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Abstract

Objectives: The association between inadequate sleep and type 2 diabetes has garnered much
attention, but little is known about sleep and type 1 diabetes (T1D). Our objectives were to
conduct a systematic review and meta-analysis comparing sleep in persons with and without T1D,
and to explore relationships between sleep and glycemic control in T1D.

Methods: Studies were identified from Medline and Scopus. Studies reporting measures of
sleep in T1D patients and controls, and/or associations between sleep and glycemic control, were
selected.

Results: A total of 22 studies were eligible for the meta-analysis. Children with T1D had shorter
sleep duration (mean difference [MD] = —26.4 minutes; 95% confidence interval [CI] = -35.4,
-17.7) than controls. Adults with T1D reported poorer sleep quality (MD in standardized sleep
quality score = 0.51; 95% CI = 0.33, 0.70), with higher scores reflecting worse sleep quality)
than controls, but there was no difference in self-reported sleep duration. Adults with TID who
reported sleeping >6 hours had lower hemoglobin Alc (HbAZ1c) levels than those sleeping <6
hours (MD = -0.24%; 95% CI = -0.47, —0.02), and participants reporting good sleep quality had
lower HbA1c than those with poor sleep quality (MD = —0.19%; 95% CI = -0.30, —0.08). The
estimated prevalence of obstructive sleep apnea (OSA) in adults with TID was 51.9% (95% CI

= 31.2, 72.6). Patients with moderate-to-severe OSA had a trend toward higher HbAlc (MD =
0.39%, 95% CI = -0.08, 0.87).

Conclusion: T1D was associated with poorer sleep and high prevalence of OSA. Poor sleep
quality, shorter sleep duration, and OSA were associated with suboptimal glycemic control in T1D
patients.

Keywords

Sleep quality; Sleep duration; Obstructive sleep apnea; Type 1 diabetes; Glycemic control; Meta-
analysis
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1. Introduction

Insufficient sleep duration and poor sleep quality are associated with insulin resistance,
impaired glucose metabolism, and type 2 diabetes (T2D) in both experimental and
epidemiological studies [1,2]. Obstructive sleep apnea (OSA) is also common in patients
with T2D [2], and a greater severity of OSA is associated with greater insulin resistance
[2]. Furthermore, insufficient sleep, poor sleep quality, and OSA have been associated with
poorer glycemic control among people with T2D [1].

Type 1 diabetes (T1D), although less prevalent than T2D, has been estimated to affect
three million people in the United States [3]. The incidence varies significantly among
countries worldwide, with the lowest among East Asians and American Indians and the
highest among Finnish people [3]. Poor glycemic control in T1D patients can lead to
microvascular complications (ie, nephropathy, retinopathy, and neuropathy), cardiovascular
disease, and mortality [4-6]. Despite the abundant evidence linking sleep deficiencies and
T2D, little attention has been paid to patients with type 1 diabetes (T1D). In contrast

to T2D, T1D is an autoimmune disorder that results in destruction of pancreatic p cells
and insulin deficiency, necessitating exogenous insulin administration to regulate blood
sugars. Nonetheless, research on T2D may be relevant, as sleep deficiencies have been
found to be associated with insulin resistance and, if present in T1D, may result in poorer
metabolic control. We hypothesized that sleep deficiencies would also be associated with
T1D and suboptimal glycemic control. Therefore, the purpose of this study was to conduct
a systematic review to identify studies in order to perform meta-analyses comparing sleep
characteristics, including sleep stages, sleep duration, sleep quality, and OSA, between
persons with T1D and healthy controls. In addition, the relationship between these sleep
characteristics and glycemic control in T1D patients was examined using meta-analyses.

2. Methods

2.1. Data sources and searches

We searched studies published in English from Medline and Scopus since their inception
until May 2015. The search terms and search strategy were “sleep OR insomnia OR apnea”
AND “type 1 diabetes OR autoimmune diabetes OR insulin dependent diabetes”. Reference
lists of included studies were examined to identify additional relevant studies.

2.2. Study selection

Studies published in English were eligible if they met one or both of the following criteria:
compared sleep characteristics (ie, sleep stages, duration, quality, or OSA) in patients with
T1D and nondiabetes (herein referred to as controls); or assessed the relationship between
sleep characteristics and glycemic control, as evaluated by hemoglobin Alc (HbAlc), in
patients with T1D. HbA1c is an indicator of glucose control in the preceding 90 days and
regarded as a gold standard of glycemic measurement. We excluded studies in pregnant
women and studies that induced hypoglycemia. Study selection was performed by two
reviewers (S.R. and T.A.). Disagreements were resolved by a consultation with senior
authors (A.T. and K.L.K.).
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Because of the relatively small numbers of studies in some sleep categories, authors were
contacted for additional data. Studies measuring sleep quality via questionnaires had to
provide a score in the same direction to be included in the meta-analyses (ie, studies with
higher score reflecting worse sleep were grouped together).

2.3. Sleep characteristics

Sleep stages, expressed as percentage of total sleep time, were obtained using
polysomnography (PSG) in most studies, with the exception of one study [7] that used a
wireless sleep monitor that recorded electroencephalograms (Zeo Inc, Newton MA). Stages
1 and 2 were combined into “light non-rapid eye movement (NREM) sleep,” and stages 3
and 4 (if used) into “deep NREM sleep.” Sleep duration was obtained either by objective
measurements (ie, polysomnography [PSG], actigraphy, wireless sleep monitor use) or self-
report. Sleep duration was examined as a continuous variable as well as categorized as
shorter (<6 hours in adults, <9 hours in children aged 613 years, or <8 hours in children
aged >13-17 years) or longer (>6 hours in adults, =9 hours in children aged 6—13 years,

or =8 hours in children aged >13-17 years) [8]. Objective and subjective assessments

of sleep quality were included. Objective measurements were based on sleep efficiency
(percentage of time in bed spent sleeping) obtained from PSG or actigraphy. Good sleep
quality was defined as sleep efficiency of =85%. Self-reported sleep quality was assessed
by standardized questionnaires, such as Pittsburgh Sleep Quality Index (PSQI) [9], Patient
Health Questionnaire (PHQ-9) [10], the Autonomic System Profile (APS) [11], or insomnia
symptoms [12,13]. Self-reported sleep quality was categorized as good or poor according to
the cutoff of the original questionnaire (eg, PSQI score >5, sleeping difficulties per PHQ-9,
or insomnia symptoms). In addition, a total score was used to compare sleep quality between
groups of participants in the studies using PSQI or APS as described in the data analysis
below (higher scores on these questionnaires reflected poorer sleep quality).

The presence of OSA in adults was defined as an apnea—hypopnea index (AHI) of =5 events
per hour from PSG or pulse oximetry with airflow measurement that provided AHI values
[14], or as having a pathological oximetry (defined as repetitive desaturation-reoxygenation
sequences) result. Severity of OSA in adults was categorized as mild for AHI =5 to <15,
and moderate to severe for AHI =15. In children and adolescents, OSA was defined as AHI
>1.5[15]. Studies evaluating OSA risk using a screening questionnaire (low vs high risk of
OSA) [16-18] were also included.

2.4. Glycemic measurements

In addition to using actual HbA1lc values, glycemic control was categorized as optimal
(HbAlc <7% in adults, or <7.5% in children) or suboptimal (HbAlc =7% in adults, or
>7.5% in children) [19].

2.5. Data extraction

Data were extracted following a standardized data extraction form (see Supplemental
material). Characteristics of the studies that were extracted included the age group
(children/adolescents, adults), mean body mass index (BMI), HbAlc, method of sleep
measurements, sleep characteristics, and glycemic control. The data pooled for analyses
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included the number of participants, mean and standard deviation (SD) for continuous
data, and frequency for dichotomous data. Most authors (88%) of selected articles for
which additional data were not available in publications responded to the communication
[16,17,20-33], and 75% of these authors were able to provide additional data and were
therefore included in the analyses [16,17,20-29].

