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Abstract:

Sleep is increasingly recognized as a multidimensional contributor to cardiometabolic health, yet many
population studies focus primarily on sleep duration rather than restorative aspects such as sleep quality
and daytime functioning. Structural equation modeling (SEM) enables the assessment of latent wellness
constructs while accounting for measurement error. This study examined the association between a
latent Sleep Wellness construct and a latent Metabolic Risk construct among adults participating in the
National Health and Nutrition Examination Survey (NHANES) 2017—-March 2020 prepandemic cycle. A
cross-sectional secondary analysis was conducted using publicly available NHANES data. Sleep
Wellness was modeled as a latent construct measured by perceived sleep quality and reverse-coded
daytime sleepiness. Metabolic Risk was modeled as a latent construct measured by body mass index
(BMI) and waist circumference. SEM was estimated in Stata 19 using maximum likelihood estimation.
Model fit was evaluated using RMSEA, CFI, TLI, and SRMR. Standardized factor loadings and the
structural association between Sleep Wellness and Metabolic Risk were interpreted. The population
sample included 8420 adults after listwise exclusion of missing data. Model fit was strong (RMSEA=.046,
CF1=.999, TLI=.993, SRMR=.005). Sleep quality and reverse-coded daytime sleepiness loaded on
Sleep Wellness (.585 and .397, respectively), while BMI and waist circumference strongly loaded on
Metabolic Risk (.919 and .987). Sleep Wellness was inversely associated with Metabolic Risk
(standardized $=-.292, P<.001). Sleep quality and daytime functioning may be meaningful indicators of
sleep wellness in relation to metabolic risk, supporting multidimensional modeling approaches beyond

sleep duration alone.
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Introduction

Sleep is increasingly viewed as a core dimension of population health rather than merely a lifestyle
behavior. Contemporary cardiometabolic research has emphasized that sleep duration, sleep quality,
circadian regularity, and daytime functioning may each contribute to obesity, waist circumference, blood
pressure, glucose regulation, and broader cardiometabolic risk (Direksunthorn, 2025; St-Onge et al.,
2016). In public health and clinical informatics, this broader view is important because digital health
platforms, wellness dashboards, and wearable technologies often summarize sleep using simplified

metrics that may not capture the lived experience of restorative sleep.

Traditional epidemiologic analyses commonly examine individual observed variables, such as hours of
sleep or BMI, using regression models. Although useful, this variable-by-variable approach may miss
the latent structure of wellness. For example, a person may report adequate sleep duration but still
experience poor sleep quality or daytime sleepiness. Conversely, BMI and waist circumference are
distinct indicators that may jointly represent adiposity-related metabolic burden. SEM allows researchers
to model such shared variance explicitly through latent variables while accounting for measurement

error.

NHANES provides a strong platform for this type of analysis because it combines self-reported
behaviors, examination-based anthropometric measures, and demographic information in a nationally
representative sample. The 2017-March 2020 prepandemic files were created after COVID-19
interrupted the 2019-2020 collection cycle; the National Center for Health Statistics combined 2017-
2018 data with partial 2019-March 2020 data to support nationally representative estimates (Statistics,
2022; Stierman et al., 2021). This makes the cycle particularly useful for prepandemic health and

wellness research.

During our preliminary model-building process, sleep duration showed weak measurement performance
when included with perceived sleep quality and daytime sleepiness. This pattern suggested that sleep
duration alone may not adequately represent sleep wellness. In contrast, a parsimonious two-factor
SEM using sleep quality and reverse-coded daytime sleepiness to represent Sleep Wellness, and BMI
and waist circumference to represent Metabolic Risk, produced stable estimates and strong fit. This
supports a more nuanced hypothesis: subjective sleep quality and daytime functioning may be more

informative indicators of sleep wellness than sleep duration alone when modeling metabolic risk.

