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Abstract: Various phenotypes of obstructive sleep apnea (OSA) have been recently described and are poorly assessed by the
commonly used polysomnographic indices, such as the apnea—hypopnea index and oxygen desaturation index. Nocturnal hypoxemia is
the hallmark of OSA and new quantitative markers, as hypoxic burden or desaturation severity, have been shown to be associated with
cardiovascular (CV) mortality. The purpose of this overview is to review the endophenotypical and clinical characteristics of OSA, the
current metrics, and to analyze different measurements of hypoxemia in OSA to predict the cardiovascular impact (eg hypoxic
burden). Potential interest of multidimensional models to classify OSA, such as BAVENO classification, is also discussed, with the
goal of focusing on specific endophenotypes that are likely to develop CV comorbidities, in order to guide clinicians to more
aggressive management of OSA in these individuals.
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Introduction
Obstructive sleep apnea (OSA) syndrome is a common medical disorder, characterized by recurrent episodes of apnea or
hypopnea due to total or partial pharyngeal collapse and temporary upper airway (UA) obstruction during sleep. The
prevalence of OSA is increasing, due to obesity and aging, and currently affects about 30% of men and 13% of women in
Europe.' Intermittent hypoxia (IH), oxidative stress, systemic inflammation, sympathetic activation, respiratory efforts, and
sleep fragmentation resulting from OSA can provoke subsequent cardiometabolic disorders, such that OSA is now
recognized as an independent risk factor for hypertension (HT), arrthythmia (as atrial fibrillation), coronary heart disease
(CHD), and stroke.? ® In addition, metabolic disorders (eg, diabetes mellitus (DM), disorders of lipid metabolism) are also
associated with OSA.”® Continuous positive airway pressure (CPAP) treatment remains the cornerstone of OSA treatment.
OSAS (OSA syndrome) diagnosis is based on criteria that combine symptoms, comorbidities, and polysomnographic
(PSG) recordings that indicate the presence of obstructive respiratory events.” In-lab PSG continues to be the reference
diagnostic method,'® but home sleep apnea testing (HSAT) has become widely accepted and can be used for OSA
diagnosis in patients with a high pre-test probability of moderate-to-severe OSA."" Practically, despite some limitations
(ie, lack of electroencephalogram [EEG] means correct assessment of total sleep time [TST] and arousals is not possible),
HSAT is used worldwide and is reimbursed in the United States and in the majority of European countries (eg, Spain,
France, Germany) for OSA diagnosis. HSAT increases the accessibility of sleep testing and hastens treatment initiation,
but some comorbid disorders can be missed, such as insomnia which is very prevalent in OSA.'?
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Polysomnographic assessment of OSA is based on a number of different metrics. Apnea—hypopnea index (AHI) is the
central metric for OSA assessment. The definition of AHI is the number of hypopneas + apnea/hour of sleep (or recording
time). Obstructive apneas are respiratory events classified by a complete cessation (defined as a decrease in amplitude of >
90%) of airflow for at least 10 seconds together with continued respiratory effort. A hypopnea is similar to an apnea, although
the decrease in airflow is 30%-90% in amplitude and associated with >3% oxygen desaturation or EEG arousal.’ In the past,
other definitions have been used. For example, in American Academy of Sleep Medicine (AASM) scoring rules of 2007,
hypopnea was defined as decrease in airflow is 30%-90% in amplitude associated with >4% oxygen desaturation.'?

The severity of OSA is expressed according to obstructive AHI values of 5-14, 15-29, > 30 events/h of TST that
define, respectively, mild, moderate, and severe OSA. Although there is a linear relationship between AHI and blood
pressure (BP)'* and AHI correlates with overall mortality in OSA patients,'> AHI is poorly correlated with the severity of
clinical symptoms.'®

With the development of HSAT and the awareness of the limits of AHI measurements, other metrics have been
developed to describe OSA. Oxygen desaturation index (ODI) represents the number of occurrences of desaturation (3%
or 4%)/hour of sleep (or recording time). It does not necessarily mean that oxygen saturation falls below 90%: drops
from 96 to 92% are often observed. Data from the European Sleep Apnoea Database (ESADA) have shown that when
both AHI and ODI are used in the same statistical model, only ODI is independently associated with the prevalence of
HT in OSA patients.'” However, ODI does not assess the length of oxygen desaturation consecutive to an obstructive
apnea or hypopnea. Thus, there are limitations to the ability of these two parameters to assess all the aspects of OSA.

