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OBJECTIVE

To quantify age-related variability of insulin needs during day and night closed-loop
insulin delivery.

RESEARCH DESIGN AND METHODS

We retrospectively analyzed data from hybrid closed-loop studies involving young
children (1–6 years old, n5 20), children (7–12 years, n5 21), adolescents (13–17
years, n5 15), and adults (>18 years, n5 58) with type 1 diabetes. The coefficient
of variation quantified variability of insulin needs during 3 weeks of unrestricted-
living hybrid closed-loop use.

RESULTS

Data from 2,365 nights and 2,367 days in 114 participants were analyzed. The
coefficient of variation of insulin delivery was higher in young children compared
with adults (mean difference at nighttime 10.7 percentage points [95% CI 2.9–
18.4], P 5 0.003; daytime 6.4 percentage points [95% CI 2.0–10.9], P 5 0.002)
and compared with adolescents (mean difference at nighttime 10.2 percentage
points [95% CI 0.0–20.4], P 5 0.049; daytime 7.0 percentage points [95% CI 1.1–
12.8], P 5 0.014).

CONCLUSIONS

Diabetes management in young children is complicated by higher variability in
insulin requirements, supporting fast-track clinical practice adoption of closed-loop
in this vulnerable population.

With increasing application of insulin pump therapy and continuous glucose moni-
tors, hybrid closed-loop has become a feasible treatment modality for people with
type 1 diabetes (1,2). Apart from manual meal-time boluses, insulin delivery is
autonomously modulated by a control algorithm based on real-time sensor glucose
values.
Insulin delivery may vary considerably from day to day and night to night due to

varying activity levels, insulin set-changes, meal timings and composition, and other
factors (3,4). To date, the association between age and insulin variability has not been
assessed. In thepresent analysis,we investigatewhether insulin requirementsmaybe
more variable in younger age.
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RESEARCH DESIGN AND METHODS

We retrospectively analyzed closed-loop
insulin delivery during the first 3 weeks
of unrestricted-living hybrid closed-loop
use in four multicenter, multinational
(Austria, Germany, Luxembourg, U.K.,
andU.S.), randomized clinical trials (5–8).
Participants aged 1–65 years were
enrolled.
Study participants and/or parents/

caregivers of participants signed in-
formed consent; in line with local ethics
committee recommendations, written
assent was obtained from minors when-
everpossible. The studieswere approved
by independent research ethics commit-
tees (independent review boards in the
U.S.) and national regulatory authorities.
Inclusion criteria included type 1 di-

abetes diagnosis (World Health Orga-
nization criteria) for a minimum of 6
months, insulin pump therapy for more
than 3 months, and total daily dose of
insulin ,2 IU/kg/day. Inclusion glycated
hemoglobin (measured locally) varied
between studies; upper limit was 10%
(86mmol/mmol) in two studies (4,7) and
11% (97 mmol/mol) in the other two
studies (6,7). Lower limit was 7.5%
(58.5 mmol/mol) in two studies (5,8),
and in two studies there was no lower
threshold (6,7).

Closed-Loop Devices
Closed-loop systems (University of Cam-
bridge) (Supplementary Figs. 1 and 2)
comprised a model predictive control
treat-to-target algorithm residing on a
smartphone. Hybrid closed-loop insulin
delivery was applied day and night with
manual boluses at meal time (see Sup-
plementary Data for details).

Data Analysis and Statistical Methods
For each participant, the coefficient of
variation of insulin delivery between
midnight and 0559 h was calculated us-
ing data collected over 3 weeks of hybrid
closed-loop use to quantify night-by-
night intraperson variability of insulin
requirements (combining prandial, cor-
rection, and basal insulin delivered).

Similar calculations were made for the
daytime period between 0600 h and
2359 h.

Analyses were stratified according to
four age-groups: young children (1–6
years), children (7–12years), adolescents
(13–17 years), and adults (18 years and
older). The groups were compared using
the one-way ANOVA with post hoc anal-
ysis using the Tukey test for pairwise
comparisons. Outcomes were calculated
using GStat software, version 2.3 (Uni-
versity of Cambridge), and statistical
analyses were performed using SPSS,
version 25 (IBM Software, Hampshire,
U.K.). Data are reported as mean 6 SD.
P values ,0.05 were considered statis-
tically significant.

