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ABSTRACT
Aim: To investigate how sleep features influence next-day diurnal glucose homeostasis and vice versa in free-living adults at 
risk of type 2 diabetes.
Materials and Methods: This observational repeated-measures study included 388 adults aged 25–65 years (50% women) with 
overweight or obesity (BMI ≥ 25.0–< 40.0 kg/m2). Sleep and glucose homeostasis were simultaneously assessed over 14 days 
using wrist-worn accelerometers and continuous glucose monitors. Linear mixed models evaluated day-level associations be-
tween sleep metrics—wake-up time, sleep period time (i.e., time from sleep onset to wake-up) and sleep efficiency ([total sleep 
time/sleep period time] × 100)—and diurnal glucose metrics, including mean glucose and its standard deviation (glycaemic 
variability).
Results: We analysed 3942 valid person-days. Each 1% increase in sleep efficiency was associated with lower next-day mean glu-
cose (B [95% CI] = −0.05 [−0.08, −0.01] mg/dL; p = 0.007). Each 1 h delay in wake-up time was linked to reduced next-day glucose 
variability (−0.24 [−0.38, −0.10] mg/dL; p = 0.001). Conversely, each 1 mg/dL increase in daytime mean glucose was associated 
with later wake-up time (0.008 [0.002, 0.014] h; p = 0.008), longer sleep period time (0.006 [0.000, 0.012] h; p = 0.039) and lower 
sleep efficiency (−0.05% [−0.08%, −0.01%] %; p = 0.005) the subsequent night. Each 1 mg/dL increase in glucose variability was 
associated with earlier wake-up time (−0.02 [−0.03, −0.01] h; p < 0.001).
Conclusions: This study provides evidence that sleep and glucose dynamics are temporally associated in free-living adults at 
risk of type 2 diabetes. These findings underscore the potential of combining sleep and glucose metrics to inform cardiometabolic 
risk prevention strategies.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1   |   Introduction

Obesity is a major risk factor for developing insulin resistance 
and type 2 diabetes [1], with poor sleep increasingly recognised 
as a metabolic hallmark of these conditions [2]. Accumulating 
evidence suggests that inadequate sleep—characterised by ir-
regular timing, insufficient duration and low efficiency—may 
act as a metabolic stressor, contributing to both obesity and im-
paired glucose homeostasis [2–6]. Sleep loss disrupts glucose 
metabolism by altering cellular responses to insulin signalling 
[2, 7], thereby promoting insulin resistance [8]. Conversely, 
dysregulated glycaemia may adversely affect sleep [9, 10], high-
lighting a potential bidirectional relationship between sleep and 
glycaemic control in individuals with overweight or obesity.

Several studies have linked both acute and chronic sleep re-
striction to impaired glucose tolerance and insulin resistance in 
healthy adults and those with overweight [11–14]. Most recently, 
self-reported later sleep timing and insufficient duration have 
been linked to increased glycaemic variability [15]. Additionally, 
impaired glucose homeostasis and incidence of type 2 diabetes 
have been associated with both short (≤ 5–6 h/day) and long 
(> 8–9 h/day) sleep duration in adults with obesity or predia-
betes [16–18]. In the large-scale PREDICT study, poor sleep 
efficiency and later sleep timing were associated with greater 
postprandial glycaemic responses to breakfast the following 
morning in healthy adults under controlled dietary conditions 
[19]. However, it remains unclear whether these associations ex-
tend to overall diurnal glycaemic patterns in free-living adults 
with excess adiposity or whether daytime glucose fluctuations 
may also influence sleep. These day-to-day, bidirectional rela-
tionships remain largely unexplored in naturalistic settings, 
where behavioural factors like physical activity, diet and stress 
vary considerably within the same person [20].

Most previous research has relied on inpatient protocols or self-
reported sleep, which may not accurately capture the complex-
ity of behaviours under free-living conditions [13]. Actigraphy 
provides a reliable, day-to-day assessment of sleep timing, dura-
tion and efficiency using wrist-worn accelerometers [21], while 
continuous glucose monitoring (CGM) enables high-resolution 
tracking of 24 h glucose dynamics across both fasting and 
postprandial states [11, 22, 23]. Despite these methodological 
advances, to our knowledge, there are no studies that have in-
tegrated multidimensional, objectively measured sleep data 
with CGM under free-living conditions. Remarkably, the day-
to-day interactions between sleep characteristics and glycaemic 
variability remain insufficiently characterised. Mapping these 
temporal dynamics in naturalistic settings may help identify 
modifiable behavioural targets and inform personalised strate-
gies to improve glycaemic control through sleep optimisation.

We hypothesised that suboptimal sleep patterns would be 
linked to impaired glycaemic control the next day and that 
greater glucose levels and glycaemic variability during the day 
would be associated with impaired sleep timing, duration and 
efficiency the subsequent night. The aim of the present study 
was to investigate whether sleep features, including timing, 
duration and efficiency, were associated with glucose homeo-
stasis the following day and the extent to which diurnal glu-
cose levels and variability were associated with sleep timing, 

duration and efficiency the subsequent night in adults at risk 
of type 2 diabetes.

2   |   Materials and Methods

2.1   |   Study Design and Setting

The present observational study used data from the baseline 
assessments of two randomised controlled trials (RCTs) that 
shared measurement protocols, ensuring methodological con-
sistency: Study I (Clini​calTr​ials.​gov identifier: NCT05310721) 
and Study II (NCT05897073). Study I was a multicenter 
RCT conducted in Granada (southern Spain) and Pamplona 
(northern Spain) [24], while Study II was single-centre RCT 
conducted in Granada [25]. Detailed descriptions of the 
trial rationale, design and protocols are available elsewhere 
[25, 26]. Both studies were approved by the appropriate reg-
ulatory authorities and ethics committees. All participants 
provided written informed consent. The study protocols fol-
lowed the most recent revision of the Declaration of Helsinki 
and adhere to the STROBE reporting guidelines. During an 
identical 2 week lead-in period preceding the interventions, 
participants were instructed to simultaneously wear a wrist 
accelerometer and a CGM device for 14 consecutive days, 24 h 
per day, under free-living conditions. This standardised de-
sign enabled an observational repeated-measures, day-level 
analysis of temporally ordered associations between sleep and 
diurnal glucose homeostasis (Figure 1).

2.2   |   Participants

For Study I, participants were recruited between 11 April 
2022 and 5 December 5 2022, with a study completion date of 
6 March 2023. For Study II, recruitment took place between 
2 May 2023 and 6 April 2024, with a study completion date of 
September 5, 2025. Eligible participants were adult males and 
females aged 25–65 years with overweight or obesity, defined 
as a body mass index (BMI) ≥ 25.0– < 40.0 kg/m2, who were 
physically inactive (< 150 min/week of moderate-to-vigorous 
physical activity [MVPA]). Exclusion criteria were diagnosis 
of diabetes or cardiovascular disease, major sleep disorders, 
shift workers with nocturnal hours and taking any medica-
tions that could affect glucose metabolism. Full inclusion 
and exclusion criteria are available in the published protocols 
[25, 26].

