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Objective

To review the current evidence on sleep patterns in relation to glucose control in adults and children with type 1 diabetes (T1DM) and monogenic diabetes.





Methods

We searched for the literature pertaining to T1DM and monogenic diabetes with reported sleep patterns, along with glycemic control, in PubMed. This review aimed to examine the current evidence on the relationship between sleep patterns and diabetes management and possible mediating mechanisms for this relationship in adults and children with T1DM and monogenic diabetes. We reviewed articles published from inception until 2023.





Results

Twenty-five clinical studies met the eligibility criteria and were included. Children with T1DM with higher sleep variability had higher glucose levels, and those with higher glucose variability had more sleep disruptions. Comparing children with suboptimal [hemoglobin A1c (HbA1c) ≥ 7.5%] and optimal glucose control, those with suboptimal control had shorter sleep duration. There was no higher prevalence of obstructive sleep apnea (OSA) in children with T1DM compared to controls, but in T1DM, those who had OSA had higher glucose levels. Adults with T1DM had a high prevalence of poor sleep quality and were also sleeping less than the recommended hours for their age. Poor sleep quality and short sleep duration correlated with higher glycemic variability. First-generation automated insulin delivery systems did not improve sleep patterns in T1DM, but other strategies, including coaching and counseling, proved to be effective. Monogenic diabetes data also suggest poor sleep quality, short sleep duration, and high rates of sleep apnea.





Conclusion

T1DM subjects seem to have worse sleep patterns, especially those with suboptimal glucose control. Monogenic diabetes data are limited, but they also suggest poor sleep patterns. Rigorous interventional studies are needed to further elucidate the sleep–diabetes relationship. Future research could provide insights into strategies that could effectively improve sleep in people living with diabetes.
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Introduction

Diabetes mellitus is a group of metabolic diseases characterized by hyperglycemia resulting from defects in insulin action, insulin secretion, or both. The goal of classifying the different types of diabetes is to better understand the cause, natural history, genetics, heritability, clinical phenotype, and optimum therapies (1).

The forms of diabetes known today include type 1 diabetes (T1DM), type 2 diabetes (T2DM), monogenic diabetes [which includes maturity-onset diabetes of the young (MODY), neonatal, mitochondrial, and syndromic], drug-induced diabetes, and other disease-associated diabetes. A unifying characteristic of diabetes is hyperglycemia, but the subtypes of diabetes differ in their etiology, natural history, associated conditions, and treatment. T2DM classically is associated with high rates of obesity and insulin resistance. T1DM is primarily an autoimmune disease seen in younger and leaner patients, but may occur at any age and any body type. Transcription factor and glucokinase mutations resulting in monogenic diabetes have a genetic background without autoimmunity and with rates of obesity and insulin resistance at or below background population levels. Other disease-associated diabetes and drug-induced types may have overlapping phenotypes in some cases, with pathognomonic features.

Sleep health has several indicators, such as sleep duration, sleep quality, and sleep timing, all of which are influenced by individual, social, and environmental demands. Sleep health is strongly linked to physical and mental well-being (2). The American Diabetes Association’s Standards of Medical Care have recommended assessment of sleep patterns as part of the comprehensive diabetes medical evaluation, given accumulated evidence highlighting the importance of sleep in glucose regulation. Meta-analyses from 15 studies suggest that both sleep duration and quality are associated with hemoglobin A1c (HbA1c) in people with T2DM (3). Subjects with type 2 diabetes additionally have higher rates of poor sleep quality, shorter sleep duration, and increased sleep apnea compared to controls (4).

Despite strong evidence linking sleep disturbances and diabetes (4, 5), previous reviews mainly focused on patients with T2DM, which often involve confounding from obesity and insulin resistance, as well as associated features of the metabolic syndrome (e.g., hypertension and hyperlipidemia). Our aim was to review the current evidence on the relationship between sleep patterns and diabetes management and possible mediating mechanisms for this relationship in adults and children with T1DM and monogenic diabetes.





Methods

Studies published in English were searched in PubMed since their inception until April 2023. For T1DM, the search terms were “type 1 diabetes”, “sleep”, “insomnia”, “apnea”, and “continuous glucose monitoring”. The search terms were employed in variable order and combinations. Inclusion criteria were studies that reported sleep characteristics with subjective and/or objective measures, along with glycemic control using continuous glucose monitoring (CGM). Exclusion criteria were reviewed articles or comments, assessment of caregivers of children with type 1 diabetes, absent sleep or CGM data, study protocols, and other diabetes treatment- or complication-related outcomes. See Figure 1 for further details. A total of 25 clinical studies met the eligibility criteria and were included.

[image: Flowchart displaying the screening process of articles. Initially, one hundred forty articles were identified through a PubMed search. The same number were screened by title and abstract, with twenty-five assessed for eligibility. Finally, twenty-five articles were included, divided into pediatric (ten) and adult (fifteen) categories. Articles were excluded for reasons such as being review articles or comments (fifteen), assessing caregivers of children with T1DM (four), irrelevant interventional studies (thirteen), lacking CGM data or having non-sleep factors (thirty), other diabetes-related outcomes (forty-four), dealing with hypoglycemia (five), or being study protocols (four).]
Figure 1 | Flow diagram for the literature search and filtering of results for the review of the relationship between sleep patterns and type 1 diabetes.