This is likely to be related to heterogeneity of OSA. The clinical picture of OSA is heterogeneous and can differ
widely among patients. In the last decade, a variety of clinical phenotypes have been identified, highlighting clusters with
different symptomologies and comorbidities in patients affected by the “same disease” when described in terms of AHI
severity.'® Indeed, AHI is still the indicator used to classify disease severity and guide treatment, but its usefulness is
limited for capturing the full clinical picture of OSA. For example, among patients with the same AHI, some exhibit long
apneas with profound oxygen desaturation, and others exhibit very short apneas without significant associated hypoxia.
These differences can potentially lead to several clinical OSA phenotypes for which identical management strategies may
not be optimal. Moreover, additional pathophysiological processes generated by obstructive respiratory events can
overlay intermittent hypoxia (IH) and are observed in the development of symptoms or comorbidities, such as
sympathetic activation, systemic inflammation, oxidative stress, sleep fragmentation, and respiratory efforts.'’

Several studies have identified different phenotypes of OSA patients. For example, in an analysis of 18,263 OSA
patients in the OSFP (French national registry of sleep apnea), Bailly et al found six phenotypes based on baseline
symptoms, physical examination, risk factor exposure, and comorbidities: young symptomatic patients, young snorers,
drowsy obese, older obese, polypathological symptomatic obese, and polypathological old obese.?’

In a recent review of cluster studies among OSA patients, Zinchuk and Yaggi proposed six clusters (A, B, C, D, E, F)
of patients according to phenotypical and clinical criteria and PSG characteristics. Response to CPAP was also
analyzed.'® Subtype A includes younger, obese, predominantly male individuals with severe OSA, “classic” symptoms
(eg, sleepiness, drowsy driving) and an increased risk of incident cardiovascular disease (CVD) (hazard ratio [HR]: 2.0,
[95% CI:1.21-3.31]). Subtype B consists of predominantly male, older, obese individuals with minimal to moderate
symptom burden, severe OSA with marked hypoxemic burden (time spent below 90% of oxygen [T90%]: 32%-59% of
TST),'® frequent comorbidities (HT, DM, and CVD), related to both age and hypoxia.'>?'*? These patients exhibit the
lowest rate of CPAP success,” although fatigue and obstructive respiratory events are improved with CPAP. Subtype
C includes middle-aged, mildly obese, predominantly female subjects with symptoms of insomnia.'® CPAP adherence is
lower in the “comorbid OSA with insomnia” group than in patients with OSA alone. Maintenance insomnia responds
better to CPAP than other subtypes of insomnia. Subtype D includes younger, non-obese, non-sleepy, predominantly
male patients with primarily upper airway (UA) symptoms and severe AHI values.'® Adherence to CPAP is low (odds
ratio (OR): 0.66). Subtype E, based on PSG metrics, includes patients with hypersevere OSA (AHI 66—84/hour of sleep),
the highest body mass indices (BMI) (33-38 kg/m?), the most marked hypoxemia (T90%:20%45%), and the highest
Epworth Sleepiness Scale (ESS) scores among the clusters. These patients exhibited an increased risk of incident CVD or
death (HR 1.91 [95% CI:1.27-2.85]). Finally, subtype F, which is the second most common PSG phenotype, includes
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patients with severe OSA, low BMI, and the lowest degree of hypoxemia for a given AHI (T90%: 0%—12%). They
exhibited the lowest rate of regular CPAP use (29%) among clusters with AHI > 15.'®

These various phenotypes illustrate the marked heterogeneity of the disease within the patients. Response to CPAP
(clinical benefit and/or impact on comorbidities) is also highly variable. OSA phenotypes are summarized in
Table 1.18:20.23.24

Each OSA phenotype is ultimately the clinical expression of several endotypes, subtypes of OSA defined by a unique
or distinctive functional or pathophysiological mechanism (eg UA muscle activity, obesity, arousal threshold, ...).
A better understanding of the specificities of each OSA endophenotype, from pathophysiological mechanisms to clinical
expression (PSG, symptoms, comorbidities) seems essential today to detect OSA patients at risk of CVD for early
intensive management.*

In all of these OSA clusters/subtypes, AHI is not correlated with the symptoms and daytime sleepiness, assessed by
ESS, is also not present in all phenotypes (Table 1).