2.6. Quality assessment

Quality assessment was performed using the Newcastle-Ottawa Scale [34]. For case—
control studies, three domains were considered: selection of study groups (four items),
comparability of groups (one item), and ascertainment of exposure (three items). The cohort
assessment forms were modified to be applicable for cross-sectional studies. These consisted
of three domains: selection (two items), comparability (one item), and outcome (one item).
Each item was given one star or no star for all domains except comparability, for which two
stars could be awarded.

2.7. Data synthesis and analysis

The meta-analyses were performed if there were three or more studies with sufficient data
for pooling in each planned analysis. If the number of studies was less than three, they were
included in description in Table Al and the relevant discussion.

For eligible studies, data were pooled separately by the two analyses of interest: (1) sleep
differences between T1D patients and controls; and (2) the relationship between sleep and
glycemic control in T1D patients. Analyses were stratified by age (adolescents/children vs
adults). When the age range in a study overlapped between adolescents and adults, we
categorized the study according to the mean age of the participants. In addition, objective
and subjective assessments of sleep were analyzed separately.

To compare sleep in T1D patients and controls, mean differences (MDs) of the

sleep measures, including sleep duration and sleep quality (sleep efficiency and sleep
questionnaire score), between T1D patients and controls were estimated across studies.
Nonstandardized mean differences were applied for pooling these MDs for objective sleep
measures, whereas standardized mean differences were applied for pooling MDs of the sleep
questionnaire score. If heterogeneity was not present, the fixed-effect model was applied;
otherwise, the random-effect model was applied.

To analyze the relationship between sleep and glycemic control in T1D patients, MDs

and variances of the sleep measures were estimated across studies between optimal and
suboptimal glycemic control groups, or the MDs of the HbAlc values were estimated
between sleep groups (ie, good vs poor sleep quality, shorter vs longer sleep duration, OSA
vs non-OSA, and moderate to severe OSA vs non-OSA). These were then pooled using
nonstandardized MDs as described previously.

Finally, OSA prevalence was estimated from studies of glycemic control in T1D patients. A
meta-analysis was then applied to pool the OSA prevalence across studies using a random-
effect model.
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Heterogeneity was explored using the Q statistic, and a degree of heterogeneity was
quantified using the 12 statistic. Heterogeneity was considered to be present if the pvalue
from the Q statistic was <0.1 or the 12 was =25%. Publication bias was assessed using funnel
plots and Egger tests. All analyses were performed using STATA version 13.1 software. A p
value of <0.05 was considered to be statistically significant.

3. Results

A total of 741 studies were identified from searching Medline and Scopus, and one study
was identified from the reference lists (Fig. 1). In all, 32 studies met the inclusion criteria
and were eligible for review. Of these, 22 were eligible for meta-analysis. The remaining
ten studies are described in Table Al because there were fewer than three studies in each
pooling category. In addition, some sleep measures included in the 22 studies were not
eligible for meta-analysis for the same reason and are therefore described in Table Al.

Participants’ characteristics, including those of matched controls (if available), and methods
of sleep measurements are listed in Table 1. Of the studies, ten were case—control, 11 were
cross-sectional, and one was a prospective cohort study.

The quality of the studies included in the meta-analysis was assessed. For case—controls

and prospective studies, nine of 11 studies provided clear definitions of cases and controls,
and seven had good representativeness of case and controls. All had good comparability
between case and controls for their matched study designs, and seven of 11 studies had

good ascertainment of exposure. All cross-sectional studies had good representativeness of
subjects and good ascertainment of outcomes. However, only half had good ascertainment of
exposure, and four of 11 had good comparability.

3.1. Sleep in T1D patients and controls

Results of the meta-analyses comparing sleep measures between T1D patients and controls
are shown in Table 2.

3.1.1. Sleep duration—Only self-reported sleep duration was available for meta-
analyses in adult samples, and there was no difference in self-reported sleep duration
between T1D patients and controls [12,17,35] (n = 157 patients and 9951 controls; Fig.
2A). In adolescents/children [23,40,41], sleep duration from PSG was significantly shorter
in T1D patients (n = 70) than in controls (n = 70) (MD = —26.6 minutes, 95% CIl = -35.4,
-17.7; Fig. 2B).

3.1.2. Sleep quality—In adults, sleep quality based on sleep efficiency from PSG did
not differ between T1D patients and controls [20,21,35] (n = 52 patients and 45 controls;
Fig. 3A); however, when sleep was assessed using questionnaires, sleep quality (continuous
score) was significantly worse in T1D patients compared to controls [17,43,44] (MD in
standardized sleep quality score was 0.51, 95% CI 0.33, 0.70; n = 416 patients and 669
controls; Fig. 3B). However, self-reported good sleep quality did not differ significantly in
T1D patients (odds ratio [OR]0.79, 95% CI 0.41, 1.52) compared to control participants
[12,13,17] (n = 277 patients, 61,269 controls; Fig. 3C).

Sleep Med. Author manuscript; available in PMC 2022 October 12.
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3.2. Sleep and glycemic control

A summary of the analyses of the association between sleep and glycemic control in T1D
patients is presented in Table 3.

3.2.1. Sleep stages—Five adult studies were included in the analysis of sleep stages
[7,20,21,24,29] (n = 36 vs 81 for optimal vs suboptimal glycemic control). In adults, those
with optimal glycemic control (HbAlc <7%) spent less time in light NREM sleep (pooled
MD = -2.90%, 95% CI = —6.96, 1.16) and more time in deep NREM sleep (pooled MD =
2.95%, 95% CI = -1.98, 7.88) than those with suboptimal glycemic control (HbAlc = 7%),
but it was not statistically significant (Fig. Al).

3.2.2. Sleep duration—In adults, HbAlc levels did not differ significantly between
those who slept >6 hours compared to <6 hours based on objective sleep measurements in
six studies [7,16,20,21,24,29] (n = 127 vs 68; Fig. A2A). However, in four adult studies
[17,25-27] those who reported sleeping >6 hours had a significantly lower HbAlc level
(=0.24%, 95% CI = -0.47, —0.02) compared to those reporting sleeping for <6 hours (n =
381 vs 152). In four adult studies [17,25-27], patients with optimal glycemic control (<7%)
reported sleeping an average of 17.3 minutes more (95% CI = 4.13, 30.37) compared to
those with suboptimal glycemic control (=7%; n = 138 vs 397), but the objective sleep
duration analyzed in six adult studies [7,16,20,21,24,29] (n = 54 vs 142) did not differ based
on optimal (<7%) vs suboptimal control (=7%), with a pooled MD of —2.88 minutes (95%
Cl =-18.09, 12.34) (Fig. A2B).

Meta-analysis of two child studies with four cohorts [22,26] revealed no significant
differences in HbAlc levels in combined age groups between those who reported longer

vs shorter sleep duration (n = 96 vs 35; Fig. A3A). The subanalysis by age groups revealed
no significant difference in HbAlc levels between those reported sleeping =9 vs <9 hours
in children aged 6-13 years. There was a trend toward lower HbAlc, albeit not statistically
significant, in those reported sleeping =8 vs <8 hours in the age group >13-17 years (MD
=-0.97%, 95% CIl = -2.22, 0.29). In addition, mean sleep duration by questionnaire in
combined age groups [22,26] also did not differ significantly between those with optimal
and suboptimal glycemic control (pooled MD = 18.6 minutes, 95% CI =-12.6, 49.8; n =
32 vs 99; Fig. A3B). The subanalysis by age groups revealed no significant differences in
self-reported sleep duration between those with optimal vs suboptimal glycemic control in
children aged 6-13 years. Among children aged >13-17 years, those with optimal glycemic
control tended to report longer sleep duration, but this was not statistically significant (MD =
48 minutes; —3.99).

