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Abstract
Aims/hypothesis Suboptimal subjective sleep quality is very common in adults with type 1 diabetes. Reducing glycaemic
variability is a key objective in this population. To date, no prior studies have examined the associations between objectively
measured sleep quality and overnight glycaemic variability in adults with type 1 diabetes. We aimed to test the hypothesis that
poor sleep quality would be associated with greater overnight glycaemic variability.
Methods Data were collected in the home setting from 20 adults (ten male and ten female participants) with type 1 diabetes who
were current insulin pump users. Simultaneous assessments of objective sleep quality (Zmachine Insight+) and continuous
glucose monitoring (CGM) were performed over multiple nights (up to 15 nights) in each participant. Due to the real-life nature
of this study, the participants kept their usual CGM alerts for out-of-range glucose values. Sleep quality was categorised as ‘good’
or ‘poor’ using a composite of objective sleep features (i.e. sleep efficiency, wake after sleep onset and number of awakenings)
based on the National Sleep Foundation’s consensus criteria. Glycaemic variability was quantified using SD and CV of overnight
glucose values based on overnight CGM profiles.
Results A total of 170 nights were analysed. Overall, 86 (51%) nights were categorised as good sleep quality, and 84 (49%)
nights were categorised as poor sleep quality. Using linear mixed-effects models, poor sleep quality was significantly associated
with greater glycaemic variability as quantified by SD (coefficient: 0.39 [95% CI 0.10, 0.67], p = 0.009) and CV (coefficient:
4.35 [95% CI 0.8, 7.9], p = 0.02) of overnight glucose values, after accounting for age, sex, BMI and overnight insulin dose.
There was large inter- and intra-individual variability in sleep and glycaemic characteristics. Both pooled and individual-level
data revealed that the nights with poor sleep quality had larger SDs and CVs, and, conversely, the nights with good sleep quality
had smaller SDs and CVs. No associations were found between sleep quality and time spent in the target glucose range, or above
or below the target glucose range, where CGM alarms are most likely to occur.
Conclusions/interpretation Objectivelymeasured sleep quality is associatedwith overnight glycaemic variability in adults with type 1
diabetes. These findings highlight an important role of sleep quality in overnight glycaemic control in type 1 diabetes. They also
provide a strong incentive to both patients and healthcare providers for considering sleep quality in personalised type 1 diabetes
glycaemic management plans. Future studies should investigate the mechanisms linking sleep quality to glycaemic variability.
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Introduction

In type 1 diabetes, multiple factors need to be considered in
achieving goals for optimal blood glucose control. One of
these factors that has been increasingly acknowledged is
sleep. Over the past two decades, substantial evidence has
accumulated highlighting the importance of sleep in glucose
regulation [1]. Only recently has the American Diabetes
Association’s Standards of Medical Care recommended
assessment of sleep patterns as part of comprehensive medical
evaluation [2].

Sleep quality is a well-recognised predictor of health and is
multidimensional in nature [3]. Sleep quality can be measured
by self-ratings of ‘good’ or ‘poor’ sleep, which signify
‘subjective sleep quality’, or by sleep monitors (e.g.
actigraphy or polysomnography), which signify ‘objective
sleep quality’. Although self-reported sleep measures are
frequently used, they are prone to over- or underestimation
of sleep as compared with objective assessments [4]. Among
people with type 1 diabetes, suboptimal subjective sleep qual-
ity is very common [1, 5]. Both biological and psychosocial
factors can affect sleep quality in this patient population. In
turn, poor sleep quality can negatively impact glucose metab-
olism, as evidenced by experimental disruptions of sleep qual-
ity in healthy individuals [6, 7].

Glycaemic variability, i.e. fluctuations of glucose over a
given time interval, is a fundamental component of glycaemic

control [8, 9]. Particularly in people with type 1 diabetes,
reducing glycaemic variability is a key objective in glycaemic
management [10]. To date, no prior studies have examined the
associations between objectively measured sleep quality and
overnight glycaemic variability in adults with type 1 diabetes.
We hypothesised that poor sleep quality would be associated
with greater overnight glycaemic variability in type 1 diabetes.
To test this hypothesis, we analysed data collected in the home
setting over multiple nights (up to 15 nights), using objective
sleep assessments and continuous glucosemonitoring (CGM),
in adults with type 1 diabetes.