With regard to these data, AHI metrics exhibit several obvious limitations.?® The first is related to the validity of the
metric itself, which is based on older studies and on sensors that have changed over time.'® The definition of hypopnea
has also changed since the first definition from the AASM in 1999 and significantly affects the association between OSA
severity and comorbidities. Indeed, in 2007 AASM scoring rules, hypopnea was defined as a decrease in airflow is 30%—
90% in amplitude associated with >4% oxygen desaturation.'® The difference between AASM 2007 and 2012 definitions
(4% vs 3% or EEG arousal) has led to an important underestimation of OSA diagnosis when using the AASM 2007
scoring rules, resulting in the absence of association between HT and severe OSA when using this too stringent
definition.”” The change in definition of hypopnea over time is important to consider when analyzing studies.

In addition, AHI is not well correlated with symptoms?® or with comorbidities,” and does not consider the amount of
hypoxemia provoked by obstructive respiratory events, the length of the events, and other pathophysiological
consequences.

Another problem is the use of a single-night estimate of OSA severity using AHI metrics when there is certainly
night-to-night variability. A recent study based on data from collection of 11.6 million nights of data from over 65,000

Table | OSA Phenotypes According to Demographics, Symptoms, PSG Pattern, CPAP Benefit and Comorbidities.'2%23%*

A B C D E F
Classic Oldest Female, Youngest, Upper Airways Severe Severe Non-
Comorbid Insomnia Symptoms Hypoxemic Hypoxemic
Age Younger Oldest Middle Youngest Younger Older
Predominant sex e 3 Q 1) ) 3
BMI Obese Obese Overweight- Non Obese Severely Obese Obese
Obese
Symptoms EDS Naps Insomnia Choking + Insomnia EDS Less sleepy
PSG pattern
AHI Severe Severe Moderate- Severe Hypersevere Severe
Severe
Time spent Medium 32-59% Medium 10-15% 20-45% <12%
<90% Sa02
Comorbidities - ++ + - NA NA
Benefit of CPAP Highest Lowest Medium Medium High Medium
Incidence CVD + - NA NA + NA

Abbreviations: BMI, body mass index; PSG, polysomnographic; SaO2, oxygen saturation; CPAP, continuous positive airway pressure; EDS, excessive daytime sleepiness;
NA, not assessed; CVD, cardiovascular disease; , male; 9, female.
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patients, although collected with a mattress sensor (Withings Sleep Analyzer), showed that the likelihood of misdiagnosis
in patients suffering from OSA based on a single night ranged between approximately 20% and 50%.°

In a study from André et al.’' AHI, apnea—hypopnea (AH) duration, reduced sleep efficiency and TST, low rapid eye
movement (REM) sleep proportion, and nocturnal hypoxemia were identified as risk factors associated with all cardiovas-
cular (CV) complications. There was a strong association between OSA severity, reflected by AHI and the presence of
cardiometabolic comorbidities that share the same pathophysiological mechanisms. They also highlighted that mean duration
of AH in REM and non-REM sleep is an independent predictor of the presence of cardiometabolic comorbidities. Wu et al,*
have shown, in a retrospective study, that a longer mean AH duration (but not AHI) is associated with higher odds of
moderate-to-severe HT. Mokhlesi et al have shown, in the very large Wisconsin sleep Cohort, that in individuals with non-
REM AHI < 5, a twofold increase in REM AHI was associated with 24% higher odds of HT.*

These observations suggest that AHI is an oversimplified measure of OSA that does not take into account the
parameters related to nocturnal hypoxemia.

