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a b  s t  r a  c t

Introduction:  In  patients with  obstructive  sleep  apnea (OSA),  novel  metrics such  as  hypoxic  burden (HB)

and sleep  apnea-specific pulse-rate  response  (�HR)  may better  correlate  with  cardiovascular  diseases

(CVD) than  the apnea–hypopnea  index  (AHI).  This  manuscript  aims  to assess the correlation  between

�HR  and HB with  subclinical  atherosclerosis  in patients  with  OSA, testing the  hypothesis that  elevated

�HR  and  HB are  associated with subclinical atherosclerosis  development.

Methods:  In  a prospective  study,  individuals  aged  20–65  years  with  suspected OSA without known  comor-

bidities  were  consecutively  recruited  and defined as OSA (AHI  ≥  5  events/h)  or  healthy  controls.  Using

bilateral  carotid  ultrasonography,  common  carotid  intima-media thickness  (CIMT) was  assessed and  the

identification of at least one  atheromatous plaque  defined the  presence of subclinical atherosclerosis.

�HR,  and  HB were  derived from  pulse-oximetry.

Results: We  studied  296 patients of 45 ± 10 years  old, of whom  28% were  women,  and  a BMI of

30.3  ± 5.3  kg/m2.  Overall, 245  had OSA  and  51  were  healthy  controls.  After controlling  for  confound-

ing  variables higher  �HR but  not  HB, was associated  with  higher CIMT  (p =  0.006)  and higher  time  spent

with  oxygen  saturation below  90% (T90)  was associated  with  an increase in carotid  atheroma plaques

(p =  0.032).  When stratifying OSA  based  on HB  tertiles,  we observed  that  within  tertile 2  of HB, an increase

in  �HR was  associated with larger CIMT (p  = 0.017).

Conclusion:  A  higher �HR  is associated  with an increase in CIMT  among  adult  patients  with  OSA.  This

study  suggests that �HR  could  be  a biomarker  of risk  for  CVD  in patients with  OSA.

© 2024 Published by  Elsevier España,  S.L.U. on behalf  of SEPAR.

Introduction

Obstructive sleep apnea (OSA) represent the most prevalent

form of sleep-disordered breathing, with nearly 1 billion peo-

ple affected worldwide.1 Despite its widespread prevalence, OSA

Abbreviations: AHI, apnea–hypopnea index; BMI, body mass index; CIMT,

carotid intima-media thickness; CPAP, continuous positive airway pressure; CVD,

cardiovascular; EPIOSA, Epigenetics Modification in Obstructive Sleep Apnea; �HR,

sleep apnea-specific pulse-rate response; ESS, Epworth Sleepiness Scale; HB,

hypoxic burden; MESA, Multi-Ethnic Study of Atherosclerosis; M1,  model 1; M2,

model 2; M3, model 3; ODI, oxygen desaturation index; OSA, obstructive sleep

apnea; T90, time spent with oxygen saturation below 90%.
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remains largely undiagnosed.1 In 2019, there were 523 million peo-

ple around the world affected by cardiovascular diseases (CVD),

which accounted for 18.6 million deaths worldwide – close to a

third of all deaths globally. OSA is a  risk factor for CVD, contributing

to conditions such as systemic hypertension, stroke, heart fail-

ure, atrial fibrillation, and coronary heart disease.2 The impact of

OSA on CVD seems to vary according to severity, with severe OSA

consistently associated with increased risks of all-cause and cardio-

vascular mortality.3,4 Continuous positive airway pressure (CPAP)

is the most common and effective treatment for OSA. Nevertheless,

whether this treatment is beneficial in reducing cardiovascular risk

remains unclear.5–10 New biomarkers that help identify patients at

higher risk of developing cardiovascular disease could help clarify

which individuals would benefit the most from CPAP treatment.

https://doi.org/10.1016/j.arbres.2024.07.003
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As our understanding of the physiological features of sleep

disordered-breathing has advanced, it has become apparent that

the apnea–hypopnea index (AHI), the metric used to assess the

severity of OSA by  primarily focusing on the frequency of respira-

tory events, is not an ideal prognostic biomarker for OSA and may

not comprehensively capture the entirety of the condition.3,4,11

Despite its widespread acceptance and convenience, the AHI pos-

sesses inherent shortcomings that oversimplify the intricate nature

of OSA by overlooking various factors contributing to sleep disrup-

tion, including the duration of oxygen desaturation, the degree of

arousal from sleep, the patterns of respiratory events, and the acti-

vation of the autonomic system.11 Consequently, these limitations

result in a weak correlation between AHI and the consequences of

OSA.

