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Real-World Use of Hybrid Closed-Loop System in Very Young
Children with Type 1 Diabetes: Daily Glycemic Patterns Support
Glycemic Improvements and Highlight Emerging Challenges for
Hypoglycemia
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Ingrosso, MD*®, Laura Arvis, MD!, Michel Polak, MD, PhD?*", Marc Nicolino, MD, PhD '+, and
Jacques Beltrand, MD, PhD?’

Background and Aims: The management of very young children with type 1 diabetes (T1D) presents
a considerable challenge for health care teams and the families from glycemic and psychosocial
perspectives. The aim of this study was to evaluate the impact of hybnd closed-loop (HCL) system on
glycemic control, with a particular focus on the patterns of glycemic parameters throughout the day.

Methods: Seventy-two children under the age of six diagnosed with T1D (diabetes duration =6
months) who transitioned to CamAPS-FX-HCL were included. Data were collected prior to (pre-HCL)
and at 1, 3, 9, and 12 months following HCL mitiation. Pre-HCL and post-HCL periods were compared
using linear mixed models.

Results: Time in range (TIR7_gy) increased by 11% = 8% from the pre-HCL to 1 month post-HCL (P
< 0.001). with a concomitant decrease in target above range (TAR,gq) of 13% = 9% (P < 0.001). The
improvement in glycemic control was sustamned through 12 months, with the greatest differences
observed overmight (P < 0.001). Hypoglycemic metrics (TBR;;/TBRs,) remained similar before and
after HCL (all P = 0.05). However, hourly glycemic patterns indicated that the late-morning period after
HCL mmtiation was a high-nisk period for hypoglycemia with TBR; peaking at 11% = 9% between 11
AM and 1 PM. This elevated risk of hypoglycemia persisted after 1 year

Conclusions: In real-life setting, HCL was associated with increased TIR and reduced TAR in very
yvoung children with T1D from the first month of use. The present study suggests that late moming is a
high-risk window for hypoglycemia in this age group. This finding highlights the importance of
optimizing HCL therapyv settings and educating parents about specific times of the day that carry a
higher risk of glycemic instability.
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Real-World Use of Hybrid Closed-Loop System in Very Young Children with
Type 1 Diabetes: Daily Glycemic Patterns Support Glycemic Improvements
and Highlight Emerging Challenges for Hypoglycemia

Real-world use of Hybrid Closed-loop system in very young children with type 1 diabetes:

daily glycemic patterns support glycemic improvements and highlight emerging challenges for hypoglycemia
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Introduction

Recent studies indicate a twofold increase in the incidence of type 1 diabetes (T1D) over the past two
decades.! Moreover, an even greater increase has been observed in very yvoung children (1e., below &
years t::rl-:‘lj.2 T1D in very young children presents a considerable challenge for health care teams and the
children’s families from both metabolic and psychosocial pva':"spfmiw&s.3 Achieving glycemic targets in
this population 1s particularly challenging due to their unique characteristics such as highly variable and
low insulin needs, as well as unpredictable eating and activity habits. >~ Suboptimal metabolic control
in very voung children iz associated with an increased risk of microvascular and macrovascular
complications, early cardiovascular disease, and premature death &% Furthermore, recurrent episodes of
hyperglycemia, hypoglycemia, and high glucose variability can detrimentally affect cerebral
development, impacting both white and gray matter, and potentially leading to cognitive impairment in
adulthood.®'” Alterations in both the executive and memory domains were observed within the first
vear after diagnosis and may be more pronounced when T1D onset occurs at a vounger age. 10 Finally,
the heavy management burden on parents and caregivers of very voung children with T1D has a
negative impact on the quality of life of the whole famil}'.ll

For all these reasons, very voung children constitute a particularly important target population for
hybrid closed-loop (HCL) systems, which have demonstrated major metabolic improvements in both
older children and adults with T1D.'%!" Several studies in very voung children have reported
improvements in glycemic outcomes and quality of life, 1426 Nonetheless, most of these studies did not
show improvements in hypoglvcemia or glucose variability, nor a reduction in episodes of severe
h}'pogl}'cemia.l5’13_:3'-25=26 Notably, the majority of these studies were randomized controlled trials
conducted under tightly controlled conditions in relatively small, selected cohorts, which may limit their
generalizability to rovtine clinical pracr_{ce_H_E’lﬁ Real-world data corroborate most of the findings of
these trials but are scarce.”’ Additional studies, especially in very voung children, are therefore essential
to support the benefits of HCL systems in broader, unselected populations of people with T1D.**% The
objective of this study 1s fo investigate glycemic outcomes and address the vnique aspects of HCL use
in very voung children with T1D. In addition, the study aims to identify glycemic patterns that hinder
the achievement of therapeutic goals.




