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Abstract

Background/Objectives: Nocturnal glycemic variability in pediatric type 1 diabetes (T1D)
disrupts caregiver sleep and quality of life; advanced hybrid closed-loop (AHCL) systems
may be associated with reduced caregiver burden by providing more stable overnight
glucose control. We aimed to evaluate changes in caregiver-reported sleep quality and
continuous glucose monitoring (CGM) targets three months after transition to an AHCL
system. Methods: We conducted a prospective single-center real-world study in a tertiary
pediatric diabetes unit that included children aged 6-17 years with T1D who switched
from continuous subcutaneous insulin infusion (MiniMed) and intermittently scanned
CGM (FreeStyle Libre 2) to an AHCL system (MiniMed 780G) with Guardian 4 sensor.
Caregivers completed the Pittsburgh Sleep Quality Index (PSQI) at baseline and after
3 months; CGM metrics (TIR 70-180 mg/dL, TAR1 180-250 mg/dL, TAR2 > 250 mg/dL,
TBR1 54-70 mg/dL, TBR2 < 54 mg/dL) were extracted at the same time points. Analyses
used Shapiro-Wilk, Wilcoxon signed-rank, Spearman correlations, and McNemar tests
(o« = 0.05). Results: Twenty-two caregivers completed baseline PSQI; 16 provided PSQI
data at three months. The proportion with PSQI > 5 decreased from 56.3% to 18.8%
(p = 0.034), and 81.3% showed lower global PSQI at 3 months (p = 0.018). The largest mean
improvements were observed in daytime dysfunction (—0.94), subjective sleep quality
(—0.81), and sleep duration (—0.63), with slight increases in sleep disturbance (+0.13) and
sleep-medication use (+0.13). The proportion of participants meeting international CGM
consensus targets improved: the percentage achieving TIR > 70% increased from 26.7% to
80.0% (p = 0.008); those meeting TAR > 180 mg/dL < 30% increased from 26.7% to 80.0%
(p = 0.008); and those meeting TAR2 > 250 mg/dL < 5% increased from 20.0% to 53.3%
(p = 0.008). Hypoglycemia-related targets showed no significant change, and no episodes of
symptomatic or level 3 hypoglycemia were reported. Exploratory analyses suggested that
poorer PSQI at 3 months was associated with greater A TBR1, and increases in TAR2 with
higher sleep disturbance and sleep-medication use. Conclusions: Transition to an AHCL
system was associated with improvements in caregiver-reported sleep and attainment
of CGM consensus targets within three months. Residual nocturnal hyperglycemia was
associated with features of ongoing sleep disturbance, highlighting the potential relevance
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of individualized alert settings, sleep-focused education, and inclusion of objective sleep
measures in future studies.

Keywords: pediatric type 1 diabetes; advanced hybrid closed-loop system; Pittsburgh
Sleep Quality Index; time in range; time in hyperglycemia; MiniMed 780 G

1. Introduction

Type 1 diabetes (T1D) in childhood and adolescence represents a significant clinical
and psychosocial challenge, particularly concerning nocturnal glycemic management and
the sleep quality of both patients and their caregivers. Variability in insulin requirements
and parental fear of nocturnal hypoglycemia are key factors contributing to sleep disruption
and reduced family quality of life [1].

In Europe, T1D is one of the most common chronic diseases in childhood, with a
steadily increasing incidence over recent decades. Recent population-based data indicate
that pediatric incidence rates exceed 20 cases per 100,000 children per year in several
European regions [2]. In Spain, epidemiological studies estimate a mean incidence close
to 18 cases per 100,000 children per year, with notable regional variability and higher
rates reported in some autonomous communities [3,4]. This rising epidemiological burden
implies an increasing number of families exposed to the sustained daily and nocturnal
demands of diabetes management during childhood and adolescence.

The introduction of advanced hybrid closed-loop (AHCL) systems has transformed
the therapeutic approach by enabling more precise and sustained glycemic regulation
overnight, reducing variability and the risk of nocturnal hypoglycemia [1,5-7]. Randomized
controlled trials and multicenter studies have demonstrated that the use of AHCL systems
in children and adolescents with T1D significantly increases Time In Range (TIR) and
reduces episodes of nocturnal hyperglycemia and hypoglycemia, with benefits observed
from the first day of use and sustained long-term [5-7].