Polysomnography, the gold standard diagnostic procedure of

sleep apnea, offer valuable insights into the sleeping, respiratory,

and cardiovascular status of patients. As a  result, there have been

suggestions for alternative metrics to gauge the severity of OSA and

better capture CVD risk, relying on advanced signal processing and

other sophisticated analyses, including (1) hypoxic burden, mea-

suring the integrated time and depth of intermittent desaturations,

and (2) sleep apnea-specific pulse-rate response (�HR), reflecting

the cortical arousals and autonomic system responsiveness.12–14

Previously, Azarbarzin et al. described a U-shaped relationship

between sleep apnea-specific �HR and cardiovascular risk scores,

as well as an association between higher hypoxic burden and ele-

vated morbidity and mortality risks.15,16

Atherosclerosis is  the primary intermediate mechanism

explaining most cardiovascular events.17 Previous studies showed

that OSA can lead to  early atherosclerosis, marked by increased

carotid intima-media thickness (CIMT) and atheroma plaque

formation, even without significant comorbidities.18–20 The under-

lying mechanisms behind this association include inflammation,

oxidative stress, the autonomic nervous system, vascular dysfunc-

tion, platelet activation, metabolic dysfunction, small molecule

RNA, and cardioprotective functions.21 We  previously showed that

plasma levels of oxLDL in OSA patients synergistically contribute

with intermittent hypoxia to activate the NLRP3 inflammasome,

leading to the subsequent release of tissue factor and the develop-

ment of early subclinical atherosclerosis.22 Additionally, given that

CVD evolves over decades, diagnosing atherosclerosis at a  subclin-

ical stage in younger, presumably healthy populations who might

benefit from prevention is essential.

Based on this conceptual framework, we  tested the hypothesis

that high sleep apnea-specific �HR and hypoxic burden are associ-

ated with the development of subclinical atherosclerosis, measured

by CIMT and atheroma plaques, in  OSA individuals.

Methods

The Epigenetics Modification in Obstructive Sleep Apnea

(EPIOSA) study (ClinicalTrials.gov identifier: NCT02131610) is an

ongoing prospective cohort study designed to evaluate inflamma-

tory and epigenetic mechanisms involved in  CVD complication

patients with OSA.25 Participants aged 20–65 years free of clini-

cally significant comorbid conditions were consecutively recruited

at the Sleep Clinic of the Hospital Universitario Miguel Servet,

Zaragoza, Spain (Fig. 1). The full inclusion/exclusion criteria are

shown in Table S1 in the Supporting Information. The Institu-

tional Review Board at Aragón Research Institute, Human Research

Protection Program (03/2013), approved the EPIOSA Study proto-

col, and all participants provided written informed consent before

being enrolled. The present study is a  cross-sectional analysis of the

EPIOSA cohort. This research followed and endorsed the STROBE

guidance for reporting observational research.26 Our manuscript

Fig. 1. Flow diagram presenting ascertainment of the study sample. �HR:

sleep apnea-specific pulse-rate response, OSA: obstructive sleep apnea, AHI:

apnea–hypopnea index.

adheres to  the ethical guidelines outlined in the Helsinki Declara-

tion, ensuring the protection of human subjects and the integrity

of our research.