The purpose of this study was therefore to test a latent pathway model in which Sleep Wellness predicts
Metabolic Risk among U.S. adults. The main research question was: To what extent is latent Sleep
Wellness associated with latent Metabolic Risk in NHANES adults? We hypothesized that higher Sleep

Wellness would be associated with lower Metabolic Risk.
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Although prior NHANES-based studies have reported important associations between sleep behaviors
and obesity-related outcomes, most have relied primarily on regression-based analyses using isolated
observed variables rather than latent-variable frameworks (Feng et al., 2025; Jiang et al., 2024; Wang
et al., 2024). Consequently, relatively few studies have jointly modeled multidimensional sleep wellness
and metabolic risk as latent constructs while accounting for measurement error and shared variance
among indicators. This gap is important because sleep health and metabolic burden are inherently
multidimensional phenomena that may not be adequately represented through single-variable
approaches (Kim et al., 2024; St-Onge et al., 2016). The present study addresses this limitation by
applying structural equation modeling to examine the latent relationship between Sleep Wellness and

Metabolic Risk in a large population-based sample of U.S. adults.
Literature Review

Sleep has emerged as a multidimensional determinant of cardiometabolic health, extending beyond the
traditional focus on sleep duration alone. Contemporary sleep science conceptualizes sleep health as a
combination of duration, quality, timing, regularity, and daytime functioning (St-Onge et al., 2016).
Recent evidence suggests that restorative sleep may be better represented through subjective sleep
quality and daytime alertness than by sleep duration in isolation. Studies examining multidimensional
sleep health have demonstrated associations with obesity, hypertension, insulin resistance, and
cardiovascular disease risk (Corredera et al., 2025; Hayley et al., 2014; Kim et al., 2024). These findings
support the theoretical perspective that sleep wellness should be treated as a broader latent construct

rather than a single observed variable.

A substantial body of epidemiologic research has linked poor sleep with obesity and metabolic
dysfunction. Multiple NHANES-based studies have reported associations between inadequate or
disrupted sleep and elevated BMI, waist circumference, and metabolic syndrome indicators (Feng et al.,
2025; Jiang et al., 2024; Wang et al., 2024). For example, Jiang et al. (2024) found that both short and
irregular sleep duration were associated with increased waist circumference and obesity indicators
among middle-aged and older adults. Similarly, Wang et al. (2024) observed significant relationships
between obesity and sleep disorders in NHANES adults aged 60 years and older. These studies

reinforce the hypothesis that poorer sleep wellness is associated with greater metabolic risk.

Although sleep duration remains widely studied, growing evidence suggests that sleep quality and
daytime functioning may provide stronger indicators of restorative sleep. Knowlden et al. (2024 ) reported
that poor sleep quality contributes to cardiometabolic dysregulation and may impair weight-loss efforts
even when sleep duration appears adequate. Likewise, Otsuka et al. (2023) demonstrated that
nonrestorative sleep independently predicted metabolic syndrome over time, emphasizing that

subjective sleep restoration may be clinically meaningful beyond sleep quantity alone. Studies
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examining excessive daytime sleepiness have also found associations with cardiometabolic
abnormalities, suggesting that daytime functioning reflects underlying sleep impairment and physiologic
dysregulation (Chen et al., 2024). Collectively, these findings support the hypothesis that perceived
sleep quality and daytime functioning are meaningful indicators of latent Sleep Wellness.

Research has also emphasized the biological mechanisms linking poor sleep with metabolic
dysfunction. Experimental and observational studies suggest that disrupted sleep contributes to
hormonal dysregulation, inflammation, insulin resistance, altered appetite signaling, and circadian
disruption (Hong & Kim, 2024). Sleep disturbance has additionally been associated with elevated
cardiovascular biomarkers and broader cardiometabolic risk profiles among U.S. adults (Addo et al.,
2024). These physiologic pathways provide theoretical support for modeling a direct relationship

between sleep wellness and metabolic risk.

From a methodological perspective, many prior studies have relied on regression-based approaches
using observed variables. While informative, these approaches may not adequately capture latent
wellness dimensions or account for measurement error. SEM provides a useful alternative because it
enables researchers to model shared variance among observed indicators while estimating latent
constructs. In health research, SEM has increasingly been used to examine multidimensional health
behaviors and latent pathways involving sleep, obesity, and cardiometabolic risk. Bayesian and latent-
variable approaches have also been proposed for wearable-device and circadian rhythm research,

further supporting systems-oriented approaches to sleep health modeling (Lu et al., 2023).

NHANES offers a particularly valuable dataset for this line of inquiry because it combines self-reported
sleep measures with standardized anthropometric assessments in a nationally representative sample
of U.S. adults. Recent studies using NHANES data have continued to demonstrate strong relationships
between sleep behaviors and metabolic outcomes across diverse demographic groups (Chen et al.,
2024; Ernest et al., 2024). However, relatively few studies have used SEM to model latent sleep wellness
constructs in relation to latent metabolic risk constructs. Existing research has largely focused on

isolated variables rather than integrated latent dimensions of wellness.