Methods

Studv design and perticipanis

Thiz study was designed as a multicenter (Hapital Universitaire Necker Enfants-halades, Hospices
Cvils de Lyon, Hopital Universitaire of Toulouse) retrospective study to evaluate HCL in very voung
children with T1D. The study protocel was approved by the ethice commuttee of Necker Enfants-
Malades (number NCK-2024-E-131). In accordance with the prevailing French regulations, parents
were informed of the study by pest and were granted the option to decline participation. The databasze
was declared to the National Data Protection Commizzion (Commission Nationale de I'Informatique et
des Libertés, CNIL) and registered according to the MBOM protocol.

Children under & vears of age with T1D for =6 months and treated with the CamAPS-FX-HCL
system (CamDiab, Cambridge, UK) were included. Few msulin delivery devices are approved for HCL
uze in thiz population, and at the time of the study (i.e., 2024), only the CamAPS FX zystem was
reimbursed in France for children between 2 and 6 vears.”® The diagnosis of T1D was made according
to the Imternational Society for Pediatric and Adelescent Diabetes (ISPADY) zuidelines. Exeluzien
criteria included age =6 vears at HCL mifiztion. All participants were switched from open-leop to HCL
between November 2023 and November 2024, Imitial HCL pump settings and objectives wers
determined by the phvsician of the patient according to center-related protocols. Results were therefors
adjusted for the center All funchionaliies of the pump system (ease-cffboost modes. slow meal
gbsorption, hypoglveenia treatment. snack) were explaimed o family members at imitiation.

At HCL initiation, demegraphic data (i.e., age, gender), clinical data (ie., weight and height age at
T1D diagnosis, age at HCL mitiation, total daily dose [TDDY], glycated hemoglobin [HbAlc]), and raw
continueu: glucese monitoring (CGM) data were collected to establish pre-HCL values. From the
initiation visit, clinical data (weight and HbAlc levels) and pump parameters (ie., glucose fargets,
glucose ratios, TDD including the percentage of basal and bolus insulin, percentage of time spent in
HCL) were collected at 3, 6, 9. and 12 months.

CGM data

CGM glucose values and insulin basal rates were retrieved from Glooke XT® over the 15 days
mmmediately prior to HCL initistion (pre-HCL) and after the initiation of HCL (ie., Initiztion), and at
each subsequent confrol visit (1, 3, 4, 9, and 12 months). All participants used Dexcom GHE. Glycemic
CGM data were analyzed using B software (https:woaw E-project.org/, version 4.4.1). CGM data wers
aggregated using the cgmanalysis package and quality-checked using the Jo/u statistical package.:;
Forty-six CGM metrics were calculated on both a daily and an hourly basis using the ig/u package *
Hourly baszal rate was caleulated as the mean of basal rates over every 1-h period. The number of
boluzes per day in the moming time was caleulated by summing boluzes given between §:30 AW and
10:00 AN znd dividing by the number of days in the CGM peried (a value of | comrespends fo a bolus
every dav m that interval)).