Measurements

A comprehensive questionnaire was designed for data collec-

tion. These dimensions encompassed socio-demographic informa-

tion, body measurements such as weight, height, waist, hip, and

neck circumferences, as well as lifestyle factors like healthy behav-

iors, daily exercise routines, smoking history, alcohol consumption,

and other potentially toxic habits. Additionally, participants’

medical history was  collected, including previous diagnoses,

comorbidities, personal and family disease history, and current

medication use. Daytime somnolence was  assessed using the

Epworth Sleepiness Scale (ESS).27

A type 3 portable sleep monitor was  employed to  perform sleep

apnea test at home (ApneaLink Air, ResMed, San  Diego, CA). The

results of all sleep studies were analyzed by trained personnel using

standard criteria (AASM Alternative Criteria), and these technicians

were blinded to  the current protocol.28

Imaging of subclinical atherosclerosis

The CIMT and the presence of atheroma plaque in carotid

arteries were determined using the Philips IU22 ultrasound sys-

tem (Philips Healthcare, Bothell, Washington). The acquisition

of ultrasound images was  performed through linear high-

frequency 2-dimensional probes (Philips Trans-ducer L9-3, Philips

Healthcare).29 Carotid plaque was  defined as a  focal structure pro-

truding ≥0.5 mm into the lumen or reaching a thickness of  at least

≥50% of the surrounding intima. To quantify CIMT, three mea-

surements were taken on the far wall of both the left and right

common carotid arteries in  end-diastole, precisely 1 cm below the

point of bifurcation. The CIMT value was  determined by calculating

the average of the six readings obtained from these measurements.
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Table  1

Baseline characteristics of study participants.b

Baseline characteristic

Median (IQR)

None-mild OSA N  =  117 Moderate–severe OSA

N =  179

p-Valuea

Age (years) 41  (35, 50) 47 (39, 55) <0.001

Sex  (male), n (%) 63  (54%) 150 (84%) <0.001

BMI  (kg/m2)  27.2 (24.2, 30.2) 31.5 (28.6, 35.1) <0.001

Race caucasian, n (%) 108 (92%) 166 (93%) >0.9

Systolic blood pressure (mmHg) 122 (113, 130) 130 (123, 139) <0.001

Diastolic blood pressure (mmHg) 76  (70, 83) 85 (78, 91) <0.001

Total cholesterol (mg/dL) 201 (176, 230) 215 (191, 236) 0.007

LDL (mg/dL) 125 (104, 151) 137 (115, 157) 0.017

HDL  (mg/dL) 53  (45, 61) 45 (40, 53) <0.001

Triglycerides (mg/dL) 93  (69, 130) 132 (95, 201) <0.001

AHI  (events/h) 6 (3, 10) 36 (26, 57) <0.001

Hypoxic burden (%min/h) 6 (3, 12) 69 (37, 136) <0.001

ODI 3 (episodes/h) 8 (5, 11) 37 (25, 55) <0.001

T90  (%) 1 (0,  3)  17 (6, 34) <0.001

Epworth 8.0  (6.0, 13.0) 9.0 (5.0, 12.0) 0.5

≥1 atheroma plaque carotid, n (%)  14  (12.0%) 53 (30%) 0.001

Average carotids IMT  (�m) 548 (483, 619) 623 (557, 702) <0.001

Pulse rate response (�HR, bpm)(% unable to  be calculated) 9.2 (6.8, 11.0)

(9%)

10.1 (7.8, 12.6)

(0%)

0.003

a Wilcoxon rank sum test; Pearson’s Chi-squared test.
b Values expressed as median (IQR). BMI: body mass index, LDL: low density lipoprotein, HDL: high density lipoprotein, AHI: apnea–hypopnea index, ODI: oxygen

desaturation index, T90:  time spent with oxygen saturation below 90%, IMT: intima-media thickness.

Sleep apnea metrics

Classic OSA metrics:  An  apnea is  identified as a  cessation of air-

flow lasting 10 s or longer, while a hypopnea is characterized by

a reduction in airflow (>50%) lasting at least 10 s, accompanied by

a decrease in oxygen saturation over 4%. Time spent with oxygen

saturation below 90% (T90) was defined as the proportion of T90

recording time with oxygen saturation below 90% in total sleep

time.

