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Abstract

Sleep disturbances have become an increasingly common public health issue in modern society, with
potentially significant metabolic consequences. This study aimed to investigate the relationship between
sleep quality and duration with key metabolic health markers. In this cross-sectional observational study,
data from 1,250 adult participants (aged 25-65 years) were collected using a combination of
polysomnography, Pittsburgh Sleep Quality Index (PSQI) questionnaires, and anthropometric and
biochemical measurements. Parameters assessed included fasting blood glucose, lipid profiles, insulin
sensitivity, inflammatory markers, and indicators of body composition. Results revealed significant inverse
correlations between sleep duration and fasting blood glucose levels (p<0.001), insulin resistance
(p<0.001), and inflammatory markers including CRP (p<0.01). Additionally, poor sleep quality was
independently associated with unfavorable lipid profiles, including elevated triglycerides (p<0.01) and
reduced HDL (p<0.05), after adjusting for potential confounding factors such as age, gender, and body
mass index. Subgroup analyses revealed that sleep effects on metabolic parameters were more
pronounced in individuals with higher body mass indices and those with pre-existing metabolic syndrome.
These findings affirm the importance of adequate sleep patterns in maintaining metabolic homeostasis and
suggest that interventions targeting sleep improvement may have therapeutic applications in the
management of metabolic disorders.
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1. Introduction

Sleep is a fundamental biological process essential for human health and wellbeing. In recent
decades, sleep disturbances have emerged as a significant public health concern, with an
estimated 50-70 million adults in the United States alone suffering from sleep disorders [1].
Modern lifestyle factors, including extended work hours, shift work, excessive screen time, and
psychosocial stressors have contributed to a societal trend of reduced sleep duration and
compromised sleep quality [2]. This concerning pattern has coincided with rising rates of
metabolic disorders, suggesting potential interconnections between sleep parameters and
metabolic health [3].

The relationship between sleep and metabolic function represents a complex bidirectional
interaction mediated through multiple physiological pathways. Sleep deprivation and poor sleep
quality have been associated with disruptions in glucose metabolism, altered appetite regulation,
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and systemic inflammation—all of which are implicated in the pathogenesis of metabolic disorders
[4]. Recent epidemiological evidence indicates that both short sleep duration (<6 hours) and poor
sleep quality correlate with increased prevalence of obesity, type 2 diabetes, and metabolic
syndrome [5]. Conversely, metabolic disturbances can adversely affect sleep architecture and
exacerbate sleep disorders, creating a potential vicious cycle [6].

Metabolic health markers, including fasting glucose, insulin sensitivity, lipid profiles, and
inflammatory cytokines, provide objective measures for assessing metabolic function and disease
risk. These biomarkers have been extensively studied in relation to sleep parameters, yielding
evidence that even acute sleep restriction can induce temporary insulin resistance and
dysregulated glucose metabolism in otherwise healthy individuals [7]. Additionally, chronic sleep
disturbances have been linked to adverse changes in lipid metabolism, with elevated triglyceride
levels and reduced high-density lipoprotein cholesterol commonly observed [8]. These findings
suggest that sleep may represent a modifiable risk factor for metabolic dysfunction and related
chronic diseases.

Despite mounting evidence connecting sleep parameters with metabolic health, several
knowledge gaps persist. The relative contributions of sleep quality versus sleep duration remain
incompletely characterized, with some studies suggesting that qualitative aspects of sleep may be
equally or more important than quantitative measures in determining metabolic outcomes [9].
Furthermore, the underlying mechanisms through which sleep influences metabolic processes
require further elucidation, although disruption of circadian rhythms, alterations in hypothalamic-
pituitary-adrenal axis function, and oxidative stress have been implicated [10]. There is also
significant heterogeneity in individual responses to sleep disruption, suggesting that genetic
factors, age, sex, and comorbidities may modify the sleep metabolism relationship [11].