These glycemic improvements have been associated with better subjective sleep per-
ception, particularly among caregivers, who report fewer nocturnal awakenings, reduced
hypoglycemia-related anxiety, and improvements in psychosocial well-being. Specifically,
the use of advanced systems such as Control-IQ has been shown to improve parental sleep
quality and reduce fear of hypoglycemia and the emotional burden associated with diabetes
management [8].

However, evidence regarding objective changes in sleep parameters, such as duration
and efficiency, is less conclusive, showing modest or non-significant improvements in
most studies [9-11]. Data from actigraphy and sleep diaries suggest that while total
sleep duration may not change significantly, subjective sleep quality and satisfaction with
glycemic monitoring tend to improve with automated system use [9-11]. In caregivers, a
trend towards improved sleep efficiency and reduced sleep latency is observed, although
results do not always reach statistical significance [11].

Recent systematic reviews and meta-analyses confirm the superiority of AHCL systems
in glycemic control and safety in adolescents, as well as their potential to improve the
subjective sleep experience and reduce psychosocial burdens [12-14]. Nevertheless, these
reviews also highlight a recurring discrepancy between subjective improvements and
objective sleep measures, underscoring the complexity of sleep outcomes in the context
of diabetes technology use. In newly diagnosed youth, early use of closed-loop systems
shows a trend toward better sleep quality, though without significant differences in objective
parameters compared to standard treatment [14,15].
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Currently, the literature emphasizes the importance of addressing the psychosocial
needs of patients and their families when initiating closed-loop systems and throughout
follow-up, as well as establishing realistic expectations regarding the benefits and lim-
itations of the technology [11,16]. Although AHCL systems have been associated with
improvements in family quality of life and a reduction in perceived nocturnal burden,
challenges remain in translating glycemic benefits into consistent improvements in ob-
jective sleep outcomes and in optimizing education and support during routine clinical
implementation [10-13].

Despite robust evidence for glycemic benefits, the specific impact of real-world tran-
sitions to AHCL systems on caregiver sleep remains insufficiently characterized. Care-
givers often continue to manage nocturnal alarms and monitor overnight glucose trends
during routine clinical use, making caregiver-reported sleep quality a relevant and clini-
cally meaningful outcome when evaluating AHCL implementation outside of controlled
trial settings.

The primary objective of this study was to evaluate changes in caregiver-reported
sleep quality following real-world transition of children and adolescents with T1D to an
advanced hybrid closed-loop system. Secondary objectives were to assess concurrent
changes in CGM consensus metrics and to explore associations between sleep quality
dimensions and nocturnal glycemic parameters.

2. Materials and Methods

This prospective, single-center study was carried out in the diabetes unit of a tertiary
hospital in Spain (Regional University Hospital of Malaga) and was based on data retrieved
from digital medical records during the follow-up period (3 months). Inclusion criteria
were patients aged 6 to 17 years, diagnosed with T1D, who were on combined treatment
with continuous subcutaneous insulin infusion (CSII, MiniMed, Los Angeles, CA, USA)
and intermittently scanned continuous glucose monitoring (isCGM, FreeStyle Libre 2%,
Abbott Laboratories, Chicago, IL, USA) and had this system replaced by the MiniMed
780 G AHCL system with Guardian 4 sensor (G4S, Medtronic, Los Angeles, CA, USA). All
the patients were followed by a multidisciplinary team comprising pediatric endocrinolo-
gists and diabetes nurses. Those with an interstitial glucose sensor system other than the
one previously described were excluded.

Sleep quality was assessed using the Pittsburgh Sleep Quality Index (PSQI), a validated
instrument composed of 19 self-reported items grouped into seven dimensions: subjective
sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use
of sleeping medication, and daytime dysfunction. Each component is scored from 0 to 3,
with higher values indicating greater impairment, yielding a global score ranging from 0 to
21. A total PSQI score greater than 5 indicates poor overall sleep quality [17,18]. Caregivers
completed the validated Spanish version of the PSQI questionnaire [19,20] in person before
installing the AHCL system and three months later (Supplementary File S1). Those who
did not complete the follow-up assessment were excluded from comparative analyses.