Nighttime hypoxemia is effectively a very interesting parameter to explore, as IH is the hallmark of OSA. Several
observational studies have demonstrated that measures of nocturnal hypoxemia, such as T90%, more strongly predict
CVD, postoperative complications and all-cause mortality than AHI>**>¢

In the following chapter, we will explore the use of these metrics in the assessment of OSA.’

The purpose of this review is to summarize the endophenotypic and clinical features of OSA, current measures of
OSA, and to analyze different measures of hypoxemia that could help predict cardiovascular impact.

The potential value of multidimensional models to classify OSA will also be discussed.

Exploring Nocturnal Hypoxemia

Patterns of Nocturnal Hypoxemia

Two patterns of hypoxemia can be observed during sleep: short intermittent high-frequency hypoxemia, as seen in OSA,
and prolonged low-frequency hypoxemia as seen in chronic obstructive pulmonary disease (COPD) or at high altitude.
The major difference is the cycles of reoxygenation. The cyclical changes in hypoxemia and reoxygenation are similar to
those observed with an ischemia-reperfusion injury and contribute to an increased production of reactive oxygen species
(ROS) and oxidative stress through NF-kB and, in lesser way, hypoxia-inducible factor (HIF).>® Chronic continuous
hypoxemia leads to increased erythropoiesis and pulmonary HT, by adaptive and maladaptive responses of HIF.
Prolonged sustained hypoxemia leads however to HIF-1a decay, but this is not observed in case of chronic HI. In this

situation, imbalance between HIF-1a and HIF-2a contributes to oxidative stress.>”*°

Pathophysiological Consequences of Nocturnal Hypoxia

Two main mechanisms are triggered by IH. On the one hand, sympathetic activation has important effects on vascular
function. Activation of the sympathetic nervous system leads to vasoconstriction and elevates blood pressure by
increasing vascular resistance and is a major contributing factor for OSA-associated hypertension (Figure 1). One the
other hand, several inflammatory pathways are triggered by IH and can eventually lead to tumor growth, dyslipidemia
and endothelial dysfunction (Figure 1).

IH induces also metabolic consequences via an increased activity of HIF-1 triggered by the carotid body. HIF-1
causes upregulation of lipid biosynthesis in the liver, increases in adipose tissue lipolysis with subsequent free fatty acid
flux to the liver, and inhibition of lipoprotein clearance. All these mechanisms can contribute to dyslipidemia and thus
indirectly to atherosclerosis.*'**?

Tumor growth, dyslipidemia and endothelial dysfunction are mediated by systemic inflammation, endothelin release,
and attenuated production of nitric oxide (NO).*

Hypoxemia is an important trigger for endothelial cell endothelin production,** a highly potent vasoconstrictor, and
untreated OSA results in elevation of both endothelin and BP, reversible with CPAP treatment, and for levels of
circulating NO, which normalize. These hypoxemia-driven effects on systemic inflammation, endothelin, and NO are

likely to contribute to the marked endothelial dysfunction present in patients with OSA.>%*>
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Figure | lllustration of the pathophysiological consequences of intermittent hypoxia in obstructive sleep apnea (OSA).

Abbreviations: CRP, C-reactive protein; eNOS, endothelial nitric oxide synthase; HIF, hypoxia-inducible factor; NADPH, nicotinamide adenine dinucleotide phosphate
hydrogen; RNS, reactive nitrogen species; ROS, reactive oxygen species; SREBPI, sterol regulatory element-binding protein |, SCD-I, stearoyl-CoA desaturase-|; TNF-a,
tumor necrosis factor, VEGF; vascular epithelial growth factor.