3.2.3. Sleep quality—In four adult studies, HbAlc levels did not differ between those
with good (=85%) and poor (<85%) sleep quality, based on objective measurements
[16,20,24,29] (n = 86 vs 80; Fig. A4A). Similarly, there were no differences in sleep
efficiency between participants with optimal and suboptimal glycemic control in five adult
studies [16,20,21,24,29] (n = 48 vs 133; Fig. A4B). However, in three adult studies,
participants with good self-reported sleep quality had significantly lower HbA1c levels than
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those with poor sleep quality [10,17] (MD = -0.19%, 95% CI = -0.30, —0.08; n = 442 vs
136; Fig. Ad4A).

3.2.4. OSA—Among adult T1D patients, the prevalence of OSA (defined as AHI =5

or pathological oximetry findings) was 51.9% (95% CI = 31.2, 72.6) and moderate to

severe OSA (AHI =15) was 16.7% (95% CI = 1.1, 34.5) in four studies (n = 186)
[20,24,28,29]. The mean difference in HbA1c levels between adult T1D patients with and
without objectively determined OSA was not different in four studies [20,24,28,29] (n = 96
vs 81, Fig. ASA). However, there was a trend toward higher HbAlc levels when comparing
those with moderate—severe OSA (AHI =15) to those without OSA (AHI <5) in three studies
[24,28,29] (n = 47 vs 69), with a pooled MD of 0.39% (95% CI = -0.08, 0.87; Fig. A5B). In
addition, the AHI in T1D patients was compared between those with optimal and suboptimal
glycemic controls in four adult studies [20,24,28,29] (n = 53 vs 114). Participants with
optimal glycemic control had significantly lower AHI than those with suboptimal glycemic
control (MD = -2.95 events per hour, 95% CI = -5.69, —0.21; Fig. A5C). There were not
enough studies in children to examine OSA and T1D.

3.3. Publication bias

Funnel plots and Egger tests, where applicable, were used to assess asymmetry of the

funnel and small-study effect for all pooling (Figs. A6 and A7 and Table A2). Of all

the 19 poolings, 17 showed no evidence of asymmetry, and only two poolings showed
asymmetry (association between objectively measured sleep duration and glycemic control
in adults, and objectively measured sleep quality and glycemic control in adults). Egger
tests indicated small-study effects (Table A2). The reason for this was further explored using
contour-enhanced funnel plots. These suggested that studies with lower precision showed
higher negative MDs (ie, lower sleep duration/quality in optimal than suboptimal glycemic
control) than studies with higher precision (Fig. A7), suggesting a publication bias for these
two poolings.

4. Discussion

The results of these meta-analyses indicate some significant differences in sleep
characteristics between persons with and without T1D. In comparison to control
participants, adults with T1D had worse sleep quality, especially when assessed by
questionnaires. Unfortunately, there were too few studies using PSG to compare sleep
architecture between T1D and controls. Although there was no difference in sleep duration
in adults with and without T1D, youth with T1D slept significantly less than controls.
However, we found an association between glycemic control and sleep duration or quality
in adults. Shorter self-reported sleep duration and poor self-reported sleep quality were
associated with suboptimal glycemic control. Finally, we found that the prevalence of OSA
in adults with T1D is strikingly high (51.9%) and approaches that of type 2 diabetes
(54%-86%) [1], despite average BMI values below 30 kg/m?. In addition, patients with
suboptimal glycemic control had more sleep apnea as reflected by higher AHI in adults, and
similar findings were reported in child studies. Overall, these results suggest an important
relationship between sleep and T1D.
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In the present analyses, the adult T1D patients with optimal glycemic control spent less
time in light NREM sleep and more time in deep NREM sleep, suggesting that worse
glycemic control might be associated with shallower sleep, although the difference did not
reach statistical significance. A study of adolescents with T1D found that more time spent in
N3 was associated with better glycemic control [23]. Physiologically, N3 is associated with
less sympathetic nervous system activity and is thought to be a “restorative” stage of sleep,
which could explain the association with better glycemic control [46].

Our analysis did not find differences in sleep duration between adult patients with T1D
and controls. However, children with T1D slept an average of 26 minutes, by objective
measurement, less than controls. The reason for the discrepancy between age groups is
unclear, but could be due to the small number of studies analyzed or different glycemic
conditions during the PSG recordings. A questionnaire study of 323 persons including
patients with T1D and their first- and second-degree relatives found that 41% had
insufficient sleep based on the American Academy of Sleep Medicine recommendations
(<10 hours for those aged 5-11, <9 hours for those aged 12-19 years, and <7 hours for
those aged 20 years), although comparisons with control subjects were not performed [26].
Having T1D itself could possibly affect time spent in bed or sleep duration due to nocturnal
hypoglycemia disrupting sleep and the need for night-time diabetes care.

Among adults with T1D, the meta-analysis revealed a relationship between self-reported
sleep duration and glycemic control. The average HbA1c level was 0.24% lower among
those who reported sleeping for >6 hours. Although six hours of sleep may not be sufficient
[47], the aggregated available data did not allow us to re-categorize sleep duration in more
detail. Similarly, those with optimal glycemic control reported sleeping 17 minutes more

on average than patients with suboptimal glycemic control. The trend was similar in the
studies of children, especially in the age group of >13-17 years, although not statistically
significant. Objectively measured sleep duration was not related to glycemic control in one
child study [23] and most of the adult studies. One limitation of these analyses is that

sleep duration estimated from PSG does not represent habitual behavior. One study in adults
that used actigraphy, which better represents habitual sleep duration, revealed that HbAlc
levels were significantly higher in those with shorter sleep duration (<6.5 hours) compared
to those who slept for >6.5 hours (8.5% vs 7.7%) [16]. Collectively, these data suggest

that there is an association between better glycemic control and longer sleep duration in
T1D patients. Consistent with this, one-night experimental sleep restriction to four hours

in bed in seven T1D patients was associated with decreased peripheral insulin sensitivity,
compared to a night with normal sleep duration (average of 7.8 hours) [38]. This agrees with
several experimental studies in healthy volunteers that showed impaired glucose tolerance
after sleep restriction [48,49]. Whether sleep extension in T1D patients with short sleep will
lead to improvement in glycemic control remains the subject of future research.

We found that sleep quality scores as assessed by questionnaire were worse in adults with
T1D compared to controls, although the questionnaires used differed among studies. The
proportion of participants with self-reported good sleep quality, however, did not differ
between the two groups. There was only one prospective study suggesting that sleep
disturbance was a risk factor for developing autoimmune diabetes [13]. Although the
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mechanism was not explored, the author postulated that sleeping difficulty may contribute
to increased insulin resistance that could facilitate diabetes onset in susceptible individuals
[13]. In the current analysis, adult patients with T1D with self-reported, but not objectively
measured, good sleep quality had a significantly lower HbAlc by 0.19%. In addition, a
longitudinal study in type 1 patients found that sleeping difficulties, reported in 21% of
participants, were significantly related to higher HbAlc values at one-year follow-up [10].
The discrepancy between objective and subjective measure of sleep quality may be due to
methodological differences. Objective sleep quality was represented by sleep efficiency from
a single night of PSG, whereas subjective reports were based on the previous month. In
addition, the number of participants who had PSG in the current analysis was relatively
small. Sleep quality in T1D could be impaired by many factors, including neuropathic

pain [25], hypoglycemia, which may result in increased carbohydrate consumption the
following morning [50], disrupted sleep, and psychological factors, which are all associated
with suboptimal glycemic control [51,52]. In healthy adult volunteers, experimental sleep
disruption resulted in an increased insulin resistance in healthy individuals [51]. Whether
poor sleep quality is associated with insulin resistance in T1D patients is unknown.