Glucometric variables were extracted using the LibreView (Abbot) and CareLink
(Medtronic) download platforms at baseline and 3 months. Baseline sensor and insulin
pump data were downloaded for the 2 weeks prior to the installation of the AHCL using
the Libreview and Carelink System platforms, respectively. Continuous glucose moni-
toring metrics included Time In Range (TIR; 70-180 mg/dL), Time Above Range (TARI:
180-250 mg/dL; TAR2: >250 mg/dL), and Time Below Range (TBR1: 54-70 mg/dL; TBR2:
<54 mg/dL), each expressed as a percentage of time.

A STROBE-compliant participant flow diagram (Figure 1) is provided to detail partici-
pant enrolment, eligibility, follow-up, and reasons for attrition.
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Assessed for eligibility (n = 22)

l

Completed baseline PSQI (n = 22)

Lost to follow-up (n = 6)

- Missed visit

- Incomplete questionnaire
- Missing data

l

Completed 3-month PSQI (n = 16)

l

Excluded from CGM analysis (n = 1)
(Missing CGM data)

Included in final CGM analysis (n = 15)

Figure 1. STROBE flow diagram of participant enrolment, follow-up, and inclusion in analyses.

The study protocol was conducted in accordance with the Declaration of Helsinki
and approved by the Provincial Research Ethics Committee (1299-N-23). All participants
and their legal guardians were fully informed about the study procedures, and written
informed consent was obtained prior to participation.

Data analysis was performed using R version 4.5.2 (R Core Team (2025)) and free
RStudio software version 2025.05.0. As this was a prospective real-world study, all eligible
patients transitioning to an AHCL system during the study period were included, and
no formal a priori sample size calculation was performed. To provide context for the
interpretation of results, a post hoc evaluation of statistical power and effect size was
conducted. Based on the paired sample with complete follow-up (1 = 16), the study had
approximately 80% power to detect large within-subject effect sizes (Cohen’s d > 0.7-0.8)
at a two-sided « level of 0.05. For the primary outcome (change in PSQI), effect size
was estimated using the Wilcoxon signed-rank test, yielding a large effect (r = 0.59) that
corresponded to an approximate Cohen’s d of 1.4-1.5. The Shapiro-Wilk test was used to
assess the normality of the data distribution. Non-parametric paired comparisons were
performed using the Wilcoxon signed-rank test. Associations between PSQI scores and
clinical or glucometric parameters were evaluated using Spearman correlation coefficients.
Categorical variables were compared using McNemar tests. All tests were two-sided, and
p-values < 0.05 were considered statistically significant.
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3. Results

A total of twenty-two caregivers completed the pre-installation PSQI questionnaire;
among them, 12 individuals (54.5%) had a global PSQI score > 5. Sixteen caregivers also
completed the questionnaire three months after system implementation, corresponding to a
loss to follow-up of 27%. These losses were primarily attributable to missed follow-up visits
and incomplete questionnaire data. One participant did not have corresponding 3-month
glucometric data available; therefore, the glucometric subgroup analysis was performed on
15 participants.

Focusing on the 16 caregivers with complete PSQI follow-up, nine (56.3%) had a
baseline PSQI score > 5 prior to AHCL initiation. This proportion significantly decreased to
three out of 16 (18.8%) after three months of AHCL use (p = 0.034).

Overall, 13 of the 16 patients (81.3%) showed a reduction in their total PSQI score
in the post-installation assessment (p = 0.018). Changes in individual PSQI components
are presented in Figure 2. The largest mean improvements were observed in daytime
dysfunction (—0.94), subjective sleep quality (—0.81), and sleep duration (—0.63). A slight
worsening was detected in sleep disturbances (+0.13) and use of sleep medication (+0.13).

e Pre Post

Overall sleep quality
2

Day dysfunction 2 Latency
1
>
0
Sleep medication Duration
Disturbance Efficiency

Figure 2. Change in PSQI component scores from baseline to 3 months after AHCL initiation.