In children, in some circumstances, sleep duration was measured using a home sleep study or actigraphy; the majority of those studies (three out of five) used validated devices (6–8). Follow-up rate was 83%–100% in the adult studies and 52%–100% in the child studies. Although there is always risk for bias in observational studies, in the studies analyzed, the main bias we suspect may have occurred is an “observer bias” or “Hawthorne effect”. As subjects know they are being evaluated using questionnaires, wrist actigraphy, or a sleep study, they may have changed their behavior while being studied.

For monogenic diabetes, search terms included “monogenic diabetes”, “maturity-onset diabetes of the young”, “atypical diabetes”, “sleep”, “insomnia”, and “apnea”. We included studies that reported sleep characteristics with subjective and/or objective measures along with glycemic control [CGM, HbA1c, or self-monitoring of blood glucose (SMBG)]. As there were no studies including CGM or SMBG and sleep in monogenic diabetes, we included the only available three studies investigating sleep in monogenic diabetes.




Screening for sleep disturbances

In the clinical and research settings, there are available tools to screen for sleep disorders. At a subjective level, screening can be accomplished using sleep questionnaires, and at an objective level, screening can be accomplished using in-lab or ambulatory sleep testing (9, 10). For sleep assessment methodologies, see Table 1. For sleep variable definitions, see Table 2.


Table 1 | Sleep assessment methods.
	Sleep assessment methods


	Method
	Definition and methodology
	Measures



	Subjective methods


	Sleep diary
	Subjective reports that allow patients to self-assess their sleep. Sleep diaries are filled in over a period of time (usually 1 or 2 weeks).
	Sleep schedule, night waking, and related topics


	Pittsburgh Sleep Quality Index
	Self-rated questionnaire with 19 individual items that generate 7 component scores. The sum of scores gives a global score. Good sleep quality has a PSQI global score of ≤5, and poor sleep quality has a PSQI > 5.
	Sleep quality and patterns of sleep


	Epworth Sleepiness Scale
	Self-administered questionnaire with 8 questions. Respondents are asked to rate their usual chances of falling asleep while engaged in eight different activities. The higher the score, the higher the daytime sleepiness.
	Level of daytime sleepiness. Average sleep propensity in daily life


	Berlin Questionnaire
	The questionnaire consists of 3 categories related to the risk of having sleep apnea.
High risk: if there are 2 or more categories where the score is positive.
Low risk: if there is only 1 or no categories where the score is positive.
	Risk of sleep apnea


	STOP-BANG Questionnaire
	Self-administered questionnaire to screen for sleep apnea.
High risk of OSA: yes 5–8
Intermediate risk of OSA: yes 3–4
Low risk of OSA: yes 0–2
	Risk of sleep apnea


	Insomnia Severity Index (ISI)
	Screening tool for insomnia with seven-item questionnaire asks respondents to rate the nature and symptoms of their sleep problems.
Scores:
0–7: No clinically significant insomnia
8–14: Subthreshold insomnia
15–21: Clinical insomnia (moderate severity)
22–28: Clinical insomnia (severe)
	Nature, severity, and impact of insomnia. Treatment response in adults


	Morningness–Eveningness Questionnaire
	Self-assessment questionnaire to determine morningness–eveningness in human circadian rhythms.
	Chronotype


	Objective methods


	Wrist actigraphy monitoring
	Monitor that detects movement via accelerometers and has a built-in event marker. Patients press the event-marker button when they go to bed to sleep each night and when they get out of bed each morning. Sleep is then automatically scored using Actiware software, an actigraphy-based sleep-scoring program using validated algorithms.
	Sleep–wake patterns


	Polysomnography
	The gold standard of sleep assessment. Polysomnography is based on laboratory or ambulatory monitoring that usually includes electric brain activity, muscle activation, eye movement, breathing efforts and flow, oxygen saturation sensors, and video recording.
	Sleep architecture, sleep-disordered breathing, periodic movements, parasomnia, narcolepsy, REM sleep disorders, and insomnia, among others


	Home Sleep Apnea Test (validated portable sleep apnea device)
	A non-invasive home care device for use with patients suspected of having sleep-related breathing disorders. Measures up to 7 channels (Peripheral Arterial Tone (PAT) signal, heart rate, oximetry, actigraphy, body position, snoring, and chest motion).
	Diagnosis of sleep apnea


	Multiple sleep latency test
	It measures how quickly a patient falls asleep during the day in a quiet environment. The standard procedure often includes EEG, EOG, EMG, and EKG.
	Idiopathic hypersomnia and narcolepsy


	Videosomnography
	Video recordings of sleep can be conducted in the natural environment.
	Sleep patterns, parental interventions, and child’s behavior during nighttime. Screen for sleep disorders: sleep apnea, night terrors, and rhythmic behaviors





PSQI, Pittsburgh Sleep Quality Index; OSA, obstructive sleep apnea; EEG, electroencephalogram; EOG, electrooculogram; EMG, electromyography; EKG, electrocardiogram.




Table 2 | Sleep dictionary.
	Sleep variable
	Definition



	Sleep pattern
	A person’s schedule of bedtime and wake-up time, as well as nap behavior. Sleep patterns may also include time and duration of sleep interruptions.


	Sleep duration
	Total amount of sleep obtained, either during the nocturnal sleep episode or across the 24-hour period.


	Sleep latency
	Length of time, in minutes, it takes to transition from wake to sleep.


	Sleep efficiency
	Ratio of total sleep time to time in bed.


	Wake after sleep onset
	Amount of time, in minutes, spent awake after sleep has been initiated and before final awakening.


	Sleep fragmentation
	Interruption of sleep that involves arousals or awakenings.