Although no differences in AHI were found between T1D patients and controls in two
small studies [20,35], and although OSA symptoms were not consistently different when
assessed by questionnaires [12,17], our results revealed a high prevalence of OSA in adult
T1D patients from four larger studies (51.9%), as assessed by objective sleep measurements
(oximetry or PSG). This is much higher than that in the general population, which is
estimated to be 3%-7% and increases with age and obesity [53]. Mean BMI values of

the participants in our analysis were between 22.9 and 25.8 kg/m?, so obesity alone could
not explain the high prevalence. Studies have suggested that the presence of neuropathy,
especially autonomic neuropathy, may compromise upper airway reflexes and control of the
pharyngeal muscle, predisposing the patients to obstructive events [54]. A small previous
study found that neuropathy was common in T1D patients with apnea [55]. PSG data

in 20 T1D patients revealed a significantly higher prevalence of OSA in those with cardio-
autonomic neuropathy than in T1D patients without this condition (67% vs 23%) [20].
These data support the role of neuropathy and an increased OSA risk in these patients.
Finally, as OSA is known to be associated with disturbed sleep duration and quality, the
presence of OSA may also be partly responsible for the findings on sleep duration and
quality in our analyses.

The present analyses found that the presence of OSA in adults, especially moderate to severe
OSA, may be associated with worse glycemic control, although the association did not reach
statistical significance. In addition, adults with optimal glycemic control had significantly
lower AHI than those with suboptimal glycemic control, and similar findings were reported
in child studies, although there were not enough to be pooled for meta-analysis [23,42].
Although the mechanism linking OSA to suboptimal glycemic control has not been explored
specifically in T1D patients, reduced insulin sensitivity may play a role as suggested by
studies that experimentally induced intermittent hypoxia in healthy volunteers [56,57]. Thus,
the presence of OSA, which is highly prevalent in T1D, may adversely affect glycemic
control in these patients. One study also found that the presence of OSA in T1D patients was
associated with cardiovascular disease and retinopathy [29], which resembles the findings in
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those with type 2 diabetes. There are currently no data exploring the effect of OSA treatment
on glycemic control or complications in patients with T1D.

The inclusion of common sleep disturbances and exploration of their relationship with
glycemic control in T1D population is the strength of this study. Additional data obtained
from authors, mostly unpublished, also contributed to the strength of our analyses. Still,

the primary limitation of these analyses is the small number of studies available, which
limited our statistical power and increased the likelihood of type 2 error. This underscores
the importance of more research on sleep in T1D patients. A second limitation is that almost
all studies were cross-sectional, precluding the assumption of causality. Indeed, impaired
sleep could affect glycemic control, but suboptimally controlled glucose levels could also
impair sleep. Third, some patients experienced hypoglycemia during the single-night PSG
recording, which could not be controlled for in our analyses [23]. Hypoglycemia has been
known to affect sleep architecture [58] and sleep efficiency [41]. However, the occurrence
of hypoglycemia is common in T1D, and therefore not excluding patients who experience
hypoglycemia is more reflective of real-world experiences. It is also important to note

that the magnitude of HbA1c differences in those with and without sleep disturbances is
relatively small, although it is comparable to some of the standard and advanced therapies
for T1D patients, such as carbohydrate counting [59], or the use of continuous subcutaneous
insulin infusion [60]. In addition, none of the studies specifically excluded participants with
anemia or certain hemoglobinopathies that could potentially affect HbAlc measurements.
Finally, summary data analysis does not allow adjustments for factors related to glycemic
control such as therapy adherence or assessments of hypoglycemia. Future studies should
include a larger number of participants and should use consistent multi-day, multi-informant,
and multi-methods to prospectively and longitudinally assess sleep.

5. Conclusion

In summary, the interactions between sleep and type 1 diabetes are complex and likely
bidirectional. Type 1 diabetes is associated with poor sleep quality and a high prevalence
of OSA. Sleep disturbances, including poor sleep quality, shorter sleep duration, and

OSA, are associated with suboptimal glycemic control. Whether sleep optimization will
improve glycemic control is a subject of future research. More research is clearly needed to
understand the relationship between sleep and glycemic control in type 1 diabetes patients.

Supplementary Material
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Appendix A
A. Light NREM sleep
Optimal GC ~ Suboptimal GC
Author Year WMD (95% CI) N, mean, (SD) N, mean, (SD)
Jauch Chara 2008 _‘—i— -6.27 (-12.29,-0.25) 5,31.3 (4.24) 9,37.6(7.25)
1
Borel 2010 —i"‘— -1.66 (-11.86, 8.54) 5, 62.5(9.35) 13,64.2(11.2)
Feupe 2013 —’_'_: -8.14 (-15.99, -0.29) 6,542 (8.4) 9,62.3 (6.2)
Manin 2014 '_]’_'_ -2.36 (-9.21,4.49)  16,28.6 (11.8) 34,31 (10.9)
Janovsky 2014 i_—’_ 2.31(-2.76,7.37)  4,33(3.84) 16,30.7(6.91)
Overall (°=427%,p=0137) <P -2.90 (-6.96,1.16) 36 81
i
NOTE: Weights are from random effectsian alysis
1
T T T T T
-6 -10 -5 0 5 10
Mean difference in percentages of sleep stages
B. Deep NREM sleep
5 Optimal GC  Suboptimal GC
Author Year WMD (95% CI) N, mean, (SD) N, mean, (SD)
i
I
Jauch Chara 2008 I—— 11.27(3.41,19.13) 5,20.8(6.98) 9,9.57 (7.55)
I
I
Borel 2010 —‘—i— -0.49 (-8.07,7.09) 5,13.8(7.52)  13,14.3 (6.87)
I
I
Feupe 2013 1:—‘— 7.86 (2.42,13.30) 6,23 (4.91) 9,152 (5.75)
I
I
Manin 2014 —'—i— -1.01 (-7.37,5.35) 16, 26 (10.3) 34,27 (11.5)
I
I
Janovsky 2014 -‘-i -1.20 (-4.36, 1.96) 4,9.65(1.77)  16,10.9 (5.39)
|
Overall (I>=73.1%, p = 0.005) <3> 2.95 (-1.98,7.88) 36 81
i
I
NOTE: Weights are from random effects a:nalysis
L S
-10-5 0 5101520
Mean difference in percentages of sleep stage
Fig. AL

Relationship between sleep stages and glycemic control in type 1 diabetes (T1D)

patients. (A) Mean difference of percentages of sleep time spent in light sleep between

participants with optimal (HbAlc <7%) and suboptimal (HbAlc =7%) glycemic control
(GC) (calculated by percentage of sleep time of participants with optimal GC minus those
with suboptimal GC). (B) Mean difference of percentages of sleep time spent in deep sleep
between those with optimal and suboptimal GCs. NREM, non-rapid eye movement; REM,

rapid eye movement.
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Author ~ Year

Questionnaire

WMD (95% CI)

Estrada adult 2012

0.18 (-1.88, 2.25)

-0.30 (-0.60, 0.00)

Bouhassira 2013 =
van Dijk 2011 —— 0.13 (-0.35, 0.62)
. |

Matejko 2014
Subtotal (I’=17.9%, p=0.301) <

PSG/Actigraphy/ Wireless sleep monitor
Janovsky 2014

Sleep duration >6 h Sleep duration <6 h

N, mean, (SD)

15,8.69 (1.21)
187,7.79 (1.19)
81,7.8(1.22)

-0.48 (-0.93,-0.02) 98, 7.06 (.838)
-0.24 (-0.47,-0.02) 381

0.02 (-1.86, 1.89)

Jauch Chara 2008

-1.26 (-3.65, 1.13)

Borel 2013 T -0.53 (-1.33,0.27)
Borel 2010 i 0.57 (-0.58, 1.72)
Feupe 2013 0.17 (-1.10, 1.44)
Manin 2014 by 0.49 (-0.39, 1.37)
Subtotal (I>=0.0%, p = 0.421) <> 0.03 (-0.43, 0.49)

11,851 (1.6)
12,7.54 (1.33)
69,7.84 (1.07)
13,7.91 (.868)
9,7.37 (1.49)
13,8.02 (1.5)
127

N, mean, (SD)

