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a b s t r a c t

Objective: This study aimed to determine sleep characteristics and their associations with glycemic
variability in youth with type 1 diabetes (T1D).
Material and methods: This cross-sectional study conducted at two pediatric diabetes centers in Istanbul,
Turkey, included 84 children with T1D (mean age 10.5 years). Sleep characteristics and glycemic vari-
ability were determined by actigraphy, DSM-5 Level 2-Sleep Disturbance Scale Short Form and contin-
uous glucose monitoring. Circadian preference was evaluated by the Children's Chronotype
Questionnaire. Sleep disturbances were assessed by the. The sleep quality was determined by actigraphy-
derived sleep measures.
Results: Eighty-eight percent of participants had insufficient age-appropriate total sleep time (TST) (<9 h
for 6e13-year-olds and <8 h for 14e17-year-olds). Chronotype was classified as intermediate in 50%,
evening in 45.2%, and morning in 4.8%. A higher chronotype score indicating a stronger eveningness
preference was associated with more time spent in hypoglycemia (b ¼ 0.433, p ¼ 0.002). On nights when
participants had lower sleep efficiency and longer sleep onset latency, they had significantly higher
overnight glycemic variability (b ¼ �0.343, p ¼ 0.016, b ¼ 0.129, p ¼ 0.017, respectively). Prolonged
nocturnal wake duration was significantly associated with more time spent in daytime hypoglycemia
(b ¼ 0.037, p ¼ 0.046) and higher overnight glycemic variability (J index, b ¼ 0.300, p ¼ 0.015). The
associations between TST and glycemic variability indices were not significant.
Conclusions: Sleep quality rather than TST was significantly associated with glycemic variability in
children with T1D. Eveningness preference might contribute to an increased risk of hypoglycemia.
Addressing sleep patterns and chronotypes can be crucial in management plans for youth with T1D.

© 2023 Elsevier B.V. All rights reserved.
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1. Introduction

Type 1 Diabetes Mellitus (T1D) is one of the most common
chronic diseases in childhood [1]. Its prevalence was reported as
7.5% in Turkey [2]. Recent studies have addressed a close relation-
ship between type 1 diabetes and sleep problems [3e6]. Studies
found that 87.5% of children with T1D had short total sleep time
(TST) [7], as much as 26 min as compared with controls [4]. Short
TST has been shown to contribute to insulin resistance and
impaired glucose metabolism, both of which are closely associated
with suboptimal blood glucose levels [4,8]. Adequate TST, on the
other hand, is associated with better self-management of diabetes
[9].

Sleep health is a multi-dimensional construct including
different domains other than adequate duration, such as subjective
satisfaction, appropriate timing, high efficiency and alertness dur-
ing waking hours [10]. While adequate sleep and good sleep quality
are essential for youth without chronic conditions, they are much
more important in youth with diabetes because poor sleep health
may negatively affect diabetes self-care behaviors and glycemic
outcomes [6,11]. Nocturnal glycemic variability, use of devices such
as pumps, continuous glucose monitoring alarms in diabetes
treatment, and associated conditions such as anxiety, stress, and
depressive symptoms are likely to play a role in the poor sleep
health of people with diabetes [3,12,13]. In 2017, the American
Diabetes Association (ADA) emphasized that sleep assessment
should be incorporated into the routine medical evaluation of pa-
tients with diabetes [14].

Chronotypes indicate the behavioral manifestations of the
circadian system that governs preferred timing of sleep and wake,
and are classified as morning, intermediate, and evening types [15].
There has been an increasing trend in the pediatric literature to
draw attention to chronotypes in the context of sleep health,
particularly disorders of initiating and maintaining sleep, non-
restorative sleep, and excessive somnolence, associated with eve-
ningness [15]. Although the literature is abundant on T2DM and
adult patients with T1DM, limited studies explored chronotypes
and glycemic control in children and adolescents with T1DM
[16,17]. Social changes such as reduced parental control on bed-
times, irregular sleep-wake schedules, increased social networks,
increased use of electronics, and caffeine, increased academic de-
mands, biologically delayed circadian timing of dim light melatonin
onset resulting in later sleep onset times, and slower build-up of
homeostatic sleep pressure triggered with the onset of puberty
often interact in adolescents posing challenges to several sleep
health dimensions resulting in short TST, late timing, and reduced
regularity of sleep [18,19].

Studies on sleep health in youth with T1DM are limited, with
insufficient sample size and inconsistent findings
[1,3,5,6,16,20e22]. Furthermore, studies have relied primarily on
inter-person differences, failing to capture within-person fluctua-
tions. It is essential to understand how changes in sleep quality
covary with daily fluctuations in glycemic measures. Thus, the
current study was conducted to determine sleep characteristics,
chronotypes, and glycemic variability of youth with T1DM between
individuals and examine the within-person fluctuations in glyce-
mic variables and prior night's sleep quality.

2. Materials and methods

This prospective study was conducted at two outpatient clinic
settings from university hospitals in Istanbul between December
2020 and 2021. The study was conducted following the principles
in the Declaration of Helsinki on experimentation involving human
subjects; the study protocol was approved by the Marmara
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University ethics review board (protocol ID; 09.2020.299) and
registered at Clinical Trails.gov (NCT04978662-Registration Date:
July 27, 2021).

2.1. Participants

Children and families were informed about the study during
routine outpatient visits, and those who accepted to participate
were included in the study. Informed written consent was obtained
from the parents of all participants.

The eligibility criteria for the study included children between 6
and 18 years of age with a diagnosis of type 1 diabetes for at least
six months, current use of continuous glucose monitoring (CGM),
and current use of multiple insulin injections daily.

Exclusion criteria included intensive care unit admission within
the past month, any previous diagnoses of neurological, genetic, or
psychiatric diseases, obstructive sleep apnea syndrome, and the use
of an insulin infusion pump.

The study enrolled 123 eligible children, 6e18 years of age, with
a diagnosis of type 1 diabetes. Thirty-eight declined to participate,
and one child was excluded from the study because he denied
wearing an Actigraphy at home. Analyses were made based on the
data from 84 children. The study flow chart is shown in Fig. 1.

2.2. Procedures

All participants were invited to the pediatric outpatient clinic
and had clinical examinations to determine their developmental
stages according to the Tanner classification and anthropometric
measurements. Clinical and laboratory findings of the participants,
including the duration of diabetes and the most recent HbA1c
levels, were retrieved from the electronic hospital records.

All parents or youth were asked to complete three question-
naires, including a sociodemographic form developed by the au-
thors, the DSM-5 Level 2-Sleep Disturbance Scale short form, and
the Childhood Chronotype Questionnaire. The child form of the
DSM-5 Level 2 Sleep Disturbance Scale short form and the Child-
hood Chronotype Questionnaire were completed by the parent and
the adolescent form was completed by the adolescent.

Children were asked to wear an actigraphy device for at least 3
days and to fill out sleep diaries. Before device delivery to the
participants, both devices (actigraphy and CGM) were synchro-
nized by the investigators (N_I, EB, BD).

All the participants completed the questionnaires. In two chil-
dren, CGM data were not available due to recording failures.