Based on the reviewed literature, the current study proposes that sleep wellness is best represented as
a latent construct composed of perceived sleep quality and daytime functioning, while metabolic risk is
represented by BMI and waist circumference. The literature consistently suggests that poorer sleep
quality, nonrestorative sleep, and daytime sleepiness are associated with greater obesity and

cardiometabolic burden. Therefore, the following hypothesis was derived:
H1: Higher latent Sleep Wellness is associated with lower latent Metabolic Risk among U.S. adults.

In summary, prior literature supports three major conclusions. First, sleep is a multidimensional health

construct that extends beyond sleep duration alone. Second, poor sleep quality and impaired daytime
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functioning are consistently associated with obesity and cardiometabolic risk. Third, SEM provides an
appropriate framework for modeling latent wellness pathways while accounting for measurement error.

These findings collectively support the theoretical and methodological foundation for the present study.
Methods and Data

Study Design and Data Source

This study used a cross-sectional secondary analysis design with publicly available NHANES 2017-
March 2020 prepandemic data. NHANES is conducted by the National Center for Health Statistics of
the Centers for Disease Control and Prevention and combines interviews, physical examinations, and
laboratory assessments. The present analysis focused on adult participants with available data for sleep

quality, daytime sleepiness, BMI, and waist circumference.

The current manuscript is a methods-oriented formative analysis intended to develop and evaluate a
latent-variable health informatics model. As such, the primary emphasis is on construct development,
model fit, and interpretation of latent pathways. A future confirmatory analysis should incorporate
complex survey weights, strata, and primary sampling units to produce nationally representative

estimates.
Measures

Sleep Wellness was specified as a latent construct measured by sleep quality and daytime functioning.
Sleep quality was derived from the NHANES item assessing whether participants had ever told a doctor
or other health professional that they had trouble sleeping. The variable was recoded so that higher
values indicated better sleep quality. Although this binary indicator does not fully capture the
multidimensional nature of perceived sleep quality as represented in validated instruments such as the
Pittsburgh Sleep Quality Index (PSQ), it was selected as a pragmatic proxy within the constraints of the
NHANES sleep questionnaire structure. The use of this indicator should therefore be interpreted
cautiously as reflecting perceived sleep-related difficulties rather than a comprehensive assessment of
subjective sleep quality. Daytime functioning was measured using reverse-coded daytime sleepiness,

such that higher values indicated lower daytime sleepiness and therefore better daytime functioning.

Metabolic Risk was specified as a latent construct measured by BMI and waist circumference. BMI was
measured in kg/m2, and waist circumference was measured in centimeters during the NHANES physical
examination. These two indicators were selected because they were strongly correlated in the analytic

data and conceptually represent adiposity-related metabolic burden.
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Data Preparation

NHANES XPT files were imported into Stata 19 and merged using the respondent sequence number.
Special missing codes were treated as missing where appropriate. Daytime sleepiness was reverse-
coded using the 0-4 response scale, and sleep quality was coded so that higher scores represented
better sleep. Preliminary CFA models were evaluated for physical wellness, sleep wellness, and
metabolic risk. Indicators that performed weakly or produced empirical identification problems were

excluded from the final parsimonious SEM.

The final SEM included four observed variables: sleep quality, reverse-coded daytime sleepiness, BMI,
and waist circumference. Listwise deletion was used by the SEM estimator, yielding an analytic sample

of 8420 participants. Descriptive statistics and correlations were computed prior to SEM estimation.
Statistical Analysis

SEM was estimated in Stata 19 using maximum likelihood estimation. The measurement component
specified Sleep Wellness as a latent variable measured by sleep quality and reverse-coded daytime
sleepiness, and Metabolic Risk as a latent variable measured by BMI and waist circumference. The

structural component estimated the standardized pathway from Sleep Wellness to Metabolic Risk.

Model fit was evaluated using the root mean square error of approximation (RMSEA), comparative fit
index (CFl), Tucker-Lewis index (TLI), and standardized root mean square residual (SRMR). Because
chi-square tests are highly sensitive in large samples, practical fit indices were prioritized in

interpretation. Standardized factor loadings and standardized structural coefficients were reported.
Ethical Considerations

This study used publicly available, deidentified NHANES data. NHANES protocols are reviewed and
approved by the National Center for Health Statistics Research Ethics Review Board, and participants
provide informed consent before data collection. The current secondary analysis did not involve

interaction with human subjects or access to identifiable private information.