RESULTS

We analyzed data from 2,365 nights and
2,367 days collected from 114 partici-
pants aged between 1 and 65 years:
20 children aged 1–6 years (HbA1c 7.36
0.7% [56 6 7.7 mmol/mol], total insulin
delivered [TDD] 0.90 6 0.21 units/kg),
21 children aged 7–12 years (HbA1c
8.4 6 0.7% [68 6 7.7 mmol/mol], TDD
1.01 6 0.21 units/kg), 18 adolescents
aged 13–17 years (HbA1c 8.2 6 0.5%
[66 6 5.5 mmol/mol], TDD 0.94 6 0.19
units/kg), and 58 adults aged 18 years
and older (HbA1c 8.4 6 0.6% [68 6
6.6 mmol/mol], TDD 0.62 6 0.15
units/kg). The time when sensor glucose
was in target glucose range between 70
and 180 mg/dL was similar across all
age-groups (at ;70%) (Supplementary
Tables 1–3).

Figure 1 shows the coefficient of var-
iation of insulin delivery for the four age-
groups. The coefficient of variation of
nighttime insulin delivery for young chil-
dren was 10.7 percentage points higher
compared with adults (95% CI 2.9–18.4,
P 5 0.003), and 10.2 percentage points
higher compared with adolescents (95%
CI 0.0–20.4, P 5 0.049). Similar differ-
ences were observed during the daytime
period, with the coefficient of variation
6.4 percentage points higher in young
children compared with adults (95% CI

2.0–10.9, P 5 0.02) and 7.0 percentage
points higher compared with adolescents
(95%CI1.1–12.8%,P50.014). Therewas
no difference in the coefficient of vari-
ation for the daytime period (P 5 0.73)
and the nighttime period (P 5 0.74)
based on age at diagnosis for those
aged 13 years and older (Supplemen-
tary Table 4).

Male participants had 11.5 percentage
points greater insulin variability during
nighttime than females (P 5 0.004),
whereas there was no sex-related differ-
ence during daytime. The difference was
statistically significant in the adult age-
group (P 5 0.001), but not in the other.

CONCLUSIONS

The current study reports on the effect of
age on the variability of insulin needs
during unrestricted-living hybrid closed-
loop use. We observed a clinically signif-
icant increase in the variability of more
than 10 percentage points during the
nighttime period and, to a lesser degree,
during the daytime period in young chil-
dren compared with adolescents and
adults. Our observations may inform
clinical practice.

For people with type 1 diabetes, the
burden of regularly adjusting insulin
therapy to meet treatment goals is a
significant challenge, especially in the
pediatric population due to varying spon-
taneous activity levels, developmental
and hormonal changes, varying lifestyle
modalities, and other factors. Our ob-
servations may help to explain why, de-
spite frequent insulin dose adjustments,
dysglycemia and a higher risk of noctur-
nal hypoglycemia are common and con-
tribute to a lower quality of life for young
children with type 1 diabetes and their
families (9,10).

One possible explanation for the ob-
served difference in the variability of
insulin needs could be more rapid and
complete depletion of endogenous in-
sulin and dysregulation of glucagon se-
cretion because of more extensive b-cell
destruction with early disease onset
(11,12). However, our results indicate
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that actual age rather than age at di-
agnosis affects variability of insulin re-
quirements, and thus it is likely that
unpredictable activity levels, varying
meal intake, and lower insulin needs
are contributory.
The night-by-night variability of insulin

needs might be difficult to overcome
with conventional therapeutic tools,
multiple daily injections, and insulin
pumps; therefore, our results emphasize
the importance of advanced technolo-
gies, such as closed-loop systems, to
manage diabetes in the vulnerable group
of young children.
We previously observed a significantly

higher variability of insulin delivered in
adults with type 1 diabetes during the
nighttime period, compared with the
daytime period (3). Although a similar
difference was observed in the current
study, the comparison is confounded by
the shorter nighttime period. During
daytime, prandial boluses can be deliv-
ered as part of a standardized diabetes
management plan unlike nighttime in-
sulin, which is directed solely by sensor
glucose during closed-loop insulin ther-
apy, explaining at least in part the ob-
served differences.
Variability of insulin delivered during

nighttime, but not daytime, was greater

in male compared with female partici-
pants, in keeping with previous study
findings (3). This difference was due to
differences in the adult age-group and
warrants further investigations.

The strengths of our investigations
include the broad age range of partic-
ipants between 1 and 65 years and the
multicenter, multinational, unrestricted-
living study design without remote mon-
itoring, which supports the generalizability
of our findings. Limitations include the
use of two closed-loop systems, minor
differences in study designs, and a rel-
atively short follow-up period, none of
which affects the main study findings.