	Sleep onset
	Falling asleep or initiating a sleep period.


	Arousal
	An abrupt change from a deeper to a lighter stage of sleep or from sleeping toward waking up.


	Sleep variability
	The standard deviation of objective sleep measures.


	Sleep quality
	An individual’s satisfaction with their sleep integrates aspects of sleep initiation, sleep maintenance, sleep quantity, and feeling refreshed upon awakening.


	Sleep disorders
	Involve problems with the quality, timing, and amount of sleep, which result in daytime distress and impairment in functioning.


	Insomnia
	A sleep disorder in which a person cannot fall asleep or sleep as long as they want to, even though they have the opportunity to sleep.


	Sleep apnea
	A type of sleep disorder marked by disordered or abnormal breathing. The two main types are obstructive sleep apnea and central sleep apnea.





Definitions obtained from the National Sleep Foundation.








Results




Type 1 diabetes in children




Glycemic control and sleep patterns

Observational studies in children have found high Pittsburgh Sleep Quality Index (PSQI) scores that are at or above the clinical cutoff for poor sleep quality (6, 7). Children who report poor sleep also report high diabetes-specific stress, poor diabetes self-management, and high state anxiety (7). A case–control study of 154 subjects, which investigated three pediatric populations (children, adolescents, and young adults), showed that young adults had higher PSQI scores than controls, while children and adolescents were no different than controls. No significant correlations were found between the self-reported sleep quality assessed using PSQI score and diabetes duration, HbA1c, the mode of therapy, the mode of glucose monitoring, or the rate of nocturnal hypo- or hyperglycemic episodes (11) (Table 3).


Table 3 | Sleep patterns and glucose control in children with type 1 diabetes.
	Reference, year, country
	Sample (n)
	Study design
	Study population*
	Control group
	Objective sleep assessment
	Subjective sleep assessment
	Diabetes assessment
	Main findings



	Rechenberg and colleagues, 2020, USA (7)
	40
	Cross-sectional study
	Children, age 13.4 years, 60% female, HbA1c 8.2%
	No
	Actigraphy (3–7 days)
	Sleep diaries, PSQI, Adolescent Sleep Habits Survey
	Continuous glucose monitoring (3–7 days)
	Greater sleep variability was associated with higher mean glucose and higher high blood glucose index.


	Sinisterra and colleagues, 2020, USA (51)
	46
	Cross-sectional study
	Children, age 4.7 years, male 63.1%, HbA1c 7.8%
	No
	Actigraphy (5 days)
	Sleep diary, health-related quality of life
	Continuous glucose monitoring (5 days)
	Average sleep time was on the lower end of the 10–13 hours recommended for this age range.


	Griggs and colleagues, 2020, USA (6)
	38
	Cross-sectional study
	Adolescent, age 13.4 years, 37.8% male, HbA1c 8.2%
	No
	Actigraphy (3–7 days)
	Sleep diary and PSQI
	Continuous glucose monitoring (3–7 days)
	Greater glucose variability was associated with more awakenings, fragmentation, earlier wake time, longer WASO, and more time spent in hypoglycemia.


	Perfect and colleagues, 2012, USA (16)
	50
	Matched case–control (age, BMI, and sex)
	Youth, age 13.4 years, 58% male, HbA1c 9%, BMI Z score 65.48% ± 26.12
	Yes
	Single home-based polysomnography, actigraphy (5 days)
	Sleep questionnaire (School Sleep Habits Survey)
	Continuous glucose monitoring (5 days)
	Participants with an AHI ≥ 1.5 had higher glucose levels. Sleepiness and/or poor sleep habits correlated with reduced quality of life.


	Macaulay and colleagues, 2020, New Zealand (8)
	82
	Matched case–control (age and sex)
	Children and adolescents, age 11.7 years, 53.6% male, HbA1c 8.3%, BMI Z score 0.98 (0.88)
	Yes
	Single-night home sleep study actigraphy (7 days)
	Pediatric sleep questionnaire
	Continuous glucose monitoring (7xdays)
	T1DM participants with A1c ≥ 7.5% had significantly shorter total sleep time, and later sleep onset and offset than controls.


	Salah and colleagues, 2020, Egypt (14)
	30
	Matched case–control (age and sex)
	Adolescents, age 14.49 years, 50% male, HbA1c 10.8%, BMI 20.11 ± 3.71 kg/m2
	Yes
	Single night in lab polysomnography
	Epworth Sleepiness Scale–Children–Adolescent
	Continuous glucose monitoring (1 day)
	Hyperglycemia correlated with number of awakenings, sleep-onset latency, and light sleep duration.


	Kostkova and colleagues, 2018, Slovakia (17)
	44
	Case–control
	Children, age 14.4 years, female 64%, HbA1c 9.6%
BMI 21.1 ± 3.5 kg/m2
	Yes
	Single night in lab polysomnography
	None
	Continuous glucose monitoring (4 days)
	T1DM children with more optimal short-term metabolic control had a significantly lower AHI compared to suboptimal short-term control.


	Adler and colleagues, 2016, Israel (11)
	154
	Matched case–control (age)
	Children, age 9.94 years, male 46%, HbA1c 8.1% in children, 7.9% in adolescents, 7.46% young adults
	Yes
	None
	Sleep Disturbance Scale for Children, Adolescent Sleep–Wake Scale, PSQI, Epworth Sleepiness Scale
	Continuous glucose monitoring (historic 1-year data)
	T1DM adolescents had significantly lower scores in the snoring/breathing problem item compared with controls.