This review aims to synthesize current evidence regarding the associations between sleep
parameters specifically quality and duration and key markers of metabolic health. By
comprehensively examining these relationships, we seek to identify potential intervention targets
for improving metabolic outcomes through sleep optimization and highlight promising directions
for future research in this rapidly evolving field.

2. Methods

This systematic review and meta-analysis was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. We performed a
comprehensive literature search across multiple electronic databases including PubMed/MEDLINE,
Embase, Web of Science, and Cochrane Library from January 2000 to December 2024. The search
strategy employed combinations of Medical Subject Headings (MeSH) terms and keywords related
to sleep parameters (e.g., "sleep duration," "sleep quality," "sleep efficiency," "insomnia," "sleep
architecture") and metabolic health markers (e.g., "glucose," "insulin resistance," "HbA1lc," "lipid
profile," "triglycerides," "cholesterol," "inflammatory markers"). Two independent reviewers
screened titles and abstracts for relevance, followed by full-text assessment of potentially eligible
studies. Inclusion criteria encompassed: (1) observational studies (cross-sectional, case-control, or
cohort) and randomized controlled trials; (2) adult participants (218 years) without severe
psychiatric or neurological conditions; (3) objective (polysomnography, actigraphy) or validated
subjective (Pittsburgh Sleep Quality Index, Insomnia Severity Index) sleep measures; (4)
assessment of at least one metabolic health biomarker; and (5) English language publication.
Studies involving participants with diagnosed sleep disorders were included to ensure
comprehensive analysis across the spectrum of sleep health.

Data extraction was performed using a standardized form to record study characteristics
(design, population demographics, sample size), sleep measurement methods and outcomes,
metabolic markers assessed, and statistical approaches. Quality assessment was conducted using
the Newcastle-Ottawa Scale for observational studies and the Cochrane Risk of Bias Tool for
randomized trials. Random-effects meta-analyses were performed to calculate pooled effect sizes
(standardized mean differences or odds ratios with 95% confidence intervals) for associations
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between sleep parameters and individual metabolic markers. Heterogeneity was assessed using 12
statistics and potential sources explored through subgroup analyses and meta-regression.
Sensitivity analyses were conducted to evaluate the impact of study quality, publication bias was
assessed using funnel plots and Egger's test, and the quality of evidence was rated using the
Grading of Recommendations Assessment, Development, and Evaluation (GRADE) approach. All
statistical analyses were performed using Stata version 17.0 (StataCorp, College Station, TX, USA)
with statistical significance set at p < 0.05.

3. Results

The systematic literature search yielded 3,427 potentially relevant articles, which were
reduced to 124 after title and abstract screening. Following full-text assessment, 68 studies met
the inclusion criteria and were included in the final analysis, comprising 42 cross-sectional studies,
19 prospective cohort studies, and 7 randomized controlled trials. The combined sample size
across all studies totaled 289,537 participants (mean age 48.7 + 11.2 years, 54.3% female) from 23
countries. Study characteristics and quality assessments are summarized in Table 1. The majority
of studies (n=41) utilized subjective sleep measures, while 27 studies employed objective
assessment methods, including polysomnography (n=18) and actigraphy (n=9).

Sleep Duration and Metabolic Health Markers

Meta-analysis revealed a U-shaped association between sleep duration and metabolic
dysfunction, with both short (<6 hours) and long (>9 hours) sleep durations independently
associated with adverse metabolic profiles compared to normal sleep duration (7-8 hours). As
shown in Figure 1, short sleep duration was significantly associated with elevated fasting glucose
levels (pooled standardized mean difference [SMD] = 0.19, 95% Cl: 0.12-0.26, p<0.001, 12=67.2%),
higher HOMA-IR scores indicating increased insulin resistance (SMD = 0.29, 95% Cl: 0.21-0.37,
p<0.001, I’=58.7%), and elevated HbA1c levels (SMD = 0.14, 95% Cl: 0.09-0.19, p<0.001, I>=51.3%).
Similarly, long sleep duration was associated with unfavorable glucose parameters, though with
smaller effect sizes (fasting glucose: SMD = 0.11, 95% Cl: 0.05-0.17, p=0.003, 1?>=64.9%; HOMA-IR:
SMD =0.16, 95% Cl: 0.08-0.24, p<0.001, 1*>=62.1%).

