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Introduction: Metabolic syndrome (MS) is a common disease associated with multiple cardiovascular risk factors. Sleep-disordered
breathing (SDB) and insomnia are associated with several metabolic components, such as hypertension, diabetes, dyslipidemia, and
obesity. Although studies have shown an association between these sleep disorders and MS, the longitudinal relationship in the US
Hispanic/Latino population is still unknown. This study aimed to examine the longitudinal associations of SDB and insomnia,
individually and jointly, with incident MS risk over a 6-year follow-up period in a Hispanic/Latino cohort.

Methods: We conducted Cox regression analysis in 4625 participants (mean age 44.5+13.4 years, 60.3% women) who did not have
MS at baseline, from the main Hispanic Community Health Study/Study of Latinos study, adjusting for potential covariates, such as
age, sex, BMI, and smoking status. MS was defined by the NCEP ATP-III standard, and SDB (apnea—hypopnea index >5) and
insomnia (Women’s Health Initiative Insomnia Rating Scale score >9) were assessed during baseline.

Results: The prevalence of incident MS with an average 6-year interval was found to be 23.6%. In the fully adjusted model, SDB
showed a significant association with incident MS (HR 1.31, 95% CI 1.10-1.56), and the comorbidity of SDB and insomnia
(COMISA) was associated with an even higher risk of incident MS (HR 1.40, 95% CI 1.14-1.72), while insomnia alone showed
no significant association.

Conclusion: SDB and COMISA were associated with incident MS in the Hispanic/Latino population, and COMISA had a stronger
association with MS. These findings underscore the importance of addressing sleep disorders as modifiable risk factors in the
prevention and management of MS among the Hispanic/Latino population in the USA.
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Introduction

Metabolic syndrome (MS) is a collection of components characterized by physiological traits, such as high blood
pressure, increased levels of fasting plasma glucose, excess abdominal fat, and abnormal lipid levels.! In recent years,
research has shown that an estimated 34.7% of the population in the USA had MS, with a significant increase observed
among the Hispanic population compared to other ethnic groups between 2011 and 2016.% It is thus imperative to
investigate the risk factors influencing the development of MS within the Hispanic population.

Sleep-disordered breathing (SDB) and insomnia are the two most common sleep disorders. They are highly correlated
with the development of hypertension, diabetes, and dyslipidemia,®>® as well as with obesity.'®'" As these are
components of MS, a higher prevalence of sleep disorders may contribute to a higher risk of MS. Research has shown
that SDB can lead to a higher prevalence of MS.'? A recent meta-analysis including 13 studies using the National
Cholesterol Education Program (NCEP) Adult Treatment Panel-III (ATP-III) diagnostic criteria, with a total of 7934
participants, demonstrated a significant association between obstructive sleep apnea (OSA) and MS, independent of body
mass index (BMI)."® Short sleep duration and insomnia are also significantly associated with MS.'*'> The mechanisms
may include intermittent hypoxia caused by SDB, which, in turn, activates the sympathetic nervous system and increases
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inflammatory responses, leading to increased blood pressure and insulin resistance.'® The decline in sleep quality and
sleep disruptions may affect appetite regulation and energy balance, potentially leading to weight gain and obesity.'”
However, most of the previous studies were cross-sectional and conducted in non-Hispanic populations. So far, only one
cross-sectional study has investigated the relationship between SDB and MS in a Hispanic/Latino population in the USA,
and it found that SDB was independently associated with MS.'® Although one multi-ethnic longitudinal study, which
integrated the Brazilian Episono and Swiss HypnoLaus cohorts and included 1853 participants free of MS at baseline,
showed that OSA — a major subtype of SDB — is an independent risk factor for incident MS,'? it did not address the US
Hispanic/Latino population or explore the role of insomnia. The longitudinal causality of SDB and insomnia with MS in
the US Hispanic population is still not clear.

Furthermore, the comorbidity of SDB and insomnia, known as COMISA, is highly prevalent, with 30-40% of
patients with chronic insomnia meeting the diagnostic criteria for SDB. This comorbidity may involve an interaction
where each condition exacerbates the other.”’ Research has indicated that COMISA may result in a greater impairment of
sleep quality compared to either SDB or insomnia alone.’ Given the impact of SDB and insomnia on metabolism, we
hypothesize that COMISA may contribute to a higher risk of developing MS.