2.3   |   Measurements

2.3.1   |   Sleep Assessment

Participants were continuously monitored with a triaxial ac-
celerometer (ActiGraph GT3X+, ActiGraph LLC, Pensacola, 
Florida, USA), initialised to record raw accelerations at a 
frequency of 100 Hz. Participants were instructed to wear 
the device on their non-dominant wrist continuously for 14 
consecutive days. Additionally, participants were instructed 
to register the bedtime and the wake-up time every day 
in a study-specific mobile phone application (EXTREME: 
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com.nnbi.app_extreme_granada; Tempus: com.nnbi.app_ex-
treme_granada, NNBi2020 S.L., Navarra, Spain). When 
the 2-week lead-in period finished, raw accelerometer data 
were downloaded using ActiLife software (version 6.13.6; 
ActiGraph, Pensacola, Florida, USA) and processed with 
the open-source GGIR R package (version 3.1-8) [27]. Sleep 
and awake periods were identified using an automated algo-
rithm based on the variability of the arm posture and guided 
by the sleep times reported by the participants [21, 28]. This 
provided information on sleep onset time, sleep period time 
(i.e., time from sleep onset to wake-up), total sleep time within 
the sleep period time, total awake time during the sleep pe-
riod time (WASO), sleep efficiency after sleep onset (i.e., [total 
sleep time/sleep period time] × 100), wake-up time and sleep 
regularity index (SRI). The SRI ranges from 0 (i.e., completely 
random sleep/wake patterns) to 100 (i.e., perfectly consistent 
sleep/wake patterns) [29, 30]. Time in bed was not available, 
therefore, participant-reported bed and wake times were used 
only to guide the algorithm rather than to define sleep win-
dows, given known discrepancies between self-reported and 
accelerometer-derived sleep timing in free-living settings [31]. 
Accordingly, sleep efficiency was calculated using sleep period 
time, consistent with large-scale accelerometry approaches 
[29], and may yield higher absolute values than conventional 
diary-based sleep efficiency estimates [21]. Additionally, we 
calculated the midsleep point as (sleep onset time + wake-up 
time)/2.

2.3.2   |   Continuous Glucose Monitoring Measurements

Participants' daily glucose levels were measured using a CGM 
device (FreeStyle LibrePro in Granada and FreeStyle Libre 
2 in Pamplona, Abbot Laboratories, Chicago, Illinois) for 
14 days. These CGM models store averages of interstitial glu-
cose every ~15 min, which provides approximately real-time 
glucose data  [23]. The CGM device data were time-matched 
with the accelerometer data to allow for the calculation of 
the mean glucose over the diurnal and nocturnal windows, 
using the experimental tool that can be accessed at https://​
github.​com/​PROFI​TH/​GGIRm​atcher. We applied the 

accelerometer-derived sleep onset and wake-up times to cal-
culate the mean glucose over the full day (namely the 24 h 
mean glucose), the waking hours (diurnal mean glucose) and 
the sleeping hours (nocturnal mean glucose) for each partici-
pant's day. Within the diurnal window, we further computed 
additional glycaemic metrics, including median glucose, stan-
dard deviation (SD) of glucose, coefficient of variation (CV) 
and the area under the glucose curve (AUC; mg/dL*min). The 
criteria to consider a valid day were as follows: (1) the CGM 
devices should have registered data for at least 70% of the time 
classified as awake in the day (i.e., considering a sampling fre-
quency of 15 min) [23]; and (2) participants should have worn 
the accelerometers for at least 70% of the sleep period time in 
the day.

2.3.3   |   Covariates

Energy intake was assessed using three nonconsecutive 24 h 
dietary recalls (24HRs), including one from a nonworking day 
[24, 25]. Recalls were collected through face-to-face or online 
interviews conducted by trained research nutritionists.

Moderate-to-vigorous physical activity (MVPA) was classified 
when Euclidean Norm of the raw accelerations Minus One G 
(ENMO) during the awake time was ≥ 100 mg in bouts of at least 
5 min (with an allowance of 20% of the time below the thresh-
old) [32]. Further details on the calculation of MVPA are pro-
vided elsewhere [33]. As participants reported being inactive 
(< 150 min/week of MVPA), the MVPA assessed was considered 
to be lifestyle physical activity.

Venous blood samples were collected and stored at −80°C for 
the analysis of fasting glucose, insulin and glycated haemoglo-
bin (HbA1c), as previously described [25, 26].

2.4   |   Statistical Analyses

The sample size of the original trials was calculated based on 
their predefined primary outcomes [25, 26]. As the present study 

FIGURE 1    |    Overview of the study design, including study aims and time windows used.
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is a secondary analysis of these trials, no additional sample size 
calculation was performed.

Prior to analysis, quantitative variables within the dataset were 
screened for normality through visual inspection of histograms. 
Outliers were handled by filtering out observations below the 
1st percentile and above the 99th percentile (Appendices S1 and 
S2). Descriptive statistics were summarised using the mean and 
SD for continuous variables and frequency and percentage for 
categorical variables.

Pearson correlations were computed to assess potential collin-
earity among sleep and diurnal glucose homeostasis outcomes 
(Appendices S3 and S7). Variables exhibiting strong correlations 
were subjected to principal component analysis to extract mean-
ingful, lower-dimensional representations of sleep and diurnal 
glucose homeostasis metrics while minimising redundancy 
(Appendices S4–S6 and S8–S10). We ultimately retained wake-up 
time (timing indicator), sleep period time (duration indicator) and 
sleep efficiency (continuity indicator) for sleep and diurnal mean 
glucose (overall levels indicator) and diurnal SD glucose (glycae-
mic variability indicator) for glucose homeostasis. Detailed analy-
sis can be found in the Supporting Information.

We applied linear mixed-effects models and spline-based 
mixed models to assess temporally the day-level associations 
between nightly sleep and next-day glucose outcomes and 
then, as secondary analyses, between daytime glucose met-
rics and subsequent sleep. Both sleep and CGM measures were 
alternately treated as dependent and predictor variables de-
pending on the direction of association. Participant identifi-
ers were included as participant-specific random intercepts to 
account for within-person clustering of repeated daily obser-
vations. We included the following covariates: age, sex, study 
location, study cohort, energy intake, MVPA and the SRI. 
Study location and cohort were included to account for pos-
sible systematic differences between sites and CGM devices. 
Model fit comparisons between linear and spline-based mod-
els were conducted using the Akaike Information Criterion, 
Bayesian Information Criterion and Likelihood Ratio Tests 
(Appendices S11 and S12).

We then explored whether age, sex, energy intake, MVPA, SRI 
and glucose regulation status (normal vs. impaired) modified the 
temporal associations between nightly sleep features and next-
day glucose outcomes, as well as between daytime glucose mea-
sures and subsequent-night sleep outcomes. Effect modification 
was assessed by adding interaction terms to the linear mixed-
effects models. Participants with impaired glucose homeosta-
sis met at least one of the following criteria: (i) fasting plasma 
glucose levels between ≥ 100 and ≤ 125 mg/dL, (ii) HbA1c levels 
ranging from ≥ 5.7% to < 6.5% or (iii) insulin resistance, defined 
as a HOMA-IR > 2.5. Participants with normal glucose homeo-
stasis did not meet any of these criteria.

Given the observational nature of the study, all analyses were 
considered exploratory and hypothesis-generating and no ad-
justments for multiple testing were conducted. The level of sta-
tistical significance was set at p < 0.05. All statistical analyses 
were conducted using R version 4.4.2 (https://​cran.​r-​proje​ct.​
org/​, The R Project for Statistical Computing, Vienna, Austria).

3   |   Results

A total of 388 adults (50% women; mean age [SD], 47.2 [8.7] years) 
with 3942 days valid paired sleep and glucose data during noctur-
nal and diurnal periods were included in the present study. Table 1 
displays the descriptive characteristics of the participants, with 
sample sizes varying across variables due to incomplete or invalid 
device-derived measurements and missing clinical assessments in 
a subset of participants. These participants provided a mean of 10.4 
(3.0) days of valid data from accelerometers and CGM devices and 
84.0% provided 8 or more valid days.

