CamDiab. AMG is an advisor for a
project initially sponsored by Johnson’s Baby. She was a consultant
for Perrigo (2021+). She receives royalties for two books Nodding
Off (Bloomsbury Sigma, 2018) and The Sleepy Pebble (Flying Eye,
2019) and a sleep gift (The Gift of Sleep, Laurence King Publishers,
2023). She was previously a CEO of Sleep Universal LTD (2022).
She is a regular contributor to BBC Focus Magazine and has contrib-
uted to other outlets (such as The Conversation, The Guardian, and
Balance Magazine). She occasionally receives sample products
related to sleep (eg, blue light-blocking glasses) and has given a paid
talk to a business (Investec). She is a specialist subject editor at JCPP
(sleep) for which she receives a small honorarium. She has contrib-
uted a paid article to Neurodiem.



Madrid-Valero et al

JIM-V, JMA, AT, AG, DE, NT, and FMC declare no compet-
ing financial interests.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: This
work was funded by the Helmsley Trust (2016PG-T1D045 and
2016PG-T1D046), NIHR EME (14/23/09), and JDRF (22-2013-
266 and 2-RSC-2019-828-M-N). Additional support for the artifi-
cial pancreas work was from National Institute for Health Research
Cambridge Biomedical Research Centre and National Institute for
Health Research Oxford Biomedical Research Centre. Abbott
Diabetes Care supplied free glucose monitoring devices, and
Dexcom supplied discounted continuous glucose monitoring
devices. Medtronic supplied discounted insulin pumps, phone
enclosures, continuous glucose monitoring devices, and pump con-
sumables. The views expressed are those of the author(s) and not
necessarily those of the funders.

ORCID iDs

Juan J. Madrid-Valero https://orcid.org/0000-0002-3450-1159

Charlotte K. Boughton (=) https://orcid.org/0000-0003-3272-9544
Julia Ware https://orcid.org/0000-0002-4497-0979
Rachel E.J. Besser https://orcid.org/0000-0002-4645-6324

Roman Hovorka https://orcid.org/0000-0003-2901-461X

Supplemental Material

Supplemental material for this article is available online.

References

1. Al-Gadi IS, Streisand R, Tully C, et al. Up all night? Sleep
disruption in parents of young children newly diagnosed with
type 1 diabetes. Pediatr Diabetes. 2022;23(6):815-819.

2. Monzon A, McDonough R, Meltzer LJ, Patton SR. Sleep
and type 1 diabetes in children and adolescents: proposed
theoretical model and clinical implications. Pediatr Diabetes.
2019;20(1):78-85.

3. Young MT, Lord JH, Patel NJ, Gruhn MA, Jaser SS. Good
cop, bad cop: quality of parental involvement in type 1 diabetes
management in youth. Curr Diab Rep. 2014;14(11):546.

4. Palmer CA, Alfano CA. Sleep and emotion regulation: an orga-
nizing, integrative review. Sleep Med Rev. 2017;31:6-16.

5. Girardeau G, Lopes-Dos-Santos V. Brain neural patterns and
the memory function of sleep. Science. 2021;374(6567):
560-564.

6. Reutrakul S, Thakkinstian A, Anothaisintawee T, et al. Sleep
characteristics in type 1 diabetes and associations with glyce-
mic control: systematic review and meta-analysis. Sleep Med.
2016;23:26-45.

7. Bisio A, Brown SA, McFadden R, et al. Sleep and diabetes-
specific psycho-behavioral outcomes of a new automated insu-
lin delivery system in young children with type 1 diabetes and
their parents. Pediatr Diabetes. 2021;22(3):495-502.

8. Cobry EC, Hamburger E, Jaser SS. Impact of the hybrid
closed-loop system on sleep and quality of life in youth with
type 1 diabetes and their parents. Diabetes Technol Ther.
2020;22(11):794-800.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

Cobry EC, Karami AJ, Meltzer LJ. Friend or foe: a narrative
review of the impact of diabetes technology on sleep. Curr
Diab Rep. 2022;22(7):283-290.

Lawton J, Blackburn M, Rankin D, et al. Participants’ expe-
riences of, and views about, daytime use of a day-and-night
hybrid closed-loop system in real life settings: longitudinal
qualitative study. Diabetes Technol Ther.2019;21(3):119-127.
Gregory AM, Rutter MK, Ware J, Madrid-Valero JJ, Hovorka
R, Buysse DJ. Type 1 diabetes as a prototypical condition chal-
lenging what we know about sleep. Sleep. 2022;45(11):1-3.
Wheeler BJ, Collyns OJ, Meier RA, et al. Improved technol-
ogy satisfaction and sleep quality with Medtronic MiniMed®
advanced hybrid closed-loop delivery compared to predictive
low glucose suspend in people with type 1 diabetes in a ran-
domized crossover trial. Acta Diabetol. 2022;59(1):31-37.
Beato-Vibora PI, Gallego-Gamero F, Lazaro-Martin L,
Romero-Pérez MDM, Arroyo-Diez FJ. Prospective analysis
of the impact of commercialized hybrid closed-loop system
on glycemic control, glycemic variability, and patient-related
outcomes in children and adults: a focus on superiority over
predictive low-glucose suspend technology. Diabetes Technol
Ther. 2020;22(12):912-919.

Madrid-Valero JJ, Ware J, Allen JM, et al. Sleep quality and
quantity in caregivers of children with type 1 diabetes using
closed-loop insulin delivery or a sensor-augmented pump.
Pediatric Diabetes. 2023;2023:1-10.

Cobry EC, Bisio A, Wadwa RP, Breton MD. Improvements in
parental sleep, fear of hypoglycemia, and diabetes distress with
use of an advanced hybrid closed loop system. Diabetes Care.
2022;45(5):1292-1295.

Hood KK, Polonsky WH, MacLeish SA, et al. Psychosocial
outcomes with the Omnipod® 5 automated insulin delivery
system in children and adolescents with type 1 diabetes and
their caregivers. Pediatric Diabetes. 2023;2023:8867625.
Boughton CK, Allen JM, Ware J, et al. Closed-loop therapy
and preservation of c-peptide secretion in type 1 diabetes. N
Engl J Med. 2022;387(10):882-893.

Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. The
Pittsburgh Sleep Quality Index: a new instrument for psychiatric
practice and research. Psychiatry Res. 1989;28(2):193-213.

. Boudebesse C, Geoffroy PA, Bellivier F, et al. Correlations

between objective and subjective sleep and circadian mark-
ers in remitted patients with bipolar disorder. Chronobiol Int.
2014;31(5):698-704.

Carpenter JS, Andrykowski MA. Psychometric evaluation
of the Pittsburgh Sleep Quality Index. J Psychosom Res.
1998;45(1):5-13.

Raniti MB, Waloszek JM, Schwartz O, Allen NB, Trinder J.
Factor structure and psychometric properties of the Pittsburgh
Sleep Quality Index in community-based adolescents. Sleep.
2018;41(6):zsy066.

R Core Team. R: A language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical
Computing; 2016.

Korteling JEH, Paradies GL, Sassen-van Meer JP. Cognitive
bias and how to improve sustainable decision making. Front
Psychol. 2023;14:1129835.

Abdoli S, Jones DH, Vora A, Stuckey H. Improving diabetes
care: should we reconceptualize diabetes burnout? Diabetes
Educ. 2019;45(2):214-224.


https://orcid.org/0000-0002-3450-1159
https://orcid.org/0000-0003-3272-9544
https://orcid.org/0000-0002-4497-0979
https://orcid.org/0000-0002-4645-6324
https://orcid.org/0000-0003-2901-461X