To explore potential relationships between sleep quality and glucometric control,
Spearman correlation analyses were performed comparing PSQI global scores—assessed
before AHCL initiation, after 3 months of use, and as change over time (A PSQI)—with
clinical characteristics and a comprehensive set of glucometric parameters obtained at
baseline, at 3 months, and as their respective deltas. Supplementary Table S1 summa-
rizes the correlation coefficients and associated p values, highlighting both the direc-
tion and magnitude of associations across the different dimensions of sleep quality and
metabolic control.

A positive correlation was observed between age at diagnosis and the PSQI score
prior to AHCL initiation (Spearman Rho = 0.458, p = 0.032), indicating that participants
diagnosed at an older age tended to report poorer sleep quality prior to AHCL initiation.

A positive correlation was found between the baseline PSQI score and the percentage
of TBR1 at 3 months (Spearman Rho = 0.573, p = 0.007), indicating that patients with lower
baseline PSQI scores exhibited less hypoglycemia (54-69 mg/dL) after AHCL initiation.
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PSQI at 3 months showed a positive correlation with the change (A) in TBR1 from
baseline to 3 months (Spearman Rho = 0.591, p = 0.020), suggesting that poorer sleep quality
at follow-up was associated with a greater increase in moderate hypoglycemia over time.

Conversely, PSQI at 3 months was negatively correlated with baseline TBR1 (Spear-
man Rho = —0.518, p = 0.040), indicating that participants with poorer sleep quality
after 3 months tended to have lower percentages of moderate hypoglycemia before
AHCL initiation.

In the subgroup of patients whose caregivers completed the questionnaires at baseline
and at the 3-month assessment, and for whom CGM data were available (n = 15), we ana-
lyzed the proportion meeting the international CGM consensus targets [21]. The percentage
of participants achieving a TIR > 70% (70-180 mg/dL) increased significantly from 26.7% at
baseline to 80.0% after three months of AHCL use (p = 0.008). A similar improvement was
observed for TAR > 180 mg/dL < 30%, which increased from 26.7% to 80.0% (p = 0.008). The
proportion achieving the stricter hyperglycemia target (TAR2 > 250 mg/dL < 5%) also rose
significantly, from 20.0% to 53.3% (p = 0.008). Changes in hypoglycemia related metrics did
not reach statistical significance. The proportion of patients meeting TBR < 70 mg/dL < 5%
increased from 80.0% to 93.3% (p = 0.625), while those meeting TBR2 < 54 mg/dL < 1%
decreased from 86.7% to 53.3% (p = 0.125). No episodes of symptomatic hypoglycemia or
level 3 hypoglycemia were reported during the study period. The percentage fulfilling
TBR1 (54-70 mg/dL < 4%) increased from 66.7% to 86.7% (p = 0.375). The proportion
meeting TAR1 (180-250 mg/dL < 25%) increased from 40.0% to 93.3% (p = 0.063), although
this change did not reach statistical significance (Table 1).

Table 1. Proportion of patients meeting CGM consensus targets before AHCL initiation and after

3 months.

CGM Target gztsieelrilltlse lt/g/f)eting Target ;’al\t/}(e)r;:; l\/{g/oe)ting Target After

TBR <70 mg/dL < 5% 80.0 93.3 0.625
L TBR2 <54 mg/dL < 1% 86.7 53.3 0.125
L TBR1 54-70 mg/dL < 4% 66.7 86.7 0.375
TIR 70-180 mg/dL > 70% 26.7 80.0 0.008
TAR > 180 mg/dL < 30% 26.7 80.0 0.008
L TAR1 180-250 mg/dL < 25% 40.0 93.3 0.063
L TAR2 > 250 mg/dL < 5% 20.0 53.3 0.008

TBR: Time Below Range; TBR1: Time Below Range Level 1; TBR2: Time Below Range Level 2; TIR: Time In Range;
TAR: Time Above Range; TAR1: Time Above Range Level 1; TAR2: Time Above Range Level 2.

Further analyses explored the associations between glucometric parameters and indi-
vidual PSQI components before and after AHCL initiation.