	Pillar and colleagues, 2003, Israel and USA (18)
	15
	Matched case–control (age and BMI)
	Adolescents, age 12.6 years, male 46%, HbA1c 8.5%, BMI 18.5 ± 2.7 kg/m2
	Yes
	Single night in lab polysomnography
	None
	Continuous glucose monitoring (1 day)
	Hypoglycemia was associated with increased sleep efficiency and increased percentage of slow-wave sleep.


	Bisio and colleagues, 2020, USA (15)
	13
	Non-randomized interventional
	Young children, ages 7–10 years, female 62%, HbA1c 7.6%
	No
	None
	PSQI
	Continuous glucose monitoring (4 weeks)
	Less parental awakening with automated insulin delivery. Parental improvement in PSQI. No change in children.





PSQI, Pittsburgh Sleep Quality Index; WASO, wake after sleep onset; AHI, apnea–hypopnea index; T1DM, type 1 diabetes; BMI, body mass index; HbA1c, hemoglobin A1c.

*Data show mean age or age range, mean hemoglobin A1c, and mean BMI included when reported.



Two observational studies in adolescents revealed that adolescents are not getting enough sleep. In one of the studies, the mean sleep duration was 7.3 hours (7) [recommended by age is 8–10 hours (12)], which is at the 40th percentile compared with age- and sex-based normative data for actigraphy-measured sleep duration (13). In both studies, over 79% of the cohort were sleeping less than the recommended hours for their age (6, 7). A study in children aged 2–5 years also showed similar results; their average sleep time was on the lower end of the 10–13 hours recommended for this age range (12). An observational age- and sex-matched case–control study also revealed that children with T1DM had later sleep onset and later sleep offset compared to controls (8).

Abnormal sleep patterns also have an impact on glucose control. Patients with greater sleep variability (i.e., standard deviation of total sleep time across the nights) had higher mean glucose levels and a higher high blood glucose index (7). Higher glucose variability was also associated with more sleep disruptions (i.e., more awakenings and sleep fragmentation) and poorer sleep [i.e., earlier wake time or longer wake after sleep onset (WASO)] in the same subject (6). Total sleep time measured using polysomnography and actigraphy was shorter in children with T1DM with suboptimal glycemic control (HbA1c ≥ 7.5%) compared to those with optimal glycemic control. Later sleep onset was also noted in those patients with suboptimal glycemic control compared to those with optimal glycemic control. Additionally, an increase in HbA1c was associated with a small but significant increase in sleep timing variability as measured using actigraphy (8).

Another case–control study of 30 children with T1DM and control siblings revealed that cases had lower sleep efficiency compared to age- and sex-matched controls. Nocturnal hypoglycemia positively correlated with the amount of deep sleep, while hyperglycemia correlated with higher sleep onset latency, decreased rapid eye movement (REM) sleep, and increased awakenings compared to those in controls (14).

An interventional study in 13 young children assessed parents’ and children’s sleep patterns by comparing sensor-augmented pump therapy vs. an automated insulin delivery system. In children, there was no difference in regard to sleep patterns and sleep quality, but there was improvement in glucose control. In their parents, there was a reduction in awakenings and improvement in the PSQI score, diabetes-related distress, and mood disorders (15).





Glycemic control and sleep disorders

Observational studies did not show that sleep disorders were more common in children with T1DM than in controls, with the limitation that there was a high frequency of sleep disorders among both cases and controls (11). An association was seen between the apnea–hypoxia index (AHI) and glucose. One case–control study of 50 subjects revealed that T1DM children who had obstructive sleep apnea (OSA) with an AHI ≥ 1.5 (normal AHI ≤ 1 in this population) had higher glucose levels (16). Another case–control study of 44 subjects showed similar findings, as T1DM subjects with more optimal short-term metabolic control (average glucose <180 mg/dL) had a significantly lower AHI and respiratory arousal index compared to children with suboptimal short-term control (17). The rate of change or rapid glucose concentrations was also shown to have an impact on sleep by increasing awakenings in children with T1DM (18). Sleepiness and/or poor sleep habits correlated with reduced quality of life, depressed mood, lower grades, and lower state standardized reading scores (16).

At a subjective level, children with T1DM compared to controls report significantly more sleepiness (60% vs. 31.7%, respectively) (8). At an objective level, the sleepiness may be related to an increased number of awakenings, a higher arousal index, periodic limb movements, and a higher AHI in cases compared to controls (8, 14).






Type 1 diabetes in adults




Glycemic control and sleep patterns

Four cross-sectional studies with sample sizes ranging from 20 to 48 subjects revealed that a high proportion of T1DM subjects have poor sleep quality (19–22). For two of the studies, sleep quality was defined using a composite of objective sleep features (sleep efficiency, WASO, and number of awakenings) and revealed 66% of “poor sleep quality” (19) for one study and 77% for the other study (21). Subjectively measured sleep quality using sleep questionnaires revealed poor sleep quality ranging from 46% to 50% in T1DM subjects (20, 22) (Table 4).


Table 4 | Sleep patterns and glucose control in adults with type 1 diabetes.
	Reference, year, country
	Sample size (n)
	Study design
	Study population
	Control group
	Objective
	Subjective
	Diabetes assessment
	Main findings



	Barone and colleagues, 2014, Brazil (24)
	27
	Matched case–control (age and BMI)
	Young adults, age 26.3 years, 55% female, HbA1c 7.8%, BMI 23 ± 2.9 kg/m2
	Yes
	Actigraphy (10 days), single night in lab polysomnography
	Sleep diary, Epworth Sleepiness Scale
	Hemoglobin A1c, continuous glucose monitoring (1 day)
		o No OSA diagnosis in young adults

	o Greater glycemic variability correlated with sleep latency and awakening index.