2.3. Sleep questionnaire

The short form of DSM-5 Level 2-Sleep Disturbance Scale was
used to evaluate sleep disturbances. It is an 8-item scale that as-
sesses self-reported perceptions of restlessness and any perceived
difficulties related to falling and staying asleep in children and
adolescents within the past 7 days. Each item is rated on a 5-point
scale (1 ¼ never; 2 ¼ rarely; 3 ¼ sometimes; 4 ¼ often, and
5 ¼ always). The total score ranges from 8 to 40 points, with higher
scores indicating more severe sleep disturbances.

Its validity and reliability in Turkish children were shown by
Erkuran et al. [23]. The child form of the DSM-5 Level 2 Sleep
Disturbance Scale short formwas completed by the parent, and the
adolescent form was completed by the adolescent.

2.4. The Childhood Chronotype Questionnaire

The Childhood Chronotype Questionnaire was used to evaluate
the chronotype in children. This 27-item questionnaire was
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Fig. 1. Flowchart.
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developed for Turkish children in the light of the Munich Chro-
notype Questionnaire [24] and the Mornings-Evenings Question-
naire [25]. Its validity and reliability studies for Turkish children
were conducted by Dursun et al. [26]. The chronotypes were clas-
sified as morning, intermediate and evening types, with corre-
sponding scores of �23, 24e32 and � 33 [26,27]. The child form of
the Childhood Chronotype Questionnaire was completed by the
parent and the adolescent form was completed by the adolescent.

2.5. Objective sleep measurements with actigraphy

Actigraphy is an objective and non-invasive method that eval-
uates sleep-wake patterns at 30-s epochs with activity-based re-
cordings [28,29]. Sleep variables were recorded and processed
using 6.1.0 Actigraphy (Actiwatch-2, Philips Resipronics®, USA)
software. The actigraphy and the CGM device were simultaneously
worn to examine usual sleep and daily routines for at least 3 days.
The actigraphy was worn on the non-dominant wrists and was
removed only during bathing. Due to the disruption of school and
normal life routines adopted during lockdowns, weekend param-
eters were not obtained to analyze weekday and weekend differ-
ences in the current study. At the end of recordings, each actigraphy
was returned to the pediatric outpatient clinic, and data were
downloaded to a computer by the investigators (N_I, EB, BD). The
mean duration of actigraphy monitoring was 3.2 ± 0.87 days (range
3e5 days).

According to the manufacturer's instructions, the thresholds for
low, medium, and high activities were 20, 40 and 80, respectively.
In the current study, the medium activity threshold was used based
on the literature [30].

Sleep onset was defined as five consecutive minutes of null
activity, scored as sleep, whereas a period of at least 5 min of ac-
tivity above the medium threshold was defined as wakefulness.
Actigraphy measures bedtime, wake time, TST, sleep efficiency,
sleep latency (SOL), and the number of awakenings. Sleep efficiency
was calculated using the formula: (TST/TST þ total waking time)*
100. Wake up after sleep onset (WASO) was defined as the total of
awakening minutes throughout the sleep period [31]. Actigraphy
data were evaluated by taking sleep diaries into consideration.

The sleep quality definition used in the current study included
actigraphy-derived items related to sleep continuity as recom-
mended by National Sleep Foundation's (NSF) consensus recom-
mendations for sleep quality assessment [32]. Sleep quality was
categorized as ‘poor’when at least one of the following criteria was
met: (1) sleep efficiency <85%; (2) WASO �41 min; (3) the number
of awakenings �4 per night; 4) SOL >30 min based on the NSF
criteria. The optimum TST was defined according to the NSF criteria
[33]. Children who slept below the optimum duration for their age
(<9 and < 8 h for ages 6e13 and 14e17, respectively) were evalu-
ated as having a short TST.

2.6. Parameters for glycemic variability

The devices used for daytime and overnight glucose monitoring
included Dexcom G6 (Dexcom, San Diego, USA) or FreeStyle Libre
(Abbott Diabetes Care, Alameda, USA). The data were exported for
calculations using GlyCulator 3.0 software [34].

The Dexcom G6 device provides real-time, dynamic glycemic
variability every 5 min [35], while Freestyle Libre is an instant
glucose measurement system at 15-min intervals [36]. While the
former has an alarm during hypoglycemia and hyperglycemia, the
latter does not.

Daytime was defined as the period from 06:00 a.m. to 00:00
a.m., overnight as the period from 00:00 a.m. to 06:00 a.m. and
total as the 24-h period [37].
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For 24-h continuous glucose monitoring, the targeted percent-
ages of time were >70% at 70e180 mg/dL for glycemic control, <4%
at <70 mg/dL for hypoglycemia, <1% at <54 mg/dL for severe hy-
poglycemia, <25% at >180 mg/dL for hyperglycemia and <5% at
>250 mg/dL for severe hyperglycemia [38]. Achieving a percentage
of >70% for time in the target glucose range (70e180 mg/dL) was
defined as ‘good metabolic control’.

The hemoglobin A1c level and the amount of insulin used per
kilogram of body weight per day were determined at enrollment,
with an HbA1c value � 7.5% indicating suboptimal blood glucose
levels [39].

There is a lack of clarity as to which glycemic variability metrics
are most appropriate for clinical use in T1D patients on insulin
therapy. Glycemic variability was calculated from the CGM data
[35] using the J index to determine the quality of glycemic control
(calculated as 0:001 � (mean þSD) [34], the low blood glucose
index (LBGI) to determine the risk of hypoglycemia and the high
blood glucose index (HBGI) to determine the risk of hyperglycemia
[35].

The coefficient of variation (CV) specifies percentage fluctua-
tions in blood glucose, with a CV � 36% indicating a stable glucose
profile and a CV>36% indicating an unstable glucose profile [38].

2.7. Statistical analysis

Data were processed using SPSS 28.0 (IBM Corp. Released 2021.
IBM SPSS Statistics for Windows, Version 28.0. Armonk, NY: IBM
Corp). Descriptive statistics were used to define demographic data.
The Kolmogorov-Smirnov test was used to determine the normal or
non-normal distribution of the variables. Categorical variables were
compared with Pearson Chi-Square Test.

In order to investigate the effect of independent variables such
as glycemic variability on the dependent variable such as sleep
characteristics Multiple Linear Regression was used. Backward
variable selection was utilized to determine which choice of pre-
dictive variables is carried out by an automatic procedure. The
variance Inflation Factor (VIF) value was evaluated to check the
multicollinearity assumption and Durbin-Waston statistics was
used to test for the presence of serial correlation among the
residuals.

All participants were involved in the restricted maximum like-
lihood (RML) estimation. Analyses were performed by importing
lme 4, rml packages in R. Within- and inter-person (day and person
levels, respectively) effects of glycemic variability on sleep char-
acteristics were examined using a linear mixed-effect model, which
utilizes a restricted maximum likelihood to handle missing data.
Each sleep parameter corresponded to day and person average
glycemic variability parameters. The models are subject to the
fewest constraints in this method, which also permits free esti-
mation of variances and covariances from the data. The person level
(inter-person) and day level (within-person) were used to deter-
mine how the average glycemic variability indices and daily glucose
levels, respectively, were associated with sleep characteristics. The
analysis of variance (ANOVA) test was used inmodel selection. Data
criteria such as AIC and BIC were evaluated to determine the
appropriate model.