Results

Descriptive Statistics

Descriptive statistics for the observed SEM indicators are presented in Table 1. Sleep quality was coded
dichotomously from 0 to 1, with higher scores indicating better perceived sleep quality. Reverse-coded
daytime sleepiness ranged from 0 to 4, where higher values represented lower levels of daytime
sleepiness and therefore better daytime functioning. The mean BMI in the sample was 29.883

(SD=7.604), indicating that the average participant was in the overweight to obese range. Waist
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circumference averaged 100.398 cm (SD=17.349). Considerable variability was observed for both BMI
and waist circumference, supporting their suitability as indicators of latent metabolic risk. The sample
sizes varied across indicators because of missing data and listwise exclusion procedures used in the
SEM estimation (Table 1).

Variable N Mean SD Minimum Maximum

Sleep quality 8958 0.719 0.450 0 1

Reverse-coded

daytime 8948 2.241 1.175 0 4
sleepiness
BMI 8790 29.883 7.604 14.2 92.3
Waist

8449 100.398 17.349 56.4 187.5

circumference

Table 1: Descriptive statistics for observed indicators
Correlations

Pearson correlations among the observed indicators are displayed in Table 2. Sleep quality and reverse-
coded daytime sleepiness were positively correlated (r=.232), suggesting that participants with better
perceived sleep quality also tended to report less daytime sleepiness. Both sleep wellness indicators
demonstrated inverse correlations with BMI and waist circumference. Sleep quality was negatively
correlated with BMI (r=-.150) and waist circumference (r=-.170), while reverse-coded daytime
sleepiness was negatively correlated with BMI (r=-.120) and waist circumference (r=-.112). BMI and
waist circumference were strongly correlated (r=.907), providing empirical support for their specification

as indicators of a shared latent Metabolic Risk construct (Table 2).

Variable 1 2 3 4
1. Sleep quality 1.000
2. Reverse-coded
0.232 1.000
daytime sleepiness
3. BMI -0.150 -0.120 1.000
4. Waist
-0.170 -0.112 0.907 1.000

circumference

Table 2: Correlation matrix for final SEM indicators
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Structural Equation Model

The final SEM demonstrated strong overall fit to the data. Fit statistics are summarized in Table 3.
Although the chi-square test was statistically significant, chi-square statistics are highly sensitive to large
sample sizes and therefore were interpreted cautiously. Practical fit indices indicated excellent model
fit, including RMSEA=.046, CFI=.999, TLI=.993, and SRMR=.005. Collectively, these indices suggested
that the proposed latent-variable structure adequately represented the observed covariance matrix.
Information criteria values (AIC=151097.395; BIC=151188.894) are also reported in Table 3 for

reference.

Fit index Value Interpretation

Chi-square test chi-square(1)=18.827, P<.001 Statistically significant; interpreted
cautiously because of large N

RMSEA 0.046 Good approximate fit

CFI 0.999 Excellent comparative fit

TLI 0.993 Excellent comparative fit

SRMR 0.005 Excellent residual fit

AIC 151097.395 Information criterion

BIC 151188.894 Information criterion

Table 3: SEM Model Fit Indices.

Measurement Model

Standardized factor loadings for the latent constructs are shown in Table 4. Within the Sleep Wellness
construct, sleep quality demonstrated a moderate standardized loading (.585, P<.001), whereas
reverse-coded daytime sleepiness demonstrated a modest loading (.397, P<.001). These findings
indicate that both indicators contributed meaningfully to the latent Sleep Wellness factor, although sleep
quality showed a stronger relationship with the construct. The Metabolic Risk construct demonstrated
very strong measurement properties. BMI loaded strongly on Metabolic Risk (.919, P<.001), and waist
circumference demonstrated an even stronger loading (.987, P<.001). These high standardized loadings
indicated that both anthropometric indicators shared substantial variance and effectively represented a

common adiposity-related metabolic burden factor (Table 4).