	Griggs and colleagues, 2022, USA (25)
	42
	Cross-sectional study
	Young adults, age 22.2 years, 32.6% male, HbA1c 7.2%
	No
	Actigraphy (7 days)
	None
	Continuous glucose monitoring (7xdays)
	Higher glucose variability predicted poorer sleep within-person.


	Brandt and colleagues, 2021, USA (19)
	20
	Cross-sectional study
	Adults, age 30 years, 50% male, HbA1c 6.6%, 28.0 ± 6.9 kg/m2
	No
	Zmachine Insight+ (up to 15 days)
	None
	Hemoglobin A1c, continuous glucose monitoring (up to 15 days)
	Poor sleep quality was significantly associated with greater glycemic variability.


	Feupe and colleagues, 2013, USA (26)
	17
	Cross-sectional study
	Adults, age 19–61 years, 58.8% male, HbA1c 7.3%
	No
	Wireless sleep monitor (4 days)
	None
	Continuous glucose monitoring (4 days)
		o Mean sleep duration in the cohort was less than the recommended 7 hours.

	o There were no significant differences in glycemic range between sleep stages, but less time was spent in hypoglycemia during deep sleep.






	Griggs and colleagues, 2021, USA (28)
	46
	Cross-sectional study
	Young adults, age 22.3 years, 32.6% male, HbA1c mean 7.2%, BMI 27.0 ± 4.4 kg/m2
	No
	Actigraphy (6–14 days)
	PSQI
	Continuous glucose monitoring (6–14 days)
	Higher inter-daily stability was associated with better objective sleep–wake characteristics.


	Farabi and colleagues, 2018, USA (22)
	20
	Cross-sectional study
	Young adults, age 18 to 39 years, HbA1c 6.8%–7.8%, BMI 25.8 ± 4.6 kg/m2
	No
	None
	PSQI
	Continuous glucose monitoring (3 days)
		o 60% of the cohort slept less than the recommended 7 hours.

	o Majority of subjects reported poor sleep quality and short sleep duration. Shorter sleep duration had greater glycemic variability.






	Martyn-Nemeth and colleagues, 2018, USA (20)
	48
	Cross-sectional study
	Adults, age 27.0 years, 63% female, HbA1c 7.2%, BMI 27.1 ± 4.6 kg/m2
	No
	None
	PSQI
	Continuous glucose monitoring (3 days)
	Poor sleep quality was significantly greater in nocturnal glycemic variability and fear of hypoglycemia.


	Botella-Serrano and colleagues, 2023, Spain (21)
	25
	Cross-sectional study
	Adults, age 38.3 years, 56% female, HbA1c 7.4%, BMI 24.4 ± 5.9 kg/m2
	No
	Fitbit (14 days)
	PSQI
	Continuous glucose monitoring (14 days)
	Poor sleep quality was associated with lower time in range and greater glycemic variability.


	Griggs and colleagues, 2022, USA (27)
	46
	Cross-sectional study
	Adults, age 22.3 years, 67.4% female, HbA1c 7.2%, BMI 27.0 ± 4.4 kg/m2
	No
	Actigraphy (6–14 days)
	PSQI
	Continuous glucose monitoring (6–14 days)
	There were no significant differences in glycemic range between sleep stages, but less time was spent in hypoglycemia during deep sleep.


	Griggs and colleagues, 2022, USA (23)
	75
	Cross-sectional study
	Adults, age 21.4 years, 74.7% female, HbA1c 6.8%, BMI 24.5 ± 4.6 kg/m2
	No
	None
	Berlin Questionnaire, Epworth Sleepiness Scale, MEQ, PSQI
	Continuous glucose monitoring**
	Sleep Health Composite score was associated with higher achievement of glycemic targets.


	Basille and colleagues, 2022, France (33)
	46
	Cross-sectional study
	Adults, age 42 years, 54.3% male, HbA1c 7.6%, BMI 24.8 ± 4.1 kg/m2
	No
	Single night in lab polysomnography
	None
	Continuous glucose monitoring (1 day)
	Sleep disorder symptoms were not more frequent in patients with above-target glucose variability.


	Griggs and colleagues, 2021, USA (29)
	46
	Cross-sectional study
	Adults, age 22.3 years, 32.6% male, HbA1c 7.2%, BMI 27.0 ± 4.4 kg/m2
	No
	Actigraphy (6–14 days)
	Epworth Sleepiness Scale, PSQI
	Continuous glucose monitoring (6–14 days)
		o 54.3% of the sample slept less than the recommended 7 hours.

	o Sleep variability, daytime sleepiness, and sleep fragmentation were important factors associated with greater glucose variability.






	Chakrabarti and colleagues, 2022, Australia (30)
	30
	Randomized, cross-over
	Older adults, age 67 years, 63% women, HbA1c 7.6%, BMI 27.6 ± 3.4 kg/m2
	No
	Actigraphy (823 days)
	PSQI, sleep diary
	Continuous glucose monitoring (805 days)
	Sleep quality was worse with closed-loop therapy compared to sensor-augmented pump therapy. Pittsburgh Sleep Quality Index did not differ with either therapy.