3. Results

3.1. Descriptive analyses

The median age of the participants was 10.5 (8.0e12.9) years,
and 47 were male (56%). The median age at the diagnosis of dia-
betes was 6.5 (4.1e9.6) years and themedian diabetes durationwas
3.1 (1.4e5.0) years. At enrollment, the median HbA1c was 7.1%
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(6.4e7.6%). The sociodemographic and clinical characteristics of the
study population are presented in Table 1.

Most participants wore the FreeStyle Libre device (n ¼ 71,
84.5%). A comparison of daytime and overnight glycemic parame-
ters is presented in Table 2. The overall median percentage of time
in severe hypoglycemic ranges (<54 mg/dL) was 0.60% (0e5.05),
and the average percentage of time in hypoglycemia ranges (<70-
54 mg/dL) was 6.01% (2.20e13.28).

The majority of the participants (n ¼ 74, 88.1%) slept less than
the recommended duration for their age, 90.6% (n ¼ 58) for the age
range of 6e12 years and 80.0% (n ¼ 16) for the age range of 13e18
years. There were no gender differences in TST (p ¼ 0.098).

Data on sleep characteristics are presented in Table 3.
Sleep quality was classified as poor in 56% of the participants.

Sleep quality was not different according to gender, diabetes
duration, insulin use, HbA1c levels, and pubertal stage (appendix).
Overnight glycemic variability was not different according to sleep
quality. Participants who spent less time in the target glucose range
were at increased risk for worse sleep quality than those who spent
optimal time in the target range (p: 0.023, RR: 2.92%95 CI:
1.14e7.42).

The chronotype median score was 32 (28e36). The participants
were classified into the following chronotypes: morning (n ¼ 4,
4.8%), intermediate (n ¼ 42, 50%), and evening (n ¼ 38, 45.2%)
types. Although total DSM-5 scores were higher in the evening
group than in the intermediate group, the difference was not sig-
nificant. Glycemic variability was not different according to chro-
notype. Multiple linear regression analysis showed a higher
chronotype score indicating a stronger eveningness preference was
associated with more time spent in hypoglycemia (<54 mg/dL,
b ¼ 0.433, p ¼ 0.002) and higher LBGI (b ¼ 0.147, p ¼ 0.008). Other
CGM parameters showed no associations with chronotype scores.

No differences were observed between the good and poor
metabolic control groups regarding sleep parameters, chronotype,
and DSM-5 scores during daytime and overnight.

Longer SOL and later bedtime were associated with higher
HbA1c levels (Table 4). Wake time, TST, sleep efficiency, WASO, and
awakenings showed no associations with HbA1c. The effects of
actigraphy-derived sleep parameters on HbA1c are presented in
Table 4.

3.2.1. Bivariate associations between sleep characteristics and
daytime glycemic variability indices-inter-person level

Associations between sleep characteristics and daytime glyce-
mic variability indices throughout actigraphy monitoring in the
inter-person level are presented in Table 5. In bivariate modeling,
sleep efficiency was significantly associated with daytime LBGI. The
Table 1
Sociodemographic and clinical characteristics of the participants.

Characteristics N: 84

Age, years, median (IQR) 10.5 (8.0e12.9)
Gender, Male, n (%) 47 (56)
BMI Z-score, median (IQR) 0.57 (0.04e1.1)
Pubertal status, n (%)
Prepubertal 42 (50)
Pubertal 42 (50)

Maternal education, years, mean ± SD 12.12 ± 4.00
Screen exposure 1 h before going to sleep, n (%) 63 (75)
Diabetes duration, years, median (IQR) 3.1 (1.4e5.0)
Age at the diagnosis of diabetes, median (IQR) 6.5 (4.1e9.6)
Insulin requirement, IU/kg, median (IQR) 0.8 (0.7e0.96)
HbA1c, %, median (IQR) 7.1 (6.4e7.6)
Suboptimal (�7.5) n (%) 22 (27.5)
Optimal (<7.5) n (%) 58 (72.5)

*IQR¼ Interquartile range; BMI: bodymass index; HbA1c: glycated hemoglobin A1c.
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number of awakenings was significantly associated with CV and
more time spent in daytime hypoglycemia. There were no signifi-
cant associations between bedtime, waketime, TST, WASO and
daytime glycemic variability.

3.2.2. Bivariate associations between sleep characteristics and
overnight glycemic variability indices-inter-person level

Associations between sleep characteristics and overnight gly-
cemic variability indices throughout actigraphy monitoring inter-
person level are presented in Table 6. In bivariate modeling, later
bedtime was significantly associated with higher overnight glyce-
mic variability. Sleep efficiency was significantly associated with
lower overnight mean glucose level, lower overnight glycemic
variability (J index), overnight higher time in the target range, less
time spent in overnight hyperglycemia, and lower overnight HBGI.
WASO was significantly associated with higher overnight mean
glucose levels, overnight higher glycemic variability (J index), and
more time spent in overnight hyperglycemia. Awakenings were
significantly associated with lower overnight time in the target
range. There were no significant associations between waketime,
TST, SOL, and overnight glycemic variability.

3.3.1. Multilevel models of sleep indices and daytime glycemic
variability

Both within-person and inter-person daytime glycemic vari-
ability was determined in relation to actigraphy derived sleep pa-
rameters. Glycemic variability was significantly associated with
most sleep parameters (bedtime, wake time, sleep efficiency,
WASO), mostly within-person (Table 7).

On nights when participants had a later bedtime andwake time,
they spent less time in daytime hypoglycemia (Table 7). The asso-
ciation between late bedtime and daytime hyperglycemia was not
significant.

On nights when participants had higher sleep efficiency, they
had significantly lower daytime glycemic variability (J index), lower
high blood glucose index and spent less time in hyperglycemia
(Table 7). On the contrary, higher inter-person sleep efficiency was
significantly associated with higher daytime hypoglycemia.

On nights when participants had higher SOL, there was also
higher daytime glycemic variability (J index) and higher daytime
HBGI.

On nights when participants had prolonged WASO, there was
also more time spent in daytime hypoglycemia, whereas the inter-
person prolongedWASOwas significantly associated with less time
spent in daytime hypoglycemia.

Within-person and inter-person TSTand awakenings showed no
associations with daytime glycemic variability indices in multilevel
models.

3.3.2. Multilevel models of sleep indices and overnight glycemic
variability

On nights when participants had higher SOL and lower sleep
efficiency, they had significantly higher overnight glycemic vari-
ability (CV). On nights when participants had higher WASO, they
had significantly higher overnight glycemic variability (J index) and
more time spent in overnight hyperglycemia. Within-person and
inter-person bedtime, wake time, TST, and awakenings showed no
associations with overnight glycemic variability indices in multi-
level models (Table 8).

4. Discussion

The current study examined the associations between sleep
characteristics and glycemic variability in the T1D youth sample.
Our findings identified significant associations between lower sleep



Table 2
Comparison of daytime and overnight glycemic parameters.