However, systemic inflammation observed in OSA patients is not only related to IH but also to obesity. Indeed,
abdominal obesity is associated with low grade systemic inflammation (increased levels of C-reactive protein [CRP] and
interleukin [IL]-6) and inflammatory changes in adipose tissue.*¢™**

An increase in leptin levels is also observed, inducing a central stimulation of ventilation through crossing of blood—
brain barrier.*

Then, as obesity increases (BMI>40Kg/m2), the patient may develop obesity-hypoventilation syndrome (OHS) which
leads to daytime hypercapnia through central leptin resistance. This resistance increases leptin levels again, compared to
obese patients without hypercapnia. However, there is no resistance to the peripheral effects of leptin, which leads to
increased sympathetic activity and cytokine production. In addition, work of breathing is higher in OHS than in obese.
This leads to increased pro-inflammatory cytokine RANTE-5 (involved in atherosclerosis), decreased anti-inflammatory

adipokine, and altered endothelial function.*®
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One factor however, the tumor necrosis factor (TNF-a)) does not seem to be influenced by obesity. Indeed, in OSA
patients, TNF-a level is elevated in comparison to controls, independently of obesity, age and sleepiness. The level is
correlated with the severity of OSA, and the best predictor of TNF-o levels is ODIL**!

Impact of Intermittent Hypoxia in the Development of Cardiometabolic

Comorbidities

IH drives chemoreflex stimulation, leading to vasoconstriction via sympathetic activation, which plays an important in
the development of CV comorbidities. This can be attenuated by stretching of the thoracic afferents and is thus more
marked during apnea than during hypopnea.*®**3® Recurrent cortical arousals also contribute to sympathetic activation.
Patients with OSA retain very high levels of sympathetic activation during normoxic daytime wakefulness, comparable
to patients with heart failure. When they receive 100% oxygen therapy, this lowers their sympathetic drive, BP, and heart
rate, suggesting that tonic chemoreflex activation is a contributor to sustained sympathetic drive.’>>> Moreover, the
primary response to hypoxemia is bradycardia, as is seen in the diving reflex. Varying degrees of bradycardia and
bradyarrhythmias are seen in patients with OSA which, in some patients, may manifest as Mobitz I, complete heart
block, and sinus arrest.*>3 Atrial fibrillation is very prevalent in OSA patients,” and is related to structural and electrical
remodeling in the atria caused by increase of both vagal and sympathetic activity.”®

Multiple studies have demonstrated associations between IH and indices of subclinical CVD or CVD risk factors,
including endothelial dysfunction, increased sympathetic activation, inflammation, oxidative stress, and metabolic
dysfunction.”*”>® The pathophysiological consequences of IH are summarized in Figure 1.

Prognostic biomarkers of IH could be useful to identify patients who suffer the most, or are most likely to suffer from
cellular or tissue hypoxic injury related to IH and related oxidative stress. However, to date, even if several promising
biomarkers have been identified (Specific MicroRNAs related to hypoxia, IL-6, IL-8, high-sensitivity CRP, TNF-a,
homocysteine, cysteine ....), none are enough sensitive and specific to predict individual susceptibility to CV
morbidity.”® Similarly, none of the markers of oxidative stress (eg thiobarbituric acid reactive substances; malondialde-
hyde; serum paraoxonase 1; catalase; glutathione peroxidase; superoxide dismutase) are currently able to discriminate
from OSA patients with and without CV complications.®® The lack of specificity and obesity, as a major confounder,
remain the major barriers to use in clinical practice. Further studies are needed to identify specific endophenotypes
susceptible to develop CV comorbidities, in order to guide clinicians for more aggressive OSA management in these
individuals.

Oxygen Desaturation Measurements
Hypoxemia appears to significantly impact the occurrence of CV and cardiometabolic comorbidities. For example, ODI
4% was shown to be associated with HT,'!” and T90% with HT and cerebro/CV diseases.®!

But, as we have already discussed for AHI, ODI metrics exhibit limits. For example, a patient with an ODI of 15/hour
of sleep but with long oxygen desaturation episodes can have a two-fold higher T90% and a lower minimal saturation
than a patient with an ODI of 35/hour of sleep but shorter events, associated with light levels of oxygen desaturation.®>