Statistical analysis

All statistical analvses were performed in B The statistical significance level used for all znalvses was
0.03. Demographic and clinical data are reported as the mean = standard deviation (3D)) for continuous
variables and as numbers and proportions for categorical variables. Subgroup comparizons wers
performed according to the glucese contrel before HCL initiation using the quartiles of HbAlc of the
cohort a3 an exploratory cuteff We defined two groups comresponding, respectively, to the first two
quartiles (“lower quartiles™ group; HeAlc below 7.8% [62 mmol'mol; # = 33]) and the upper two
quartiles (“higher quartiles™ group; HbAlc above 7.8% [62 mmol'mol; # = 37]). Glycemic parameters
were adjusted for the center as differences in hypoglycemia were observed between centers.
Comparizons between group: were performed using Student™s #test, chi-squared test, or their
nonparametric equivalents (Mann—Whitney U test, Fisher exact test, respectively), az appropriate. Pre-
vs. post-HCL time points were compared with linear mized medels (ImerTest and Imed packages),
accounting for repeated measures within the same participant *” Models included time points (i,
mitiation, 1, 3, 6, 9, and 12 months) znd the centers as fixed effects, and patient identity as 2 random
mtercept. Post hoe pairwize compansons of glveemic parameters to pre-HCL were performed using the
emmeans package with correction for multiple tests. ™! Principal component analvsiz (PCA) was
conducted in B based on CGM data across all time points (r = 461). Prior to PCA, glucose metrics were
standardized and imputed by 2 regularized expectafion—minimization principal component analysis
algorithm with the missMDA package.””



Results
Participant characteristics

The study included 461 visits from 72 very voung children with T1D (mean ape at HCL mitiation: 4.1 £
1.3 vears; mean T1D durztion: 24 = 13 months). Data included all participants from three French
centers meeting the inclusion criteria. Complete data were available for all participants from pre-HCL
through & moenths; at 9 and 12 months, data were available for 65 and 45 parficipants, respectively.
Femaining participants had not vet reached the whole follow-up period. No disbetic ketoacidosis or
zevere hypoglveemia occurred after HCL mitiation. Pre-HCL and follow-up charactenistics are
presented in Takle 1.
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Closed-loop system is associated with increased time in normoglhicemia and reduced time in
fyperglycemia

After HCL mitiztion, fime n range (TIF;q_;gq) and time in tight glucose range (TITR.q_y4q) increased
within the first month by 11% = 8% (2.6 h'd) and 8% = 9% (2 h/d), respectively (Table | and Fiz 1E).
Eoth parameters increased across the entire day (all P = 0.03) (Fiz. 1F). Mean glucose values decreased
from 179 = 28 mp/dl to 157 = 19 mg/dl after | month, and HbAlc levels dropped from 62 = 10
mmaol'mel (7.8% £ 0.9%%) to approximately 33 = 7 mmeol'mel (7% = 0.6%) at 3, 6, 2, and 12 months (all
P =0.03). Similarly, GMI declined from 7.5% £ 0.7% to 7.1% £ 0.4% (P < 0.05) (Table 1).
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FIG. 1. Evolution of the time spent in different glycemic ranges and coefficients of waration before HCL
[reference or dark blue line) and at initiation (green line), 1 month (dark ocrange line), 3 months {pink line),
months (yellow line), 8 months (light blue line). and 12 months {light orange line} postinitiation. Time abowve 180
mg/dL (A, E), ime in range 70—180 mgidL {B, F), time below 70 mgidL {C, G). and coefficient of vanation (D,
H) are displayed according to their daily values (A-D) or daily glycemic patterns (E—-H). Box plots display the
median, 25th, and T5th percentiles. Values were adjusted for the center. Comparisons between pre-HCL and
each time point were performed using linear mixed models. The significance level is represented by the color
of the boxes or the points (i.e., reference = gray, P = 0.05 = blue or dark gray, F < 0.001 = dark red). HCL,
hyborid closad-loop.

Correspondmgly, time above 180 mg/dL (TAR,g;) decreased by 13% = 9% within the first month
postmitiation (Table 1 and Fiz. 1A), and time above 230 mg/dL (TAR55) was halved to <10% (<2.4
h'd) (Table 1). TAR gp and TAR 5, were significantly lower across all hours of the day with HCL, most
notably during the nighttime and early moming (Fig. 1E).