3.1   |   Association Between Sleep and Next-Day 
Diurnal Glucose Homeostasis

We first examined whether wake-up time, sleep period time and 
sleep efficiency were associated with glucose homeostasis the 
following day. Figure  2G–I displays the distributions of valid 
observations for each sleep variable. Each 1% increase in sleep 
efficiency was associated with lower diurnal mean glucose the 
next day (B [95% confidence interval, CI] = −0.05 [−0.08, −0.01] 
mg/dL; p = 0.007; Figure 2C and Appendix S13). Each 1 h delay 
in wake-up time was associated with lower glucose variability 
the following day (B [95% CI] = −0.24 [−0.38, −0.10] mg/dL; 
p = 0.001; Figure 2D and Appendix S14). No significant associ-
ations were found between wake-up time or sleep period time 
and next-day diurnal mean glucose (both p ≥ 0.381; Figure 2A,B 
and Appendix S13), nor between sleep period time or sleep effi-
ciency and next-day diurnal glucose variability (both p ≥ 0.121; 
Figure 2E,F and Appendix S14).

Next, we investigated whether individual characteristics 
moderated the association between sleep and next-day glu-
cose regulation. Sex significantly moderated the associations 
of sleep period time and sleep efficiency with next-day diur-
nal mean glucose (interaction terms: sleep period time × sex, 
B [95% CI] = 0.64 [0.19, 1.10] mg/dL; p = 0.005; sleep effi-
ciency × sex, B [95% CI] = 0.11 [0.04, 0.18] mg/dL; p = 0.002), 
indicating that these associations differed between males 
and females (Appendix  S18). SRI also moderated the associ-
ations of wake-up time and sleep period time with next-day 
diurnal mean glucose (wake-up time × SRI, B [95% CI] = 0.03 
[0.00, 0.05] mg/dL; p = 0.019; sleep period time × SRI, 
B [95% CI] = −0.021 [−0.041, −0.001] mg/dL; p = 0.044; 
Appendix S18). Additionally, we observed that energy intake 
modified the relationship between sleep efficiency and diur-
nal glucose variability (interaction term: energy intake × sleep 
efficiency, B [95% CI] = −0.00005 [−0.00009, −0.000003] mg/
dL; p = 0.035; Appendix S19), with a stronger inverse associa-
tion between sleep efficiency and next-day glucose variabil-
ity at higher energy intake. No significant moderating effects 
by age, MVPA or glucose regulation status were observed (all 
p ≥ 0.052; Appendices S18 and S19).

3.2   |   Association of Diurnal Glucose Homeostasis 
With Sleep the Next Night

Then, we investigated whether diurnal glucose levels and 
variability were associated with sleep characteristics the 
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TABLE 1    |    Descriptive characteristics of the participants.

n All n Males n Females

Demographics and study cohorts

Age (years) 388 47.2 (8.7) 194 47.3 (7.3) 194 47.1 (10.0)

Cohort study I, no. (%) 201 (51.8) 100 (49.7) 101 (50.3)

Cohort study II, no. (%) 187 (48.2) 94 (50.3) 93 (49.7)

Anthropometry and body composition

Body weight (kg) 385 96.9 (14.7) 194 104.0 (13.9) 191 89.7 (11.6)

Height (cm) 385 169.0 (9.4) 194 175.7 (6.9) 191 162.1 (6.0)

Body mass index (kg/m2) 385 33.9 (3.7) 194 33.6 (3.5) 191 34.1 (3.9)

Fat-free mass (kg) 385 57.6 (12) 194 66.7 (8.8) 191 48.4 (6.6)

Fat mass (kg) 385 38.8 (8.4) 194 36.7 (8.5) 191 40.9 (7.7)

Fat mass (%) 385 40.4 (7.2) 194 35.3 (5.2) 191 45.6 (4.9)

Sleep

Sleep onset time (h:min) 361 00:14 (00:51) 179 00:16 (00:52) 182 00:12 (00:50)

Wake-up time (h:min) 361 07:37 (00:50) 179 07:33 (00:49) 182 07:41 (00:52)

Midsleep point (h:min) 361 03:56 (00:46) 179 03:55 (00:47) 182 03:57 (00:46)

Sleep period time (h) 361 7.4 (0.7) 179 7.3 (0.7) 182 7.5 (0.8)

Total sleep time (h) 361 6.4 (0.8) 179 6.2 (0.8) 182 6.6 (0.8)

Wake after sleep onset time (h) 361 1.0 (0.4) 179 1.1 (0.5) 182 0.9 (0.4)

Sleep efficiency (%) 361 87 (6) 179 86 (7) 182 88 (5)

Sleep regularity index (%) 371 52 (10) 182 52 (10) 189 52 (11)

Glucose homeostasis

Fasting glucose (mg/dL) 385 92 (11) 194 94 (12) 191 91 (11)

Glycated haemoglobin (%) 385 5.4 (0.4) 194 5.4 (0.4) 191 5.4 (0.3)

HOMA-IR 383 2.61 (1.49) 193 2.85 (1.65) 190 2.38 (1.27)

Diurnal mean glucose (mg/dL) 361 105 (10) 179 106 (11) 182 103 (9)

Diurnal median glucose (mg/dL) 361 102 (10) 179 103 (11) 182 100 (9)

Diurnal SD glucose (mg/dL) 361 15 (5) 179 15 (5) 182 15 (5)

Diurnal CV glucose (%) 361 14 (4) 179 14 (4) 182 14 (4)

Diurnal AUC glucose (mg/dL*min) 361 19 900 (9784) 179 21 300 (10 700) 182 18 600 (8598)

Normal glucose homeostasis, no. (%) 163 (42.6) 75 (46.0) 88 (54.0)

Impaired glucose homeostasis, no. (%) 220 (57.4) 118 (53.6) 102 (46.4)

Dietary intake

Energy intake (kcal/day) 384 1941 (473) 193 2054 (468) 191 1828 (451)

Physical activity

MVPA (min/day) 368 23.9 (20.9) 174 25.3 (22.5) 174 22.4 (19.1)

Note: Data are presented as mean SD or as number (%) of participants. Sample sizes vary across variables due to differences in data availability (e.g., missing or invalid 
accelerometry, continuous glucose monitoring, physical activity or clinical measurements). Participants with impaired glucose homeostasis met at least one of the 
following criteria: fasting plasma glucose levels between ≥ 100 and ≤ 125 mg/dL, glycated haemoglobin levels ranging from ≥ 5.7% to < 6.5% or insulin resistance, 
defined as a homeostasis model assessment of insulin resistance (HOMA-IR) > 2.5. Participants with normal glucose homeostasis did not meet any of these criteria.
Abbreviations: AUC, area under the curve; CV, coefficient of variation; MVPA, moderate-to-vigorous physical activity.
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subsequent night. Figure  3G,H displays the distributions 
of valid observations for each diurnal glucose homeostasis 
variable. Each 1 mg/dL increase in daytime mean glucose 
was associated with later wake-up time (B [95% CI] = 0.008 
[0.002, 0.014] h; p = 0.008), longer sleep period time (B [95% 
CI] = 0.006 [0.000, 0.012] h; p = 0.039) and lower sleep effi-
ciency (B [95% CI] = −0.05 [−0.08, −0.01] %; p = 0.005) the 

next night (Figure  3A,C,E and Appendix  S15–S17). In con-
trast, each 1 mg/dL increase in glucose variability was asso-
ciated with earlier wake-up time (B [95% CI] = −0.02 [−0.03, 
−0.01] h; p < 0.001; Figure  3B and Appendix  S15), while as-
sociations with sleep period time and sleep efficiency were 
not statistically significant (both p ≥ 0.072; Figure  3D,F and 
Appendices S16 and S17).