To overcome these limitations, a new metric was proposed by Azarbarzin et al to measure hypoxic burden.®® Hypoxic
burden can be defined as a value reflecting the area under the curve on the oxygen saturation curve during desaturation
episodes. This value considers frequency, length, and depth of the respiratory-related oxygen desaturation. The role of
hypoxic burden related to OSA in the occurrence of CV complications was studied by Azarbarzin et al in two different
large cohorts: the Osteoporotic Fractures in Men Study (MrOS) and the SHHS. The researchers were able to show that
OSA severity quantified as respiratory event-related hypoxic burden was independently associated with CVD mortality.
This association persisted after adjusting for a large number of potential confounders and possible mediators, including
prevalent CVD as well as AHI, T90%, and sleep duration. In contrast, CVD mortality was not associated with AHI when
it was assessed as an independent variable. In this study, T90% was significantly associated with CVD mortality in the
SHHS cohort (N=5111) but not in the MrOS cohort (N=2743), while ODI was associated with CVD mortality in the
MrOS but not the SHHS cohort.”> These data suggest that CVD mortality is strongly associated with a quantitative
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Figure 2 Calculation of the “obstruction severity” and “desaturation severity” metrics as proposed by Kainulainen et al*?,

measure of hypoxic burden caused by respiratory disturbance, and that this measurement significantly and more
consistently predicts CV outcomes compared to less precise OSA impact measurements such as respiratory event
frequency (AHI), overall hypoxemia (T90%), or desaturation frequency (ODI) during sleep.®

Other oxygen-related metrics have also been proposed. Kainulainen et al have proposed using “desaturation severity”,
defined as the sum of the area under the curve of all desaturation events, normalized to TST, and “obstruction severity”,
defined as the multiplication of the apnea duration by the desaturation area under the curve (Figure 2). In their
retrospective study, they showed that these indicators have a better correlation with excessive daytime sleepiness
(EDS) compared to AHI and ODL.%*

Kulkas et al reported that “obstruction severity” and “desaturation severity”, calculated as shown below, vary between
the AHI severity categories. Interestingly, AHI was better correlated to apnea duration than to the number of events. The
area under the curve of the desaturation events is part of the obstruction severity parameter (Figure 2). Thus, both the
duration and morphology of apnea, hypopnea, and desaturation events are included in the obstruction severity
parameter.®®

In a retrospective study (N=1068), Muraja-Murro et al compared these indices in cohorts of alive and dead OSA
patients, matched according to AHI, age, BMI, smoking habits, and follow-up time. Based on a multivariate logistic
regression analysis, the authors found that higher “obstruction severity index” was statistically significantly associated
with mortality in the severe OSA category.®®

How to Improve OSA-Related Hypoxemia Measurement in Clinical Practice?

As assessed by Azarbarzin et al,®® one challenge of some commonly used metrics is that they depend on arbitrary
absolute thresholds (eg, desaturation below 90% or 80%) which may not apply across populations. Metrics such as T90%
are also used to measure the impact of the individual apneas and hypopneas as it can reflect underlying lung disease or
a hypoventilation disorder, and thus are less specific markers of OSA-related hypoxic stress compared with the hypoxic
burden measurement. T90% also does not provide direct information on the targets for OSA treatment (eg, CPAP), which
mostly address episodic UA obstruction and the ensuing hypoxemia. In contrast, the hypoxic burden index quantifies
a target for CPAP, and may possibly better identify individuals who will respond to CPAP than when using AHI or
T90%. Hypoxic burden is not yet used in clinical practice, but one can imagine implementing an automated analysis of
this index on top of manual scoring of PSG or HSAT recordings.

Discussion
Obstructive apneas and hypopneas induce several pathophysiological modifications (eg, IH, arousals, respiratory effort,
heart rate variability), provoking daytime and/or nighttime symptoms but also increasing cardiometabolic risk. PSG can
capture most of these disturbances, but they are not well translated when expressing OSA severity through approximates
such as AHI or T90%. The different phenotypes that have been documented in the OSA spectrum show the complexity of
the disorder. Moreover, by using imperfect metrics, three recent large RCTs (the RICCADSA trial, the SAVE trial, and
the ISAAC trial) failed to show a reduction in CV events with CPAP therapy in patients with a past history of CVD,*”
and other limitations can also occur, such as the exclusion of patients suffering from EDS.”°