Daytime, Median (Min-Max) N ¼ 82 Overnight, Median (Min-Max) N ¼ 82 p

Mean glucose, mg/dL 142.51 (41.63e312.39) 139.35 (87.42e229.36) 0.942
CV, % 34.4 (19.13e58.88) 18.26 (5.46e52.03) < 0.001
J index 36.16 (4.65e188.04) 30.23 (11.59e71.85) 0.039
Hypoglycemia (Time <54 mg/dL) % 0.46 (0e29.17) 0 (0e34.72) 0.126
Hypoglycemia (Time <70 mg/dL), % 4.63 (0e48.08) 2.78 (0e44.44) 0.358
Time in range of 70e180 mg/dL, % 60.34 (0e95.65) 0.83 (19.44e100) 0.429
Hyperglycemia (Time >180 mg/dL), % 22.47 (0e88.47) 21.76 (0e80.56) 0.753
Hyperglycemia (Time >250 mg/dL), % 5.09 (0e60.8) 0 (0e41.67) 0.576
Low blood glucose index 1.29 (0e11.47) 1.24 (0e13.53) 0.194
High blood glucose index 4.65 (0e37.82) 4.07 (0.07e18.4) 0.679

CV: Coefficient of variation.

Table 3
Actigraphy-derived sleep characteristics (N ¼ 84).

Bedtime hour, median (IQR) 22:59 (22:09e23:45)
Wake up hour, median (IQR) 08:26 (07:41e09:12)
Total sleep time, hour, median (IQR) 7.6 (6.8e8.3)
SOL, minute, median (IQR) 11.79 (4.58e24.47)
Sleep efficiency, %, median (IQR) 86.1 (81.6e89.7)
WASO, minute, median (IQR) 37.85 (29.47e50.69)
Awakenings, median (IQR) 0.33 (0e1.0)
DSM-5, median (IQR) 14 (10.25e18)

*IQR¼ Interquartile range; SOL: sleep onset latency; WASO: wake after sleep onset.
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efficiency, longer SOL, longerWASO, and higher overnight glycemic
variability in children with T1D, highlighting the importance of
adequate sleep for children with T1D. Although our findings indi-
cate that participants who spent less time in the target glucose
Table 4
The effect of actigraphy-derived sleep parameters on HbA1c.

Unstandardized coefficients Standardi

Beta Standard error Beta

Constant �2372 3048
SOL 0,044 0013 0,410
Bedtime 0,005 0002 0,402

VIF: Variance Inflation Factor; SOL: sleep onset latency.

Table 5
Bivariate associations between sleep characteristics and daytime glycemic variability ind

Bedtime b ± SE (P) Wake time b ± SE
(P)

Total sleep time
b ± SE (P)

Mean 0.022 ± 0.023
(0.341)

0.021 ± 0.034
(0.538)

2.150 ± 2.477 (0.38

CV �0.008 ± 0.006
(0.147)

�0.001 ± 0.008
(0.823)

1.045 ± 0.647 (0.10

J index 0.008 ± 0.001
(0.420)

0.005 ± 0.001
(0.740)

�0.201 ± 1.243
(0.871)

Hypoglycemia <54 mg/dL,
%

�0.001 ± 0.003
(0.595)

�0.003 ± 0.005
(0.48)

0.612 ± 0.382 (0.11

Hypoglycemia <70 mg/dL,
%

�0.002 ± 0.005
(0.582)

�0.003 ± 0.008
(0.663)

0.601 ± 0.606 (0.32

Time in range of 70
e180 mg/dL, %

�0.013 ± 0.011
(0.237)

0.020 ± 0.017
(0.253)

1.960 ± 1.251 (0.11

Hyperglycemia >180 mg/
dL, %

0.009 ± 0.001
(0.346)

�0.002 ± 0.016
(0.893)

0.082 ± 1.186 (0.94

Hyperglycemia >250 mg/
dL, %

0.007 ± 0.005
(0.179)

0.005 ± 0.009
(0.566)

�0.417 ± 0.669
(0.533)

Low blood glucose index �0.008 ± 0.001
(0.477)

�0.008 ± 0.001
(0.643)

0.246 ± 0.139 (0.07

High blood glucose index 0.003 ± 0.002
(0.215)

0.003 ± 0.004
(0.447)

0.076 ± 0.289 (0.79

SOL: sleep onset latency; WASO: wake after sleep onset; CV: Coefficient of variation.

137
range were at 2.9 times increased risk for worse sleep quality
compared to those who spent optimal time in the target range,
overnight glycemic variability was not different in youth with poor
sleep quality compared to those with good sleep quality. Children
with eveningness preference had higher sleep disturbances scores
than the intermediate group and higher chronotype scores, indi-
cating a stronger eveningness preference was associated with an
increased risk of hypoglycemia. Eighty-eight percent of the par-
ticipants slept less than the age-appropriate recommended TST, but
TST showed no associations with daytime and overnight glycemic
variability indices in multilevel models.

The current ADA guidelines recommend screening for sleep
health in people with diabetes, including symptoms of sleep dis-
orders, disruptions to sleep due to diabetes symptoms or man-
agement needs, and sleep-related concerns [40]. However, despite
its high prevalence, insufficient TST and poor sleep quality are still
zed coefficients T Sig. VIF

�0,7778 0,440
3275 0,002 1032
2990 0,004 1191

ices-inter-person level (N ¼ 82).

SOL b ± SE (P) Sleep efficiency
b ± SE (P)

WASO b ± SE (P) Awakenings
b ± SE (P)

7) 0.147 ± 0.174
(0.401)

�0.642 ± 0.492
(0.194)

0.079 ± 0.107
(0.464)

0.278 ± 0.235
(0.238)

8) �0.011 ± 0.046
(0.806)

0.033 ± 0.130
(0.796)

�0.004 ± 0.027
(0.860)

0.124±0.061
(0.044)

�0.017 ± 0.085
(0.836)

�0.179 ± 0.240
(0.456)

0.033 ± 0.055
(0.545)

0.136 ± 0.119
(0.256)

1) �0.047 ± 0.026
(0.076)

0.144 ± 0.073
(0.051)

0.002 ± 0.001
(0.906)

0.078±0.035
(0.029)

3) ¡0.099±0.041
(0.018)

0.134 ± 0.117
(0.253)

0.012 ± 0.028
(0.676)

0.083 ± 0.057
(0.144)

9) 0.022 ± 0.087
(0.798)

0.157 ± 0.246
(0.523)

�0.006 ± 0.054
(0.901)

�0.123 ± 0.118
(0.298)

4) 0.102 ± 0.080
(0.208)

�0.404 ± 0.228
(0.078)

0.034 ± 0.053
(0.519)

0.141 ± 0.110
(0.202)

0.035 ± 0.047
(0.450)

�0.161 ± 0.127
(0.207)

0.013 ± 0.029
(0.644)

0.055 ± 0.063
(0.387)

8) ¡0.023±0.009
(0.014)

0.055±0.026 (0.039) 0.001 ± 0.006
(0.843)

0.024 ± 0.013
(0.060)

1) 0.008 ± 0.002
(0.966)

�0.052 ± 0.055
(0.349)

0.010 ± 0.013
(0.408)

0.041 ± 0.027
(0.136)



Table 6
Bivariate associations between sleep characteristics and daytime glycemic variability indices-inter-person level (N ¼ 82).