At baseline, the proportion of time spent in mild hypoglycemia (TBR1 54-70 mg/dL)
correlated negatively with sleep latency measured after AHCL installation (Spearman
Rho = —0.572, p = 0.026). At the 3-month assessment, TBR1 was positively correlated with
daytime dysfunction scores at baseline (Spearman Rho = 0.570, p = 0.026) and negatively
correlated with changes in sleep duration (Spearman Rho = —0.684, p = 0.005) and sleep
efficiency (Spearman Rho = —0.684, p = 0.017).

Changes in mild hypoglycemia (A TBR1 54-69 mg/dL) were positively correlated
with sleep latency after AHCL installation (Spearman Rho = 0.567, p = 0.028) and with
daytime dysfunction scores at the 3-month follow-up (Spearman Rho = 0.632, p = 0.012).
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Changes in moderate hyperglycemia (A TAR1 180-250 mg/dL) correlated positively
with changes in sleep disturbances (Spearman Rho = 0.521, p = 0.046). Additionally,
increases in severe hyperglycemia (A TAR2 > 250 mg/dL) correlated with higher sleep
disturbance scores after AHCL initiation (Spearman Rho = 0.562, p = 0.029), greater sleep
medication use after AHCL initiation (Spearman Rho = 0.573, p = 0.026), and increases
in sleep medication use over the study period (Spearman Rho = 0.573, p = 0.026). All the
correlation results are summarized in Table 2.

Table 2. Correlations between glucometric variables and individual PSQI components at baseline
and after 3 months of AHCL use.

Glucometric Variable

Patients Meeting Target Baseline (%)

Baseline % TBR1 54-70 mg/dL

e  Sleep latency after system installation (Spearman Rho —0.572, p = 0.026)

3-month % TBR1 54-70 mg/dL

. Day dysfunction before system installation (Spearman Rho 0.570, p = 0.026)
A in sleep duration (Spearman Rho —0.684, p = 0.005)
e Ainsleep efficiency (Spearman Rho —0.684, p = 0.017)

A% TBR1 54-70 mg/dL

Sleep latency after system installation (Spearman Rho 0.567, p = 0.028)
Daytime dysfunction after system installation (Spearman Rho 0.632, p = 0.012)

A% TAR1 180-250 mg/dL

e Ainsleep disturbance (Spearman Rho 0.521, p = 0.046)

A% TAR2 > 250 mg/dL

Sleep disturbance after system installation (Spearman Rho 0.562, p = 0.029)
Sleep medication use after system installation (Spearman Rho 0.573, p = 0.026)
e Ain sleep medication use after system installation (Spearman Rho 0.573, p = 0.026)

L TAR1 180250 mg/dL < 25%

e  Sleep latency after system installation (Spearman Rho —0.572, p = 0.026)

L TAR2 > 250 mg/dL < 5%

Day dysfunction before system installation (Spearman Rho 0.570, p = 0.026)
A in sleep duration (Spearman Rho —0.684, p = 0.005)
A in sleep efficiency (Spearman Rho —0.684, p = 0.017)

TBR1: Time Below Range Level 1; TAR1: Time Above Range Level 1.

Using Wilcoxon rank sum tests, PSQI global and item scores were compared between
participants who met the TIR target (>70%, 70-180 mg/dL) and those who did not, both
at baseline and after 3 months of AHCL use. At baseline, there were no statistically
significant differences between groups in PSQI global score or score for any component (all p
values > 0.64). After 3 months, between-group differences in global score (p = 0.34) and
score for individual components (e.g., subjective sleep quality, p = 0.27; sleep latency,
p = 0.31; sleep duration, p = 0.16; use of sleep medication, p = 0.66) did not reach statistical
significance. A trend toward lower PSQI sleep efficiency scores among participants meeting
the TIR target was observed at 3 months (PSQI4, p = 0.079), but this did not reach statistical
significance. The median values for the group meeting the TIR target at 3 months were
higher, consistent with the numerically lower PSQI scores across several components, as
depicted in Figure 3.
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Figure 3. PSQI scores by achievement of the consensus TIR target at baseline and 3 months.
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4. Discussion