Sleep apnea-specific pulse-rate response (�HR):  The pulse rate

was obtained from the pulse-oximetry nocturnal signal gener-

ated by the Apnealink device and employed to estimate the heart

rate. The pulse-oxymetry signal offers a time-averaged heart rate

measurement, effectively filtering out beat-to-beat and breath-to-

breath variations. This method conveniently enables the evaluation

of peak changes in  heart rate associated with specific events, which

typically occur within a  10–30-s timeframe. In  accordance with

definitions used in previous studies,12,16 the �HR was defined as

the difference between a maximum pulse rate within a  subject-

specific search window and an event-related minimum pulse rate.

Finally, the individual-level �HR was defined as the mean of all

event-specific responses.

Hypoxic burden (HB):  To quantify sleep apnea-related hypoxic

burden, aimed at capturing the total amount of respiratory event-

related hypoxemia over the sleep recording period, we defined

the hypoxic burden as the total area under the respiratory event-

related desaturation curve, as previously described.15 Briefly, for

each individually identified apnea or  hypopnea (regardless of asso-

ciated desaturation), the pre-event baseline saturation was defined

as the highest SpO2 level within the 100 s leading up to the end of

the event. The area under this baseline value was calculated over

a subject-specific search window for each event. The hypoxic bur-

den was then obtained by summing these individual desaturation

areas and dividing the total area by  the sleep recording duration,

with units of hypoxic burden expressed as (%min)/h, as previously

described.15

Statistical analysis

Baseline characteristics of the study population, stratified in

two groups by OSA presence (Non-mild OSA vs moderate–severe

OSA), were displayed and contrasted using descriptive statistics.

For the primary analysis, a  univariable linear model (M1) was

used to  examine the relationship between �HR as a  continu-

ous variable and subclinical atherosclerosis measurements (CIMT

as a  continuous variable, and presence versus absence of carotid

atheroma plaques). To control for potential confounders, two  sepa-

rate multivariable linear regression models were examined: model

2 (M2), controlling for participant sex, age, body mass index (BMI),

and systolic blood pressure; and model 3 (M3), controlling for

M2 covariates plus total cholesterol and AHI. The appropriate-

ness of the linear regression model was  thoroughly assessed by

examining diagnostic plots to ensure no multicollinearity among

predictor variables. Additionally, we confirmed that residuals fol-

lowed a normal distribution, which is  essential for the validity

of linear regression analyses. Visual assessments such as scatter

plots and Pearson’s correlation coefficient were also employed to

validate our findings. A similar approach was utilized to  examine

the relationship between AHI, T90 and hypoxic burden –  as a  log-

transformed continuous variable- and subclinical atherosclerosis

measurements, controlling by sex, age, BMI, systolic blood pressure

and total cholesterol. To examine the possibility that the associa-

tion of �HR with CIMT varied by OSA severity, three multivariable

models were examined incorporating interaction terms between

�HR and hypoxic burden tertiles, AHI and T90, adjusting for same

confounders. Analysis was  performed in RStudio (version 2023-

06-16) running R  (version 4.3.1). A p-value of <0.05 was defined

as statistically significant. The sample size was based on available

data; no formal power analysis was  performed. We  excluded par-

ticipants with missing data on the main variables being studied:

CIMT, carotid atheroma plaques, �HR, hypoxic burden, AHI, and

T90 from the main analysis to ensure the integrity and reliability

of the findings.

Results

We  studied 296 patients, with a  mean ± SD age of 45  ± 10 years,

of whom 83 (28%) were women, and a  BMI  of 30.3 ± 5.3 kg/m2.