FIGURE 2    |    Associations of wake-up time (hours; A and D), sleep period time (hours; B and E) and sleep efficiency (%; C and F) with diurnal mean 
glucose (mg/dL; A, B and C) and SD of diurnal mean glucose (mg/dL; D, E and F) the following day. Panels G–I show the distributions of valid obser-
vations for each sleep variable. Wake-up time reflects sleep timing, sleep period time reflects sleep duration and sleep efficiency reflects sleep conti-
nuity. Regression coefficients (B) represent non-standardised fixed-effect estimates from adjusted linear mixed-effects models, indicating the change 
in diurnal mean glucose or diurnal SD glucose (mg/dL) per 1 h increase in wake-up time or sleep period time and per 1% increase in sleep efficiency. 
Models were adjusted for age, sex, study location, study cohort, energy intake, moderate-to-vigorous physical activity and sleep regularity index.
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We also examined whether the association between daytime 
glucose levels and sleep outcomes the following night was mod-
ified by individual factors. SRI significantly moderated the asso-
ciation between diurnal mean glucose and sleep period time (B 
[95% CI] = −0.00058 [−0.00113, −0.00003] h; p = 0.038), indicat-
ing a more negative association at higher SRI (Appendix S21). 
No significant moderating effects were observed for sex, age, 
energy intake, MVPA or glucose regulation status (all p ≥ 0.059; 
Appendices S20, S21 and S22).

4   |   Discussion

In this day-level analysis conducted under free-living conditions 
including 3942 person-days, higher sleep efficiency was associ-
ated with lower next-day glucose levels in adults at risk of type 
2 diabetes. Later wake-up times were linked to lower glucose 
variability the following day. Conversely, higher daytime glu-
cose levels were temporally associated with later wake-up times, 
longer sleep period time and reduced sleep efficiency that night, 

FIGURE 3    |    Association of diurnal mean glucose (mg/dL; A, C and E) and SD of diurnal mean glucose (mg/dL; B, D and F) with wake-up time 
(hours; A and B), sleep period time (hours; C and D) and sleep efficiency (%; E and F) the next night. Panels G and H show the distributions of valid 
observations for each diurnal glucose homeostasis variable. Diurnal mean glucose reflects levels and diurnal SD glucose reflects glycaemic variabili-
ty. Regression coefficients (B) represent non-standardised fixed-effect estimates from adjusted linear mixed-effects models, indicating the change in 
wake-up time (hours), sleep period time (hours) or sleep efficiency (%) per 1 mg/dL increase in diurnal mean glucose or diurnal SD glucose. Models 
were adjusted for age, sex, study location, study cohort, energy intake, moderate-to-vigorous physical activity and sleep regularity index.
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whereas greater daytime glycaemic variability preceded earlier 
wake-up times. These findings suggest that specific aspects of 
sleep quality and timing are temporally associated with short-
term fluctuations in glucose levels and variability, suggesting 
that both sleep characteristics and daytime glycaemia may pro-
vide complementary information in the early detection of meta-
bolic dysregulation.

Our findings align with previous cross-sectional studies indicat-
ing that good sleep quality is associated with improved glucose 
homeostasis in adults with overweight or obesity at risk of type 
2 diabetes [19, 34]. One cross-sectional study reported that poor 
sleep quality, assessed subjectively using the Pittsburgh Sleep 
Quality Index (PSQI), was associated with increased insulin 
resistance (i.e., higher HOMA-IR) in adults with overweight 
or obesity [34]. Similarly, low sleep efficiency has been linked 
to poorer postprandial glycaemic control the following day in 
healthy adults [19]. However, other studies did not find signifi-
cant associations between PSQI-derived sleep quality and fast-
ing glucose levels or between day-level accelerometer-derived 
sleep efficiency and next-day diurnal mean glucose, in adults 
with overweight or obesity, with or without prediabetes or type 
2 diabetes [35–37]. These discrepancies across studies may re-
flect differences in sample characteristics, reliance on subjective 
sleep assessments, differences in the operational definition of 
sleep efficiency (e.g., sleep period time vs. time in bed) which 
may limit comparability with diary-based studies and may yield 
higher absolute sleep efficiency estimates and the use of fast-
ing glucose measures rather than CGM-derived metrics, which 
provide detailed insights into glycaemic variability and glucose 
levels throughout the day. By leveraging objective day-level sleep 
and CGM data under free-living conditions, our study helps clar-
ify these mixed findings by showing that higher sleep efficiency 
is consistently associated with lower next-day glucose levels 
in adults at elevated cardiometabolic risk. We also found that 
later wake-up times were associated with lower next-day diur-
nal glucose variability, an association not previously reported 
in this population. Although later wake-up times and evening 
chronotypes have been linked to poorer long-term glycaemic 
control, our day-level findings suggest that short-term variabil-
ity in glucose may respond differently, potentially influenced 
by behavioural factors such as later meal timing, differences in 
fasting duration, light exposure patterns, physical activity distri-
bution or social schedules that shape daily metabolic response 
[38]. Additionally, later wake-up times on a given day may re-
flect recovery from prior sleep restriction or closer alignment 
with individual circadian preference. These possibilities remain 
speculative and require further investigation.

We then observed that some of these associations were modi-
fied by individual characteristics. Specifically, the relationship 
of sleep period time and sleep efficiency with next-day mean 
glucose was more pronounced in males than in females, sug-
gesting that males may be more susceptible to the impact of 
poor sleep efficiency and duration on glucose homeostasis. This 
is consistent with prior evidence indicating sex-specific differ-
ences in sleep physiology, hormonal regulation and glucose 
metabolism, which may influence the metabolic response to 
variations in sleep patterns [39]. Additionally, we observed that 
the associations between wake-up time and sleep period time 
with next-day glucose levels were moderated by the SRI, such 

that later wake-up times and longer sleep period time were as-
sociated with higher daytime glucose levels among individuals 
with higher sleep regularity. These findings align with evidence 
suggesting that while greater sleep regularity generally supports 
metabolic health [40], later wake-up times and extended sleep 
period time may reflect circadian phase delays, which can im-
pair diurnal glucose regulation despite overall sleep regularity. 
Furthermore, we observed that higher energy intake appeared 
to strengthen the association between greater sleep efficiency 
and lower next-day glucose variability in free-living adults with 
overweight or obesity. This suggests that maintaining good sleep 
efficiency may be particularly important for glycaemic stability 
under higher caloric intake. However, this observation may 
partly reflect differences in body size or total energy require-
ments, which should be considered when interpreting the result, 
as the role of energy intake in moderating the sleep–glycaemic 
variability relationship remains largely unexplored.