Bedtime b ± SE (P) Wake time b ± SE
(P)

Total sleep time
b ± SE (P)

SOL b ± SE (P) Sleep efficiency
b ± SE (P)

WASO b ± SE (P) Awakenings
b ± SE (P)

Mean 0.009 ± 0.003
(0.772)

0.016 ± 0.047
(0.734)

�2.055 ± 3.944
(0.603)

0.528 ± 0.288
(0.068)

�2.210 ± 0.765
(0.004)

0.372±0.161
(0.023)

0.611 ± 0.347
(0.081)

CV 0.015±0.006
(0.018)

0.002 ± 0.010
(0.795)

�1.220 ± 0.771
(0.116)

0.007 ± 0.005
(0.902)

0.077 ± 0.154
(0.619)

�0.035 ± 0.029
(0.233)

�0.095 ± 0.071
(0.184)

J index 0.010 ± 0.014
(0.492)

0.002 ± 0.021
(0.927)

�2.014 ± 1.798
(0.264)

0.238 ± 0.131
(0.071)

¡1.115±0.346
(0.001)

0.161±0.073
(0.030)

0.272 ± 0.158
(0.088)

Hypoglycemia <54 mg/dL,
%

�0.001 ± 0.008
(0.845)

0.005 ± 0.013
(0.677)

1.450 ± 1.070 (0.178) �0.081 ± 0.078
(0.302)

0.324 ± 0.210
(0.126)

�0.034 ± 0.043
(0.425)

0.095 ± 0.095
(0.319)

Hypoglycemia <70 mg/dL,
%

0.003 ± 0.011
(0.75)

0.008 ± 0.019
(0.670)

1.145 ± 1.507 (0.449) �0.108 ± 0.108
(0.322)

0.373 ± 0.291
(0.203)

�0.063 ± 0.060
(0.298)

�0.002 ± 0.135
(0.986)

Time in range of 70
e180 mg/dL, %

�0.008 ± 0.020
(0.684)

�0.013 ± 0.032
(0.681)

0.950 ± 2.568 (0.712) �0.254 ± 0.186
(0.175)

1.320±0.493 (0.008) �0.114 ± 0.104
(0.276)

¡0.609±0.223
(0.007)

Hyperglycemia >180 mg/
dL, %

�0.010 ± 0.017
(0.566)

0.020 ± 0.029
(0.485)

�3.320 ± 2.367
(0.163)

0.321 ± 0.168
(0.058)

¡1.474±0.440
(0.001)

0.154 ± 0.100
(0.128)

0.231 ± 0.211
(0.275)

Hyperglycemia >250 mg/
dL, %

0.003 ± 0.009
(0.726)

�0.015 ± 0.015
(0.296)

�0.669 ± 1.221
(0.585)

0.077 ± 0.089
(0.388)

¡0.679±0.234
(0.004)

0.111±0.049
(0.025)

0.151 ± 0.108
(0.163)

Low blood glucose index �0.000 ± 0.002
(0.904)

0.006 ± 0.004
(0.897)

0.461 ± 0.374 (0.220) �0.020 ± 0.027
(0.458)

0.099 ± 0.072
(0.172)

�0.015 ± 0.015
(0.297)

0.016 ± 0.033
(0.630)

High blood glucose index �0.008 ± 0.005
(0.872)

�0.000 ± 0.006
(0.881)

�0.356 ± 0.586
(0.544)

0.058 ± 0.043
(0.183)

¡0.355±0.116
(0.002)

0.034 ± 0.022
(0.133)

0.069 ± 0.050
(0.175)

SOL: sleep onset latency; WASO: wake after sleep onset; CV: Coefficient of variation.

Table 7
Within- and inter-person-level effects of sleep characteristics on daytime glycemic variability-multilevel models (N ¼ 82).

Predictors Bedtime b ± SE
(P-value)

Wake time b ± SE
(P-value)

Total sleep time
b ± SE (P-value)

SOL b ± SE (P-
value)

Sleep efficiency
b ± SE (P-value)

WASO b ± SE (P-
value)

Awakenings b ± SE
(P-value)

Mean glucose Within-
person

0.015 ± 0.026
(0.569)

0.037 ± 0.030
(0.231)

3.363 ± 2.283 (0.143) 0.267 ± 0.177
(0.135)

�0.845 ± 0.453
(0.066)

0.099 ± 0.121
(0.414)

0.059 ± 0.191
(0.757)

Inter-
person

�0.001 ± 0.009
(0.123)

�0.009 ± 0.001
(0.403)

�0.078 ± 0.791
(0.541)

�0.007 ± 0.007
(0.283)

0.010 ± 0.020 (0.608) 0.002 ± 0.005
(0.650)

�0.004 ± 0.008
(0.582)

CV Within-
person

�0.005 ± 0.005
(0.379)

�0.011 ± 0.006
(0.090)

�0.193 ± 0.560
(0.730)

0.008 ± 0.041
(0.835)

�0.075 ± 0.101
(0.463)

0.022 ± 0.028
(0.426)

�0.056 ± 0.044
(0.206)

Inter-
person

0.002 ± 0.002
(0.286)

0.002 ± 0.002
(0.423)

0.023 ± 0.025 (0.359) �0.002 ± 0.001
(0.162)

0.007 ± 0.005 (0.160) 0.006 ± 0.001
(0.996)

0.001 ± 0.002
(0.506)

J index Within-
person

0.011 ± 0.010
(0.338)

0.002 ± 0.015
(0.896)

0.489 ± 1.112 (0.661) 0.186±0.084
(0.029)

¡0.446±0.213
(0.040)

0.017 ± 0.056
(0.764)

�0.069 ± 0.094
(0.464)

Inter-
person

�0.000 ± 0.000
(0.134)

�0.007 ± 0.006
(0.237)

0.003 ± 0.049 (0.943) �0.003 ± 0.003
(0.246)

0.009 ± 0.009 (0.319) 0.006 ± 0.002
(0.833)

�0.002 ± 0.004
(0.616)

Hypoglycemia
<54 mg/dL %

Within-
person

¡0.008±0.004
(0.032)

¡0.011±0.005
(0.040)

�0.028 ± 0.39 (0.943) �0.055 ± 0.029
(0.060)

0.011 ± 0.075 (0.884) 0.037±0.018
(0.046)

0.034 ± 0.033
(0.298)

Inter-
person

0.001 ± 0.001
(0.404)

0.002 ± 0.001
(0.912)

0.010 ± 0.015 (0.528) �0.008 ± 0.001
(0.399)

0.006±0.002 (0.043) ¡0.001±0.008
(0.047)

0.008 ± 0.001
(0.951)

Hypoglycemia
<70 mg/dL %

Within-
person

¡0.016±0.006
(0.013)

�0.016 ± 0.008
(0.055)

0.236 ± 0.605 (0.697) �0.071 ± 0.045
(0.116)

0.106 ± 0.117 (0.365) 0.028 ± 0.029
(0.329)

�0.033 ± 0.051
(0.519)

Inter-
Person

0.002 ± 0.002
(0.249)

�0.005 ± 0.002
(0.842)

0.002 ± 0.002 (0.993) �0.004 ± 0.001
(0.799)

0.005 ± 0.004 (0.262) �0.001 ± 0.001
(0.156)

0.008 ± 0.002
(0.701)

Time in range of 70
e180 mg/dL %

Within-
person

�0.000 ± 0.014
(0.951)

0.002 ± 0.001
(0.984)

0.496 ± 1.153 (0.667) �0.071 ± 0.090
(0.429)

0.230 ± 0.234 (0.327) �0.049 ± 0.061
(0.423)

0.075 ± 0.096
(0.436)

Inter-
person

�0.009 ± 0.005
(0.870)