Standardized

Latent construct Indicator P value Interpretation
loading

Sleep Wellness Sleep quality 0.585 <.001 Moderate loading
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Reverse-coded
Sleep Wellness ) ) 0.397 <.001 Modest loading
daytime sleepiness

Metabolic Risk BMI 0.919 <.001 Strong loading

Metabolic Risk Waist circumference | 0.987 <.001 Very strong loading

Table 4: Standardized measurement model loadings
Structural Pathway

The standardized structural pathway from Sleep Wellness to Metabolic Risk is presented in Table 5 and
visualized in Figure 1. Sleep Wellness was significantly and inversely associated with Metabolic Risk
(standardized (3=-.292, SE=0.019, P<.001, 95% CI [-0.329, -0.255]). This finding indicated that higher
levels of Sleep Wellness were associated with lower levels of Metabolic Risk in the sample. Specifically,
a one standard deviation increase in Sleep Wellness corresponded to an estimated 0.292 standard

deviation decrease in Metabolic Risk.

Figure 1 illustrates the standardized SEM path diagram, including the latent constructs, observed
indicators, and structural pathway coefficients. The pattern of results supported the hypothesized
inverse relationship between Sleep Wellness and Metabolic Risk and demonstrated that the

parsimonious latent-variable model produced stable and interpretable parameter estimates.

Path Standardized beta SE P value 95% CI

Sleep Wellness ->
Metabolic Risk

-0.292 0.019 <.001 -0.329 to -0.255

Table 5: Standardized Structural Path Estimate

Sldep_Welingss ~29
1
sleep_quality slgepiness_rgv bmi waist
1.6 1.9 4 5.8

> o O o

Figure 1: Standardized structural equation model linking sleep wellness and metabolic risk
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Discussion

Principal Findings

This study developed and evaluated a latent-variable structural equation model linking Sleep Wellness
to Metabolic Risk using NHANES 2017-March 2020 prepandemic data. The final SEM demonstrated
excellent practical fit and supported the hypothesized inverse association between Sleep Wellness and
Metabolic Risk. In standardized terms, a 1 SD increase in Sleep Wellness was associated with a 0.292
SD decrease in Metabolic Risk. These findings suggest that better perceived sleep quality and improved

daytime functioning are associated with lower adiposity-related metabolic burden among U.S. adults.

During preliminary model development, sleep duration demonstrated weak measurement performance
when modeled alongside sleep quality and daytime functioning. In contrast, perceived sleep quality and
reverse-coded daytime sleepiness produced a stable and interpretable latent Sleep Wellness construct.
These findings reinforce the growing perspective that sleep health is multidimensional and should not
be reduced solely to hours slept (Kim et al., 2024; St-Onge et al., 2016). Contemporary sleep science
increasingly recognizes that restorative sleep involves subjective quality, continuity, timing, and daytime
functioning in addition to duration. The present study contributes to this literature by empirically
demonstrating that sleep quality and daytime functioning may better capture latent sleep wellness in
relation to metabolic risk than sleep duration alone. The findings further align with emerging theoretical
perspectives suggesting that restorative sleep may be more appropriately conceptualized as a
multidimensional wellness construct encompassing perceived sleep quality and daytime functioning

rather than sleep duration alone (Kim et al., 2024; St-Onge et al., 2016).
Comparison With Prior Research

The results align with prior epidemiologic and clinical research linking poor sleep with obesity and
cardiometabolic dysfunction. Recent studies using NHANES and other population-based datasets have
reported associations between poor sleep quality, daytime sleepiness, obesity, and metabolic syndrome
indicators (Feng et al., 2025; Jiang et al., 2024; Wang et al., 2024). Similarly, Otsuka et al. (2023) found
that nonrestorative sleep independently predicted metabolic syndrome development, suggesting that
subjective sleep restoration may have important physiologic implications beyond sleep quantity alone.
The current study extends these findings by modeling Sleep Wellness and Metabolic Risk as latent

constructs rather than isolated observed variables.

The observed inverse association between Sleep Wellness and Metabolic Risk is also consistent with
biologic theories linking disrupted sleep to hormonal and metabolic dysregulation. Prior research has
shown that poor sleep contributes to insulin resistance, inflammation, altered appetite regulation, and

circadian misalignment (Hong & Kim, 2024). These physiologic pathways may contribute to increased
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adiposity and metabolic dysfunction over time. In the present analysis, the strong loadings for BMI and
waist circumference indicate that the latent Metabolic Risk construct effectively captured shared
adiposity-related variance, supporting prior evidence that these measures jointly reflect metabolic
burden.