5,8.5(2.25)
93,8.09 (1.23)
18,7.67 (.877)
36,7.53 (1.29)
152

9,8.5 (2.48)
2,8.8(1.64)
9,838 (1.16)
5,7.34(12)
6,7.2 (1.01)
37,7.54 (1.02)
68

T T T
-4 -2 -50

T T

=] 2

Favor adequate sleep duration

B Author Year

Favor inadequate sleep duration

Mean difference in HbAlc

PSG/Actigraphy/Wireless sleep mo+itor

WMD (95% CI)

Optimal GC  Suboptimal GC

N, mean, (SD) N, mean, (SD) 7o Weight

Jauch Chara 2008 —— 13.28 (-25.45,52.01) 5,412(30.3) 9,398 (43.2) 1543
Borel 2010 ————*—| -83.52(-161.83,-5.21) 5,323 (80.2) 13,407 (63.5) 3.77
Feupe 2013 —p— 0.10 (-34.78, 34.98) 6,360 (39.6) 9,360 (22.3)  19.03
Borel 2013 == -0.37(-25.82,25.08) 18,423 (41.8) 61,423 (66)  35.73
Janovsky 2014 —— -51.66 (-131.32,28.00) 4,319 (77) 16,371 (52.3) 3.65
Manin 2014 —_— 1.00 (:31.15,33.15) 16,324 (49.9) 34,323 (62.1) 22.40
Subtotal (I2 = 20.7%, p = 0.278) <> -2.88 (-18.09, 12.34) 54 142 100.00
Questionnaire
Vandijk 2011 . 24.00 (-4.66,52.66) 23,450 (60) 76,426 (66)  20.87
Estrada adult 201 -40.00 (-188.16, 108.16) 3, 462 (119) 17,502 (130)  0.78
Bouhassira 2013 == 18.00 (-2.18,38.18)  51,432(60) 229,414(90) 42.11
Matejko 2014 — 13.80 (-7.95,35.55) 61,439 (63) 75,425 (66)  36.24
Subtotal (I = 0.0%, p = 0.828) < 17.28 (4.18,30.37) 138 397 100.00
T T T T T
-164 -80 -40 0 40 80

Mean difference in sleep duration (minutes)

Fig. A2.

Relationship between sleep duration and glycemic control (GC) in adults with type 1
diabetes (T1D). (A) Mean difference in HbAlc levels between participants with longer sleep
duration (>6 hours) and those with shorter sleep duration (<6 hours). (B) Mean difference

in sleep duration between participants with optimal (HbAlc <7%) and suboptimal (HbAlc
27%) GCs (calculated by sleep duration in minutes of those with optimal GC minus those
with suboptimal GC). PSG, polysomnography.
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Author Year

Age 6—13 years

Estrada 2012

Perfect 2014

Subtotal (I* = 0.0%, p = 0.955)

Age >13—17 years
Estrada 2012

|

—
HI
—

A

WMD (95% CI)

0.09 (-0.78, 0.96)
0.06 (-0.53, 0.65)
> 0.07 (-0.42, 0.55)

— -0.75 (-2.29, 0.79)

Perfect 2014

-1.40 (-3.57,0.77)

Page 14

Longer sleep  Shorter sleep
N, mean(SD) N, mean(SD)

28,839 (1.65) 7,83 (.83)
16,8.06 (79) 6,8 (.55)
44 13

34,925 (2.63) 16,10 (2.57)
18,9.26 (1.92) 6,10.7 (2.47)

Subtotal (I%=0.0%, p = 0.632) <>> -0.97 (-2.22,0.29) 52 22
Overall (I = 0.0%, p = 0.472) <> -0.07 (-0.52, 0.39) 96 35
NOTE: Weights are from random effects ana]I sis

T T T T T
-4 -2 -50 5 2

B Author vyear

Age 6-13 years

Estrada 2012

Perfect 2014

Subtotal (I*=0.0%, p = 0.988)

Age >13-17 years

Estrada 2012

Perfect 2014

Subtotal (I>=0.0%, p =0.593)

Heterogeneity between groups: p = 0.146

<:> 0.31 (-0.21, 0.83)

Overall (I = 0.0%, p = 0.494)

Mean difference in HbAlc

T
1
1
I
1
!
T

—

—_————

<>

————

WMD (95% CI)

0.01 (-0.88, 0.90)
0.00 (-0.99, 0.99)
0.01 (-0.65, 0.67)

0.68 (-0.28, 1.64)

— 1294 (.0.58, 3.06)

I
1
I
|
!

1

0.80 (-0.05, 1.65)

Optimal GC ~ Suboptimal GC
N, mean(SD) N, mean(SD)

10,9.77 (1.21) 25,9.76 (1.21)
5,9.53 (1.11) 17,9.53 (414)
15 42

15,8.78 (1.48) 35, 8.1 (1.8)
2,9.38 (1.24) 22,8.13 (1.45)
17 57

32 99

Fig. A3.
Relationship between sleep duration and glycemic control (GC) in children with type 1

diabetes (T1D). (A) Mean difference in HbAlc levels between participants with longer and
shorter sleep durations, calculated by HbA1c in those with longer sleep duration minus
that of those with shorter sleep duration. (B) Mean difference in sleep duration between
participants with optimal (HbAlc < 7.5-8%) and suboptimal (HbAlc = 7.5-8%) GCs.

T T

T T T T T

-1-50 51 2 3 4

Mean difference in sleep duration (h)
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A.
%
Author Year WMD (95% CI) Weight
PSG/actigraphy
Borel 2010 —T— 0.00 (-0.85, 0.85) 17.46
Borel 2013 = 0.01 (-0.50, 0.52) 47.78
I
Manin 2014 —/ 0.05 (-0.59, 0.69) 30.86
Janovsky 2014 -0.31 (-2.10, 1.48) 3.90
Subtotal (I =10.0%, p = 0.987) <> 0.01 (-0.35, 0.36) 100.00
Questionnaire
Van Dijk 2011 — -0.20 (-0.70, 0.30) 4.98
Bot 2013 == -0.17 (-0.29, -0.05) 91.40
Bachle 2015 — -0.60 (-1.18, -0.02) 3.62
Subtotal (I =1.3%, p=0.363) <> -0.19 (-0.30, -0.08) 100.00
| ] | |
2 -15 ) 0 1 2
Favor good sleep quality Favor poor sleep quality
Mean difference in HbA1C
B.
Optimal GC Suboptimal GC
Author Year WMD (95% CI) N, mean, (SD) N, mean, (SD)
PSG/actigraphy ‘
Jauch Chara 2008 == 0.20 (-1.99,2.39)  5,98.6 (2.07) 9,98.4(1.87)
Borel 2010 4& -9.18 (-22.69,4.33) 5,75.2(13.9) 13,84.4(10.8)
Borel 2013 | 0.11(-2.42,2.64) 18,86.7 (4.83) 61,86.5(4.77)
Janovsky 2014 i -9.71 (-26.11, 6.69) 4, 74.9 (16) 16, 84.6 (9.74)
Manin 2014 — -0.68 (-6.91,5.55)  16,73.9 (12.5) 34,74.6 (3.6)
Subtotal (I>=0.0%, p = 0.527) -0.11 (-1.69,1.47) 48 133
T T T T T T T T T T T
-26 -20-15-10 -5 0 5 10 15 20 26
Mean difference in sleep efficiency
Fig. A4.