Thus, we aimed to examine the longitudinal associations of SDB and insomnia, both individually and jointly, with
incident MS risk in a Hispanic/Latino population in the USA, given that the Hispanic population is one of the largest
ethnic groups in the USA and has a relatively high prevalence of MS and sleep disorders.>*' Information for this
investigation was obtained from the Hispanic Community Health Study/Study of Latinos (HCHS/SOL), which is the
most extensive study on cardiovascular risk factors and sleep patterns within the US Hispanic/Latino community.

Method

Study Population

The HCHS/SOL is a community-based cohort study conducted in Hispanic/Latino populations in the USA. Data from the
Visit 1 survey were acquired during the period 20082011, in which 16,415 eligible individuals were included.
Information from Visit 2 was gathered between 2014 and 2017, with a focus on re-evaluating 11,623 subjects from
the baseline sample. Our study utilized a sample from the HCHS/SOL main study, consisting of 12,647 participants at
Visit 1 and 8816 participants at Visit 2. Both the structure and execution of this investigation have been published®*?*
and approved by the institutional ethics committees of the involved organizations. Of the 8816 included Visit 2
participants, we first excluded individuals with baseline MS (n=3510), then we further excluded missing data for MS
(n=39), for SDB (n=524), and for insomnia (n=118) based on the study’s exclusion criteria, yielding an analytic sample
of 4625, as illustrated in Figure 1.

‘ Baseline main study, 2008-2011 |
(N=12647)

’ Follow-up main study, 2014-2017 |
(N=8816)

Exclusion criteria for MS:

« Subjects with baseline MS (n=3510)
« Missing data for baseline MS (n=34)
« Missing data for follow-up MS (n=5)

’ Screen (N=5267) |

Exclusion criteria for sleep disorders:
« Missing data for SDB (n=524)
+ Missing data for insomnia (n =118 )

’ Analysis sample (N=4625) |

Figure | Sample flowchart.
Abbreviations: SDB, sleep-disordered breathing; MS, metabolic syndrome.
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During the first visit, participants were assessed using questionnaires for sleep symptoms and a validated home sleep
apnea test device, called the Apnea Risk Evaluation System (ARES), for any sleep disturbances.**** Trained scorers at
a central sleep reading center evaluated the sleep records, remaining blinded to all additional data. Blood samples were
gathered at each location following a standardized procedure and sent daily to the central laboratory for analysis. Blood
samples were used to measure cholesterol levels, while fasting blood samples were collected shortly after arrival to
measure fasting glucose. These indicators were then used for the subsequent diagnosis of MS.** Every participant
provided written consent prior to their involvement in the study.

Metabolic Syndrome

MS was defined by a revised NCEP ATP-III standard at baseline and Visit 2, as it is most commonly used in the clinic
and is consistent with previous research. A diagnosis of MS was made in the HCHS/SOL cohort when an individual met
three or more of the following criteria: average systolic blood pressure (SBP) >130 mmHg or average diastolic blood
pressure (DBP) >85 mmHg or self-report of using antihypertensive medications, where the average SBP and DBP were
both derived from three blood pressure measurements; fasting glucose >100 mg/dL or self-report of using antidiabetic
medications; triglycerides >150 mg/dL; high-density lipoprotein (HDL) cholesterol levels <40 mg/dL for men or <50 mg/
dL for women; and waist circumference >102 cm for men or >88 cm for women. We defined the number of MS
components present in each participant at baseline as MS components, n. Then, we defined the incident MS as the
participants who were not diagnosed with MS at Visit 1, but were diagnosed as having MS at Visit 2.

Sleep-Disordered Breathing (SDB)

SDB was measured by the Apnea Risk Evaluation System Unicorder (ARES™), which is worn on the forehead and does
not require additional wires to external devices such as an oximeter probe. The instrument measures oxygen saturation
(Sp0O,) and pulse rate from reflectance oximetry, air flow from a nasal cannula and pressure transducer, snoring levels via
a calibrated acoustic microphone, and head movement actigraphy and head position from accelerometers. The ARES
enables the calculation of the apnea—hypopnea index (AHI), which indicates the frequency of breathing interruptions
during sleep. The AHI was calculated based on the average number of all apneas and hypopneas associated with a 3%
desaturation per hour of sleep. The ARES showed consistently high sensitivity and specificity for both in-laboratory and
at-home recordings.?> Furthermore, a validation study demonstrated good agreement between the AHI measured by this
monitor and by polysomnography.”® In this research, SDB is defined as an AHI value equal to or greater than five events
per hour.