The current findings additionally complement recent work emphasizing the importance of daytime
functioning in sleep health research. Chen et al. (2024) reported significant associations between
excessive daytime sleepiness and metabolic syndrome indicators, while Knowlden et al. (2024) argued
that sleep quality may influence cardiometabolic wellness even when sleep duration appears adequate.
The present study supports these observations by demonstrating that reverse-coded daytime
sleepiness contributed meaningfully to the Sleep Wellness construct. Although the loading for daytime
functioning was more modest than that of sleep quality, it nonetheless represented an important

component of restorative sleep.

An important finding from preliminary exploratory modeling was that systolic blood pressure did not load
strongly alongside BMI and waist circumference in broader cardiometabolic models. This finding is
clinically plausible because blood pressure is influenced by numerous physiologic and behavioral factors
beyond adiposity alone, including diet, physical activity, stress, medication use, and aging (Whelton et
al., 2018). Consequently, the final SEM intentionally focused on adiposity-related metabolic risk rather
than attempting to model a broader cardiometabolic syndrome construct with weakly related indicators.

This parsimonious approach improved empirical stability and interpretability.
Implications

The present study has several implications for digital health research. The findings demonstrate the
value of latent-variable modeling for representing wellness constructs that are not directly observable.
Rather than relying exclusively on single observed indicators, SEM enables researchers to model
shared variance while accounting for measurement error. This systems-oriented approach may be
especially useful in health informatics contexts where wellness is increasingly monitored through

integrated digital platforms, wearable technologies, and patient-reported outcomes.

The findings also suggest that sleep dashboards and digital wellness applications may be incomplete if
they rely solely on sleep duration metrics. Many consumer sleep technologies emphasize total sleep
time despite growing evidence that subjective sleep quality and daytime functioning may better reflect
restorative sleep. Incorporating patient-reported sleep quality and daytime functioning measures into
wellness analytics may improve risk stratification and provide a more comprehensive representation of

sleep health.
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In addition, this analysis illustrates how publicly available population-health datasets can be used to
develop interpretable latent-variable models connecting behavioral wellness and metabolic outcomes.
As wearable devices and ecological momentary assessment tools become increasingly integrated into
healthcare systems, future informatics models may combine objective sensor data with subjective
wellness indicators to improve personalized health monitoring. Bayesian and latent-variable approaches
have already been proposed as promising frameworks for wearable-informed sleep analytics and

circadian health modeling (Lu et al., 2023).
Limitations

Several limitations of this study should be acknowledged. The analysis was cross-sectional, which
precludes causal inference. Although the SEM specified a directional pathway from Sleep Wellness to
Metabolic Risk, the observed association may reflect bidirectional or reciprocal relationships. Obesity

and metabolic dysfunction may contribute to poor sleep quality and daytime impairment.

This formative analysis did not incorporate NHANES complex survey design features, including
sampling weights, strata, and primary sampling units. Consequently, the findings should not be
interpreted as nationally representative population estimates. Future confirmatory analyses should

incorporate survey-weighted SEM procedures to improve generalizability.

The sleep-related indicators were based on self-reported NHANES questionnaire items and may
therefore be influenced by recall bias, reporting bias, or subjective interpretation. In particular, the sleep
quality indicator represented a proxy derived from self-reported sleep-related difficulty rather than a
comprehensive multidimensional sleep-quality instrument such as the Pittsburgh Sleep Quality Index
(PSQI). Accordingly, the latent Sleep Wellness construct should be interpreted cautiously as reflecting
perceived sleep-related functioning rather than a complete clinical assessment of sleep health. Objective
sleep measures such as actigraphy or polysomnography were not available for inclusion in the present

analysis.

In addition, the latent constructs Sleep Wellness and Metabolic Risk were measured using only two
indicators each. Although two-indicator latent variables can be statistically identified, psychometric
models are generally strengthened by the inclusion of three or more strong indicators per construct. The
parsimonious two-indicator structure was retained because preliminary models with additional indicators

demonstrated weak factor loadings, poor conceptual alignment, or empirical instability.

Finally, Metabolic Risk was operationalized primarily as adiposity-related metabolic burden through BMI
and waist circumference. Broader cardiometabolic pathways involving blood pressure, glucose

regulation, lipid profiles, inflammatory biomarkers, and endocrine indicators were not included in the
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final SEM. Therefore, the findings should be interpreted within the narrower context of adiposity-related

metabolic risk rather than comprehensive cardiometabolic disease risk.
Future Research

Future research should extend this model in several important ways. Investigators should examine
whether the relationship between Sleep Wellness and Metabolic Risk differs across demographic and
behavioral subgroups using multigroup SEM. Sleep behaviors and metabolic outcomes are known to

vary by sex, age, race and ethnicity, socioeconomic status, and physical activity level.