After the first month of HCL, parameters of euglyveema and hyperglycemia remained stable (all P =
0.03) (Table 1). Accordingly, PCA showed an improvement in these parameters on PC1 (comesponding
to euglycemia parameters), with 1 month post-HCL comresponding fo the stabilization window of the
algonithm (Fig. 2A).
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FI5. 2. Representation of glucose homeostasis in young children with type 1 diabetes before {pre-HCL) and at
different time points after closed-loop mitiation (nitiation, 1, 3, 8, 8, and 12 months; n = 461). The prncipal
component analysis (FCA) shows the contribution of 48 continuows glucose monitoring {CGM) metrics across
two dimensions (PC1 and PCZ2) [A and B). One point corresponds to a patient at a defined time point
[moment]. (A) Distribution of glucose homeostasis at different time points, from pre-HCL to 12 months post-
HCL. {B) Evolution of glucose homeostasis in the subgroup of participants with the highest HeA e values (ie.,
above T.2%) or the lowest HeAle (ie., below 7.83%) before HCL initiation (pre-BF) and after HCL initiation.
Ellipses define the regions that comtain 85% of the group paricipants {B). The centroids of the elipses are
represented by the dots in biold, colored in the same color as the group and ellipse.

Closed-loop system may reduce variability in glucose homeostasis in children with the
highest HbAlc

Imitiation of HCL in participants with higher HbAlc i pre-HCL was associated with preater
mprovements m glycemic metrics, mcluding a larger decrease m TAR, 5y and a larger mcreaze m
TR 150 (Supplementary Takle 51). In the first vear following HCL mitiation, the shift on PC1 was
maore proncunced in the group with the highest HbAle in pre-HCL (Fiz. 2E). This was associated with
a reduction in the mtermdividual vanability of glucose parameters (1.e., SD of parameters) (Table 1), as
witnessed by the reduction in the size of the ellipse in PCAs after HCL mutation (Fig. 2A).
Nevertheless, participants with higher HbAle mm pre-HCL mamtamed significantly less optimal
ghycemic profiles than the group of participants with lower pre-HCL HbAlc at every time point post-
HCL (Supplementary Fig. 51). In participants with the highest HbAlc m pre-HCL, a shght but
zignificant mcrease in time below 34 mg/dl (TBEs;4) was observed (P = 0.02) (Fiz. 2B and
Supplementary Table 51).



Late morning is a high-risk period for mpoglvcemia

Daly time below 70 mg/dL (TBR-;), TBEs4, and coefficient of vanation (CV) remained similar after
HCL mmtation (all P values =0.03) (Takle 1 and Fig. 1C. D). Nonetheless, CV decreazed during
mighttime ((0—06 h AM; P < 0.01), contrasting sharply with periods of mcreased CV and a trend toward
mereased hyvpeglyeermia during the daythime (Fig. 1E-H). TBE;; and TBE:y reached their highest
values befween 11 AM and 1 PM at 1 month (11% = 9% and 3% = 4%, respectively). Thiz peak
followed, on the one hand, a steep nise m mean glacose and TAR, g, (Fig. 1E and Supplementary Fig.
52) and, on the other hand, a marked increase in bazal insulin (1.e., up to 250%) between & AM and 10
AM, preceded by a peried of relative insulincpenia in the early moming (1e., 4 AM to 7 AM) (Fiz. 3A).
While the percentage of hyvpoglyeemia slightly decreazed from 3 menths post-HCL, the pattern of basal
msulin rize in the 2 h preceding epizodes of late-moming hypoglycemia persisted across later follow-
ups (Fig. 3), despite adjustment for centers. Carb ratios were often slighthy higher (1.e., less aggressive)
than theoretical values (1e., 300 rule) at HCL mitiation (1.e., respectively 26 = 11 gTU v 24 = 7 g/IU)
(Table 1).°* These ratios were progressively decreased over the subsequent months, particularly in the
morning (Takle 1). This gradual adaptation of ratios was accompanied by a shght reduction in early-
morming basal msulin peaks in the months fellowing HCL mitiation (Fig. 3A). Nonetheless, late-
mormning hypoglveemia persisted at 12 months post-HCL (Fig. 1G, H). Subanalysiz ncluding only visits
with more than 0.9 bolus per day n the moming time showed a similar pattern of hypoglycemia (n =
287, 62%) (Supplementary Fig. 33).
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FIi5. 3. Evolution of insulin basal rate and hypoglycemia across the day after HCL initiation. (A) Evolution of
insulin basal rate normalized for weight during the nycthemere. Evolution of absolute difference in time spent
below 54 mgidL {B) and time spent below 70 mgldL (C) between pre-HCL and each post-HCL time paoint.
Differences were calculated by subtracting pre-HCL walues from post-HCL walues at each time point. The
dashed red line comresponds to the pre-HCL baseline.