Methods

Participants Data were collected as part of two clinical
research studies of adults with type 1 diabetes conducted at
the University of Illinois at Chicago and Illinois Institute of
Technology. Both studies were observational with a single
group and non-randomised design, and data were collected
during sleep or other activities of daily living. The study proto-
cols were approved by the Institutional Review Boards and
participants gave informed consent. Eligible participants were
adults between the ages of 18 and 60 years, who were diag-
nosed with type 1 diabetes (physician diagnosis with at least
1 year of disease duration) and who were current insulin pump
users. Participants were not screened for any sleep disorders.

2160 Diabetologia (2021) 64:2159–2169



Participants were excluded if they had history of significant
cardiovascular disease, nephropathy, severe retinopathy,
severe neuropathy, or significant musculoskeletal or other
systemic chronic disease. Participants were also excluded if
they had had any episodes of severe hypoglycaemia (i.e.
episode requiring assistance from another person to treat
and/or hospitalisation) or diabetic ketoacidosis in the last
month before study enrolment. All participants from both
studies who had completed simultaneous at home sleep
recordings and CGM were included.

Home sleep assessments and CGMAll participants were asked
to wear a CGM device and a sleep monitor simultaneously at
home while following their habitual bedtime and daily routines.
Each participant wore the same set of devices throughout the
study. In the first study protocol, participants were asked to
wear both monitors over a 2 week period, i.e. a total of 14
nights. In the second study protocol, participants were asked
to wear both monitors only during the week nights three times
over a 2 month period, i.e. a total of 15 nights. Due to the real-
life nature of this study, the participants kept their usual CGM
alerts for out-of-range glucose values. The CGMdevice models
were DexcomG4, DexcomG5 and DexcomG6 (Dexcom, San
Diego, CA, USA). All CGM devices measured glucose levels
every 5 min. The sleep monitor (Zmachine Insight+; General
Sleep, Cleveland, OH, USA) was a single-channel, EEG-based
objective sleep measurement system for in-home use. The EEG
electrodes were worn on eachmastoid. Sleep–wake stages were
determined by an algorithm every 30 s using frequency and
time domain EEG features, which has been validated against
the gold standard polysomnography [11]. The computed sleep
metrics include total sleep time, sleep efficiency, sleep latency,
wake after sleep onset (WASO) and sleep stages, i.e. light non-
rapid eye movement (NREM), deep NREM and rapid eye
movement (REM) sleep.

Sleep qualityWe used a composite of objective sleep features
based on the National Sleep Foundation’s consensus recom-
mendations for sleep quality assessment [3]. Sleep quality was
categorised as ‘poor’ if at least two of the following three
criteria were met: (1) sleep efficiency <85%; or (2) WASO
>40 min; or (3) number of awakenings >4; otherwise, sleep
quality was categorised as ‘good’. Sleep efficiency was
defined as the percentage of time spent asleep during time in
bed. WASO was defined as the time in minutes spent awake
after sleep onset and before the final awakening. Number of
awakenings was defined as the number of awake periods
>5 min after sleep onset. Additionally, we used the time in
minutes spent in light NREM, deep NREM and REM sleep
stages as indicators of sleep architecture [3].

Overnight glycaemic variability metrics Overnight CGM
profiles were constructed by extracting the glucose values during

the bedtime interval as recorded by the Zmachine Insight+.
Overnight glycaemic variability was quantified by computing
the SD and CV of overnight glucose values for each night in
each participant. CV was calculated as (SD/mean) × 100%.
While there are several metrics of glycaemic variability, we
selected the SD and CV because they are traditional measures
of short-term excursions in glucose concentrations and they show
high correlations with other glycaemic metrics [8, 9]. Also, the
CV is a clinical care metric that normalises for differences in
mean glucose level [10]. Additionally, we have assessed over-
night glucose dynamics using other standardised CGM metrics
for clinical care [10]. The percentage of time spent with glucose
between 3.9 and 10 mmol/l, i.e. time in the target range; the
percentage of time spent with glucose >10 mmol/l, i.e. time
above the target range; and the percentage of time spent with
glucose <3.9mmol/l, i.e. time below the target range, were calcu-
lated during each night in each participant.