Relationship between sleep quality and glycemic control (GC) in adults with type 1 diabetes
(T1D). (A) Mean difference in HbAlc levels between participants with good sleep quality
(sleep efficiency =85% as measured by polysomnography [PSG] or actigraphy, or per sleep
quality score cutoff according to the sleep questionnaire used) and those with poor sleep
quality. (B) Mean difference in sleep efficiency between participants with optimal (HbAlc
<7%) and suboptimal (HbAlc >7%) GCs.
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A. Author  Year

Objective sleep measurement

OSA Non-OSA
WMD (95% CI) N, mean, (SD) N, mean, (SD)

Borel 2010 = -0.06(-0.70,0.58) 15,7.74(.78) 13,7.8 (.92)
Schober 2011 —le 0.19(-090,128) 23,82(2.19) 39,8.01 (1.96)
Manin 2014 1o 0.53(0.10,1.16)  50,7.7(1.08) 17,7.17(1.16)
Janovsky 2014 ——s—+—  -0.55(-2.01,0.91) 8,68.08(99) 12,8.63(2.27)
Subtotal (I*=0.0%,p=0439) <>  0.17(:0.22,057) 9 81

T LI

1 05115

B. Author Year

Borel 2010

Schober 2011 —

Mean difference in HbAlc

T
|
|

-

|
'
'
|
T

'
|
|
h

Mod-severe OSA Non- USA
WMD (95% CI) N, mean (SD) N, mean (SD)

0.07 (-0.60,0.74) 14,7.87 (.864) 13,7.8 (.92)

M 0.91(-1.69,3.51) 7,8.92(3.41)  39,8.01(1.96)

Manin 2014 - 0.70(0.01, 1.39)  26,7.87(1.09) 17,7.17 (1.16)
Overall (> =0.0%, p = 0.409) ® 0.39 (-0.08, 0.87) 47 69

T ‘Il T T T

-1 051 2 4

Mean difference in HbAlc

WMD (95% CI) Optimal GC Suboptimal GC

C. N, mean, (SD) N, mean, (SD)
Adults
Borel 2010 -11.27 (-29.84,7.30) 5,23 (17.6) 13,34.3 (19.1)
Schober 2011 = -0.75 (-4.15,2.65)  22,5.95(5.8) 40,6.7 (7.69)
Manin 2014 —— -8.32(-15.79,-0.85) 22,9.77 (13.1) 45,18.1 (17.4)
Janovsky2014 — -2.96 (-5.41,-0.51) 4,2.1(1.57)  16,5.06 (3.9)
Subtotal (I =30.3%, p=0231) <) 2,95 (-5.69,-0.21) 33 114
NOTE: Weights are from random effects gnalysis

T T T T LI
-30-25 -10-5 00 58
Mean difference of AHI
Fig. A5.

Page 16

Relationship between obstructive sleep apnea (OSA) and glycemic control (GC) in patients
with type 1 diabetes (TID). (A) Mean difference in HbAlc levels between participants with
OSA and without OSA in adults (calculated by HbA1c in those with OSA minus those
without OSA). (B) Mean difference in HbAlc levels between those with moderate to severe
OSA (AHI =15) and those without OSA (AHI <5) in adults (calculated by HbAlc in those
with moderate to severe OSA minus those without OSA). (C) Mean difference in AHI
between those with optimal (HbAlc < 7%) and suboptimal (HbAlc = 7%) GCs (calculated
by AHI of those with optimal GC minus those with suboptimal GC).
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Funnel plots of the mean difference between patients with type 1 diabetes (T1D) and control

participants. (A) Sleep duration. (B) Sleep quality.
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Fig. A7.

Funnel plot with pseudo 95% confidence limits
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p>10%

Funnel and contour-enhanced funnel plots for mean differences between adult type 1
diabetes (T1D) patients with good and poor glycemic controls. (A) Sleep duration as
obtained by objective measurements. (B) Sleep quality by objective measurements.
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Qualitative review of additional studies and sleep variables not eligible for meta-analysis.

Study T1D/controls Population  Study Sleep Sleep
(n) design measur ement variables

Results

Barone et 18/9 Adult Matched Sleep diary, d Stages,
al. [35] case-control  actimeter, PSG duration,
(age, BMI) quality,
OSA

Blanz et 93/93 Children/ Unmatched  Interview as a Quality
al. [36] adolescents  case-control  part of

psychiatric

assessments

(sleep

disturbances)

Borel et T9/NA Adults Cross- Questionnaire OSA
al. [16] sectional evaluating OSA
risk

Sleep Med. Author manuscript; available in PMC 2022 October 12.

No differences in
percentage of sleep
stages in control vs
T1D participants:
REM sleep (21.5%
vs 19.9%, p=0.62)
or stage 3 (21.7%
vs 20.6%, p=0.76)
Mean sleep
duration from sleep
diaries and nightly
rest duration

as assessed by
actimeter were not
correlated with
mean glucose level
as assegsed by
CGM.” However,
in a subgroup of
patients with low
glycemia (mean
glucose <154
mg/dL) (n =

9), nightly rest
period negatively
correlated with
mean glycemia (r =
-0.89, p=0.03).
Sleep quality as
assessed by visual
analogue scale did
not correlate with
mean glycemia as
measured by CGM.
In a subgroup

of patients with
low glycemia, sleep
quality negatively
correlated with
mean glycemia.

No differences in
mean AHI (control
vs T1D patients,
2.9 vs 3.4). None of
the participants had
OSA. In T1D, there
was a correlation
between AHI and
mean glucose level
(r=-055p=
0.03), and arousal
index and mean
glucose level by
CGM (r=0.56, p=
0.03).

More T1D reported
sleep disturbances
than control
participants (2
test, 8.08, p< 0.01)

Mean HbAlc was
similar between
those who reported
snoring and those
who did not snore
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Study

T1D/controls

(n)

Population  Study Sleep
design measurement

Sleep
variables

Results

Caruso et
al. [37]

Donga et
al. [38]

Happe et
al. [39]

Janovsky
et al. [20]

49/36

7INA

46/50

20/22

Children/ Unmatched  Questionnaire

adolescents  case-control  (Sleep
Disturbance
Scale for
Children
[SDSC])

Adults Intervention  Experimental

study sleep restriction

Children/ Sibling Questionnaire
adolescents  study

Adults Matched psG?

case-control
(age, BMI)

Sleep Med. Author manuscript; available in PMC 2022 October 12.

Quality

Sleep
duration

Quality,
snoring,
restless
legs
syndrome

Stages,
duration,
OSA

(7.9% + 1.0% vs
7.9% +1.1%, p

=0.89) (personal
communication).

T1D had
significantly lower
sleep quality than
control participants
(higher SDSC
score). These
included the total
score (control vs
T1D 43.8vs63.1, p
< 0.001), disorders
of initiating and
maintaining sleep
(55.0 vs 68.5, p

< 0.001), disorders
of sleep-wake
transition (49.2 vs
57.1, p<0.005)
and disorders

of excessive
somnolence (48.5
vs 61.4, p<0.001).
No significant
differences in

the subscale

of disorders of
arousal, sleep
hyperhidrosis, and
sleep-disordered
breathing between
the two groups.

Sleep restriction
for one night

(4 h) resulted

in a significantly
decreased glucose
disposal rate during
hyperinsulinemic
euglycemic

clamp (reflecting
decreased insulin
sensitivity)
compared to a night
with normal sleep
duration (average
7.8 h).

No differences
between T1D and
control participants
in percentages
with restless

legs syndrome
symptoms (2.2%
vs 2.0%), sleep
initiation problem
(10.9% vs 4.0%),
sleep maintenance
problem (6.5% vs
4.0%), or snoring
(13.0% vs 14.0%)

No differences in
percentage of sleep
stages in control vs
T1D participants:
stage 1 (3.2% vs
4.5%), stage 2
(58.5% vs 57.8%),
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Study T1D/controls

Population  Study
(n) design

Sleep
measurement

Sleep
variables

Results

Jauch- 14/14
Chara et
al. [21]

Kilmek et
al. [30]

Low et al.

[11]

Adults Matched
case-control
(age, BMI,

sex)

Cross-
sectional,
population
based

16,667/1,845,591  All ages

83/245 Adults Matched
case-
control,
comparable

age and sex

psG©

Nationwide
claims data on
sleep disorders
diagnosis (G47)

Questionnaire
(eight sleep
questions from
Autonomic
Symptom Profile)

Sleep Med. Author manuscript; available in PMC 2022 October 12.