�0.000 ± 0.000
(0.822)

�0.058 ± 0.050
(0.246)

0.002 ± 0.003
(0.434)

�0.008 ± 0.010
(0.440)

�0.003 ± 0.003
(0.303)

�0.005 ± 0.004
(0.213)

Hyperglycemia
>180 mg/dL %

Within-
person

0.010 ± 0.014
(0.471)

0.024 ± 0.015
(0.119)

1.329 ± 1.152 (0.250) 0.152 ± 0.087
(0.084)

¡0.492±0.228
(0.032)

0.099 ± 0.058
(0.090)

0.034 ± 0.095
(0.718)

Inter-
person

�0.006 ± 0.005
(0.899)

�0.002 ± 0.005
(0.660)

�0.014 ± 0.048
(0.775)

�0.003 ± 0.003
(0.318)

0.008 ± 0.009 (0.385) 0.003 ± 0.002
(0.263)

�0.002 ± 0.004
(0.962)

Hyperglycemia
>250 mg/dL %

Within-
person

0.008 ± 0.005
(0.152)

0.007 ± 0.007
(0.327)

0.073 ± 0.556 (0.895) 0.062 ± 0.041
(0.138)

�0.164 ± 0.097
(0.091)

�0.005 ± 0.002
(0.998)

�0.043 ± 0.047
(0.356)

Inter-
Person

�0.003 ± 0.002
(0.184)

�0.002 ± 0.003
(0.493)

�0.004 ± 0.002
(0.986)

�0.001 ± 0.001
(0.561)

0.004 ± 0.005 (0.394) 0.004 ± 0.001
(0.976)

�0.003 ± 0.002
(0.892)

Low blood glucose
index

Within-
person

¡0.004±0.001
(0.009)

¡0.004±0.002
(0.037)

0.009 ± 0.143 (0.947) �0.015 ± 0.010
(0.147)

0.015 ± 0.027 (0.581) 0.010 ± 0.006
(0.126)

0.001 ± 0.012
(0.901)

Inter-
person

0.005 ± 0.005
(0.309)

�0.004 ± 0.006
(0.949)

0.002 ± 0.005 (0.679) �0.001 ± 0.003
(0.630)

0.001 ± 0.001 (0.151) �0.005 ± 0.003
(0.063)

0.001 ± 0.005
(0.773)

High blood glucose
index

Within-
person

0.004 ± 0.002
(0.093)

0.001 ± 0.003
(0.625)

0.066 ± 0.26 (0.800) 0.048±0.019
(0.014)

¡0.114±0.049
(0.023)

0.004 ± 0.013
(0.733)

�0.016 ± 0.022
(0.445)

Inter-
person

�0.000 ± 0.000
(0.079)

�0.002 ± 0.001
(0.160)

�0.005 ± 0.011
(0.661)

�0.005 ± 0.007
(0.500)

0.001 ± 0.002 (0.600) 0.002 ± 0.006
(0.675)

�0.006 ± 0.001
(0.551)

SOL: sleep onset latency; WASO: wake after sleep onset; CV: Coefficient of variation.
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Table 8
Within- and inter-person-level effects of sleep characteristics on overnight glycemic variability-multilevel models (N ¼ 82).

Predictors Bedtime b ± SE
(P-value)

Wake time b ± SE
(P-value)

Total sleep time
b ± SE (P-value)

SOL b ± SE (P-
value)

Sleep efficiency
b ± SE (P-value)

WASO b ± SE (P-
value)

Awakenings b ± SE
(P-value)

Mean Within-
Person

�0.003 ± 0.051
(0.944)

0.097 ± 0.070
(0.169)

8.070 ± 5.295 (0.130) 0.244 ± 0.446
(0.586)

0.506 ± 1.105 (0.647) 0.382 ± 0.255
(0.138)

0.579 ± 0.486
(0.235)

Inter-
Person

�0.001 ± 0.001
(0.151)

�0.006 ± 0.001
(0.670)

0.056 ± 0.172 (0.744) 0.001 ± 0.011
(0.929)

0.020 ± 0.031 (0.526) 0.003 ± 0.010
(0.763)

�0.007 ± 0.012
(0.586)

CV Within-
Person

�0.011 ± 0.009
(0.217)

0.001 ± 0.012
(0.899)

�1.026 ± 0.854
(0.234)

0.129±0.053
(0.017)

¡0.343±0.139
(0.016)

0.012 ± 0.050
(0.808)

�0.007 ± 0.075
(0.312)

Inter-
Person

0.003 ± 0.002
(0.204)

0.000 ± 0.000
(0.313)

0.024 ± 0.031 (0.429) 0.002 ± 0.002
(0.295)

�0.008 ± 0.006
(0.215)

0.001 ± 0.002
(0.461)

0.002 ± 0.002
(0.338)

J index Within-
Person

�0.019 ± 0.023
(0.393)

0.041 ± 0.031
(0.189)

0.055 ± 0.077 (0.472) 0.078 ± 0.201
(0.698)

0.040 ± 0.511 (0.936) 0.300±0.120
(0.015)

0.292 ± 0.219
(0.184)

Inter-
Person

�0.000 ± 0.000
(0.313)

0.004 ± 0.007
(0.995)

3.903 ± 2.366 (0.101) 0.002 ± 0.005
(0.625)

�0.002 ± 0.014
(0.838)

0.004 ± 0.004
(0.331)

�0.005 ± 0.005
(0.930)

Hypoglycemia
<54 mg/dL %

Within-
Person

0.006 ± 0.001
(0.960)

�0.012 ± 0.018
(0.500)

�0.539 ± 1.393
(0.700)

0.035 ± 0.116
(0.760)

0.152 ± 0.294 (0.604) �0.089 ± 0.070
(0.208)

�0.192 ± 0.125
(0.128)

Inter-
Person

0.000 ± 0.000
(0.479)

0.000 ± 0.000
(0.343)

0.006 ± 0.046 (0.884) �0.002 ± 0.003
(0.541)

0.001 ± 0.008 (0.894) 0.002 ± 0.002
(0.410)

0.005 ± 0.003
(0.109)

Hypoglycemia
<70 mg/dL %

Within-
Person

�0.005 ± 0.018
(0.761)

�0.020 ± 0.025
(0.428)

�1.154 ± 2.001
(0.567)

�0.044 ± 0.163
(0.788)

0.153 ± 0.420 (0.717) �0.089 ± 0.096
(0.357)

�0.192 ± 0.125
(0.128)

Inter-
Person

0.000 ± 0.000
(0.408)

0.000 ± 0.000
(0.373)

0.034 ± 0.063 (0.588) �0.002 ± 0.004
(0.630)

0.005 ± 0.001 (0.996) 0.009 ± 0.003
(0.816)

�0.192 ± 0.125
(0.128)

Time in range of 70
e180 mg/dL %

Within-
Person

0.004 ± 0.031
(0.877)

�0.021 ± 0.042
(0.614)

�3.440 ± 3.299
(0.300)

�0.096 ± 0.276
(0.728)

�0.434 ± 0.686
(0.528)

�0.305 ± 0.171
(0.080)

�0.015 ± 0.296
(0.958)

Inter-
Person

0.001 ± 0.008
(0.216)

0.000 ± 0.001
(0.909)

�0.069 ± 0.110
(0.527)

0.001 ± 0.007
(0.862)