Longitudinal research is needed to evaluate temporal ordering and potential bidirectional pathways
between sleep wellness and metabolic risk. Repeated-measures SEM and cross-lagged panel models
may help clarify whether poor sleep contributes to increasing metabolic burden over time, whether

metabolic dysfunction impairs restorative sleep, or whether both processes occur simultaneously.

Future studies can also evaluate broader latent cardiometabolic constructs that incorporate blood
pressure, glycemic measures, inflammatory biomarkers, and lipid indicators. Such models may provide
a more comprehensive representation of cardiometabolic wellness while allowing researchers to

evaluate distinct physiologic pathways.

Bayesian SEM approaches may provide useful extensions for future health informatics research
because they allow direct estimation of posterior uncertainty distributions and can improve model
stability in complex latent-variable systems. Integration of NHANES-derived wellness constructs with
wearable-device data, ecological momentary assessment, and electronic health record data may further

support the development of personalized, systems-oriented digital health analytics.

Overall, the present study contributes to the growing literature emphasizing multidimensional sleep
wellness and demonstrates that perceived sleep quality and daytime functioning are meaningfully
associated with adiposity-related metabolic risk in U.S. adults. The findings support the use of latent-
variable approaches in public health informatics and reinforce the importance of modeling sleep as a

multidimensional wellness construct rather than reducing it to sleep duration alone.
Conclusion

This study examined the relationship between latent Sleep Wellness and latent Metabolic Risk among
U.S. adults using NHANES 2017-March 2020 prepandemic data and structural equation modeling
(SEM). The final SEM demonstrated strong overall model fit and identified a statistically significant
inverse association between Sleep Wellness and Metabolic Risk. Specifically, higher levels of perceived
sleep quality and better daytime functioning were associated with lower levels of adiposity-related

metabolic burden, as measured by BMI and waist circumference.
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The findings contribute to the growing body of literature suggesting that sleep should be conceptualized
as a multidimensional health construct rather than being reduced to sleep duration alone. Preliminary
modeling indicated that sleep duration did not perform as strongly as perceived sleep quality and
daytime functioning within the latent Sleep Wellness construct. This supports emerging perspectives in
sleep science and health research that restorative sleep involves both subjective experience and
daytime functioning. The study also demonstrates the utility of latent-variable modeling for representing
complex wellness constructs while accounting for measurement error and shared variance among

indicators.

From a theoretical perspective, the findings reinforce systems-oriented approaches to health behavior
and cardiometabolic wellness. Sleep Wellness and Metabolic Risk appear to function as interconnected
latent dimensions rather than isolated observed variables. The study further illustrates how SEM can be
applied to public health informatics research to examine latent pathways linking behavioral wellness and

physiologic outcomes.

Future research should continue extending this latent-variable framework through more comprehensive
and longitudinal investigations. Future analyses should incorporate NHANES survey weights and
complex sampling procedures to improve national representativeness and external validity. Longitudinal
and cross-lagged SEM approaches may also help clarify the temporal and potentially reciprocal
relationship between sleep wellness and metabolic risk over time. Researchers may further strengthen
the Metabolic Risk construct by incorporating additional physiologic indicators such as blood pressure,
glycemic markers, inflammatory biomarkers, and lipid profiles. Multigroup SEM could additionally
evaluate whether the relationship between sleep wellness and metabolic burden differs across
demographic, socioeconomic, and behavioral subpopulations. Bayesian SEM approaches and the
integration of wearable-device data may further support the development of personalized and systems-

oriented digital health analytics models.

The present findings also have practical implications for public health informatics and digital wellness
systems. Contemporary consumer sleep dashboards frequently prioritize sleep duration despite growing
evidence that restorative sleep involves broader dimensions of sleep quality and daytime functioning.
The current findings suggest that incorporating patient-reported sleep quality and daytime functioning
measures into digital wellness analytics may provide more meaningful insight into metabolic health risk
than sleep duration alone. Integrated wellness platforms that combine behavioral, physiologic, and
wearable-derived indicators may therefore improve health monitoring, wellness prediction, and

personalized intervention strategies.
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In conclusion, this study supports the importance of multidimensional sleep wellness in relation to
metabolic health and highlights the value of latent-variable approaches for advancing public health

informatics research.
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