Insomnia

The standard for assessing insomnia in our research is derived from the Women’s Health Initiative Insomnia Rating Scale
(WHIIRS),”” which is a standardized tool measuring individuals’ perceived symptoms of insomnia, and was created and
validated using a diverse racial and ethnic population.”® Insomnia was defined as a WHIIRS score equal to or greater
than 9.

Covariates

Potential confounders, including sociodemographic factors such as age, sex, education level, and ethnic background, at
baseline, were taken into account. We also adjusted for unhealthy behaviors such as alcohol and cigarette use
(categorized as never use, former use, and current use) and BMI for obesity.

Statistical Analysis

The Visit 1 sample characteristics are presented as the number of subjects for categorical variables or the mean and
standard deviation for continuous variables, according to four groups (control, insomnia, SDB, COMISA) (Table 1). Data
were analyzed by the chi-squared and Kruskal-Wallis tests. The Visit 2 medication and laboratory data are also presented
according to the four groups (Table S1). Furthermore, the sample characteristics according to subjects with or without
incident MS are shown in Tables S2 and S3. The incidence rates of several components of MS during follow-up are also
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Table 1 HCHS/SOL (2008-2017) Sample Characteristics at Visit | in Different Sleep Disorders

Control Insomnia SDB COMISA p

Subjects 2310 1216 710 389
Age (years) 40.9+13.5 44.8+12.9 51.3£10.9 52.9+9.4 <0.001
Sex <0.001

Women 63.0 (1456) 70.1 (852) 36.5 (259) 57.6 (224)

Men 37.0 (854) 29.9 (364) 63.5 (451) 42.4 (165)
Incident MS 19.6 (452) 22.7 (276) 311 (221) 36.2 (141) <0.001
BMI (kg/m?) 274149 27.8+52 29.9453 31.1£6.2 <0.001
AHI (events/h) 1.2+1.3 1.3+1.3 15.3+13.5 13.4x11.4 <0.001
Alcohol use 0.004

Never 21.0 (485) 16.7 (203) 15.5 (110) 17.0 (66)

Former 30.1 (694) 31.5 (382) 29.6 (210) 329 (128)

Current 48.9 (1130) 51.8 (629) 54.3 (390) 50.1 (195)
Cigarette use <0.001

Never 69.0 (1590) 60.0 (729) 54.3 (385) 53.5 (208)

Former 15.3 (352) 17.4 (211) 28.5 (202) 27.2 (106)

Current 15.7 (363) 22.6 (275) 17.2 (122) 19.3 (75)
Education 0.013

Less than HS 30.5 (703) 35.0 (425) 33.1 (234) 36.8 (143)

HS or equivalent 27.2 (627) 28.1 (342) 25.6 (181) 23.7 (92)

Greater than HS or equivalent 42.3 (976) 36.9 (448) 41.4 (293) 39.6 (154)
Ethnicity <0.001

Dominican 10.2 (235) 12.7 (155) 6.3 (45) 10.3 (40)

Central American 1.1 (255) 9.7 (118) 10.3 (73) 9.3 (36)

Cuban 11.8 (272) 14.6 (178) 17.8 (126) 14.7 (57)

Mexican 44.5 (1027) 33.9 412) 42.9 (304) 37.3 (145)

Puerto Rican 11.5 (266) 20.5 (249) 12.3 (87) 21.1 (82)

South American 8.7 (201) 6.0 (73) 6.9 (49) 4.1 (16)

More than one/other heritage 2.2 (50) 2.5 (31) 3.5 (25) 3.3 (13)
Time between visits (years) 6.1+0.8 6.1+0.8 5.9+0.7 5.9+0.7 <0.001
Medications