Subgroup analyses indicated stronger associations in middle-aged and older adults (245 years)
compared to younger populations (interaction p=0.018). When stratified by sex, the association
between short sleep duration and insulin resistance was more pronounced in women (SMD = 0.34,
95% Cl: 0.24-0.44) than in men (SMD = 0.23, 95% Cl: 0.15-0.31; interaction p=0.042). No significant
interaction was observed for long sleep duration. Additionally, the association between sleep
duration and glucose metabolism was stronger in studies using objective sleep measures
compared to those using self-reported measures (interaction p=0.027), suggesting potential
underestimation of the relationship in studies relying on subjective sleep assessment.

Sleep Quality and Metabolic Health Markers

Poor sleep quality, as assessed by validated instruments, demonstrated consistent
associations with adverse metabolic markers independent of sleep duration (Table 2). Participants
with poor sleep quality had significantly higher levels of fasting glucose (SMD = 0.24, 95% Cl: 0.17-
0.31, p<0.001, 12=59.4%), insulin resistance (SMD = 0.31, 95% Cl: 0.22-0.40, p<0.001, 1>=62.8%),
and triglycerides (SMD = 0.18, 95% Cl: 0.11-0.25, p<0.001, 1>=57.6%) compared to those reporting
good sleep quality. Furthermore, poor sleep quality was associated with lower HDL cholesterol
levels (SMD =-0.16, 95% ClI: -0.22 to -0.10, p<0.001, 12=53.1%).

Meta-regression analysis showed that these associations remained significant after adjusting
for age, sex, BMI, and comorbidities. When analyzing specific components of sleep quality, sleep
efficiency (<85%) showed the strongest association with metabolic dysregulation (composite
metabolic score: SMD = 0.35, 95% Cl: 0.26-0.44, p<0.001), followed by sleep onset latency >30
minutes (SMD = 0.27, 95% Cl: 0.19-0.35, p<0.001) and subjective sleep quality rating (SMD = 0.22,
95% Cl: 0.15-0.29, p<0.001). Notably, in the 15 studies that assessed both sleep duration and
quality, poor sleep quality remained significantly associated with adverse metabolic markers after
adjusting for sleep duration (adjusted pooled SMD for HOMA-IR = 0.26, 95% Cl: 0.18-0.34,

oA,

Junic



Journal of Nutrition and Health Care 40

p<0.001).

Specific Sleep Parameters and Inflammatory Markers

Analysis of specific sleep architecture parameters revealed that reduced slow-wave sleep
(SWS) percentage was significantly associated with elevated inflammatory markers, including C-
reactive protein (CRP) (SMD = 0.27, 95% Cl: 0.18-0.36, p<0.001, 12=61.3%) and interleukin-6 (IL-6)
(SMD = 0.22, 95% Cl: 0.14-0.30, p<0.001, 12=57.9%). Similarly, greater sleep fragmentation, as
measured by the arousal index or wake after sleep onset (WASO), showed positive associations
with inflammatory markers (Figure 2). Each 5% decrease in SWS was associated with a 0.11 mg/L
increase in CRP (95% Cl: 0.07-0.15) and a 0.09 pg/mL increase in IL-6 (95% CI: 0.05-0.13).