Stages,
duration

All sleep
disorders
in G47
diagnosis
code

Quality

stage 3 (21.6% vs
21.2%) (personal
communication).
Sleep duration was
similar between
control participants
vs T1D patients
without CAN vs
T1D without CAN
(416 vs 379 vs 359
min)

Mean AHI was
similar between
control participants
vs those with

T1D (3.7 vs 4.5).
40% of T1D vs
4.5% of control
participants had
OSA.T1D patients
with CAN had
significantly higher
AHlI than T1D
patients without
CAN (6.4 vs 3.2).

No differences in
percentage of sleep
stage 1 (controls
vs T1D patients
19.2% vs 14.2%, p
=0.34), slow-wave
sleep (controls vs
T1D patients 14.9%
vs 14.7%, p=
0.75). T1D patients
spent more time

in stage 2 than
control participants
(55.2% vs 47.2%,
p=0.01). During
the first half of the
night, there was a
trend toward less
time spent in slow-
wave sleep in T1D
patients than in
controls (21.3% vs
24.7%, p=0.09).
Sleep duration was
similar between the
two groups (404
min vs 395 min, p
=0.93)

Sleep disorders
were more
commonly
comorbid in T1D
patients (relative
risk = 1.9, 95% CI
=15-2.4).

T1D patients had
poorer sleep quality
than controls (mean
score = 0.27 vs
0.07; higher score
reflects poorer
sleep), but this

was not statistically
significant.
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Study T1D/controls Population
(n)

Study Sleep
design measurement

Sleep
variables

Results

Matykaet  15/15 Children/
al. [40] adolescents

Perfect et 50/40 Children/
al. [23] adolescents

Matched psG?

case-control
(age, sex)

Matched PSGd(4O

case-control  matched pays)

(age, BMI, Actigraphy
sex) (T1D cohort)

Sleep Med. Author manuscript; available in PMC 2022 October 12.

Stages,
quality

Stages,
duration,
quality,
OSA

No significant
differences in
percentage of sleep
stages between
controls and T1D
patients (stage 1:
4.3% vs 4.9%, p=
0.1; stage 2: 24.5%
Vs 22.7%, p=0.7;
stage 3: 51.4% vs
50.5%, p=0.8) or
REM sleep (17.8%
vs 15.7%, p=0.2).
Compared to
non-hypoglycemic
night, the
recordings during
hypoglycemia
revealed more time
spent in slow wave
sleep (60.4% vs
38.9%, p=0.04)
and less time in
REM sleep (11.5%
vs 15.2%, p=
0.04).

T1D spent more
time in short wake
(<2 min) and

long wake (>2
min) than controls
(median 0.8% vs
0%, and 1.2% vs
0%, respectively)

Compared to
controls, T1D spent
more time in stage
2 (57.2% vs 52.3%,
£ <0.01) and less
time in stage 3
(14.5% vs 18.9%,
p<0.05). More
time spent in stage
2 was associated
with higher HbAlc
values and mean
glucose levels by 5-
day CGM.

Sleep duration was
not related to
glucose control.
Sleep duration each
night was not
related to waking
glucose levels.

No differences in
sleep efficiency
between T1D and
control participants
(86.6% vs 85.9%).
Sleep efficiency
was not related to
glucose control.
OSA prevalence
and mean AHI
were similar in
T1D and control
participants (35%
Vs 28%, and

2.48 vs 2.20),

but central apnea
index was higher
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Study T1D/controls Population  Study Sleep Sleep

(n) design measurement variables

Results

Perfect 50/NA Children/ Cross- Questionnaire Quality

[22]

Pillar etal.  15/15 Children/ Matched PSG

[41]

adolescent  sectional (School Sleep
Habit Survey)

¢ Stages,

adolescents  case-control quality
(age, BMI)

Sleep Med. Author manuscript; available in PMC 2022 October 12.

in T1D patients
than in controls
(1.44 vs 0.33,
p<0.05). TID
patients with OSA
(AHI 21.5) had
significantly higher
glucose levels

by 5-day CGM
than those without
OSA. In addition,
those with optimal
glycemic control
(n=6) (HbAlc
<7.5%) had lower
AHI than those
with suboptimal
glycemic control
(n=34) (0.67
+0.49vs 2.79

+ 4.64) (personal
communication).

Sleep quality was
worse (as reflected
by a lower

score) in patients
with suboptimal
glycemic control
(HbA1c 27.5%)
than those with
optimal glycemic
control (7.8 £ 2.1,
n=42vs8.7*
1.3,n=7).In
addition, patients
with suboptimal
glycemic control
had more daytime
sleepiness (higher
score) than those
with optimal
glycemic control
(7.7£35,n=
42vs 5.2+ 1.7,
n=7) (personal
communication).

No differences in
percentage of sleep
stage 3 (control vs
T1D 25% vs 23%)
or REM sleep (20%
vs 20%).

However, when
analyzing only T1D
with hypoglycemia
during the
recordings, T1D
spent more time

in stage 3 than
controls (29% vs
25%, p< 0.05).

No differences in
sleep efficiency
between the

two groups.
However, when
analyzing only T1D
with hypoglycemia,
sleep efficiency
increased compared
to that in controls
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Study

T1D/controls
(n)

Population

Study
design

measurement

Sleep
variables

Results

Sivertsen
etal. [12]

Sturrock
and
Moriarty
[31]

van Dijk
etal. [17]

Varni et al.
[33]

Villaetal.
[42]

40/9843 Adults

300/143 Adults

99/99 Adults

83/157 Children/

adolescents

25/20 Children/
adolescents

Unmatched
case-control

Unmatched
case-control

Matched
case-control
(age, BMI,
sex)

Unmatched
case-control

Matched
case-control

(age)

Questionnaire

Questionnaire
(Nottingham
Health Profile,
sleep, NHP
category)

Questionnaires
(OSA risk)

Questionnaire
(PedsQL
Multidimensional
Fatigue Scale)

PSG

Sleep Med. Author manuscript; available in PMC 2022 October 12.

Quality,
OSA

Quality

OSA

Sleep
quality

OSA

(95% vs 92%, p<
0.05)

No differences in
sleep efficiency (as
calculated from
self-reported sleep
timing and sleep
latency) between
control and T1D
participants (85%
Vs 87%, p=0.57)
No differences

in frequency of
snoring and report
of sleepiness

at least three
times/wk between
control and T1D
participants (4.1%
Vs 6.9%, p=0.16)

T1D patients

had worse sleep
quality than control
participants as
reflected by a
higher NHP sleep
score (12.2vs 9.3,
p<0.01)

More T1D patients
were at high risk
for OSA compared
to controls (17.2%
vs 5.1%, p=0.01).
No association
between OSA risk
and suboptimal
glycemic control
(HbA1c 27.5%),
OR =0.50 (0.15-
1.59), p=0.24.

T1D had
significantly worse
sleep/rest fatigue
score (as reflected
by lower score)
than control
participants (69.3
vs 77.4, p< 0.05).

Apnea index was
higher in T1D than
control participants
(2.62vs1.40, p
=0.006). Central
apnea index was
higher in T1D with
HbAlc =8% than
control participants
(2.54vs 0.78, p<
0.0001), and tended
to be higher in
T1D patients with
HbAlc <8% than in
control participants
(1.34vs 0.78, p=
0.07).

T1D patients

with optimal
glycemic control
(n=12) (HbAlc



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Reutrakul et al.

Page 25

Study

T1D/controls
(n)

Population  Study

design

Sleep

measurement

Sleep
variables

Results

Yeshayahu
and
Mahmud
[32]

75/54 Children/
adolescent

Unmatched
case-control

Questionnaire

Duration

<7.9%) had

a nonsignificant
lower apnea

index than those
with suboptimal
glycemic control (n
=11) (2.03+1.78
vs 3.28 + 1.64)

and a significantly
lower central apnea
index (1.34 +1.29
vs 2.54vs 1.27, p=
0.03).