Antihypertensive V| 11.4 (150) 17.1 (139) 23.6 (l16) 28.2 (88) <0.001

Antidiabetic VI 3.9 (52) 5.2 (42) 8.1 (40) 7.7 (24) <0.001

Antilipemic VI 9.3 (122) 12.3 (100) 18.1 (89) 19.0 (59) <0.001
Comorbidities

Hypertension VI 11.3 (260) 17.7 (215) 25.4 (180) 31.6 (123) <0.001

Diabetes VI 5.2 (121) 6.7 (82) 12.0 (85) 12.3 (48) <0.001
MS components, n

MS n VI 1.1+0.8 1.2+0.8 1.4+0.7 1.5+0.7 <0.001
Fasting glucose (mmol/L)

Glucose VI 94.1£20.1 94.6£22.6 101.7£33.3 98.1£24.8 <0.001
BP (mmHg)

Systolic VI 115.2+14.6 117.1£15.6 122.9+15.9 122.5£16.6 <0.001

Diastolic VI 69.0£9.4 70.9+9.7 73.6%9.9 745103 <0.001
Cholesterol (mmol/L)

Total VI 192.9+41 .4 197.5+41.5 206.6+39.5 203.2+39.4 <0.001

Triglycerides V1 104.4£72.6 103.1£52.9 120.8+68.4 112.1£52.4 <0.001

HDL VI 52.7£12.7 55.5%13.6 51.1%£12.4 53.3%11.7 <0.001

LDL VI 119.5+35.6 121.5+355 131.5+34.0 127.6+35.9 <0.001
Waist circumference (cm)

Waist VI 92.111.6 92.9£11.9 99.6£12.9 100.8+13.9 <0.001

Note: Data are presented as n, mean * standard deviation, or % (n) within each group. Data were analyzed by the chi-squared or
Kruskal-Wallis test. p<0.05 was considered statistically significant.
Abbreviations: HCHS/SOL, Hispanic Community Health Study/Study of Latinos; SDB, sleep-disordered breathing; COMISA,
COMISA, comorbidity of SDB and insomnia; MS, metabolic syndrome; BMI, body mass index; AHI, apnea—hypopnea index; HS,

high school; BP, blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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depicted by sex, age, and BMI using histograms (Figures S1-S3). We applied Bonferroni correction to adjust for multiple
comparisons between continuous variables.

In the primary analyses, Cox regression models were employed to ascertain the risk of incident MS associated with
SDB and insomnia at an average follow-up of 6 years, with the influence of covariates held constant. In sequential
models, Model 1 controlled only for sleep disorders; Model 2 added age, sex, BMI, alcohol use, cigarette use, education,
and ethnicity; and Model 3 further added MS components, n. The results of Cox regression are presented as the hazard
ratio (HR) and 95% confidence interval (CI). Subgroup analysis was also conducted, considering the different severity of
SDB (Table S4). We also performed tests for the proportional hazard assumption through log-log plots (Figure S7).
These curves are generally parallel, suggesting that the effect of the examined factors on survival risk remained
consistent across time. The survival risk for all four groups changed proportionally, and this risk ratio did not vary
over time.

We performed sex-stratified analysis on the different prevalence of incident MS in women and men, and age-stratified
analysis, considering that age is a major risk factor in sleep and metabolic disorders. We also conducted stratified analysis
according to BMI (non-obese: BMI <28 kg/m?; obese: BMI >28 kg/m?). Then, the interaction terms were employed to
explore possible effects. The results were represented as forest plots.

Survival analysis was performed, and Kaplan—Meier survival curves of the whole sample are presented according to the
different sleep disorder groups. We also conducted this analysis in different sex, age, and BMI groups (Figures S4-S6).

All statistical analyses were conducted in SPSS 27, and all tests were two sided, with p values <0.05 being considered
statistically significant.

Results

Sample Characteristics

The prevalence of incident MS over an average interval of 6 years was found to be 23.6% (n=1090). Table 1 presents the
sample characteristics at baseline in the different sleep disorder groups, comprising control, insomnia, SDB, and
COMISA. Among these four groups, the COMISA group exhibited the highest incidence rate (36.2%, n=141) of MS.
Compared to the control group, the SDB and COMISA groups also exhibited higher mean age, BMI, prevalence of
hypertension and diabetes, and antihypertensive medication use, and had more MS components and worse laboratory
data, including higher fasting glucose, blood pressure, total cholesterol, triglycerides, and LDL.