�0.004 ± 0.020
(0.839)

�0.008 ± 0.006
(0.223)

�0.004 ± 0.008
(0.576)

Hyperglycemia
>180 mg/dL %

Within-
Person

�0.020 ± 0.028
(0.478)

0.041 ± 0.038
(0.293)

2.275 ± 2.888 (0.432) �0.103 ± 0.250
(0.681)

0.603 ± 0.604 (0.321) 0.126 ± 0.137
(0.361)

�0.332 ± 0.270
(0.221)

Inter-
Person

0.002 ± 0.007
(0.970)

0.000 ± 0.000
(0.910)

0.089 ± 0.102 (0.385) 0.002 ± 0.006
(0.672)

�0.008 ± 0.018
(0.622)

0.011±0.005
(0.047)

0.008 ± 0.008
(0.295)

Hyperglycemia
>250 mg/dL %

Within-
Person

�0.004 ± 0.015
(0.759)

0.034 ± 0.020
(0.095)

2.275 ± 2.888 (0.432) 0.053 ± 0.133
(0.689)

�0.096 ± 0.326
(0.768)

0.214±0.074
(0.005)

0.112 ± 0.145
(0.443)

Inter-
Person

�0.005 ± 0.004
(0.892)

0.000 ± 0.000
(0.708)

0.013 ± 0.052 (0.796) 0.002 ± 0.003
(0.994)

0.009 ± 0.009 (0.319) �0.001 ± 0.003
(0.524)

�0.001 ± 0.004
(0.743)

Low blood glucose
index

Within-
Person

0.000 ± 0.004
(0.924)

�0.004 ± 0.006
(0.469)

�0.278 ± 0.501
(0.582)

�0.005 ± 0.041
(0.899)

0.046 ± 0.105 (0.662) �0.023 ± 0.024
(0.340)

�0.067 ± 0.042
(0.117)

Inter-
Person

0.000 ± 0.000
(0.346)

0.000 ± 0.000
(0.413)

�0.002 ± 0.015
(0.861)

�0.003 ± 0.001
(0.787)

�0.009 ± 0.003
(0.764)

0.006 ± 0.009
(0.520)

0.001 ± 0.001
(0.153)

High blood glucose
index

Within-
Person

�0.004 ± 0.009
(0.639)

0.009 ± 0.013
(0.489)

�0.752 ± 1.114
(0.501)

�0.091 ± 0.079
(0.249)

�0.087 ± 0.210
(0.679)

0.091 ± 0.052
(0.086)

�0.122 ± 0.092
(0.187)

Inter-
Person

0.008 ± 0.002
(0.745)

0.009 ± 0.002
(0.680)

�0.001 ± 0.025
(0.948)

0.000 ± 0.001
(0.662)

�0.001 ± 0.005
(0.752)

0.000 ± 0.001
(0.620)

�0.000 ± 0.001
(0.817)

SOL: sleep onset latency; WASO: wake after sleep onset; CV: Coefficient of variation.
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unrecognized in youth with T1D, and it has not been possible to
standardize sleep assessment as part of the management for wider
clinical use [41].

Although previous research has suggested a link between sleep
and glycemic variability, few studies have concurrently investigated
sleep characteristics and chronotypes in relation to glycemic vari-
ability in youth with T1D. Besides the glycemic and sleep measures,
the present study reports chronotypes in youth with T1D. Consis-
tent with a recent study [15], we observed that half of the sample
presented an intermediate type (50%), followed by the evening type
(45.2%) and morning type (4.8%). This finding suggests that a sig-
nificant proportion of youth with T1Dmay have difficulty adjusting
to the demands of a typical school schedule. Despite the finding
that the glycemic variability did not differ among children between
chronotypes, regression analysis showed a higher chronotype score
indicating a stronger eveningness preference was associated with
more time spent in hypoglycemia and low blood glucose index. Our
findings might partly be explained by the high levels of stress
hormones and unhealthy eating habits observed in evening chro-
notypes [42,43] contributing to suboptimal blood glucose levels
and increased risk of hypoglycemia. Further, a study in young ad-
olescents showed that later chronotype preferences are associated
with higher BMI [43]. In our study, neither BMI nor HbA1c differed
significantly between participants with the intermediate and
139
eveningness chronotypes. A study in adolescents with T1D found
no association between chronotype scores and HbA1c [16]. Reu-
trakul et al. found that evening chronotypes were associated with
poorer glycemic control in adults with type 2 diabetes indepen-
dently of sleep disturbances [44]. In contrast, Silva et al. found that
adolescents with higher HbA1c had more daytime sleepiness and a
morning chronotype [45]. The relationship between chronotype
and diabetes is complex, and our findings suggest that eveningness
preference might contribute to an increased risk of hypoglycemia.
Further research is needed to understand the mechanisms under-
lying these associations fully. Additionally, pediatricians need to
take into consideration the patient's chronotype when developing
management plans for diabetes.
4.1. Total sleep time

Although the recommended minimum TST among children
between 6 and 13 years has been determined to be 9 h, 90.6% of the
participants slept less. Eighty percent of the children over 13 years
slept less than 8 h showing no gender differences. Furthermore, the
percentage of patients with diabetes over 13 years with insufficient
TST was higher compared to adolescents who do not have diabetes
with insufficient TST (40.1%) reported in a recent study from Turkey
[46]. Previous studies have reported similar results [5,8,47]. In a
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meta-analysis, nearly half of the children and up to 77% of ado-
lescents with T1D were found to have insufficient sleep [5]. Patel
et al. found that only 23% of adolescents with T1D had adequate
sleep [48]. In another meta-analysis, children and adolescents with
T1D slept approximately 26 min less than those without diabetes
[22], but found no significant association between TSTand glycemic
outcomes. Although short TST was reported to be associated with
suboptimal blood glucose levels in some previous studies
[4,8,39,49], other studies found no significant associations between
TST and glycemic variability [3,7,48]. The findings of the present
study suggest that the TST may not be the only factor influencing
glycemic outcomes in youth with T1D and that addressing only
sleep duration may not be sufficient to achieve glycemic targets in
these children.

4.2. Sleep quality

Findings on the association of sleep quality with glycemic
variability were contrary to our anticipation. Sleep quality was
classified as poor in 56% of the sample using a composite of
objective actigraphy-derived sleep parameters (sleep latency,
number of awakenings, wake after sleep onset, and sleep efficiency)
as the predictors based on the NSF's consensus criteria [32]. Sleep
quality was not different according to gender, diabetes duration,
total daily insulin dose, HbA1c levels, and pubertal stage. None-
theless, our findings showed that participants who spent less time
in the target glucose range were at 2.9 times increased risk for
worse sleep quality than thosewho spent optimal time in the target
range. A recent study in adults with T1D found significant associ-
ations between sleep quality and overnight glycemic variability but
no association with time spent in the target glucose range [50].
Notably, the criteria to define sleep quality was different between
that and the current study. The findings of our study suggest that
there is an association between poor sleep quality and an increased
risk for poor glycemic outcomes in youth with T1D. However,
overnight glycemic variability was not different in youth with poor
sleep quality compared to those with good sleep quality. This
suggests that poor sleep quality may be associated with poor gly-
cemic outcomes through other mechanisms. As such, a study of
older adolescents with T1D showed that perceptions of poor sleep
quality were related to a greater risk of hyperglycemia [51]. More
research is needed to understand themechanisms underlying these
conditions fully.