Statistical analysis Linear mixed-effects models were developed
using MATLAB 2016a software (MathWorks, Natick, MA,
USA) to examine the relationships between metrics of sleep
quality and overnight glycaemic variability. This type of model
accounts for correlations between multiple observations per
participant [12]. The response variables were SD of overnight
glucose; CV of overnight glucose; and the percentage of time
spent in, above and below the target glucose range. In the
models, sleep quality (categorical variable; ‘poor’ vs ‘good’);
minutes spent in light NREM, deep NREM and REM sleep;
age; sex; BMI; and overnight insulin dose were considered as
fixed effects, while the participants were considered as a random
effect. The covariates, i.e. age, sex, BMI and total overnight
insulin dose, were selected based on their known influence on
both sleep and glycaemic variables [13–15]. Model variables
with p values <0.05 were considered statistically significant.

All available data from each participant with simultaneous
recordings by CGM and Zmachine Insight+ were considered
for inclusion in the analysis. To ensure adequate data quality,
we applied set criteria to the entire dataset prior to analysis.
Nights were excluded from the analysis if any of the following
criteria were met: (1) invalid recording due to a technical failure
of Zmachine Insight+; (2) total recording time of less than 4 h;
(3) total sleep time of less than 2 h; (4) overnight CGM profiles
with more than 30min of missing data. Based on these criteria, a
total of 48 nights (22%) were excluded from a total of 218 nights
that were recorded. This resulted in a total of 170 nights (78%)
from a total of 20 participants being included in the final analysis
(electronic supplementary material [ESM] Table 1).

Results

Participant characteristics Participants were ten male and ten
female individuals (Table 1). The age range was between 18
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and 57 years. Among all participants, ten had a BMI in the
normal range, five were overweight and another five were
obese. The HbA1c values ranged from 40 mmol/mol (5.8%)
to 68 mmol/mol (8.4%), with 16 out of 20 participants having
an HbA1c < 53 mmol/mol (7%).

Sleep and overnight glycaemic characteristics Overall, 86
(51%) nights were categorised as good sleep quality, and 84
(49%) nights were categorised as poor sleep quality (Table 2).
Out of a total of 170 nights, 112 (66%) met at least one out of
three criteria, 84 (49%) met at least two out of three criteria
and 51 (30%) met three out of three criteria for poor sleep
quality. Sleep characteristics showed large differences
between individuals and marked intra-individual variability
(Table 2). Considering all nights, on average, the sleep effi-
ciency was ~79% (ranging from 43% to 98%), WASO was
~73 min (ranging from 7 to 324 min) and number of awaken-
ings was ~3 (ranging from 0 to 18). On average, the partici-
pants slept 6.0 ± 1.6 h, with 203.1 ± 58.7 min spent in light
NREM sleep, 70.0 ± 37.8 min spent in deep NREM sleep and
85.0 ± 42.7 min spent in REM sleep.

Similar to sleep characteristics, there was substantial inter-
and intra-individual variability in overnight glycaemic charac-
teristics (Table 3). Considering all nights, on average, the
mean overnight glucose level was ~7.9 mmol/l (ranging from
3.3 to 17.1 mmol/l), SD of overnight glucose was ~1.4 mmol/l
(ranging from 0.11 to 5.3 mmol/l) and CV of overnight
glucose was ~19% (ranging from 2% to 62%). Overall, the
time spent in the target glucose range was ~68%, the time
spent above the target glucose range was ~25% and the time
spent below the target glucose range was only ~7%.