Sleep Disorders and Incident Metabolic Syndrome
In the main analysis, we used Cox regression models to explore the relationship between the two sleep disorders and
incident MS. Table 2 shows the adjusted HR in three models. In the fully adjusted model, insomnia was not associated

Table 2 Effect Estimates from Cox Regression Models for the Association Between Sleep Disorders
and 6-Year Incident MS in HCHS/SOL (2008-2017)

Model | Model 2 Model 3
Incident MS HR 95% Cl HR 95% ClI HR 95% ClI
Comorbid SDB and insomnia
Control Reference Reference Reference
Insomnia 1.20% 1.03-1.39 1.07 0.92-1.25 1.10 0.94-1.28
SDB 1.88%* 1.60-2.21 1.327 1.10-1.57 1317 1.10-1.56
COMISA 2.37* 1.96-2.86 1.36% 1.11-1.67 1.40%* 1.14-1.72

Notes: Model | included SDB and insomnia; Model 2 further controlled for age, sex, BMI, alcohol use, cigarette use, education,
and ethnicity; Model 3 further controlled for MS components, n. Statistically significant (p<0.05) effect estimates are highlighted in
bold. *p<0.001. Tp<0.01. ¥p<0.05.

Abbreviations: MS, metabolic syndrome; HCHS/SOL, Hispanic Community Health Study/Study of Latinos; SDB, sleep-
disordered breathing; COMISA, COMISA, comorbidity of SDB and insomnia; HR, hazard ratio; Cl, confidence interval.
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with incident MS, but SDB (HR 1.31, 95% CI 1.10-1.56) and COMISA (HR 1.40, 95% CI 1.14-1.72) showed
a significantly higher risk of incident MS.

In Figure 2, we present fully adjusted data with forest plots. In sex-stratified analysis, insomnia showed no association
with incident MS in either sex. Women showed significant associations with incident MS in the SDB and COMISA
groups, but men did not have such associations in these two groups. In the age-stratified analysis, insomnia showed no
significant association with incident MS in either age group. SDB was associated with incident MS only in the young
group. The COMISA group showed a significant association with incident MS in both age groups. In the BMI-stratified
analysis, the obese group showed a significant association with incident MS, and both non-obese and obese groups were
significantly associated with incident MS in the COMISA group, while insomnia also failed to show an association.

The survival analysis for the prevalence of incident MS is shown in Figure 3. In the whole sample, the survival rate
without incident MS was highest in the control group and lowest in the COMISA group. The insomnia, SDB, and
COMISA groups all showed a steeper trend than the control group.

Supplementary Material

The medications and laboratory data at Visit 2 according to the four groups (control, insomnia, SDB, COMISA)
demonstrated a similar trend to that in the main study, as presented in Table S1. The sample characteristics according
to patients with or without incident MS showed that women were more likely to develop incident MS, and the
participants who had developed incident MS had worse laboratory data (Tables S2 and S3). In the subgroup analysis
for SDB, we found that only the mild (5<AHI<15) group showed a significant association with incident MS after fully
adjusting for covariates (Table S4). Besides, in the analyses of several MS components, including hypertension, diabetes,
and dyslipidemia, we found that the COMISA group had the highest incidence of hypertension and diabetes, followed by
SDB and insomnia (Figures S1-S3). Survival analysis in the subgroups showed that the COMISA group had the lowest
rate of not having incident MS, followed by the SDB, insomnia, and control groups (Figures S4-S6).

Because continuous positive airway pressure (CPAP), the first-line treatment for SDB, may act as a potential
confounding factor in the association between SDB and MS, it requires explicit consideration in our analytical frame-
work. In our cohort, only 27 participants reported receiving CPAP therapy; thus, these 27 individuals were retained in the
primary analysis to preserve statistical power and minimize the risk of introducing selection bias. However, we
conducted a sensitivity analysis that excluded the 27 CPAP users to verify the robustness of our primary findings. The
results showed that the association between SDB and incident MS remained statistically significant, and its magnitude
was consistent with that observed in the primary analysis (Table S5). Furthermore, we analyzed the impact of insomnia
with different sleep durations on MS, and the results remained negative (Table S6). We also reran the Cox regression
analysis to examine the association between different severities of SDB and incident MS, and the results remained
unchanged (Table S7).

Discussion

The findings of this population-based sample of Hispanic/Latino adults in the USA indicate that SDB and COMISA have
significant associations with incident MS, after controlling for possible covariates. Moreover, this relationship is more
obvious in women and younger people.