Mean sleep
duration during
weekdays was
longer in T1D

than in control
participants (8.4
vs8.0h, p=

0.01), and both
groups had longer
sleep durations

on weekends (an
increase by 1.8 and
2.2hinT1D and
control participants,
respectively).
Mean sleep times
or wake times in
T1D patients did
not differ based on
HbA1c levels.

Abbreviations. AHI, apnea—hypopnea index; BMI, body mass index; CAN, cardiac autonomic neuropathy; CGM,
continuous glucose monitor; OR, odds ratio; OSA, obstructive sleep apnea; PSG, polysomnography; REM, rapid eye
movement; T1D, type 1 diabetes.

a . .
Recordings performed without glucose measurements.

b . . . .
Recordings performed with continuous glucose monitor.

cRecordings performed under non-hypoglycemic conditions.

dRecordings performed with glucose measurements. Some participants had hypoglycemia.
Table A2

Small-study effects in the relationship between sleep characteristics and glycemic control.

Sleep Analysis Sleep measures No. of Type of Egger test
variables studies subjects
Sleep stages  MD in percentage of PSG, wireless 5 Adults Bp=-2.45,SE=2.70, p
sleep stages between sleep monitor =0.432
optimal and suboptimal p=272,SE=233,p
glycemic controls =0.328
Sleep MD in HbA1c between PSG, wireless 6 Adults p=0.53,SE=059, p
duration longer and shorter sleep sleep monitor or =0.392
durations actigraphy
Questionnaire 4 Adults Bp=0.74,SE=142,p
=0.655
Questionnaire 3 Adolescents/ p=-3.22,SE=5.33,p
children =0.654
MD in sleep duration PSG, wireless 6 Adults p=-232,SE=0.83,p
between optimal and sleep monitor or =0.048
suboptimal glycemic actigraphy

Sleep Med. Author manuscript; available in PMC 2022 October 12.

control
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Sleep Analysis Sleep measures No. of Type of Egger test
variables studies subjects
Questionnaire 4 Adults p=-0.70,SE=0.57, p
=0.348
Questionnaire 4 Adolescents/ B=11.674,SE =
children 4.605, p=0.239
Sleep MD in HbA1c levels PSG or 4 Adults p=-043,SE=0.19,p
quality between good and poor actigraphy =0.149
sleep quality . .
Questionnaire 3 Adults B =-1.03, SE = 0.864,
p=0.445
MD in sleep quality PSG or 5 Adults p=-1.28,SE=0.27,p
between optimal and actigraphy =0.018
suboptimal glycemic
controls
OSA MD in HbA1lc levels PSG or oximetry 4 Adults p=-1.38, SE=1.56, p
between OSA and non- =0.468
OSA
MD in HbA1lc levels PSG 3 Adults p=0.59,SE=175p
between moderate-severe =0.791
OSA and non-OSA
MD in AHI between PSG 4 Adults p=-1.32,SE=1.03,p
optimal and suboptimal =0.330

glycemic controls

Abbreviations. AHI, apnea—hypopnea index; MD, mean difference; OSA, obstructive sleep apnea; PSG, polysomnography.
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Sleep characteristics and T1D
Duration
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- Questionnaires: adults (3)
Quality

- Objective: adults (3)

- Questionnaires: adults (5)

Fig. 1.

Sleep characteristics and glycemic control

Stages: adults (5)
Duration

- Objective: adults (6)

- Questionnaires: adults (4),

children/adolescents (3)

Quality

- Objective: adults (5)

- Questionnaires: adults (3)
Obstructive sleep apnea

- Objective: adults (4)

Flow chart of study selection. Poolings were performed when there were three or more

studies in the same category.

Sleep Med. Author manuscript; available in PMC 2022 October 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Reutrakul et al. Page 31

A. Adults
Type 1 Diabetes  Controls .
0, 0,
Author Year WMD (95% CI) N, mean (SD) N, mean (SD) %Weight
Van Dijk 2011 T 6.00(-1071,22.71) 99,432(60) 99,426 (60)  66.41
Barone 2015 — -25.00 (-62.57, 12.57) 18,431 (54) 9,456 (43) 13.14
Sivertsen 2015 T T -7.00(-37.12,23.12) 40,378 (97) 9843,385(99) 20.45
Overall (I’ =16.4%, p = 0.302)<> -0.73 (-14.35,12.89) 157 9951 100.00
T T T i : T T
-60 -45 30 -15 0 15 30
Mean difference in sleep duration (minute)
B. Adolescents/children
Auithior Yeaar WMD (95% CI) Type 1 diabetes  Controls
N, mean (SD) N, mean (SD)
Matyka 2000 5 -26.00 (-35.25,-16.75) 15,527 (15.1) 15,553 (10.3)
Pillar 2003 —°~— -48.00 (-93.96, -2.04) 15,324 (85) 15,372 (32)
Perfect 2012 ;‘ T -20.42 (-60.66, 19.82) 40, 442 (106) 40, 463 (74.4)
Overall (I’=0.0%, p =0.625) @ -26.55 (-35.39, -17.70) 70 70
NOTE: Weights are from random effects analysis

T T T
-60 -30 0 1530

Mean difference in sleep duration (minutes)

Fig. 2.
Mean difference in sleep duration between patients with type 1 diabetes (T1D) and controls

(calculated by sleep duration in minutes of T1D patients minus that of controls). (A) Adults
by questionnaire. (B) Adolescents/children by polysomnography.
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A.PSG
Type 1 diabetes Control
Author  Year WMD (95%CI) N, mean (SD) N, mean (SD)
Adult ‘
Jauch Chara 2008 —— 0.70 (-1.56,2.96)  14,98.5 (1.87) 14,97.8 (3.88)
Janovsky 2014 — -2.31(-8.68,4.06) 20,82.7(11.4) 22,85(9.4)
Barone 2015 — 290 (-2.51,8.31) 18,90.1 (6.7) 9,87.2(6.8)
Subtotal (I-squared = 0.0%, p = 0.474) <:> 0.70 (-1.28,2.68) 52 45
NOTE: Weights are from random effects analysis
T T T T
-8 -4 0 4 8
Mean difference in sleep efficiency
B. Questionnaire
Author Year SMD (95% CI)  Type 1 diabetes Control

N, mean (SD) N, mean (SD)

Mandl 2008 —— 6.51(5.80,7.21) 31,2.74 (44) 200,.75 (28)
Van Dijk 2011 T 0.20 (-0.08, 0.48) 99,4.6 (2.98) 99,4 (2.98)
Palladino 2013 - 0.00 (-0.25,0.25) 117,2.71 (27) 122,2.71 (26)
Overall (I-squared = 99.3%, p = 0.000) 0.51(0.33,0.70) 419 669

T T L
505 2 5 7
Standardized mean difference

C. Questionnaire

OR (95% CI) Type 1 Diabetes Type 1 Diabetes

Author  Year Good sleep Poor sleep

VanDijk 2011 T 0.43 (0.23,0.83) 64/144 35/54

Olsson 2012 0.77 (0.55, 1.10) 89/35875 49/15313
i

Sivertsen 2014 2.04 (0.73,5.75) 36/8058 4/1825

q
Overall (I = 68.6%, p = 0.041) </> 0.79 (0.41,1.52) 189/44077 88/17192

o,
@

NOTE: Weights are from random effects any

T T T T
15 3 ] 1 15

0dds Ratio (OR)

Fig. 3.
Comparisons of sleep quality between patients with type 1 diabetes (T1D) and controls. (A)

Mean difference in sleep efficiency by polysomnography (PSG) (sleep efficiency of T1D
patients minus that of controls). (B) Standardized mean difference in sleep quality score by
questionnaire with higher score reflecting worse quality (T1D patient score minus that of
controls). (C) Association between T1D and good sleep quality.
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