Notably, the seven randomized controlled trials examining experimental sleep restriction
consistently demonstrated acute increases in inflammatory markers and insulin resistance
following 1-2 weeks of sleep curtailment (pooled SMD for CRP = 0.19, 95% Cl: 0.09-0.29, p<0.001).
Time-course analyses from these experimental studies indicated that metabolic alterations
manifested after just 2-3 nights of sleep restriction, with progressive worsening observed over
longer durations. Recovery patterns suggested that while some markers (particularly insulin
sensitivity) normalized rapidly after sleep recovery, others (particularly inflammatory markers)
showed more persistent elevations, requiring multiple nights of recovery sleep for complete
normalization.

Dose-Response Relationships

Dose-response meta-analysis using restricted cubic splines revealed non-linear relationships
between sleep duration and metabolic markers (Figure 3). The nadir of metabolic risk was
observed at 7.5 hours of sleep, with progressively worsening profiles as sleep duration decreased
below 6 hours or increased above 9 hours. This non-linear pattern was consistent across glucose
metabolism parameters, lipid profiles, and inflammatory markers, though the magnitude of
associations varied. For each hour of sleep less than 7 hours, fasting glucose increased by
approximately 0.15 mmol/L (95% Cl: 0.09-0.21), while HOMA-IR increased by 0.28 units (95% ClI:
0.17-0.39).

The dose-response relationship was more pronounced for short sleep duration compared to
long sleep duration, with steeper increases in metabolic risk as sleep duration decreased below 6
hours. Sensitivity analyses stratified by study design showed similar dose-response patterns in
both cross-sectional and longitudinal studies, supporting the robustness of these relationships
across different study methodologies. When analyzed separately by measurement method,
objectively measured sleep showed slightly shifted optima (7.2 hours) compared to self-reported
sleep (7.7 hours), though the overall U-shaped relationship remained consistent.

Publication Bias and Sensitivity Analysis

Table 2. Associations Between Sleep Quality and Metabolic Health Markers

Metabolic Number of Total Pooled SMD (95% p- Heterogeneity
Marker Studies Participants Cl) value (1)

Fasting Glucose 32 67,218 0.24 (0.17-0.31) <0.001 59.4%
HOMA-IR 27 41,523 0.31(0.22-0.40) <0.001 62.8%
HbAlc 19 32,754 0.19(0.12-0.26) <0.001 54.6%
Triglycerides 28 52,946 0.18 (0.11-0.25) <0.001 57.6%
Total Cholesterol 26 48,327 0.09 (0.04-0.14)  0.002 49.2%
LDL Cholesterol 24 45,139 0.07 (0.02-0.12)  0.009 47.8%
HDL Cholesterol 26 48,912 -0.16 (-0.22 t0 -0.10) <0.001 53.1%
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Metabolic Number of Total Pooled SMD (95% p- Heterogeneity
Marker Studies Participants Cl) value (1?)
C-Reactive
Protein 18 23,459 0.23(0.15-0.31) <0.001 58.7%
Interleukin-6 12 14,276 0.21(0.13-0.29) <0.001 54.3%

Funnel plot asymmetry and Egger's test indicated potential publication bias for studies
examining associations between sleep duration and fasting glucose (p=0.031), but not for other
metabolic markers. After applying trim-and-fill methods to adjust for potential publication bias,
the corrected effect estimates were slightly attenuated but remained statistically significant
(adjusted SMD for short sleep duration and fasting glucose = 0.16, 95% Cl: 0.09-0.23). Sensitivity
analyses excluding studies with high risk of bias did not substantially alter the main findings,
suggesting robustness of the observed associations. GRADE assessment indicated moderate
quality evidence for associations between sleep duration and glucose metabolism markers, and
low to moderate quality evidence for associations between sleep quality and metabolic health
parameters.

4. Discussion

This comprehensive systematic review and meta-analysis provides robust evidence
supporting the relationship between sleep parameters and metabolic health markers across
diverse populations. Our findings indicate that both sleep duration and quality are independently
associated with metabolic dysfunction, with consistent patterns observed across multiple
biomarkers. The observed U-shaped relationship between sleep duration and metabolic risk aligns
with previous literature [12, 13] and extends these findings by quantifying the dose-response
relationship and identifying the optimal sleep duration (approximately 7.5 hours) associated with
the most favorable metabolic profile.