In this prospective cohort of children and adolescents with T1D who transitioned
from CSII + isCGM to an AHCL system, we observed a clinically meaningful improvement
in caregivers’ sleep quality, with the proportion of participants scoring PSQI > 5 decreas-
ing from 56.3% to 18.8% at three months, and 81.3% showing lower PSQI global scores
(p=0.018-0.034). We also found substantial gains in CGM consensus targets (e.g., TIR > 70%
increasing from 26.7% to 80.0%; TAR2 > 250 mg/dL < 5% improving from 20.0% to 53.3%),
whereas changes in hypoglycemia metrics did not reach significance. Exploratory correla-
tions suggested that increases in TAR2 were associated with higher sleep disturbance and
greater use of sleep medication, while TBR1 showed mixed, component specific relation-
ships (e.g., latency, daytime dysfunction). Altogether, these findings indicate that AHCL
systems may reduce nocturnal caregiving burden and improve perceived sleep even when
objective hypoglycemia endpoints remain stable.

Our results are consistent with accumulated evidence showing that AHCL systems
improve nocturnal glycemia, TIR, and glycemic variability across pediatric age groups, both
in randomized trials and in real-world settings [1,5-7,22-25]. Recent reviews conclude that
commercial AHCL systems are safe and effective in children as young as 2 years, leading
to improvements in glycemia and in quality of life for both patients and caregivers [23-25].
These observations align with the significant increase we observed in the proportion of
participants meeting TIR and hyperglycemia targets after three months.

Regarding sleep outcomes, our findings showing improvements in subjective sleep
quality measured by the PSQI align with previous studies in parents and caregivers using
automated insulin delivery (AID) or AHCL systems, which consistently report reduced fear
of hypoglycemia, fewer nocturnal awakenings and better perceived sleep [8,11-14,22,26,27].
Two recent syntheses are particularly informative: a meta-analysis found significant, albeit
small to moderate, improvements in self-reported outcomes (including sleep quality in
observational cohorts) among AID users [26], and a 2026 systematic review and meta-
analysis focused on sleep concluded that caregivers of pediatric T1D patients experience
meaningful perceived sleep benefits with AID, whereas effects in adults are mixed and the
evidence in children remains limited [27].

At the same time, a recurring disconnect between subjective and objective sleep mea-
sures has been reported. In youths, randomized and prospective studies using actigraphy
often show modest or no changes in sleep duration or efficiency despite robust glycemic
improvements (and in one RCT, even a small increase in Wake After Sleep Onset (WASO)
and a decline in sleep efficiency at 13 weeks), suggesting that sleep architecture may not
shift as readily as perceived sleep burden [9,15,28]. Findings in older adults echo this
pattern [16]. Our exploratory correlations linking TAR2 with sleep disturbance and sleep
medication use suggest that nocturnal hyperglycemia (and related symptoms or alarms)
may be a salient driver of residual sleep fragmentation even when overall metabolic con-
trol improves. These mechanistic hypotheses are consistent with the broader literature
demonstrating bidirectional links between hyperglycemia, glycemic variability, and sleep
disruption in T1D [28,29].

Although the PSQI was originally developed in psychiatric populations [17], it has
become the most widely used subjective instrument for assessing sleep quality across
diverse clinical and research settings [30]. Its use has been extended to chronic disease
populations and to caregivers, including non-professional caregivers in whom adequate
psychometric properties have been demonstrated [31]. In the specific context of T1D,
prior studies have applied the PSQI in parents of affected children and shown that it can
capture impaired sleep quality related to nocturnal caregiving demands, such as glucose
monitoring and fear of hypoglycemia [32]. However, the PSQI does not distinguish between
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pathological sleep disturbances and intentional nocturnal awakenings related to caregiving
tasks. This distinction is particularly relevant in caregivers of children with T1D and may
partially explain the observed discrepancy between subjective sleep improvements and the
more modest or inconsistent changes in objective sleep parameters.

From an implementation perspective, translating AHCL-related glycemic gains into
consistent sleep benefits requires careful attention to alarm burden, target and alert settings,
and the development of trust in automation. Recent implementation guidance and user
experience reviews emphasize proactive education and expectation setting, the practice
of effective “alarm hygiene”, and iterative fine tuning of correction targets to minimize
unnecessary nighttime awakenings and avoid counterproductive overrides [12-14,23-25,33].