Although previous studies have suggested a potential bidirec-
tional relationship between daily sleep and glucose homeostasis 
[9], the current evidence is inconclusive. In our study, the re-
ciprocal associations between later wake-up times and greater 
glucose variability support the notion of a short-term bidirec-
tional interplay between sleep timing and glycaemic stability. 
Although these temporally structured associations suggest a dy-
namic interplay, the observational design does not allow conclu-
sions regarding causality and the findings should be interpreted 
as hypothesis-generating. Moreover, our associations between 
daytime glucose measures and subsequent sleep characteristics 
revealed distinct patterns. Higher daytime mean glucose levels 
were associated with later wake-up times, longer sleep period 
time and poorer sleep efficiency that night, whereas greater day-
time glycaemic variability was associated with earlier wake-up 
times. These findings align with recent evidence suggesting 
complex interactions between glycaemic control and sleep. A 
large meta-analysis and Mendelian randomisation study in 
> 840 000 adults with impaired glucose regulation or type 2 di-
abetes showed that participants with abnormal glucose metabo-
lism exhibited both short and long sleep duration [16]. Moreover, 
given the associations detected between diurnal glucose homeo-
stasis and subsequent sleep, our findings may suggest that day-
time behaviours could influence this relationship, indicating 
that habits during waking hours might be particularly relevant 
for improving sleep hygiene. These observations may have im-
plications for future digital health strategies integrating sleep 
and CGM-derived metrics for individualised monitoring.

From a physiological perspective, reduced sleep efficiency may 
impair next-day glycaemic control through several mecha-
nisms. Sleep disruption has been associated with alterations in 
autonomic sympathovagal balance, characterised by increased 
sympathetic activity and reduced parasympathetic tone, which 
may impair peripheral glucose uptake and decrease insulin 
sensitivity [41]. These alterations may also disrupt 24 h corti-
sol rhythms, promoting insulin resistance and impaired glu-
cose tolerance [38, 42]. Conversely, recent evidence suggests 
that higher glucose levels in the evening may impair sleep 
quality and nighttime glucose spikes can contribute to sleep 
fragmentation and disrupt glucose regulation [9]. In addition, 
misalignment between sleep timing and the endogenous mel-
atonin rhythm may influence nocturnal insulin secretion and 
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glucose tolerance, as melatonin modulates β-cell function and 
insulin sensitivity [43]. These mechanisms highlight how ele-
vated glucose levels during the day and specially evening may 
affect sleep patterns, warranting further investigation under 
free-living conditions.

This study has several limitations. First, the observational na-
ture of this repeated-measures study precludes causal inference. 
Second, findings may not be generalizable to older adults, indi-
viduals of diverse ethnic backgrounds or those with diagnosed 
type 2 diabetes. Third, although we accounted for estimated 
average energy intake, we lacked day-level data on total energy 
intake and dietary composition, both of which could influence 
daily sleep-glucose interplay [9]. Fourth, while accelerometers 
provided objective day-to-day sleep assessments, they do not 
capture sleep architecture (i.e., time spent in different sleep 
stages). Further studies using polysomnography can provide 
additional insights into our results. Fifth, the day-level analyti-
cal approach may overrepresent some participants, which could 
lead to biased estimates of the associations. Moreover, two CGM 
device models were used in this study, acknowledging that ac-
curacy may vary between systems [44]. However, our analyses 
focused on individuals with overweight or obesity at risk of 
type 2 diabetes and relatively stable glucose profiles, a setting 
in which FreeStyle Libre devices have demonstrated accuracy 
comparable to other real-time CGM systems [45]. We did not 
assess day-to-day napping behaviour, which is common in the 
Spanish population and may affect both glycaemic control and 
sleep quality. Although napping is often assessed via self-report 
and may be prone to recall bias and inconsistencies, we cannot 
exclude that unmeasured daytime sleep may have influenced 
the observed associations. Although we adjusted for several 
relevant covariates and modelled within-person day-level vari-
ability, residual confounding due to unmeasured time-varying 
factors (e.g., meal timing, caffeine or alcohol intake, psychologi-
cal stress or weekday-weekend differences) cannot be excluded. 
This should be considered when interpreting the modest effect 
sizes. Moreover, given the relatively large number of statistical 
tests performed, the risk of type I error should also be considered 
when interpreting these findings. Finally, several associations 
were modest in magnitude and should therefore be interpreted 
with caution. We frame these day-level estimates primarily as 
indicators of short-term physiological coupling rather than as 
prescriptive goals based on a single night's change. While the 
absolute short-term effect may appear negligible, sustained 
improvements over longer periods could still yield meaningful 
cumulative benefits and may be relevant for future long-term 
intervention studies.

5   |   Conclusions

In adults with overweight or obesity at risk of type 2 diabetes 
under free-living conditions, higher sleep efficiency was con-
sistently associated with lower next-day glucose levels, while 
later wake-up times were linked to lower glucose variability. 
Conversely, higher daytime glucose levels were temporally asso-
ciated with poorer sleep efficiency and altered sleep timing that 
night. These findings suggest that daily sleep quality and gly-
caemic patterns are temporally interconnected in real-world set-
tings. Importantly, the magnitude of these associations differed 

according to sex and energy intake, suggesting that individual 
characteristics may influence sleep-glucose dynamics. Although 
exploratory and modest in magnitude, these findings reinforce 
the concept that sleep and daily glycaemic dynamics are interre-
lated components of metabolic regulation in free-living adults at 
elevated cardiometabolic risk.

Author Contributions

Study concept and design: A.C.-J., J.H.M. and J.R.R. Acquisition of data: 
A.C.-J., J.J.M.-O., A.C.-C., M.M.-F. and M.D.-M. Analysis and interpre-
tation of data: A.C.-J., J.H.M. and J.R.R. Drafting of the manuscript: 
A.C.-J. Critical revision of the manuscript: A.C.-J., J.J.M.-O., J.H.M., 
A.C.-C., M.M.-F., M.D.-M., J.M., M.M.-T., I.L. and J.R.R. Statistical 
analysis: A.C.-J., J.H.M. and J.R.R. Obtained funding: M.M.-T., I.L. and 
J.R.R. Administrative, technical or material support: M.M.-T., I.L. and 
J.R.R. and, Study supervision: J.R.R.

Acknowledegements

Funding for open access charge: Universidad de Granada/CBUA.

Funding

This study (Project ref. PID2022.141506OB.I00) is funded by 
the MCIU/AEI/10.13039/501100011033 and by ERDF, EU a way 
of making Europe to J.R.R.; Junta de Andalucía, Consejería 
de Transformación económica, Industria, Conocimiento y 
Universidades (A-CTS-516-UGR20) to J.R.R.; the University of 
Granada Plan Propio de Investigación-Excellence actions: Unit of 
Excellence on Exercise Nutrition and Health (UCEENS) to J.R.R.; 
the Consejo Superior de Deportes, Ministerio de Cultura y Deporte, 
Plan de Recuperación, Transformación y Resiliencia, Funded by 
the European Union – NextGenerationEU (EXP_75091) to I.L.; the 
Government of Navarra, Departamento de Desarrollo Economico y 
Empresarial (0011-1365-2021-00070), Plan de Promoción de Grupos 
de Investigación de la Universidad Pública de Navarra to I.L.; Spanish 
Ministry of Universities (FPU21/01161 to A.C.-J., FPU22/01631 to 
J.J.M.-O., FPU23/02158 to M.M.-F., and FPU18/03357 to M.D.M). 
J.H.M. is supported by grant RYC2024-050453-I funded by MCIN/
AEI/10.13039/501100011033. A.C.-C. is supported by the Junta de 
Andalucía, Consejería de Salud y Consumo (RHJ-0098-2024). J.M. is 
supported by the Novo Nordisk Foundation grant NNF23SA0084103, 
the EFSD/Novo Nordisk Foundation Future Leaders Award 
(no. 0094134) and the European Union (HORIZONEIC-2023-
PATHFINDERCHALLENGES-01-101161509). In addition, funding 
was provided from the EXERNET Research Network on Exercise and 
Health (DEP2005-00046/ACTI; 09/UPB/19; 45/UPB/20; 27/UPB/21 
to I.L. and J.R.R.). Instituto de Salud Carlos III, MCIU/AES and by 
ERDF, EU a way of making Europe (PI24/01360). This work is part 
of a doctorate thesis conducted in the Official Doctoral Program in 
Biomedicine of the University of Granada, Spain. The funders had no 
role in the design, conduct or interpretation of the study.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available on request 
from the corresponding author. The data are not publicly available due 
to privacy or ethical restrictions.