In summary, insulin needs are more
variable in young childrencomparedwith
adolescents and adults, complicating the
attainment of optimal glucose control
and increasing the risk of dysglycemia.
Young children may benefit to a greater
extent from hybrid closed-loop systems,
and larger and longer clinical trials are
warranted in this vulnerable population.

Acknowledgments. The authors thank study
volunteers for their participation in the studies
and acknowledge support by the staff at the
Addenbrooke’s Wellcome Trust Clinical Research
Facility. Jasdip Mangat (University Hospitals of
Leicester, National Health Service Trust, Leicester,
U.K.) supported development and validation of

the closed-loop system. Josephine Hayes and
Nicole Barber (University of Cambridge) provided
administrative support.
Funding. Clinical studies received support from
the National Institute of Diabetes and Digestive
andKidneyDiseases (1R01-DK-085621-01), JDRF,
the National Institute for Health Research
Cambridge Biomedical Research Centre,
the European Union Horizon 2020 Research
and Innovation Program (grant agreement
731560), the Seventh Framework Program of
the European Union (ICT FP7-247138), and the
Wellcome Trust Strategic Award (100574/Z/12/Z).
R.H. is funded by the Cambridge Biomedical Re-
search Centre at the Cambridge University Hos-
pitals National Health Service Foundation Trust.
The views expressed are those of the authors

and not necessarily those of the funders. No
sponsor had any role in the study design, data
collection, data analysis, data interpretation, or
writing of the manuscript.
Duality of Interest. M.T. has received speaker
honoraria from MiniMed Medtronic and Novo
Nordisk. M.L.E. has received speaker honoraria
from Abbott Diabetes Care, Novo Nordisk, and
Animas; has served on advisory panels for Novo
Nordisk, Abbott Diabetes Care, Medtronic,
Roche, and Cellnovo; and holds stock options in
Cellnovo. E.F.-R. has received speaker honoraria
from Eli Lilly and Company and Medtronic. S.H.
has received speaker honoraria from Eli Lilly and
Company and Sanofi. T.K. has received speaker
honoraria from Abbott Diabetes Care, Sanofi,
Aegerion, and Merck Serono and is a member of
the advisory board for Abbott Diabetes Care. L.L.
has received speaker honoraria from Minimed
Medtronic, Animas, Sanofi, and Novo Nordisk
and is serving on an advisory panel for Animas
Minimed Medtronic and Novo Nordisk. T.R.P. is
an advisory board member of Novo Nordisk A/S
and a consultant for Roche, Novo Nordisk A/S,
Eli Lilly and Company, Infineon, and Carnegie
Bank and is on the speakers’ bureau for Novo
Nordisk A/S and AstraZeneca. B.R.-M. has re-
ceived speaker/advisory board honoraria from
Medtronic, Roche, Menarini, and Eli Lilly and
Company. V.N.S. has received speaking fees
from Dexcom Inc. The employer of V.N.S. has
received research funding from T1D Exchange
and Sanofi. M.E.W. has received license fees
from Becton Dickinson and has served as a con-
sultant to Beckton Dickinson. R.H. has received
speaker honoraria from MiniMed Medtronic,
Eli Lilly and Company, B. Braun, and Novo
Nordisk; has served on an advisory panel for
Eli Lilly and Company; and has received license
fees from B. Braun and Medtronic. M.E.W. and
R.H. report patents and patent applications. No
other potential conflicts of interest relevant
to this article were reported.
Author Contributions. K.D., C.B., and M.E.W.
performed data analysis. K.D., C.B., M.E.W., and
R.H. wrote the manuscript. K.D. and R.H. code-
signed the analysis. C.B., M.T., H.T., L.B., J.M.A.,
S.A., C.d.B., R.M.B., F.C., A.C., D.E., E.F.-R., S.H.,
T.K., L.L., T.R.P., B.R.-M., and V.N.S. were re-
sponsible for screening and enrollment of par-
ticipants, arranged informed consent from the
participants, and provided patient care and/or
took samples. M.T., C.L.A., D.B.D., M.L.E.,
M.E.W., and R.H. codesigned the clinical studies.
R.H. designed the control algorithm. K.D., C.B.,

Figure 1—The coefficient of variation for insulin requirements during hybrid closed-loop insulin
delivery. Each bar represents an age-group (young children, children, adolescents, and adults);
black bars denote nighttime (0000–0559 h) and gray bars daytime (0600–2359 h) periods. Data
are mean 6 SD.