Previous studies were primarily concerned with inter-person
analysis [5,17,39]. To date, within-person analysis of sleep param-
eters and glycemic variability has been rarely conducted [3,52]. The
current study examined sleep characteristics and glycemic vari-
ability in inter-person andwithin-person analyses formultiple days
in childrenwith T1D. There is a lack of evidence supporting the use
of a specific parameter as an index for glycemic variability. The
current study used CV and J index as indicators for glycemic
variability.

Increased nocturnal hypoglycemic episodes were associated
with frequent awakenings in adolescents and young children with
T1D [53,54]. Considering CV as the measure of glycemic variability
with the best ability to predict the risk of hypoglycemia [55], our
findings support the previous study findings. Bivariate analyses
showed that higher overall daytime glycemic variability was asso-
ciated with greater inter-person sleep disruptions, such as lower
sleep efficiency and more awakenings. This suggests that poor
glycemic targets during the day may be associated with poor sleep
quality at night.

Bivariate analyses showed that later bedtime and longer WASO
were significantly associated with higher overnight glycemic vari-
ability. Moreover, awakenings were significantly associated with
140
lower overnight time in the target range. The findings of this study
suggest that there may be a relationship between sleep patterns
and overnight glycemic variability in youth with T1D. Consistent
with our findings, in a young adult study, a longer WASO was
associated with greater inter-person glycemic variability (quality of
glycemic control, J index), and delayed bedtime was associated
with hyperglycemia [52]. In contrast, some studies found no sig-
nificant associations between sleep parameters and blood glucose
levels [7,39,49].

Whereas better sleep efficiency is associated with less overnight
glycemic variability, more time in target range, and less overnight
risk for hyperglycemia. Our findings align with the findings of a
recent study conducted among young adults with T1D [52], which
showed that nights with higher sleep efficiency were associated
with a lower J index, which reflects overall glycemic variability, and
a lower HBGI, which reflects the proportion of time spent in hy-
perglycemic ranges. Additionally, participants with higher sleep
efficiency had significantly lower overnight glycemic variability as
measured by the CV index, which reflects the degree of variation in
glucose levels. On the other hand, a similar study in children with
T1D found no association between sleep efficiency and glycemic
variability [3]. In studies conducted with different methods, chil-
dren with T1D and without diabetes were found to have similar
sleep efficiency [39,56]. Our findings suggest that sleep efficiency
plays an important role in achieving treatment targets for children
with T1D. Specifically, better sleep efficiency is associated with
better daytime glycemic stability and lower overnight glycemic
variability.

Prolonged WASO was associated with more time spent in day-
time hypoglycemia and higher overnight glycemic variability as
measured by the J index, which reflects both the amplitude and
frequency of glucose excursions. Additionally, prolonged WASO
was associated with more time spent in overnight hyperglycemia.
Consistent with our findings, in an adolescent study with T1D, a
longer WASO was associated with greater within-person overall
glycemic variability [3]. In a young adult study, a longer WASO was
associated with greater inter-person glycemic variability [52].
These findings highlight the importance of addressing sleep pat-
terns and promoting healthy sleep habits in youth with T1D. Pro-
longed WASO may interfere with glucose regulation and increase
the risk for both hypoglycemia during the day and hyperglycemia
during the night.

On nights when participants had higher SOL, they had higher
overnight glycemic variability as measured by the CV index. Addi-
tionally, participants with higher SOL, and delayed bedtime had
significantly higher HbA1c, which reflects long-term poor glycemic
outcomes. Our findings align with the previous works. Frye et al.
found that, later bedtimes predicted a worse glycemic outcome
[17]. Macaulay et al. found that suboptimal glycemic stability was
associated with longer sleep onset latency in children with T1D
[39]. Salah et al. found that children with T1D had longer SOL than
controls [57].

5. Limitations and strength

This current study has some limitations. The cross-sectional
design and lack of a control group limit the generalization of
temporal associations, and it is difficult to determine whether poor
sleep led to poor glycemic variability or vice versa.

Another limitation is that despite the enrollment of a sample at
risk of sleep disorders, the study's sample of youth with T1D had
relatively good glycemic stability, which may limit the generaliz-
ability of the findings to children with poorer glycemic outcomes.

Another limitation of the study is that the presence of an alarm
system on Dexcom G6 might have confounded the evaluation of



Sleep quality p

Poor n ¼ 37 Good n ¼ 47

Gender (n,%)
Female 17 (36.2) 20 (54.1) 0.10a

Male 30 (62.8) 17 (45.9)
HbA1c (n,%)
Suboptimal (�7.5) 11 (24.4) 11 (31.4) 0.48a

Optimal (<7.5) 34 (75.6) 24 (68.6)
Pubertal status, (n,%)
Prepubertal 23 (48.9) 19 (51.4) 0.82a

Pubertal 24 (51.1) 18 (48.6)
Total daily insulin dose (Unit/kg) 0.80 (0.70e0.97) 0.82 (0.71e0.97) 0.93b

Diabetes duration, year 2.86 (1.55e4.73) 3.26 (1.36e5.67) 0.70b

a Chi-squared test.
b Mann-Whitney U Test.
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sleep parameters. Moreover, the study did not assess other po-
tential confounding variables that might influence the relationship
between sleep and glycemic variability, such as stress, diet, and
physical activity. Longitudinal studies and studies that assess
multiple confounding variables would provide more insight into
the complex relationship between sleep and glycemic stability.

Finally, the current study does not measure every dimension of
sleep health as recently proposed by Buysse [10]. This conceptual
model of sleep health focuses on positive dimensions of sleep and
wakefulness that may exist to some degree in every person rather
than detecting sleep disorders. In adolescents prone to evening-
ness, better sleep health indicated by higher sleep health composite
scores was associated with reduced risks in emotional, cognitive,
and emotional health domains [19]. Even though its psychometric
properties are limited due to the lack of studies in clinical samples
or adolescents without chronic diseases, investigating the sleep of
youthwith T1Dwithin the framework of sleep healthmay help find
existing positive dimensions to support their overall health and
well-being.

However, the strengths of this study may outweigh the limita-
tions. Objective sleep assessment by actigraphy and continuous
blood glucose monitoring metrics were simultaneously obtained
for at least three consecutive days in combination with subjective
sleep diaries and sleep questionnaires and determination of chro-
notypes not only in adolescents but also in a younger age group.

6. Conclusion

Our findings showed that sleep efficiency, SOL, WASO, and
bedtime play important roles in glycemic outcomes for children
with T1D. These findings suggest that sleep quality rather than TST
is significantly associated with glycemic variability in children with
T1D. Additionally, our findings suggest that eveningness preference
might contribute to an increased risk of hypoglycemia. These
highlight the importance of addressing sleep patterns and the pa-
tient's chronotype when developing management plans for youth
with T1D, as promoting healthy sleep habits can improve their
glycemic outcomes and long-term complications. It is also impor-
tant to note that there are multiple factors that can affect regulation
of blood glucose levels. Therefore, further research is needed to
fully understand the mechanisms underlying these associations.
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[2] Yeşilkaya E, Cinaz P, Andıran N, Bideci A, Hatun Ş, Sarı E, et al. First report on
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