Associations between sleep quality and glycaemic variability
Poor sleep quality was significantly associated with greater
glycaemic variability as quantified by the SD (coefficient:
0.39 [95% CI 0.10, 0.67], p = 0.009) and CV of overnight
glucose values (coefficient: 4.35 [95% CI 0.8, 7.9], p = 0.02)
after accounting for age, sex, BMI and overnight insulin dose
(Table 4). Both the pooled sample (Figs 1a, 2a) and
individual-level (Figs 1b, 2b) data revealed that the nights
with poor sleep quality had larger SDs and CVs, and,
conversely, the nights with good sleep quality had smaller
SDs and CVs.We did not find statistically significant relation-
ships between sleep duration or minutes spent in light NREM,
deep NREM or REM sleep and glycaemic variability metrics,
after accounting for age, sex, BMI and overnight insulin dose
(ESM Tables 2, 3). The sleep efficiency and WASO were
significantly associated with the CV and SD of overnight
glucose values after accounting for age, sex, BMI and over-
night insulin dose (ESM Table 4). There were no significant
associations between sleep quality and percentage of time
spent above, below or in the target glucose range after
accounting for age, sex, BMI and overnight insulin dose
(Table 4). There were no significant associations between
WASO or number of awakenings and the time spent above
or below the target glucose range (ESM Table 5). The
numbers of nights with any time spent above and/or below
the target glucose range were similar between good and poor
sleep quality nights. Out of a total of 170 nights that were
analysed, a total of 50 nights showed time spent below the
target glucose range. Of those 50 nights, 24 were categorised
as good sleep quality and 26 were categorised as poor sleep
quality. Additionally, a total of 92 out of 170 nights showed
time spent above the target glucose range. Of those 92 nights,
43 were categorised as good sleep quality and 49 were
categorised as poor sleep quality (ESM Tables 6, 7).

Discussion

We have demonstrated that in adults with type 1 diabetes,
objectively assessed sleep quality is significantly associated
with overnight glycaemic variability, after controlling for age,
sex, BMI and insulin use. Overall, the nights with poor sleep
quality had larger overnight glycaemic variability, and
conversely the nights with good sleep quality had smaller
overnight glycaemic variability, after accounting for tradition-
al factors that are known to influence both sleep and blood
glucose levels. These findings highlight an important role of
sleep quality in overnight glycaemic control in type 1 diabetes.
Moreover, they provide a strong incentive to both patients and
healthcare providers to consider sleep quality to guide treat-
ment decisions in type 1 diabetes.

To our knowledge, this is the first study to investigate the
relationships between objective sleep quality and overnight

Table 1 Participant characteristics

Characteristic All participants (n=20)

Age, years 30.0±10.4

Male, n (%) 10 (50)

BMI, kg/m2 28.0±6.9

Ethnicity, n (%)

African-American 3 (15)

Asian 0 (0)

White 16 (80)

Hispanic 1 (5)

Systolic BP, mmHga 120±10.5

Diastolic BP, mmHga 75±8.0

HbA1c, mmol/mol 48.1±7.8

HbA1c, % 6.6±0.7

Duration of diabetes, years 15.7±10.4

Data are presented as mean ± SD unless otherwise specified
a Data available in n = 16 participants
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glycaemic variability by CGM in adults with type 1 diabetes.
Our findings are in agreement with a few studies that found
higher overnight glycaemic variability in adults with type 1
diabetes who reported poor sleep quality based on surveys
[16, 17]. In a meta-analysis of adults with type 1 diabetes,
some but not all studies found an association between sleep
quality and overall glycaemic control as assessed by HbA1c

[5]. Adults with optimal sleep quality scores had significantly
lower HbA1c based on subjective sleep measures, but not
when sleep was objectively assessed [5]. In a recent study of
adults with type 1 diabetes, better subjective sleep quality was
associated with improved daily blood glucose values [18].

Our finding of greater glycaemic variability with poor sleep
quality may have important clinical implications for diabetes-
related complications [8, 19, 20] as well as self-management
and adherence behaviours [21]. It has been postulated that
insufficient sleep impairs self-care behaviours through impair-
ments of cognitive function and the decision-making process
[22]. In support of this concept, a recent study of adults with
type 1 diabetes has suggested that self-regulation failure could
be an underlying mechanism linking sleep quality to diabetes

outcomes [18]. Our study was not designed to investigate the
underlying mechanisms (or mediators) of this association,
which are likely to be multiple. Nevertheless, physiological
evidence from experimental manipulations of sleep in healthy
individuals supports the notion that disruptions in sleep qual-
ity can be detrimental to glucose metabolism [6, 7].