1346 Age-Related Insulin Variability Diabetes Care Volume 42, July 2019

D
ow

nloaded from
 http://diabetesjournals.org/care/article-pdf/42/7/1344/529999/dc182625.pdf by guest on 27 August 2022



M.T., H.T., L.B., J.M.A., C.L.A., S.A., C.d.B., R.M.B.,
F.C., A.C., D.B.D., D.E., M.L.E., E.F.-R., S.H., T.K.,
L.L., T.R.P., B.R.-M., V.N.S., J.S., M.E.W., and R.H.
critically reviewed the manuscript. K.D., M.E.W.,
and R.H. are the guarantors of this work and, as
such, had full access to all the data in the study
and take responsibility for the integrity of the
data and the accuracy of the data analysis.

References
1. Weisman A, Bai J-W, Cardinez M, Kramer CK,
Perkins BA. Effect of artificial pancreas systems
on glycaemic control in patients with type 1
diabetes: a systematic review and meta-analysis
of outpatient randomised controlled trials. Lan-
cet Diabetes Endocrinol 2017;5:501–512
2. Bekiari E, Kitsios K, Thabit H, et al. Artificial
pancreas treatment for outpatients with type 1
diabetes: systematic review and meta-analysis.
BMJ 2018;361:k1310
3. Ruan Y, Thabit H, Leelarathna L, et al.;
AP@home Consortium. Variability of insulin
requirements over 12 weeks of closed-loop in-
sulin delivery in adults with type 1 diabetes.
Diabetes Care 2016;39:830–832

4. Wiegand S, Raile K, Reinehr T, et al.; DPV-Wiss
Study Group. Daily insulin requirement of
children and adolescents with type 1 diabetes:
effect of age, gender, body mass index and
mode of therapy. Eur J Endocrinol 2008;158:
543–549
5. Thabit H, Tauschmann M, Allen JM, et al.
Home use of an artificial beta cell in type 1
diabetes. N Engl J Med 2015;373:2129–2140
6. Tauschmann M, Allen JM, Wilinska ME, et al.
Home use of day-and-night hybrid closed-loop
insulin delivery in suboptimally controlled ado-
lescents with type 1 diabetes: a 3-week, free-
living, randomized crossover trial. Diabetes Care
2016;39:2019–2025
7. Tauschmann M, Allen JM, Nagl K, et al.; KidsAP
Consortium. Home use of day-and-night hybrid
closed-loop insulin delivery in very young chil-
dren: a multicenter, 3-week, randomized trial.
Diabetes Care 2019:42:594–600
8. Tauschmann M, Thabit H, Bally L, et al.;
APCam11 Consortium. Closed-loop insulin de-
livery in suboptimally controlled type 1 diabetes:
a multicentre, 12-week randomised trial. Lancet
2018;392:1321–1329

9. Sherr JL, Hermann JM, Campbell F, et al.; T1D
Exchange Clinic Network, the DPV Initiative, and
the National Paediatric Diabetes Audit and
the Royal College of Paediatrics and Child
Health registries. Use of insulin pump ther-
apy in children and adolescents with type 1
diabetes and its impact on metabolic control:
comparison of results from three large, trans-
atlantic paediatric registries. Diabetologia 2016;
59:87–91
10. Van Name MA, Hilliard ME, Boyle CT,
et al. Nighttime is the worst time: parental fear
of hypoglycemia in young children with type 1
diabetes. Pediatr Diabetes 2018;19:114–120
11. Bizzarri C, Benevento D, Ciampalini P, et al.
Clinical presentation and autoimmune charac-
teristics of very young children at the onset of
type 1 diabetes mellitus. J Pediatr Endocrinol
Metab 2010;23:1151–1157
12. Hao W, Gitelman S, DiMeglio LA, Boulware D,
Greenbaum CJ; Type 1 Diabetes TrialNet Study
Group. Fall in C-peptide during first 4 years from
diagnosis of type 1 diabetes: variable relation to
age, HbA1c, and insulin dose. Diabetes Care
2016;39:1664–1670

care.diabetesjournals.org Dovc and Associates 1347

D
ow

nloaded from
 http://diabetesjournals.org/care/article-pdf/42/7/1344/529999/dc182625.pdf by guest on 27 August 2022

http://care.diabetesjournals.org