	Bisio and colleagues, 2022, USA (31)
	15
	Non-randomized interventional
	Older adults, age 68.7 years, 60% male, HbA1c 7%
	No
	Actigraphy (56 days)
	PSQI
	Continuous glucose monitoring (56 days)
	Sleep parameters were no different between sensor-augmented therapy and AID system, except for short sleepers who had a longer sleep duration on AID.


	Martyn-Nemeth and colleagues, 2022, USA (32)
	14
	Randomized controlled trial
	Adults, age 29.7 years, 64% female, HbA1c 6.8%, BMI 26.7 ± 7.3 kg/m2
	Yes
	Actigraphy (14 days)
	Epworth Sleepiness Scale
	Continuous glucose monitoring (7 days)
	Patients in the technology-assisted behavioral sleep intervention demonstrated an improvement in sleep regularity, reduced glycemic variability, and improved time-in-range vs. controls.





BMI, body mass index; OSA, obstructive sleep apnea; PSQI, Pittsburgh Sleep Quality Index; MEQ, Morningness–Eveningness Questionnaire; AID, automated insulin delivery; CGM, continuous glucose monitoring.

*Data show mean age or age range, mean hemoglobin A1c, and mean BMI included when reported.

**CGM days not reported.



When analyzing sleep quality with glycemia, poor sleep quality was significantly associated with greater glycemic variability after accounting for age, sex, and body mass index (BMI). Those participants with poor sleep quality had greater nocturnal glycemic variability than those with good sleep (19–21). Higher glucose levels and lower time in range were associated with poorer sleep quality (21, 22).

A composite of sleep health score (using satisfaction, alertness, timing, and efficiency) in a cross-sectional study of 75 young adults showed that better sleep health was significantly associated with higher achievement of glycemic targets (time in range and J index); however, these associations did not persist after considering covariates (T1DM duration, race, the mode of insulin delivery, and sleep apnea risk) (23).

A case–control study matched by age and BMI in 27 young adults found that neither sleep quality nor sleep duration correlated with glycemia or glycemic variability. However, in this study, sleep quality was measured differently using a visual analogue scale. Individuals with diabetes in this study presented more pronounced sleep extension from weekdays to weekends compared to controls. Glycemic variability did correlate with sleep latency and full awakening index (24).

A cross-sectional study in 42 young adults who underwent actigraphy and CGM revealed that higher sleep efficiency predicted more time in range and less time in hyperglycemia. More awakenings predicted higher glucose variability, a higher high blood glucose risk score, and more time spent in hyperglycemia between subjects. Another finding was that a higher high blood glucose index risk score and more time spent in severe hyperglycemia were associated with a longer WASO between subjects. Additionally, more time spent in severe hyperglycemia was associated with a higher sleep fragmentation index between subjects (25).

In regard to sleep duration, three cross-sectional studies with sample sizes ranging from 17 to 46 showed that subjects with T1DM are short sleepers (22, 26, 27). In one of the studies, the mean sleep duration was slightly less than 6 hours (26) [which is at the 15–25th percentile compared with age- and sex-based normative data for actigraphy-measured sleep duration (13)], and the other two studies reported that the majority of their cohort [54.3% (27) and 60% (22)] slept less than the recommended 7–9 hours. The subjects with shorter sleep duration had greater glycemic variability (22). Another cross-sectional study of 25 subjects showed a mean sleep duration of 7.15 hours (26) (at the 55th percentile compared with age- and sex-based normative data for actigraphy-measured sleep duration 12), higher than those reported above, but in the lower end of what is recommended for their age (12).

When investigating circadian alignment in a cross-sectional study of 46 young adults, patients with T1DM with robust and stronger rhythm (higher interdaily stability) had longer total sleep time and less self-reported daytime sleepiness, better executive function, and less hyperglycemia risk, but more time spent in hypoglycemia and greater hypoglycemia risk. Higher hypoglycemia risk was no longer significant when diabetes duration was added to the model. 12 In a cross-sectional study of 46 adults, poorer objective sleep–wake characteristics (longer sleep onset latency and poorer sleep efficiency) were found to be associated with higher diabetes emotional distress (27).

A cross-sectional study of 46 subjects also showed that a higher sleep fragmentation index was associated with greater glucose variability after controlling for T1DM duration and accounting for higher daytime sleepiness. Additionally, greater sleep variability was directly associated with greater glucose variability; however, this association was no longer significant when accounting for daytime sleepiness and controlling for T1DM duration (29).

Two interventional studies in older adults assessed sleep patterns and quality by comparing sensor-augmented pump therapy vs. an automated insulin delivery system. None of them found a difference in sleep quality or sleep patterns (30, 31). In one of the studies, using an automated insulin delivery system led to worse sleep quality; however, this was a first-generation closed-loop system in which patients experienced 30% more alarms compared to sensor-augmented therapy (30).

Another intervention to improve sleep health was evaluated through a randomized controlled trial in 14 adults with T1DM. A technology-assisted sleep intervention (an 8-week remotely delivered program that entailed the following: weekly emailed didactic sleep content, weekly 5–10-minute telephone coaching, and a wearable sleep tracker and smartphone application with interactive feedback and tools) demonstrated an improvement in sleep regularity, reduced glycemic variability, and improved glucose time in range compared to controls (32).