Upon imitiation of HCL, the majority of participants were using a zingle (94%:) and relatively high
glacose target during the entire day (mean glucose target: 141 mg/dL). The adeption of multiple, lovwer
glucosze targets emerged from 1 menth post-HCL and progressed over time with notably lower targets
during the mghtime (Takle 1 and Supplementary Fig. 54). Participants with lower mghttime glucose
tarzets exhibited higher TIE-q ;5 and TITE-y 14q 2nd fewer hypoglveemic episedes (data not shown).

Discussion

Our study suggests that HCL systems improve overall glucose homeostasis in very voung children by
mcreasing the TIR;; ;zp and decreazsing the TAR5; without a concomitant rise in hypoglycemia.
However, an in-depth analysis of daily CGM profiles identified the late-moming period as a high-risk
window for hypoglveemia, accompanied by mereased ghycemic vanabihity.

These findingz are mn line with earher studies showing improved glveemic control from the first
months of HCL in the pediatric population, with benefits maintained over at least 12 months. "~ We
obzerved that the largest gainz m TIE. occurred overmight, reflecting the efficiency of the system during
fasting periods but alzo its relative limitations during times of carbohydrate intake. Significantly, the uze
of HCL appeared to reduce the disparity in glycemic conirel between children with elevated HbAlc
levels and those wath lower HbAle levels. Those with the highest HbAle levels at pre-HCL exiubited
the most substantial enhancements in glucose homeostazis. However, fhis subgroup demonstrated only 2
marginal increaze in hypoghycemia. Even so, and consistent with previous studies, only 13% of
participants reached current ISPAD glycemic targets (TIR-q_ygq =70% and TBR.70 <4%4) after & months
of HCL use, underscoring the perzistent challenges in reaching optimal glucose control in very young
children compared with older cohorts 15267432

Glucosze variability is characterized by both its amplitude and temporal patterns, two features that
are of particular importance for the patient™s well-being and brain development in thiz age g:ruup.;;":'
HCL uze was associated with a decreasze in both the amplitude (i.e, MAGE) and the repreducibility
(ie., MODD and CONGA) of glucose '.“a:ia'tn']i’qi.',Eﬁ even though the overall CV did not change
appreciably (Table 1 and Supplementary Fig. 53). We observed a pronounced dichotomy between
nighttime and daily variability with overnight glucose fluctnations being markedly reduced with HCL,
whereas daytime variability remained high likely owing to rapid postprandial spikes. This day-—night
pattern comresponds to the late-murumE peak in hypoglycemia, since greater intraday vanakbility often
accompanies hvpoghycemia.”

Hypoglyeemia i very young children with T1D remaims more frequent than i other children *+#
Censziztent with previcus studies, "' "> injtiation of HCL did not significantly reduce owverzll
hypeglyeemic exposure in cur cohort. We therefore examined the daily distnbution of hypeghyeemic
epizodes and identified distinct peaks during postprandial periods with the highest values observed in
the late moming. Similar observations were recently described by another team *® While the use of
highly conservative carbohydrate ratios at HCL initiation may partially explain thiz pattem in our
cohort, late-moming hypoglycemia persisted at 12 months even when breakfast boluses were given,
rafios optimized, and results adjusted for center. Additional factors may coninbute fo this phenomenon:
very young children exhibit immportant fluctnations in msulin requirements due to high msulin senstvity
mn the moming (with a period of relative msulinopenia before breakfasf), followed by a period of
mzulin-resistance dunng nocturnal secretion of growth hormone. ™ Additionally, very young children
exhibit unpredictal:lle eating and physical activity habits that may lead to substantial changes in insulin
requirements.” These factors may result in insufficient insulin delivery in the moming time, with
postprandial hyperghycemiz and late-moming hypoglveemia ensuing. =354 The role of relative
mzulinopenia at the end of the night may have been previously underestimated and mayv contribute to
this phenomenon, especially if the bolus timing iz Sl]]:lD[:lﬁ]]lEl]'l'.' and the meal iz composed of rapidly
gbsorbed carbohydrates (as observed m France).