Peer Review

The peer review history for this article is available at https://​www.​
webof​scien​ce.​com/​api/​gatew​ay/​wos/​peer-​review/​10.​1111/​dom.​70675​.

 14631326, 0, D
ow

nloaded from
 https://dom

-pubs.pericles-prod.literatum
online.com

/doi/10.1111/dom
.70675 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [13/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/dom.70675
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/dom.70675


10 Diabetes, Obesity and Metabolism, 2026

References

1. P. L. Valenzuela, P. Carrera-Bastos, A. Castillo-García, D. E. Lieber-
man, A. Santos-Lozano, and A. Lucia, “Obesity and the Risk of Car-
diometabolic Diseases,” Nature Reviews Cardiology 20 (2023): 475–494, 
https://​doi.​org/​10.​1038/​s4156​9-​023-​00847​-​5.

2. S. P. Feeney, J. M. McCarthy, C. R. Petruconis, and J. C. Tudor, “Sleep 
Loss Is a Metabolic Disorder,” Science Signaling 18, no. 881 (2025): 
eadp9358, https://​doi.​org/​10.​1126/​scisi​gnal.​adp9358.

3. R. Slebe, J. J. Splinter, L. J. Schoonmade, et al., “The Effect of Altered 
Sleep Timing on Glycaemic Outcomes: Systematic Review of Human 
Intervention Studies,” Diabetes, Obesity & Metabolism 27 (2024): 1172–
1183, https://​doi.​org/​10.​1111/​DOM.​16104​.

4. N. Covassin, P. Singh, S. K. McCrady-Spitzer, et al., “Effects of Exper-
imental Sleep Restriction on Energy Intake, Energy Expenditure, and 
Visceral Obesity,” Journal of the American College of Cardiology 79, no. 
13 (2022): 1254–1265, https://​doi.​org/​10.​1016/j.​jacc.​2022.​01.​038.

5. N. S. Zheng, J. Annis, H. Master, et al., “Sleep Patterns and Risk of 
Chronic Disease as Measured by Long-Term Monitoring With Com-
mercial Wearable Devices in the All of us Research Program,” Nature 
Medicine 30, no. 9 (2024): 2648–2656, https://​doi.​org/​10.​1038/​s4159​1-​
024-​03155​-​8.

6. M. P. St-Onge, B. Aggarwal, J. Fernandez-Mendoza, et  al., “Mul-
tidimensional Sleep Health: Definitions and Implications for Car-
diometabolic Health: A Scientific Statement From the American Heart 
Association,” Circulation. Cardiovascular Quality and Outcomes 18, no. 
5 (2025): e000139, https://​doi.​org/​10.​1161/​HCQ.​00000​00000​000139.

7. K. Spiegel, E. Tasali, R. Leproult, and E. Van Cauter, “Effects of Poor 
and Short Sleep on Glucose Metabolism and Obesity Risk,” Nature Re-
views. Endocrinology 5, no. 5 (2009): 253–261, https://​doi.​org/​10.​1038/​
NRENDO.​2009.​23.

8. D. J. Stenvers, F. A. J. L. Scheer, P. Schrauwen, S. E. la Fleur, and A. 
Kalsbeek, “Circadian Clocks and Insulin Resistance,” Nature Reviews. 
Endocrinology 15, no. 2 (2019): 75–89, https://​doi.​org/​10.​1038/​s4157​
4-​018-​0122-​1.

9. M. P. St-Onge, A. Cherta-Murillo, C. Darimont, K. Mantantzis, F. P. 
Martin, and L. Owen, “The Interrelationship Between Sleep, Diet, and 
Glucose Metabolism,” Sleep Medicine Reviews 69 (2023): 101788, https://​
doi.​org/​10.​1016/J.​SMRV.​2023.​101788.

10. E. De Longis, A. Kassis, N. Rémond-Derbez, et al., “Cognitive Ben-
efits of Sleep: A Narrative Review to Explore the Relevance of Glucose 
Regulation,” Sleep Advances 6, no. 1 (2025): 95, https://​doi.​org/​10.​1093/​
SLEEP​ADVAN​CES/​ZPAE095.

11. J. He, C. Hong, L. Zhang, et al., “Associations Between Night-Time 
Sleep Duration and Fasting Glucose and Ratio of Triglyceride to High-
Density Lipoprotein Cholesterol Among Adults Free of Type 2 Diabetes 
or Without Diagnosed Type 2 Diabetes: A Multicentre, Cross-Sectional 
Study in China,” BMJ Open 12, no. 7 (2022): e062239, https://​doi.​org/​10.​
1136/​BMJOP​EN-​2022-​062239.

12. O. M. Buxton, M. Pavlova, E. W. Reid, W. Wang, D. C. Simonson, and 
G. K. Adler, “Sleep Restriction for 1 Week Reduces Insulin Sensitivity 
in Healthy Men,” Diabetes 59, no. 9 (2010): 2126–2133, https://​doi.​org/​
10.​2337/​DB09-​0699.

13. K. L. Knutson, D. Wu, S. R. Patel, et al., “Association Between Sleep 
Timing, Obesity, Diabetes: The Hispanic Community Health Study/
Study of Latinos (Hchs/Sol) Cohort Study,” Sleep 40, no. 4 (2017): zsx014, 
https://​doi.​org/​10.​1093/​SLEEP/​​ZSX014.

14. P. Singh, R. A. Beyl, J. M. Stephens, et al., “Shortened Sleep Duration 
Impairs Adipose Tissue Adrenergic Stimulation of Lipolysis in Post-
menopausal Women,” Obesity (Silver Spring) 32, no. 12 (2024): 2264–
2274, https://​doi.​org/​10.​1002/​OBY.​24162​.

15. L. Shen, B.-Y. Li, W. Gou, et  al., “Trajectories of Sleep Duration, 
Sleep Onset Timing, and Continuous Glucose Monitoring in Adults,” 

JAMA Network Open 8, no. 3 (2025): e250114, https://​doi.​org/​10.​1001/​
JAMAN​ETWOR​KOPEN.​2025.​0114.

16. M. Yi, Q. Fei, Z. Chen, et al., “Unraveling the Associations and Cau-
salities Between Glucose Metabolism and Multiple Sleep Traits,” Fron-
tiers in Endocrinology 14 (2023): 1227372, https://​doi.​org/​10.​3389/​fendo.​
2023.​1227372.

17. C. H. Rasmussen, O. Chun Kwan, W. S. Chan, F. Magkos, and A. P. 
Kong, “Sleep Habits in the Pathogenesis and Management of Diabesity,” 
Journal of Diabetes Investigation 16, no. 7 (2025): 1202–1216, https://​doi.​
org/​10.​1111/​jdi.​70075​.

18. S. Reutrakul, N. M. Punjabi, and E. Van Cauter, “Impact of Sleep 
and Circadian Disturbances on Glucose Metabolism and Type 2 Di-
abetes,” Annals of the New York Academy of Sciences 1311 (2014): 
151–173.