Remarkably, at the individual level, the night-to-night vari-
ability in sleep quality was associated with the degree of over-
night glycaemic variability in our participants. More specifi-
cally, on the nights when a participant had poor sleep quality,
the SDs of overnight glucose values were larger, relative to the
SDs on the nights with good sleep quality. Similarly, the
nights with poor sleep quality were associated with larger
CVs of overnight glucose values, indicating that accounting
for mean glucose values produced similar results. In fact,
nightly variations in sleep patterns are common in the general
population, and this intra-individual variability in sleep
patterns has been associated with important physical and
mental health outcomes [23]. Consistent with our findings,
one prior study reported marked night-to-night intra-
individual variability in sleep and glycaemic metrics, but the

Table 2 Sleep characteristics in individual participants

Participant Number of nights Total sleep time (h) Sleep efficiency (%) WASO (min) Number of awakeningsb

Total Good sleep qualitya Poor sleep qualitya

1 12 8 4 5.9 ± 1.2 85.1 ± 7.4 50.7 ± 26.2 2.5 ± 1.5

2 13 11 2 7.4 ± 1.3 90.8 ± 3.6 34.0 ± 14.5 1 ± 1

3 15 13 2 6.5 ± 0.6 89.3 ± 2.8 35.0 ± 9.1 0.7 ± 0.8

4 13 8 5 7.4 ± 0.5 82.2 ± 5.4 53.7 ± 18.6 1.6 ± 1.3

5 3 3 0 7.6 ± 1.8 84.7 ± 4.1 29.7 ± 5.5 0.5 ± 0.5

6 10 3 7 6.0 ± 1.4 76.9 ± 11.1 73.8 ± 37.4 2.6 ± 1.5

7 12 6 6 5.2 ± 2.0 68.8 ± 27.6 130.3 ± 119.1 4.6 ± 5.4

8 10 5 5 5.9 ± 1.9 76.8 ± 22.1 98.2 ± 96.3 4.8 ± 6.0

9 9 0 9 5.4 ± 0.6 66.5 ± 5.6 124.4 ± 37.6 6.7 ± 2.5

10 5 0 5 5.1 ± 2.3 60.1 ± 19.8 171.6 ± 85.8 9.4 ± 5.2

11 4 2 2 6.4 ± 1.0 83.9 ± 3.5 57.3 ± 13.2 1.5 ± 1

12 7 5 2 6.8 ± 0.8 88.3 ± 17.4 44.8 ± 35.9 1.6 ± 2.3

13 9 6 3 5.5 ± 1.3 91.3 ± 6.9 29.0 ± 24.2 1.3 ± 1.8

14 14 0 14 3.5 ± 1.0 49.1 ± 17.6 121.1 ± 38.1 5.5 ± 2.3

15 6 3 3 7.2 ± 0.6 84.2 ± 3.1 66.6 ± 18.1 3.3 ± 1.0

16 10 1 9 5.5 ± 1.6 75.7 ± 8.4 90.2 ± 39.6 4.2 ± 1.9

17 3 0 3 4.3 ± 1.1 64.6 ± 12.0 111.2 ± 37.1 6.3 ± 1.5

18 4 4 0 6.4 ± 1.6 89.4 ± 1.7 31.0 ± 15.2 0.75 ± 1

19 7 6 1 6.5 ± 1.6 87.8 ± 5.3 34.4 ± 10.6 1.4 ± 1.6

20 4 2 2 5.4 ± 1.4 81.7 ± 6.1 58.6 ± 20.1 3.2 ± 2.2

Overall 170 86 84 6.0 ± 1.6 78.5 ± 16.4 72.6 ± 60.0 3.1 ± 3.3

Data are presented as mean ± SD unless otherwise specified
a Sleep quality was categorised as ‘poor’ if at least two of three criteria were met, i.e. sleep efficiency <85% orWASO>40 min or number of awakenings
>4, based on the National Sleep Foundation’s consensus recommendations for sleep quality assessment
b Number of awakenings was defined as the number of awake periods >5 min after sleep onset
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role of sleep quality itself in glycaemic variability was not
assessed [24]. The authors reported that a higher amount of
deep sleep was associated with lower HbA1c levels and less
time spent in hypoglycaemia [24]. In our study, there were no
significant relationships between time spent in specific sleep
stages and overnight glycaemic variability, after controlling
for confounding effects of age, sex, BMI and insulin use.
We did not find a significant association between sleep quality
and percentage of time spent in the target glucose range. One
potential explanation for this latter finding could be that 80%
of our participants had overall good glycaemic control, with
HbA1c values <53 mmol/mol (7%).