Previous studies exploring the relationship between SDB or insomnia and MS were mostly conducted in non-
Hispanic populations. With regard to SDB, the majority of these studies found a significant relationship between SDB
and MS.'*18293% Eor example, a case—control study exploring the relationship between SDB and MS indicated that SDB
is an independent risk factor for MS, with the presence of SDB showing an approximately nine-fold higher risk of having
MS.?’ A meta-analysis including a total of 7934 samples from 13 studies also indicated that SDB is associated with MS,
independently of BMI.'* Meanwhile, a prospective association between SDB and MS was found in a cohort study from
two population-based samples.'® Furthermore, a cross-sectional study using the baseline data of HCHS/SOL reported
a significant association between SDB and MS in a Hispanic/Latino group.'® Our results are consistent with these studies,
and further explored the association of SDB with incident MS in a cohort of the Hispanic/Latino population in the USA
with an average interval of 6 years, indicating that SDB is a risk factor for the development of MS. In addition, our study
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Figure 2 Stratified analysis on associations between SDB, insomnia, and incident MS (n=1090) from the HCHS/SOL (2008-2017) based on (A) age, (B) sex, and (C) BMI.
Cox regression adjusted for age, sex, BMI, alcohol use, cigarette use, education, ethnicity, time between visits, and MS components, n.
Abbreviations: SDB, sleep-disordered breathing; COMISA, comorbidity of SDB and insomnia; MS, metabolic syndrome; HCHS/SOL, Hispanic Community Health Study/
Study of Latinos; BMI, body mass index; HR, hazard ratio; Cl, confidence interval.
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Figure 3 Survival analysis of incident MS prevalence from the HCHS/SOL (2011-2017). Kaplan—Meier curves from onset of MS (n=4625).
Abbreviations: MS, metabolic syndrome; HCHS/SOL, Hispanic Community Health Study/Study of Latinos; SDB, sleep-disordered breathing; COMISA, comorbidity of SDB
and insomnia.

found that after fully adjusting for covariates, mild SDB was significantly associated with incident MS, while moderate/
severe SDB showed no significant association. This counterintuitive finding may be attributed to the demographic
characteristics of our study cohort, specifically the high proportion of women (n=2791, 60.3%), a group that is well
documented as having a higher prevalence of less severe SDB. To further validate this hypothesis, we conducted a sex-
stratified subgroup analysis to explore the relationship between SDB severity strata and MS risk between the sexes. The
results of this analysis revealed that only mild SDB in women was significantly associated with incident MS (Figure S8).
This sex-specific association not only supports the role of the sex composition of the cohort in driving the primary finding
but also provides a partial mechanistic insight into why moderate/severe SDB failed to show a significant association
with incident MS in the overall cohort. Furthermore, this finding may also suggest reverse causality in the SDB-MS
relationship. As previously discussed, SDB can disrupt multiple metabolic factors that predispose individuals to MS.
However, prior work has also shown that pre-existing metabolic diseases, including components linked to MS, can
trigger or worsen SDB via both weight-dependent and weight-independent physiological mechanisms.*! Such bidirec-
tional interplay implies that reverse causality, where metabolic dysfunction precedes and modulates SDB severity, may
be an additional driver of our observed associations. This may be particularly relevant to our baseline assessment, which
lacked more sensitive markers of subclinical MS (eg, homeostatic model assessment of insulin resistance). However,
owing to the lack of follow-up SDB data, we are unable to explore this further. Future studies should focus on the causal
relationship between MS and SDB and its phenotypic differences to further explore its mechanisms. Our results also
indicate that mild SDB could potentially represent a distinct pathophysiology, such as the effects of intermittent hypoxia
patterns. Analysis of novel indicators such as hypoxic load may help to explain this issue; however, our current database
limited this analysis. More research is needed to explore this aspect further. Considering that the prevalence of MS and
SDB is significantly higher among Hispanics,” our research highlights the importance of prevention of SDB in Hispanic/
Latino groups in the USA.