Overall, 245 had OSA (AHI ≥ 5 events/h) and 51 were healthy con-

trols (Fig. 1). Baseline characteristics of the participants divided by

OSA  severity are shown in  Table 1.
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Fig. 2. Interaction between hypoxic burden and dHR, in relation to the CIMT and the presence of carotid atheroma plaques. These figures were derived from a linear regression

model analysis, adjusting for age, BMI, sex, systolic blood pressure, and total cholesterol. (A) Within tertile 2 of hypoxic burden, an increase in �HR was associated with a

rise  in CIMT. However, although a  similar trend is  observed for tertile 3  of hypoxic burden, this association was  not  statistically significant. (B) No interactions were found

between hypoxic burden and �HR for carotid atheroma plaques. HB: hypoxic burden, dHR: sleep apnea-specific pulse-rate response, CIMT: carotid intima-media thickness.
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Fig. 3. Interaction between OSA severity (measured by AHI) and dHR, in relation to the CIMT and the presence of carotid atheroma plaques. These figures were derived from

a  linear regression model analysis, adjusting for age,  BMI, sex, systolic blood pressure, and total cholesterol. (A) No interactions were found between OSA severity (measured

by  AHI) and �HR for the CIMT. (B) No interactions were found between OSA severity (measured by AHI) and �HR for the presence of carotid atheroma plaques. �HR: sleep

apnea-specific pulse-rate response, AHI: apnea–hypopnea index, dHR: sleep apnea-specific pulse-rate response, CIMT: carotid intima-media thickness, OSA: obstructive

sleep  apnea. Analysis performed in participants with AHI  ≥  5  events/h.
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Table  2

Regression summary statistics for association between delta pulse rate and CIMT/atheroma plaques.a

CIMT (�m) beta (95% CI) Carotid atheroma plaques OR (95% CI)

�HR (bpm) M1  M2  M3  M1 M2 M3

3.6  (−0.27,7.40) 5.1 (1.70,8.50)**  5.1 (1.50,8.70)**  0.97 (0.89,1.05) 0.99 (0.90,1.09) 0.97 (0.88,1.07)

a Values expressed as effect size  or odds ratio (95% CI). Model 1 (M1): unadjusted; Model 2 (M2): adjusted by sex, age, body mass index and systolic blood pressure; ModelQ3

3 (M3): adjusted by sex, age,  body mass index, systolic blood pressure, total cholesterol and AHI. CI: confident interval, OR:  odds ratio, �HR: delta pulse rate, CIMT: carotid

intima-media thickness, AHI: apnea–hypopnea index.

* p < 0.05.
** p < 0.01.

*** p < 0.001. Analysis performed in participants with AHI ≥ 5 events/h.

Table 3

Regression summary statistics for association between hypoxic burden and T90 with CIMT/atheroma plaques.a

CIMT (�m) beta (95% CI)  Carotid atheroma plaques OR  (95% CI)

Log hypoxic burden

(%min/h)

M1  M2  M3 M1 M2  M3

25  (18–32)*** 7.90 (−0.22–16) 6.80 (−1.60–15) 1.34 (1.13–1.62)**  1.14 (0.90–1.46) 1.12 (0.87–1.43)

T90  (%) 1.20 (0.62–1.90)*** 0.14 (−0.45–0.74) 0.11 (−0.50–0.71) 1.02 (1.01–1.03)** 1.02 (1.00–1.03)*  1.02 (1.00–1.04)*

a Values expressed as effect size  or odds ratio (95% CI). Model 1 (M1): unadjusted; Model 2 (M2): adjusted by sex, age, body mass index and systolic blood pressure; Model

3  (M3): adjusted by  sex, age,  body mass index, systolic blood pressure and total cholesterol. CI: confident interval, OR: odds ratio, T90: time spent with oxygen saturation

below  90%, CIMT: carotid intima-media thickness.
* p  < 0.05.

** p < 0.01.
*** p < 0.001.

�HR and subclinical atherosclerosis

We performed the �HR analysis in  participants with OSA,

defined as AHI ≥ 5 events/h (n =  245), as per previous protocols.16

Associations between �HR  and CIMT were analyzed (Table 2). The

regression models (M2, and M3)  consistently indicate a  positive

association between �HR  and CIMT. In  the fully adjusted model

(M3), where additional factors such as sex, age, BMI, systolic blood

pressure, total cholesterol, and AHI are considered, the associa-

tion becomes more pronounced, with a  higher �HR associated

with a significant increase in  CIMT (  ̌ = 5.1 �m/�bpm,  p  =  0.006). In

contrast, as shown in Table 2,  no significant associations were iden-

tified between �HR and the presence of carotid atheroma plaques,

even after adjustment for potential confounding factors, includ-

ing sex, age, BMI, systolic blood pressure, total cholesterol and

AHI (OR = 0.97/�bpm, p  =  0.6). Data of full model in  supplemental

material (Table S2).