Another key area for development is the human factor interface between algorithms
and clinical pathways. Real world pediatric data show sustained improvements in HbAlc,
Time In Range, and sleep-related well-being over 6 to 12 months [22], whereas qualitative
research highlights alarm fatigue, override behaviors, and learning curves that may blunt
sleep benefits if left unaddressed [34]. Implementation frameworks propose stepped
education, expectation management, and equity-oriented access strategies, including time
and training support, language appropriate materials, and device choice, to help families
build trust in the system and avoid unnecessary night checks [23-25,33,34].

Finally, technology evolution may influence nocturnal outcomes. Trials and registries
indicate that AID improves glycemia across a wide range of baselines (including direct
transitions from multiple daily injections (MDIs)), but sleep effects remain heterogeneous
and likely depend on insulin kinetics, target settings, and alarm design [15,35]. Ongoing and
recent studies aim to optimize post prandial control within AHCL systems and could reduce
late evening hyperglycemia that disrupts sleep [36,37]; importantly, sleep endpoints should
be prospectively embedded [30]. Routine ambulatory glucose profile-guided reviews
focused on flattening overnight curves and minimizing excursions offer a practical clinical
approach to align glycemic and sleep goals during follow-up [38].

The strengths of this study include the prospective real-world design, which reflects
routine clinical practice, the standardized assessment of caregiver-reported sleep using
the PSQI at two time points, and the use of consensus-based CGM metrics. The PSQI,
including its Spanish-language adaptations, is a widely validated tool, with established
psychometric performance in both adult and youth populations, supporting its use in this
context [17,19,30].

The limitations of this study include the single-center setting, the relatively small sam-
ple size and the participants that were lost to follow-up, which may introduce attrition bias.
Given the limited sample size, formal comparisons between participants who completed
follow-up and those were lost to follow-up were not performed, which limits the ability to
fully exclude the presence of attrition bias. In addition, the number of correlations explored
relative to the sample size increases the risk of type I errors; therefore, the correlation analy-
ses should be interpreted with caution and considered hypothesis-generating. Additional
limitations include the limited sample available for paired analyses at three months, the
absence of objective sleep measures such as actigraphy, and potential selection bias among
families adopting AHCL systems. Although each patient served as their own control in the
pre—post comparison, the lack of a separate control group limits causal inference, as the
observed changes cannot be definitively attributed to the intervention and may be influ-
enced by temporal trends or unmeasured confounding factors. Because the PSQI primarily
captures perceived sleep, future pediatric AHCL studies should complement subjective
measures with objective sleep endpoints such as actigraphy or polysomnography, alongside
device-derived analytics—including alarm counts, overnight corrections, and night-specific
glycemic phenotyping (e.g., nocturnal variability or time-weighted hyperglycemia)—to
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better identify which nocturnal events most robustly fragment sleep. Harmonizing sleep
endpoints across trials would further facilitate meta-analyses and strengthen causal in-
ference [17,19,30]. Embedding implementation frameworks and equity strategies may
enhance caregiver sleep benefits as AHCL access expands [23-25,33,39].

5. Conclusions

Early transition to AHCL systems in pediatric T1D was associated with improve-
ments in caregiver-reported sleep quality and increased attainment of CGM consensus
targets within three months. Residual hyperglycemia was also associated with greater
sleep disturbance and sleep medication use in the exploratory analyses. These findings
highlight the potential relevance of individualized alert settings and sleep-focused educa-
tion during AHCL follow-up while emphasizing the need for further studies to confirm
these observations.
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Abbreviations

The following abbreviations are used in this manuscript:

T1D Type 1 diabetes

AHCL Advanced hybrid closed-loop

TIR Time In Range

TAR1 Time Above Range Level 1

TAR2 Time Above Range Level 2

TBR1 Time Below Range Level 1

TBR2 Time Below Range Level 2

CslI Continuous subcutaneous insulin infusion
CGM Continuous glucose monitoring

isCGM Intermittently scanned continuous glucose monitoring
PSQI Pittsburgh Sleep Quality Index
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AID Automated insulin delivery
RCT Randomized Controlled Trial
WASO Wake after sleep onset
MDIs Multiple daily injections
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