A major strength of our study is that we performed simul-
taneous assessments of objective sleep quality and glycaemic
variability by CGM.Glycaemic variability has a central role in
determining treatment success in type 1 diabetes [10].
Moreover, we collected, for the first time, objective sleep data
over multiple nights in adults with type 1 diabetes in the home
setting, allowing us to assess intra-individual variability in

sleep quality and its impact on glycaemic variability in real-
life conditions. Importantly, our statistical models accounted
for potential confounding effects of age, sex, BMI and over-
night insulin use, all of which are known to influence both
sleep and glycaemic metrics.

Our study also has some limitations. We studied a small
number of adults with type 1 diabetes with relatively well-
controlled disease; thus results may not be generalisable to
more diverse patient populations such as those with multiple
comorbidities and poor glycaemic control. Likewise, our find-
ings cannot be directly translated into children and adolescents
with type 1 diabetes because both sleep and glycaemic
patterns in these populations are considered to be quite differ-
ent from adults [25, 26]. We did not perform formal assess-
ments of sleep disorders (e.g. obstructive sleep apnoea, insom-
nia), and thus potential confounding from undiagnosed sleep
disorders is also possible. Obstructive sleep apnoea is a
common comorbidity of type 1 diabetes [5]. A few reports
have suggested higher glycaemic variability in non-diabetic

Table 3 Overnight glycaemic characteristics in individual participants

Participant Number of nights Mean glucose (mmol/l) SD (mmol/l)a CV (%)b Time in target
range (%)c