Hypoxic burden and subclinical atherosclerosis

Hypoxic burden was strongly associated with CIMT in the uni-

variable model (  ̌ =  25 �m per log(%min/h), p < 0.001, Table 3).

However, in the full-adjusted model the strength of this associa-

tion was no longer significant (p =  0.11). Similar results were found

in the association between hypoxic burden and carotid atheroma

plaques (OR = 1.12 per log(%min/h), p  =  0.4). Data of full model in

supplemental material (Table S3).

Classic OSA metrics and subclinical atherosclerosis

After adjusting for confounding variables (sex, age, BMI, sys-

tolic blood pressure, and total cholesterol) no associations were

found between AHI for neither CIMT and carotid atheroma

plaques. However, T90 was associated with the presence of

carotid atheroma plaque after adjusting for the previous con-

founding variables (Table 3,  OR = 1.02 per % of desaturation,

p = 0.032). Data of full model for T90 in  supplemental material

(Table S4).

Interaction between �HR – OSA metrics

When stratifying OSA by hypoxic burden, within tertile 2 of

hypoxic burden, an increase in �HR was  associated with a  rise in

CIMT (ˇ  = 10 �m,  p = 0.017, Fig. 2A).  However, although a similar

trend is observed for tertile 3 of hypoxic burden, this association

was not  statistically significant (coefficient of 7.1, p = 0.072). Data

of full model in supplemental material (Table S5). When stratify-

ing OSA by AHI no interactions were found between OSA severity

and �HR  for the CIMT (Fig. 3). Data of full model in  supplemental

material (Table S6).

Discussion

The present study represents, to the best of our knowledge,

the first analysis to confirm an association between sleep apnea-

specific �HR  and “early” signs of subclinical atherosclerosis,

defined as the abnormal increase in  CIMT, conducted in a unique

cohort of adults with OSA and no other comorbidities. These find-

ings underscore the potential role of �HR as an independent

predictor of increased cardiovascular risk in patients with OSA, and

might point toward underlying mechanisms (e.g., autonomic acti-

vation). In addition, the study highlights an interaction between

OSA severity (measured by AHI as well as the level of hypoxia mea-

sured by hypoxic burden) and the �HR  in the development of early

subclinical atherosclerosis. Although further validation is  needed,

this biomarker could have practical relevance in clinical settings,

and can be obtained from home sleep testing as performed in our

study. �HR  could enable medical professionals to identify individ-

uals who may  benefit from OSA treatment, prior  to development of

end-organ damage and irrespective of symptoms such as sleepi-

ness. Of note, the most used OSA severity metric, AHI, was  not

associated with the presence of subclinical atherosclerosis, high-

lighting need for novel biomarkers.

Previously, Azarbarzin et al. described a  U-shaped relation-

ship between sleep apnea-specific �HR  and cardiovascular risk

scores. In our study, we did not  observe a link between lower

�HR  and early signs of subclinical atherosclerosis. The lack of  a

“U-shaped” relationship in  our cohort might be attributed to the

absence of older individuals and comorbidities in  our population.

Indeed, in the Azarbarzin study, after excluding individuals with
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pre-existing CVD at baseline, only high �HR  was associated with

an increased incidence of non-fatal or fatal CVD.16 Thus we feel

that the findings are congruent and argue for the validity of this

biomarker.