Regarding insomnia, the previous literature is inconsistent. Some studies have demonstrated that insomnia and related
symptoms are associated with an increased risk of MS. For example, one community study including 812 participants
showed that the symptoms of insomnia, such as difficulty in falling asleep and unrefreshing sleep, instead of the
syndrome definition of insomnia, are significantly associated with the development of MS,*? and one meta-analysis
demonstrated a U-shaped association between sleep duration and MS, with short sleep duration being associated with
MS.* In contrast, a longitudinal study found that insomnia or short sleep duration (sleep duration <6 h) had no
relationship with incident MS after adjusting for confounders.*® Our results are consistent with the latter longitudinal
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study, showing that insomnia exhibited no significant association with incident MS after adjusting for covariates. This
inconsistency may partly be explained by the different definitions of insomnia in previous studies and the current study.
The use of different insomnia criteria can contribute to the varying findings across studies. Our study utilized WHIIRS,
which is a standardized tool that measures individuals’ perceived symptoms of insomnia. It was created and validated
using a diverse racial and ethnic population, making it a valid tool for capturing insomnia in varied groups.”® However,
the WHIIRS remains unable to fully capture the diagnostic criteria for clinical insomnia, a limitation that may explain
discrepancies between our findings and those of certain prior studies. A key gap in the WHIIRS is its failure to assess
daytime impairment (eg, fatigue, poor concentration, mood dysregulation). Critically, this daytime impairment is not
merely a secondary “symptom of poor sleep”; rather, it functions as two distinct, clinically relevant factors: an active
driver of metabolic disturbance, and a robust marker of the physiological dysregulation that underpins clinical insomnia.
A study demonstrated that insomnia patients with severe daytime fatigue exhibited higher evening cortisol levels than
those with mild or no daytime impairment.>> Beyond its physiological consequences, daytime impairment also exerts
a direct influence on health-related behaviors. Specifically, it promotes the adoption of unhealthy behaviors, such as
prolonged sedentary behavior and increased consumption of high-sugar, high-fat foods, both of which are independent
risk factors for MS.*® Insomnia phenotype heterogeneity (eg, short sleep duration versus normal sleep duration) may
provide another explanation for the inconsistency among different studies. To explore this possibility, we further
analyzed the impact of insomnia with different sleep durations on MS, and the results remained negative (Table S6).
However, our database only relied on self-report sleep data, and objective measurements such as polysomnography are
needed to explore different dimensions in future studies. On the other hand, different symptoms of insomnia may also
exert divergent trends; however, because of data limitations, we were unable to conduct an analysis of this aspect.
Research is needed to explore this relationship in US Hispanic populations in the future.

In our analysis, we further found that COMISA had an even higher risk of incident MS than SDB and insomnia alone.
As the two most common sleep disorders, about 28—49% of people with SDB have comorbid insomnia, and 29-51% of
patients with insomnia also have SDB, worldwide.*” Multiple studies have confirmed the adverse effects of COMISA on
several cardiometabolic diseases, including hypertension and diabetes,®***° which are MS factors. A survival analysis
using data from the Sleep Heart Health Study (SHHS) revealed that the presence of COMISA was associated with
elevated rates of hypertension compared to individuals without insomnia or SDB.*® Through analysis of the HCHS/SOL
cohort, Li et al® demonstrated a significant association of SDB and insomnia with incident hypertension in the Hispanic/
Latino population, and COMISA showed an even higher odds ratio for incident hypertension compared to SDB or
insomnia alone. Previous research had already suggested a bidirectional relationship between SDB and insomnia,*
considering that they share risk factors and symptoms. Thus, these conditions may interact to exacerbate each other,
leading to a synergistic impact on health impairment, including the development of MS. Although SDB is already
regarded as a major risk factor for cardiovascular diseases, we cannot ignore the synergistic impact of insomnia and SDB.
It is necessary to strengthen screening for COMISA.

In this study, we found that women had a higher risk of MS. This finding is consistent with a study that found
a stronger association between SDB and MS in Hispanic/Latino women based on data from the first visit, although the
prevalence of SDB was higher in men.'® A previous longitudinal study also found that SDB is independently attributed to
diabetes and showed a more significant association in women. This may be because women undergo hormonal
changes such as pregnancy, which may contribute to insulin resistance and obesity.*' The degree of obesity in women
is often higher than in men with a similar severity of SDB,* which may also influence the metabolic factors. Meanwhile,
we cannot exclude the possibility that the damage from SDB in women is more severe than that in men. Our results also
showed that COMISA is more significantly associated with incident MS in women. It has been proved that women with
SDB have more insomnia-like symptoms,** and such a phenotype is associated with a higher risk of cardiovascular
disease.** This is consistent with our study. Women with SDB usually have a lower AHI and atypical symptoms
compared to men, leading to a seriously inadequate rate of diagnosis and treatment. Thus, it is important to improve
screening and treatment for women with SDB in the Hispanic/Latino population.