Time above
target range (%)d

Time below
target range (%)e

1 12 7.42 ± 1.90 1.24 ± 0.56 18.2 ± 9.6 85.4 ± 30.4 13.3 ± 30.5 1.3 ± 4.6

2 13 9.85 ± 2.67 1.55 ± 0.72 16.6 ± 7.1 55.3 ± 37.5 43.9 ± 38.5 0.8 ± 2.2

3 15 4.50 ± 0.55 0.37 ± 0.19 8.2 ± 4.1 85.7 ± 22.0 0 ± 0 14.3 ± 22.0

4 13 6.36 ± 3.25 1.36 ± 0.80 23.5 ± 13.9 57.3 ± 35.1 16.2 ± 34.3 26.5 ± 29.9

5 3 8.21 ± 3.77 0.92 ± 0.11 14.2 ± 10.1 53.5 ± 14.4 31.5 ± 30.8 14.9 ± 25.9

6 10 7.41 ± 1.71 1.27 ± 0.64 18.4 ± 6.5 83.9 ± 24.3 10.8 ± 22.5 5.3 ± 13.2

7 12 8.78 ± 1.93 1.61 ± 0.58 19.5 ± 9.8 66.2 ± 31.9 31.4 ± 32.9 2.3 ± 5.5

8 10 5.05 ± 0.88 0.46 ± 0.33 8.8 ± 5.9 97.5 ± 5.5 0 ± 0 2.5 ± 5.5

9 9 10.57 ± 2.71 1.97 ± 0.93 18.2 ± 6.5 47.5 ± 30.3 52.5 ± 30.3 0 ± 0

10 5 7.71 ± 2.38 2.93 ± 1.20 38.3 ± 13.7 60.0 ± 24.1 28.2 ± 27.7 11.9 ± 10.3

11 4 4.49 ± 0.50 1.52 ± 0.48 33.9 ± 11.6 62.1 ± 16.5 1.0 ± 2.0 36.9 ± 18.3

12 7 8.61 ± 2.25 2.08 ± 1.74 23.7 ± 17.6 57.0 ± 39.6 37.8 ± 39.1 5.2 ± 7.3

13 9 10.73 ± 2.88 1.64 ± 1.25 16.2 ± 12.3 42.5 ± 32.0 57.5 ± 32.0 0 ± 0

14 14 8.61 ± 3.0 1.51 ± 0.52 19.5 ± 9.6 65.6 ± 38.5 30.5 ± 40.4 3.9 ± 7.5

15 6 5.30 ± 0.83 1.54 ± 0.52 29.1 ± 8.5 75.6 ± 17.9 2.2 ± 3.9 22.2 ± 17.6

16 10 9.31 ± 1.97 1.83 ± 0.93 20.3 ± 10.2 61.3 ± 34.9 38.7 ± 34.9 0 ± 0

17 3 14.58 ± 1.81 2.71 ± 1.83 17.8 ± 10.1 4.7 ± 8.1 95.3 ± 8.1 0 ± 0

18 4 7.02 ± 1.09 1.19 ± 1.21 15.9 ± 13.9 89.9 ± 20.3 10.1 ± 20.3 0 ± 0

19 7 8.34 ± 1.57 1.44 ± 0.76 17.1 ± 7.2 79.4 ± 16.4 19.6 ± 17.5 1.0 ± 2.7

20 4 9.18 ± 1.26 1.18 ± 0.68 12.2 ± 5.3 74.7 ± 29.4 25.3 ± 29.4 0 ± 0

Overall 170 7.90 ± 2.95 1.42 ± 0.95 18.5 ± 11.5 67.7 ± 32.8 25.4 ± 33.8 6.9 ± 15.4

Data are presented as mean ± SD unless otherwise specified. Glucose levels were assessed using CGM
a SD of overnight glucose levels
b CV of overnight glucose levels calculated as (SD/mean) × 100%
c Time in target range represents the percentage of time spent with glucose between 3.9 and 10 mmol/l
d Time above target range represents the percentage of time spent with glucose >10 mmol/l
e Time below target range represents the percentage of time spent with glucose <3.9 mmol/l
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adults with obstructive sleep apnoea [27, 28]. Being over-
weight and obesity are major risk factors for obstructive sleep
apnoea. In our sample, ten (50%) participants had a BMI in
the obese or overweight range, which makes undiagnosed
obstructive sleep apnoea a possible explanation for overall
poor sleep quality observed in some of our participants.
Glucose fluctuations could be influenced by activities of daily
living such as diet and exercise, which were not controlled in
our study under real-life conditions [8, 29]. Further, we were
not able to examine the impact of week vs weekend nights on
sleep quality, because the majority of recordings were collect-
ed on weeknights per protocol requirements. Of interest, when
visually examined, the night-to-night variability was still
apparent even among participants who only had weeknight
recordings. Additionally, participants’ sleep quality may have
been influenced by wearing the devices or CGM alarms. All
participants were insulin pump users. To account for a poten-
tial impact of pump functions (e.g. predictive low-glucose

suspend or closed loop functionality), overnight insulin dose
was included as a covariate in our linear mixed-effects model.
It is also noteworthy that the CGM alarms were not silenced in
our study. The alarms can have varying levels of sound and/or
be on vibrate mode depending on the setting by the partici-
pants. It is well known that arousals or awakenings from sleep
in response to alerts or sounds vary from person to person. Our
real-life study was not intended to measure these factors.
While it is possible that the CGM alarms may have disrupted
sleep quality, we did not find significant associations between
sleep quality and time spent above or below the target glucose
range, when the alarms are most likely to occur. Additionally,
the overall distribution of the number of nights with any time
spent above and/or below the target glucose range was similar
between the good and poor sleep quality nights. We also
acknowledge that the association between sleep and diabetes
outcomes is likely bidirectional, in that diabetes itself may also
interfere with sleep quality due to multiple reasons (e.g.
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hypoglycaemia, CGM alarms, frequent urination, neuropathic
pain) [1].

In conclusion, we have shown that in adults with type 1
diabetes, objectively measured sleep quality is significantly
associated with overnight glycaemic variability. Our findings
provide novel insights into the potential role of sleep quality in
overnight glycaemic variability in type 1 diabetes, beyond
traditional factors. Future research using more rigorous
designs, particularly sleep interventions, is warranted to better
elucidate the role of sleep quality in glycaemic control in type
1 diabetes. Future studies should also investigate the mecha-
nisms by which sleep quality is associated with glycaemic
variability. Additionally, our findings highlight the impor-
tance of targeting good sleep quality as part of self-
management education for adults with type 1 diabetes.
Similarly, healthcare providers should be aware of sleep
disruptions and, if present, be able to implement sleep inter-
ventions in personalised type 1 diabetes management plans.

Finally, our findings also inform future research into technol-
ogy for automated insulin delivery systems in type 1 diabetes.
Newer type 1 diabetes technology designs should aim to inte-
grate sleep quality in the prediction models and treatment
decisions.
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