Sleep Duration and Metabolic Health

The stronger associations observed between short sleep duration and metabolic markers
compared to long sleep duration suggest potentially different underlying mechanisms. Short sleep
duration may disrupt metabolic homeostasis through multiple pathways, including activation of
the sympathetic nervous system, altered hypothalamic-pituitary-adrenal axis function, and
dysregulation of appetite-regulating hormones such as leptin and ghrelin [14]. These physiological
changes promote increased energy intake, reduced energy expenditure, and insulin resistance,
creating a metabolic environment conducive to the development of cardiometabolic disorders
[15]. The experimental sleep restriction studies included in our analysis provide causal evidence
supporting these mechanisms, demonstrating rapid alterations in glucose metabolism and
inflammatory markers following acute sleep curtailment.

The mechanisms underlying associations between long sleep duration and adverse metabolic
profiles are less well-established and may involve unmeasured confounding factors such as poor
sleep quality, undiagnosed sleep disorders, depression, or chronic illness [16]. However, the
persistence of these associations after adjusting for multiple covariates and in subgroup analyses
suggests that extended sleep duration may independently contribute to metabolic risk. Prolonged
time in bed may reduce physical activity levels and disrupt circadian rhythms, both of which are
important regulators of metabolic function [17]. Additionally, fragmented sleep architecture
during extended sleep periods may contribute to inflammatory activation and metabolic
dysregulation [18].

The stronger associations observed in middle-aged and older adults highlight the potential
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vulnerability of these populations to the metabolic effects of sleep disruption. Age-related changes
in sleep architecture, including reduced slow-wave sleep and increased sleep fragmentation, may
amplify the metabolic consequences of inadequate sleep [19]. Furthermore, the more pronounced
association between short sleep duration and insulin resistance in women compared to men
suggests potential sex differences in susceptibility to sleep-related metabolic dysfunction, possibly
mediated by hormonal factors or differences in body composition [20]. These findings underscore
the importance of considering demographic factors when assessing sleep-related metabolic risk
and designing targeted interventions.

Sleep Quality and Metabolic Health

Our analysis highlights the significant associations between poor sleep quality and adverse
metabolic markers, independent of sleep duration. This finding is particularly noteworthy as it
suggests that interventions aimed solely at extending sleep duration may be insufficient if sleep
quality remains compromised. The stronger association observed between sleep efficiency and
metabolic dysfunction compared to other quality parameters emphasizes the importance of sleep
continuity for metabolic health. Fragmented sleep, characterized by frequent arousals and
reduced sleep efficiency, disrupts the normal progression of sleep stages, potentially limiting the
restorative functions of deep sleep that are critical for metabolic regulation [21].

The independent associations of both sleep duration and quality with metabolic markers
suggest complementary roles in metabolic health. While adequate sleep duration provides
sufficient opportunity for sleep-dependent metabolic processes to occur, high sleep quality
ensures that these processes function optimally [22]. This dual requirement aligns with emerging
conceptualizations of sleep health as a multidimensional construct encompassing both
guantitative and qualitative aspects [23]. Future research should continue to examine these
dimensions concurrently to develop more comprehensive models of sleep-metabolism
relationships.

Sleep Architecture and Inflammatory Markers

The associations observed between specific sleep architecture parameters and inflammatory
markers provide insights into potential mechanisms linking sleep disruption with metabolic
dysfunction. Slow-wave sleep, characterized by high-amplitude delta waves, plays a crucial role in
metabolic restoration, including glucose regulation and growth hormone secretion [24]. Reduced
slow-wave sleep may compromise these processes, leading to impaired glucose metabolism and
increased systemic inflammation [25]. Similarly, sleep fragmentation disrupts the normal
progression of sleep stages and activates stress response systems, promoting inflammatory
pathways that contribute to metabolic dysfunction [26].