We also found that, among SDB patients, only the younger group (<60 years) showed a significant association with
incident MS. In a previous age-stratified analysis of SDB and cardiovascular risk in the US population, it was found that
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OSA, particularly in younger individuals, showed a significant association with increased incidence of hypertension,
angina/angina pectoris, and overall cardiovascular disease prevalence factors,* which are known risk factors for the
development of MS. This may be related to a lack of appropriate screening and primary care, as SDB is commonly
regarded as a risk factor primarily for older adults. These findings partly explain our results and also emphasize the
importance of strengthening SDB risk screening in younger adults.

Furthermore, the interaction between obesity and SDB is significant, which means that the obese state plays an
important role in the relationship between SDB and MS. That is, not only is obesity a risk factor for SDB, but individuals
with obesity may be more likely to develop MS under the influence of SDB. We also conducted a mediation analysis and
found that the mediating effect of BMI accounted for 62.1% of the outcome. This result suggests that obesity is indeed an
important mediator in the development of MS caused by SDB, but the pathophysiological mechanisms of SDB itself
should not be overlooked, as our results also demonstrate that SDB is an independent risk factor for incident MS, which
is consistent with a previous meta-analysis.'> Previous research has also demonstrated that SDB is associated with
incident MS, mainly through the mediation of nocturnal hypoxemia.'® This further clarifies the boundary of “obesity” in
this process, emphasizing that the influence of obesity on MS does not completely obscure the independent association
between SDB and MS.

Our research has several strengths, including the large sample of Hispanic/Latino people in the USA, the use of
standard ARES and scale monitoring to diagnose SDB and insomnia in participants, and the determination of related
complications through laboratory tests; and the use of standardized diagnosis criteria for MS. However, our study still has
several limitations. First, a relatively high prevalence of obesity was observed in SDB, and this finding undoubtedly
exerts a potential influence on the probability of being diagnosed with MS, given that obesity serves as both a key risk
factor for SDB and a core diagnostic component of MS, creating inherent overlap between the two conditions. Although
several rigorous strategies were implemented to mitigate this confounding effect, including multivariate adjustment,
stratified analysis, and mediation effect models, certain limitations remain; for example, more precise metrics of
adiposity, such as visceral adipose tissue area, were not incorporated owing to constraints in data collection. Second,
the home sleep apnea test device (ARES) used in our study did not assess arousals or sleep architecture, which may lead
to an underestimation of disease severity. This is due to the potential overestimation of sleep time and the failure to
recognize hypopneas that are not associated with desaturation. Third, although Levine et al*’ used WHIIRS to explore
insomnia with incident hypertension and diabetes, WHIIRS still needs to be used with caution when interpreting
insomnia in all populations, since it was derived from a group of women with a mean age of 62 years. In addition,
WHIIRS assesses only night-time insomnia symptoms and does not capture daytime consequences such as fatigue, low
mood, reduced energy, or impaired concentration, which may limit its ability to identify clinically significant insomnia.
Fourth, although the analyses used prospective data and carefully controlled for potential confounders, the observational
design of the study presents limitations. As such, it restricts our ability to fully explore potential mediating mechanisms,
such as circadian disruption, diet, depression, and anxiety. MS assessment at two time-points precludes analysis of
transitional metabolic states or the exact timing of onset. Future research is needed to explore the onset and progression
of MS, as well as the effects of treatment and preventive measures such as CPAP. This will allow for a more precise
understanding of the influence of sleep disorders on metabolic and cardiovascular risk in individuals.

In conclusion, our study demonstrated that SDB has a significant association with the development of MS. Moreover,
COMISA has an even stronger association. This suggests that addressing sleep disorders, especially SDB and COMISA,
could play a crucial role in both preventing and managing MS among the Hispanic/Latino population in the USA, and
also indicates modifiable targets for clinical interventions.
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