19. N. Tsereteli, R. Vallat, J. Fernandez-Tajes, et al., “Impact of Insuffi-
cient Sleep on Dysregulated Blood Glucose Control Under Standardised 
Meal Conditions,” Diabetologia 65, no. 2 (2022): 356–365, https://​doi.​
org/​10.​1007/​S0012​5-​021-​05608​-​Y/​TABLES/​2.

20. S. Panda, “Circadian Physiology of Metabolism,” Science 354, no. 
6315 (2016): 1008–1015, https://​doi.​org/​10.​1126/​SCIEN​CE.​AAH4967.

21. V. T. Van Hees, S. Sabia, K. N. Anderson, et  al., “A Novel, Open 
Access Method to Assess Sleep Duration Using a Wrist-Worn Acceler-
ometer,” PLoS One 10, no. 11 (2015): e0142533, https://​doi.​org/​10.​1371/​
JOURN​AL.​PONE.​0142533.

22. S. Gill and S. Panda, “A Smartphone App Reveals Erratic Diurnal 
Eating Patterns in Humans That Can be Modulated for Health Bene-
fits,” Cell Metabolism 22, no. 5 (2015): 789–798, https://​doi.​org/​10.​1016/j.​
cmet.​2015.​09.​005.

23. T. Battelino, C. M. Alexander, S. A. Amiel, et al., “Continuous Glu-
cose Monitoring and Metrics for Clinical Trials: An International Con-
sensus Statement,” Lancet Diabetes and Endocrinology 11, no. 1 (2023): 
42–57, https://​doi.​org/​10.​1016/​S2213​-​8587(22)​00319​-​9.

24. M. Dote-Montero, A. Clavero-Jimeno, E. Merchán-Ramírez, et al., 
“Effects of Early, Late and Self-Selected Time-Restricted Eating on 
Visceral Adipose Tissue and Cardiometabolic Health in Participants 
With Overweight or Obesity: A Randomized Controlled Trial,” Nature 
Medicine 31, no. 2 (2025): 524–533, https://​doi.​org/​10.​1038/​s4159​1-​024-​
03375​-​y.

25. A. Camacho-Cardenosa, A. Clavero-Jimeno, J. J. Martin-Olmedo, 
et al., “Time-Restricted Eating and Supervised Exercise for Improv-
ing Hepatic Steatosis and Cardiometabolic Health in Adults With 
Obesity: Protocol for the TEMPUS Randomised Controlled Trial,” 
BMJ Open 14, no. 1 (2024): e078472, https://​doi.​org/​10.​1136/​bmjop​
en-​2023-​078472.

26. M. Dote-Montero, E. Merchan-Ramirez, M. Oses, et  al., “Efficacy 
of Different 8 h Time-Restricted Eating Schedules on Visceral Adipose 
Tissue and Cardiometabolic Health: A Study Protocol,” Nutrition, Me-
tabolism, and Cardiovascular Diseases 34, no. 1 (2024): 177–187, https://​
doi.​org/​10.​1016/j.​numecd.​2023.​09.​014.

27. J. H. Migueles, A. V. Rowlands, F. Huber, S. Sabia, and V. T. van 
Hees, “GGIR: A Research Community–Driven Open Source R Pack-
age for Generating Physical Activity and Sleep Outcomes From 
Multi-Day Raw Accelerometer Data,” Journal for the Measurement of 
Physical Behaviour 2, no. 3 (2019): 188–196, https://​doi.​org/​10.​1123/​
jmpb.​2018-​0063.

28. V. T. van Hees, S. Sabia, S. E. Jones, et al., “Estimating Sleep Pa-
rameters Using an Accelerometer Without Sleep Diary,” Scientific 
Reports 8, no. 1 (2018): 12975, https://​doi.​org/​10.​1038/​S4159​8-​018-​
31266​-​Z.

29. D. P. Windred, S. E. Jones, A. Russell, et al., “Objective Assessment 
of Sleep Regularity in 60 000 UK Biobank Participants Using an Open-
Source Package,” Sleep 44, no. 12 (2021): zsab254, https://​doi.​org/​10.​
1093/​SLEEP/​​ZSAB254.

 14631326, 0, D
ow

nloaded from
 https://dom

-pubs.pericles-prod.literatum
online.com

/doi/10.1111/dom
.70675 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [13/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/s41569-023-00847-5
https://doi.org/10.1126/scisignal.adp9358
https://doi.org/10.1111/DOM.16104
https://doi.org/10.1016/j.jacc.2022.01.038
https://doi.org/10.1038/s41591-024-03155-8
https://doi.org/10.1038/s41591-024-03155-8
https://doi.org/10.1161/HCQ.0000000000000139
https://doi.org/10.1038/NRENDO.2009.23
https://doi.org/10.1038/NRENDO.2009.23
https://doi.org/10.1038/s41574-018-0122-1
https://doi.org/10.1038/s41574-018-0122-1
https://doi.org/10.1016/J.SMRV.2023.101788
https://doi.org/10.1016/J.SMRV.2023.101788
https://doi.org/10.1093/SLEEPADVANCES/ZPAE095
https://doi.org/10.1093/SLEEPADVANCES/ZPAE095
https://doi.org/10.1136/BMJOPEN-2022-062239
https://doi.org/10.1136/BMJOPEN-2022-062239
https://doi.org/10.2337/DB09-0699
https://doi.org/10.2337/DB09-0699
https://doi.org/10.1093/SLEEP/ZSX014
https://doi.org/10.1002/OBY.24162
https://doi.org/10.1001/JAMANETWORKOPEN.2025.0114
https://doi.org/10.1001/JAMANETWORKOPEN.2025.0114
https://doi.org/10.3389/fendo.2023.1227372
https://doi.org/10.3389/fendo.2023.1227372
https://doi.org/10.1111/jdi.70075
https://doi.org/10.1111/jdi.70075
https://doi.org/10.1007/S00125-021-05608-Y/TABLES/2
https://doi.org/10.1007/S00125-021-05608-Y/TABLES/2
https://doi.org/10.1126/SCIENCE.AAH4967
https://doi.org/10.1371/JOURNAL.PONE.0142533
https://doi.org/10.1371/JOURNAL.PONE.0142533
https://doi.org/10.1016/j.cmet.2015.09.005
https://doi.org/10.1016/j.cmet.2015.09.005
https://doi.org/10.1016/S2213-8587(22)00319-9
https://doi.org/10.1038/s41591-024-03375-y
https://doi.org/10.1038/s41591-024-03375-y
https://doi.org/10.1136/bmjopen-2023-078472
https://doi.org/10.1136/bmjopen-2023-078472
https://doi.org/10.1016/j.numecd.2023.09.014
https://doi.org/10.1016/j.numecd.2023.09.014
https://doi.org/10.1123/jmpb.2018-0063
https://doi.org/10.1123/jmpb.2018-0063
https://doi.org/10.1038/S41598-018-31266-Z
https://doi.org/10.1038/S41598-018-31266-Z
https://doi.org/10.1093/SLEEP/ZSAB254
https://doi.org/10.1093/SLEEP/ZSAB254


11Diabetes, Obesity and Metabolism, 2026

30. A. J. K. Phillips, W. M. Clerx, C. S. O'Brien, et al., “Irregular Sleep/
Wake Patterns Are Associated With Poorer Academic Performance and 
Delayed Circadian and Sleep/Wake Timing,” Scientific Reports 7, no. 1 
(2017): 1–13, https://​doi.​org/​10.​1038/​S4159​8-​017-​03171​-​4.

31. S. M. Thurman, N. Wasylyshyn, H. Roy, et al., “Individual Differ-
ences in Compliance and Agreement for Sleep Logs and Wrist Actig-
raphy: A Longitudinal Study of Naturalistic Sleep in Healthy Adults,” 
PLoS One 13, no. 1 (2018): e0191883, https://​doi.​org/​10.​1371/​journ​al.​
pone.​0191883.