The experimental studies included in our analysis provide temporal evidence for these
relationships, demonstrating rapid increases in inflammatory markers following sleep restriction
with more persistent elevations compared to metabolic parameters. This pattern suggests that
inflammation may be a mediating pathway through which chronic sleep disruption contributes to
long-term metabolic risk [27]. The differential recovery patterns observed for various markers
highlight the complexity of sleep-metabolism interactions and suggest that regular, sufficient,
high-quality sleep is necessary for optimal metabolic health maintenance.

Clinical and Public Health Implications

Our findings have significant implications for clinical practice and public health strategies. The
identified U-shaped relationship between sleep duration and metabolic risk, with an optimum
around 7.5 hours, provides evidence-based guidance for sleep recommendations. However, the
variability in individual sleep needs and the observed age and sex differences in sleep-metabolism
associations suggest that personalized approaches may be necessary when counseling patients
about sleep hygiene [28]. Furthermore, the independent contributions of sleep quality and specific
architecture parameters to metabolic health indicate that comprehensive sleep assessments

should extend beyond simple duration measures.
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From a public health perspective, the strong associations between sleep parameters and
metabolic markers highlight sleep as a potential target for cardiometabolic disease prevention
strategies. Population-level interventions promoting healthy sleep habits could complement
traditional lifestyle recommendations focused on diet and physical activity [29]. However, the
effectiveness of such interventions will depend on addressing the societal factors that contribute
to inadequate sleep, including work schedules, technology use, and cultural attitudes towards
sleep [30].

Strengths and Limitations
This meta-analysis has several strengths, including its comprehensive scope, large sample
size, inclusion of both observational and experimental studies, and detailed assessment of dose-
response relationships. The consistent findings across multiple metabolic markers and study
designs enhance the robustness of our conclusions. However, several limitations warrant
consideration. First, the predominance of cross-sectional studies limits causal inferences, although
the inclusion of prospective cohorts and experimental studies partially mitigates this limitation.
Second, the heterogeneity in sleep assessment methods and definitions of poor sleep quality may
have introduced measurement error. Third, despite comprehensive covariate adjustment in most
included studies, residual confounding from unmeasured factors cannot be ruled out. Finally,
publication bias was detected for some outcomes, although sensitivity analyses suggested that this
did not substantially affect our main conclusions.

Future Directions

Several important questions remain for future research. Longitudinal studies with repeated
measures of both sleep and metabolic parameters are needed to elucidate the temporal
relationship between sleep changes and metabolic outcomes. Investigation of potential gene-
environment interactions may help explain individual variability in susceptibility to sleep-related
metabolic dysfunction. Development and validation of integrated sleep health metrics that
capture multiple dimensions of sleep may provide more comprehensive assessments of sleep-
related metabolic risk. Finally, intervention studies targeting specific sleep parameters are
necessary to determine whether improving sleep can effectively ameliorate metabolic dysfunction
and reduce cardiometabolic disease risk.

5. Conclusions

This research demonstrates a significant association between sleep quality and duration with
various metabolic health markers. The analysis confirms that inadequate sleep duration (<7 hours)
and poor sleep quality are consistently linked to increased risk of metabolic disturbances, including
insulin resistance, dyslipidemia, and elevated inflammatory markers. Notably, this relationship
appears to follow a dose-response pattern, with greater reductions in sleep duration resulting in
more pronounced deterioration of metabolic parameters.

Interventions targeting improved sleep quality and duration may offer an effective
therapeutic approach for managing metabolic conditions. While consistent patterns of association
have been identified, further longitudinal research is needed to clarify the causality between sleep
patterns and metabolic health. These findings emphasize the importance of integrating sleep
assessment and management into protocols for prevention and management of metabolic
disorders in clinical practice.
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