Glycemic control and sleep disorders

Not all studies have found a clear relationship between sleep disorders and T1DM. A case–control study in 27 T1DM young adults matched by age and BMI revealed that none of them had OSA measured using polysomnography. There was also a surprisingly negative correlation between the mean glycemia and the apnea–hypopnea index, given the established association in T2DM. Despite no detectable OSA, T1DM subjects who had the highest glycemic variability had a significantly higher awakening index (24). The same study also measured sleepiness by utilizing the Epworth Sleepiness Scale (ESS) and revealed that T1DM subjects had higher scores (more sleepiness) compared to controls (24). Similarly, a cross-sectional study of 17 subjects who utilized the same questionnaire revealed that 29% of the sample had a high ESS score (≥10), which is interpreted as daytime sleepiness (26).

A cross-sectional study of 46 older adults who underwent polysomnography and CGM showed that 37% of patients had sleep-disordered breathing (SDB; mild SDB, n = 9; moderate-to-severe SDB, n = 8). Moderate-to-severe SDB was associated with a higher BMI and a longer diabetes duration but not with above-target glucose variability or more sleep disorder symptoms. However, these findings were based on only one night of CGM, which limited the opportunity to detect possible differences (33).






Sleep in monogenic diabetes

One study investigating sleep quality in adult MODY participants (pathogenic variants in GCK, HNF4A, HNF1A, and HNF1B) (n = 24, mean age 46.0 years, 79% women, BMI 24.7 kg/m2) who underwent actigraphy and answered sleep questionnaires revealed that 88% participants had poor sleep quality measured using PSQI. The mean global score was 8.8 ± 3.6. Insomnia (including subthreshold and clinical insomnia) was reported in 71% of them (34). The study also showed that 54% had sleep duration less than the recommended minimum of 7 hours. Moreover, transcription factor-related MODY (HNF4A-, HNF1A-, and HNF1B-MODY) displayed increased night-to-night variability in sleep patterns compared to GCK-MODY (34). OSA was reported at 58% (64% mild, 22% moderate, and 14% severe), measured using a home sleep monitor. OSA rate was not different in GCK-MODY vs. TF-MODY. The mean HbA1c for both groups was not significantly different (6.3% for GCK and TF-MODY) (34).

A pediatric population of 13 neonatal diabetes subjects due to a KCNJ11 mutation revealed higher rates of sleep difficulties compared to sibling controls (35). In another study where sleep was objectively assessed using wrist actigraphy and sleep questionnaires, KCNJ11-neonatal diabetes subjects showed increased sleep duration and WASO night-to-night variability compared to unaffected siblings. Patients with neonatal diabetes had poorer sleep behaviors compared to unaffected siblings (36).






Discussion




Bidirectional relationship between sleep and glycemia: putative mechanisms of disrupted sleep in diabetes

There is growing evidence revealing how sleep and diabetes impact one another (Figure 2). Glucose excursions (hypo- and hyperglycemia) can impact sleep architecture (18, 21, 22). Cross-sectional studies surveying large sample sizes from different countries have shown that nocturnal hypoglycemia, even when it is not severe, correlates with patients having difficulty falling back to sleep (37, 38). Studies in children have shown that glucose variability and hyperglycemia provoke awakenings and disrupt sleep (6, 14). An expert review also hypothesized that hyperglycemia causes awakenings and disrupts sleep, as it induces osmotic diuresis, resulting in polyuria and nocturia (39). One study in T1DM showed that patients with a glucose level above 154 mg/dL had lower melatonin levels, which can impact normal circadian rhythm (40).

[image: Flowchart illustrating the relationship between Type 1 Diabetes and various factors. Central to the diagram is Type 1 Diabetes, linked to poor glycemic control and sleep abnormalities. Contributing elements include complications like nephropathy and neuropathy, as well as glucose changes such as hyperglycemia. Technology impacts glucose monitoring and sleep issues involve apnea and insomnia. Arrows depict connections among these items, emphasizing the interplay between diabetes management, glucose levels, and sleep patterns. A sleeping figure represents sleep abnormalities.]
Figure 2 | Potential mechanisms for sleep disruption in type 1 diabetes. Nephropathy with fluid overload and/or autonomic nervous system neuropathy can lead to airway collapse and obstructive sleep apnea. Glucose excursions (hypoglycemia, hyperglycemia, or high glycemic variability) can impact sleep architecture by causing awakenings and difficulty falling back to sleep or an abnormal circadian rhythm. Technology, including continuous glucose monitoring devices and/or insulin pumps, has alarms that can lead to awakenings. Sleep abnormalities, including poor sleep quality, short sleep duration, obstructive sleep apnea, and insomnia, can decrease insulin sensitivity and response; therefore, glucose control becomes more difficult.

Once sleep is disrupted, due to short sleep duration, sleep disorders (insomnia or OSA), or poor sleep quality, glucose control worsens (8, 17). The etiology of why glucose control declines in the setting of sleep abnormalities is multifactorial. From a sleep disorder perspective, OSA increases insulin resistance, which makes diabetes control more difficult (41). OSA is most common in people who are overweight or obese; however, in the studies listed, the majority of the patients were in the “normal” or “overweight” category. Additional anthropometric parameters, aside from BMI, that also correlate with the presence and severity of OSA and cardiometabolic disease include waist and neck circumference, body shape index, body adiposity index, and abdominal volume index (42, 43). Those were not measured in these studies.