32. M. Hildebrand, V. T. Van Hees, B. H. Hansen, and U. Ekelund, 
“Age Group Comparability of Raw Accelerometer Output From Wrist-
and Hip-Worn Monitors,” Medicine and Science in Sports and Exercise 
46, no. 9 (2014): 1816–1824, https://​doi.​org/​10.​1249/​MSS.​00000​00000​
000289.

33. A. Clavero-Jimeno, M. Dote-Montero, J. H. Migueles, et al., “Impact 
of Lifestyle Moderate-To-Vigorous Physical Activity Timing on Glyce-
mic Control in Sedentary Adults With Overweight/Obesity and Meta-
bolic Impairments,” Obesity 32 (2024): 1465–1473, https://​doi.​org/​10.​
1002/​OBY.​24063​.

34. S. Hashemipour, A. Ghorbani, A. Khashayar, and H. Olfati, “Associ-
ation of Sleep Quality With Insulin Resistance in Obese or Overweight 
Subjects,” Sleep Science 14, no. Spec 1 (2021): 75–78, https://​doi.​org/​10.​
5935/​1984-​0063.​20200084.

35. K. L. Knutson, E. Van Cauter, P. Zee, K. Liu, and D. S. Lauderdale, 
“Cross-Sectional Associations Between Measures of Sleep and Markers 
of Glucose Metabolism Among Subjects With and Without Diabetes: 
The Coronary Artery Risk Development in Young Adults (CARDIA) 
Sleep Study,” Diabetes Care 34, no. 5 (2011): 1171–1176, https://​doi.​org/​
10.​2337/​dc10-​1962.

36. B. Mokhlesi, K. A. Temple, A. H. Tjaden, et al., “Association of Self-
Reported Sleep and Circadian Measures With Glycemia in Adults With 
Prediabetes or Recently Diagnosed Untreated Type 2 Diabetes,” Diabe-
tes Care 42, no. 7 (2019): 1326–1332, https://​doi.​org/​10.​2337/​DC19-​0298.

37. Y. Zhao, Y. Zheng, Y. Tian, et al., “Objective Sleep Characteristics 
and Continuous Glucose Monitoring Profiles of Type 2 Diabetes Patients 
in Real-Life Settings,” Diabetes, Obesity & Metabolism 25, no. 3 (2023): 
823–831, https://​doi.​org/​10.​1111/​dom.​14930​.

38. J. Qian and F. A. J. L. Scheer, “Circadian System and Glucose Metab-
olism: Implications for Physiology and Disease,” Trends in Endocrinol-
ogy and Metabolism 27, no. 5 (2016): 282–293, https://​doi.​org/​10.​1016/j.​
tem.​2016.​03.​005.

39. R. Lok, J. Qian, and S. L. Chellappa, “Sex Differences in Sleep, Circa-
dian Rhythms, and Metabolism: Implications for Precision Medicine,” 
Sleep Medicine Reviews 75 (2024): 101926, https://​doi.​org/​10.​1016/j.​
smrv.​2024.​101926.

40. F. M. Zuraikat, N. Makarem, S. Redline, B. Aggarwal, S. Jelic, and 
M. P. St-Onge, “Sleep Regularity and Cardiometabolic Heath: Is Vari-
ability in Sleep Patterns a Risk Factor for Excess Adiposity and Gly-
cemic Dysregulation?,” Current Diabetes Reports 20, no. 8 (2020): 38, 
https://​doi.​org/​10.​1007/​S1189​2-​020-​01324​-​W.

41. R. Vallat, V. D. Shah, and M. P. Walker, “Coordinated Human Sleep-
ing Brainwaves Map Peripheral Body Glucose Homeostasis,” Cell Re-
ports Medicine 4, no. 7 (2023): 101100, https://​doi.​org/​10.​1016/J.​XCRM.​
2023.​101100.

42. S. Reutrakul and E. Van Cauter, “Sleep Influences on Obesity, In-
sulin Resistance, and Risk of Type 2 Diabetes,” Metabolism 84 (2018): 
56–66, https://​doi.​org/​10.​1016/j.​metab​ol.​2018.​02.​010.

43. M. Garaulet, J. Qian, J. C. Florez, J. Arendt, R. Saxena, and F. A. J. L. 
Scheer, “Melatonin Effects on Glucose Metabolism: Time to Unlock the 
Controversy,” Trends in Endocrinology and Metabolism 31, no. 3 (2020): 
192–204, https://​doi.​org/​10.​1016/J.​TEM.​2019.​11.​011.

44. A. Facchinetti, “Continuous Glucose Monitoring Sensors: Past, 
Present and Future Algorithmic Challenges,” Sensors 16, no. 12 (2016): 
2093, https://​doi.​org/​10.​3390/​s1612​2093.

45. L. Leelarathna and E. G. Wilmot, “Flash Forward: A Review of 
Flash Glucose Monitoring,” Diabetic Medicine 35, no. 4 (2018): 472–482, 
https://​doi.​org/​10.​1111/​dme.​13584​.

Supporting Information

Additional supporting information can be found online in the Supporting 
Information section. Data S1: dom70675-sup-0001-Supinfo.docx. 

 14631326, 0, D
ow

nloaded from
 https://dom

-pubs.pericles-prod.literatum
online.com

/doi/10.1111/dom
.70675 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [13/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/S41598-017-03171-4
https://doi.org/10.1371/journal.pone.0191883
https://doi.org/10.1371/journal.pone.0191883
https://doi.org/10.1249/MSS.0000000000000289
https://doi.org/10.1249/MSS.0000000000000289
https://doi.org/10.1002/OBY.24063
https://doi.org/10.1002/OBY.24063
https://doi.org/10.5935/1984-0063.20200084
https://doi.org/10.5935/1984-0063.20200084
https://doi.org/10.2337/dc10-1962
https://doi.org/10.2337/dc10-1962
https://doi.org/10.2337/DC19-0298
https://doi.org/10.1111/dom.14930
https://doi.org/10.1016/j.tem.2016.03.005
https://doi.org/10.1016/j.tem.2016.03.005
https://doi.org/10.1016/j.smrv.2024.101926
https://doi.org/10.1016/j.smrv.2024.101926
https://doi.org/10.1007/S11892-020-01324-W
https://doi.org/10.1016/J.XCRM.2023.101100
https://doi.org/10.1016/J.XCRM.2023.101100
https://doi.org/10.1016/j.metabol.2018.02.010
https://doi.org/10.1016/J.TEM.2019.11.011
https://doi.org/10.3390/s16122093
https://doi.org/10.1111/dme.13584

	Sleep Efficiency Predicts Next-Day Glycaemia and Daytime Glycaemia Influences Sleep in Free-Living Adults at Risk of Type 2 Diabetes
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Study Design and Setting
	2.2   |   Participants
	2.3   |   Measurements
	2.3.1   |   Sleep Assessment
	2.3.2   |   Continuous Glucose Monitoring Measurements
	2.3.3   |   Covariates

	2.4   |   Statistical Analyses

	3   |   Results
	3.1   |   Association Between Sleep and Next-Day Diurnal Glucose Homeostasis
	3.2   |   Association of Diurnal Glucose Homeostasis With Sleep the Next Night

	4   |   Discussion
	5   |   Conclusions
	Author Contributions
	Acknowledegements
	Funding
	Conflicts of Interest
	Data Availability Statement
	Peer Review
	References