Current HCL algornithms remain challenged by rapid glucose excursions in thiz age group, as even
fast-acting insulin analogues cannot counter the rapid glycemic fluctuations.** Our findings emphasize
the impoertance of careful meal management, including the adminiztration of belozes 10-15 min before
food intake to mitigate large postprandial spikes. Nenetheless, caution is warranted if the child may not
be eating zt the expected time or will not eat as much as expected: the inthal announcement of at least
50%% of expected carbohydrates sheuld be made 10-15 min before the meal, followed by a zecond
announcement at the end with the remaming carbolydrates. Regular evaluation of insulm-to-cark ratios
iz also crucial with ratios often ending up below the theoretical value " When possible, another
potential approach may be to lower glyeemie targets 2 h before breskfast (early moming) to encourage
mzulin delivery before the meszl, though this strategy requires further investization. If late-moming
hypoghicemia persists, additional interventions may include setiing temporarily higher glucose targets
(e.g., ease-off mode) or providing a mid-moming snack However, thizs may lead to a substantial
mcrease In burden for parents, which haz alrezdy been shown to be high in parents of voung children
with T1D.*! It iz therefore important to educate parents of very young children with T1D about the risk
of late-moming hypoglhycemia in the first month following HCL inttiation and to work with families to
identify potential preventive measures (Table 1 and Fiz. 1G).

Cur data also support the use of different glucose targets over the course of the dav to optimize
ghycemic outcomes, with the highest values dunng the daytime and the lowest dunng mghttime. A
recent study found that lower targets can result In an increaze in TB-E;,-,;,_';E In our cohort, lower glucose
targets during noctumnal periods were associated with improved glycemic outcomes and a reduction in
hypoghycemic epizedes. A lower glucosze target likelv prompts earlier and gentler insulin delivery,
limiting hyperglyeemic excursions with more religble and apprepriately dosed msulin deliveries.
Prospective studies are needed to confirm the safety and efficacy of such target adjustments.

The present study has several strengths, including the description of an unrestricted real-life study
desizn, which enhances the external validity and clinical relevance ** Furthermore, the present study
mcluded a large number of children from three peographically distinct French expert centers, with an
average age at HCL inrfiation that was lower than m previeus studies. " To our kmowledge, it 13 the
first sudy to combine an hourly analysis of glycemic patterns with insulin delivery data in this age
group, providing umique insights for clinieal practice. Additionally, we evaluated wvery early
postmitiation outcomes (from 2 weeks post-HCL imitiation), which enabled usz fo detect short-term
challenpes such as peniods of high nisk of hypoghrcemia.

The present studv was limited by its refrospective design and the lack of a parallel control group
using standard therapyv. Monetheless, the primary objective was to depict the evelution of glucose
homeostaziz after HCL, rather than to compare it with an open-loop system. Center-specific differences
n pump sethiings and adaptation practices (e.g., adjstments of ratios or targets) may have imfluenced
outcomes; we partially accounted for thiz by mcluding the center as a covanate m our models. We also
did not assesz psychosocial outcomes, such as guahty of hife or sleep, which are important
considerations in pediafric diabetes management. In addiion, we siratified participants using an
exploratory HbAlc cutoff of 7.8%, which corresponded to the median HbAlc in our cohort. This cutoff
15 kmowingly higher than the <§.3% target recommended by cumrent gumdelines for toddlers but was
chozen to reflect our echort’s glycemic distnbution. Finally, our observations regarding specific
ghycemic patterns (e.z., late-moming hypoglycemia) perfamn to the particular HCL system uszed
(CamAPS FX) and our siudy population and may not be fully generalizable to other automated insulin
delivery svstems or patient groups.

In conclusion, ouwr study showed an early and stable beneficial effect of the HCL therapy on
ghycemic control, charactenzed by & reduction in hyperglveemia, an inerease in eughycemiz, and no
overall increase in hypoglveemia. However, challenges persist in thiz population due to high ghycemic
varzkility and the emergence of specific high-nizk periods for Iypoglyeemia dunng the day. Close
collaboration between the dizbetes team and the family i3 essential to optimize HCL therapy and reach
recommended glycemic targets in very yvoung children with T1D.
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