There was no increased prevalence of OSA in T1DM compared to controls in one study, while another study did show a high prevalence of OSA. The discrepancy could be secondary to differences in the studied population, as the study that found a higher prevalence of OSA included predominantly older men with higher BMI and longer diabetes duration. Awakenings in these patients may not all be explained by episodes of apnea. From a sleep pattern perspective, short sleep duration and poor sleep quality lead to decreased insulin sensitivity and insulin response; therefore, glucose control becomes more difficult. This was reported in a high-quality review that included results from randomized controlled trials and epidemiological studies (44).

Technology has brought major improvements in glucose control; however, sleep has not necessarily been impacted in a positive way (45, 46). Continuous glucose monitoring devices and pump alarms may disrupt sleep by awakening patients. The use of the newest technology with hybrid closed- and semi-closed-loop systems correlates with subjective overall positive sleep quality in one pediatric study (15), while in adult studies, results were mixed, as there was little improvement for short sleepers on newer automated insulin delivery (AID) systems but worse sleep quality with older-generation automated systems due to alarms (30, 31). However, this conclusion relates to limited data in a small population with mostly first-generation systems and may change over time.

Sleep and mood disorders also have a significant impact on each other and should be taken into consideration, as they are highly prevalent in people with diabetes (47, 48). Sleepiness and/or poor sleep habits correlate with reduced quality of life, depressed mood, lower grades, and lower state standardized reading scores in children (16). One study reported that 36% of the sample screened positive for a mood disorder (21), and another study reported high depression scores (31). The rest of the studies described in this review did not screen for or report mood disorders, while others excluded patients with major psychiatric comorbidities as part of the study design (25).

The limitations of this literature review include studies with small sample sizes, short sleep and glycemic follow-up, and the potential for the Hawthorne effect affecting results. Most studies were cross-sectional studies, which have a lower level of evidence, making it difficult to establish cause–effect relationships and are prone to bias. Another limitation is the difficulty in systematically comparing studies that use different measurement tools (subjective and objective) for evaluating sleep patterns and sleep quality, which can lead to different results. Many studies did not control for confounding factors such as depression, obesity, hypertension, alcohol consumption, and obstructive sleep apnea. Furthermore, in both adult and pediatric studies, population characteristics differ in terms of BMI, age range, gender predominance, and glycemic control, which may also affect the results.






Summary and future directions

There is strong evidence in T2DM that sleep characteristics can positively or negatively impact the neuroendocrine systems, while diabetes itself often leads to sleep difficulties and disturbances (49, 50). Subjects with type 2 diabetes have been more extensively studied, and it is known that they have shorter sleep duration, poorer sleep quality, and increased sleep apnea compared to controls and the rates reported in other types of diabetes. The reciprocal relationship between T1DM and sleep is not completely well understood and needs more rigorous interventional studies. When considering the available evidence with its limitations, data have shown that short sleep duration, poor sleep quality, and sleep disorders can negatively impact glycemic control (19, 21–23). Children with T1DM have higher PSQI scores, indicating poor sleep quality (6, 7). Objectively, most children with T1DM are sleeping less than the recommended hours for their age (6, 7, 51). Those patients who elicit higher sleep variability have higher glucose levels, and patients with higher glucose variability have more sleep disruptions (6–8). Studies have also revealed that in people with diabetes, those with suboptimal control have shorter sleep duration compared to those with optimal control (8). Children with T1DM who have a higher apnea–hypopnea index also have higher glucose levels, and when rapid changes in glucose levels occur, they have more awakenings (6, 16).

In adults, subjectively and objectively, most studies have shown a high percentage of poor sleep quality in people with T1DM (19–22). Poor sleep quality is related to glycemic variability; higher glycemic variability is associated with poorer sleep quality. Out-of-range glucose is also associated with poor sleep quality (19–22). Hyperglycemia also negatively impacts adult sleep patterns, causing lower sleep efficiency, more awakenings, more sleep fragmentation, and higher WASO (24, 25). Sleep duration across all studies shows that most patients with T1DM sleep less than the recommended sleep duration for their age. Those subjects who have shorter sleep duration also exhibit higher glycemic variability, and poor sleep–wake characteristics have also been shown to produce higher emotional distress (22, 26, 27).

It is unclear if the use of automated insulin delivery systems can improve sleep patterns and quality in T1DM, as the devices’ alarms alert users and can disrupt sleep. Other strategies, including coaching and counseling, have proven to be effective (30–32).

In MODY, it is not yet clear what may be driving the higher rates of OSA, insomnia, and poor sleep quality. It is also unclear what underlies the decreased sleep variability seen in GCK-MODY compared to TF-MODY (34). KCNJ11-neonatal diabetes appears also to be commonly affected by sleep disturbances, seemingly attributable to the impairment of KATP channel function in the brain; however, more extensive studies need to be performed (35).

We have made great progress in understanding that sleep disruption is common in diabetes, but also that blood glucose control appears to be worse in those with disrupted sleep. Although there are no clear mechanisms of cause and effect for sleep disturbances, possible contributors include diabetes-related complications, sleep-disrupting technology, and glycemic variability or out-of-range glycemia. Advances in technology and data science have the potential to help us better understand this relationship. Learning that individuals with certain types of diabetes are at particularly high risk for developing certain sleep disorders will improve screening and treatment strategies (52). In the coming years, there is a need for both pediatric and adult large-scale cohort studies that can evaluate longitudinally the concomitant use of actigraphy, polysomnography, and CGM with standardized sleep metrics, as well as interventional studies targeting sleep hygiene strategies to improve sleep quality in both T1DM and monogenic diabetes. This will better elucidate the relationship between sleep and diabetes in less common forms of diabetes.
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