Hypoxic burden is another novel OSA biomarker that has gained

recent attention. Previous studies conducted on epidemiological

cohorts revealed an association between hypoxic burden and an

elevated cardiovascular risk and all-cause mortality.15,30 In our

study, while an association between hypoxic burden and CIMT,

as well as the presence of carotid atheroma plaques, was  initially

observed, controlling for age, sex, BMI, and systolic blood pressure,

made this association nonsignificant. This finding could be related

to limited statistical power. However, the interaction observed

between hypoxic burden and �HR  in the development of CIMT

demonstrates the need of further research in order to understand

the physiological mechanisms that underlie the cardiovascular con-

sequences of sleep apnea. In our cohort, T90 was predictive of the

presence of carotid atheroma plaques. Previous studies have asso-

ciated an increased on T90 with the incidence of major adverse

cardiovascular events.30,31 Whether hypoxic burden is  a superior

predictor of cardiovascular risk compared to T90 remains uncer-

tain.

Our analysis did reveal some distinctions between associa-

tions with the outcomes of CIMT versus atheromatous plaques.

Notably, there is  a growing recognition that CIMT and atheroma

plaque may  represent distinct atherosclerotic phenotypes, both

genetically and biologically, with accumulating evidence suggest-

ing a heterogeneous etiology for these two manifestations of

atherosclerosis.32,33 In our study, an increased in �HR  was associ-

ated with a higher CIMT while T90 was associated with the presence

of carotid atheroma plaques. In light of this concept, a plausible

hypothesis could be that the cardiovascular risk influenced by �HR

operates primarily through the increase in  CIMT, and the hypoxia

interacts on the development of atheroma plaques. However, addi-

tional research is  needed to define the mechanisms through which

�HR and hypoxia promote subclinical atherosclerosis. A plausible

hypothesis for �HR could involve mediation through an increase

in autonomic activation or an elevation in  blood pressure response.

As for subclinical atherosclerosis caused by  hypoxia, it might be

mediated by deficient lipid efflux, inflammation, interference with

macrophage polarization, and glucose metabolism.34 However, the

molecular mechanisms of hypoxia- and HR-mediated atherogene-

sis remain unclear.

Our study has several strengths. First and most importantly, it

has been conducted in a  young population of adults with no other

comorbidities than OSA, which better reflects the mechanism of

the disease, limiting the impact of confounding factors. Secondly, to

our knowledge, this is the first analysis of the association between

the new OSA metric, �HR, and the development of subclinical

atherosclerosis in  a  clinical cohort. Furthermore, the prospective

design of our study allowed for the collection of detailed and accu-

rate data on exposures and outcomes. We measured well-validated

cardiovascular markers (CIMT and carotid atheroma plaque) that

were performed systematically, providing us with unbiased esti-

mates. Finally, all ultrasound tests were performed by the same

experienced technician, ensuring the absence of inter-operator

variability.

We acknowledge certain limitations in  our study. It is  a  clinical

cohort study, and our sample size is constrained when exploring

any subgroups. Specifically, our study could be underpowered in

analysing the association between �HR  and atheroma plaques.

Conducting an analysis of subclinical atherosclerosis presence in

young populations with no comorbidities can be challenging in

terms of statistical power. Despite the relatively high prevalence of

atheroma plaques in our population, our  sample size for atheroma

plaques remains small, with 67 participants presenting one or more

atheroma plaques in  the carotids. Among the non-OSA group, the

limited number of apnea/hypopnea events sometimes prevented

the algorithm from calculating the delta HR. However, this limi-

tation does not invalidate our results for mild, moderate to severe

OSA. Calculating T90 and hypoxic burden using a  home sleep apnea

test could lack detailed information on sleep architecture, as it does

not measure sleep stages directly, leading to  potential inaccura-

cies in estimating total sleep time. This can result in  less precise

T90 and hypoxic burden calculations. Our research was performed

in a single-center which is  a Sleep-Clinic; therefore, the included

participants may  not be representative of the general population.

Conclusions

In conclusion, the association between �HR and an increase in

CIMT, an established independent predictor of cardiovascular risk,

suggests that �HR  could serve as a  biomarker for assessing cardio-

vascular risk in  adults with OSA. Additionally, gaining insight into

the physiological mechanisms underlying this association could

help determine the benefits of treatment or identify patients who

may  respond more effectively to treatment.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in

the online version, at doi:10.1016/j.arbres.2024.07.003.
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