Several studies that have been based on OSA-related hypoxemic burden have shown that these parameters better
identify the OSA-related physiologic insults leading to CVD.%?
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To better capture the whole picture of OSA, Randerath et al have already proposed a 2-dimensional classification for
OSA (BAVENO), which considers the presence/absence of EDS and the presence/absence of end-stage organ injury or
comorbidities.”" This classification, in parallel to the GOLD classification in COPD, has the advantage of being
multicomponent and considers several characteristics of OSA syndrome to identify the more severe patients.
A slightly modified BAVENO classification has been applied to a large dataset of patients from the ESADA cohort
(14,499 patients), followed between 2 and 3 years after CPAP treatment.”? The authors demonstrated a significant
relationship between the defined categories (A to D, from less to more severe) and treatment impact, with symptoms and/
or comorbidities improving the most in C and D categories with CPAP. Hypoxic load, assessed by T90% and ODI, was
not different in category C (no EDS, presence of end-stage organ injury or comorbidities) and B (EDS, absence of end-
stage organ injury or comorbidities (or well-controlled)). Adding a quantitative metric of hypoxic burden could help to
focus attention on patients susceptible to future risk, according to data from Azarbazin et al, highlighting a higher CV
mortality in MrOS and SHHS cohorts for the Q4 and QS5 quintiles of hypoxic burden, respectively, between 53% and
88% min/hour or >88% min/hour.®’

Based on these insights, we can now imagine proposing a 3D model with 8 categories of patients exhibiting
a continuum of severity. This could be tested in a large OSA population dataset to assess the impact of these changes
to patient assessment and OSA management. The proposed model is illustrated in Figure 3.

However, despite the potential interest in such a model, there are limitations associated with using these multi-
dimensional models. For example, these models use arbitrarily continuous variables as categories that have been tested
only on retrospective cohorts and still need to be trialed in large prospective OSA patient cohorts to assess their value for
OSA treatment choice and impact. Also, BMI, age, OSA duration and sex do not appear in these models, despite their
potential impact on the occurrence of comorbidities and on the category of comorbidities.”*”*

Finally, if the model is too complex, which could be the case with the model presented above (8 categories), it may be
difficult to use in clinical practice.

Symptoms

Comorbidities

Severity factors
on P(S)G

Figure 3 Proposed 3-dimensional model that aims to assess 8 categories of OSA severity, considering Symptoms (excessive daytime sleepiness, ESS <I| or >11),
comorbidities (presence/absence of end-stage organ injury or comorbidities) and severity factors on PSG (hypoxic burden below or >53% min/hour). The circle shows the 4
categories of highest severity. In this model, the equal distribution between each severity category has been chosen arbitrarily since the prevalence of each category is
currently unknown.

Abbreviations: OSA, obstructive sleep apnea; ESS, Epworth Sleepiness Score; P(S)G, poly(somno)graphy.
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At this time, research is still ongoing to explore new metrics that assess the CV insults induced by OSA. Recently,
Azarbarzin et al showed that high OSA-related heart rate response (pulse-rate response) was associated with CV events
and all-cause mortality in longitudinal follow-up of the SHHS cohort (mean FU 10.7 years).”” Heart rate response relies
only on measurement of respiration and pulse oximetry, easy to obtain with HSAT. Another feature of this measurement
is that the analysis can be automated.

Pulse wave amplitude (PWA) drops are another avenue that is being explored to obtain an overall assessment of
sympathetic activation (autonomic vasoconstriction) during the night. Indeed, PWA drops can be easily detected by
photoplethysmography and an automated detection algorithm has been recently published.”® The clinical implications of
this are as yet unknown, but it offers the advantage of being assessed by simplified, unobtrusive sensors. The clinical
usefulness of PWA should be further studied.

Conclusion

Commonly used PSG indices, such as AHI, ODI, and T90% are poor markers of CV insults induced by OSA. Hypoxic
burden index differs in terms of its quantitative features, resulting in better assessment of CV outcomes when tested
retrospectively on large OSA patient cohorts. However, prospective studies are yet lacking. Other markers of OSA-
induced CV stress are also being developed, but data are yet limited. A multidimensional model, the BAVENO
classification, has been developed to identify the more severe patients who will derive the most benefit from CPAP.
However, while taking symptoms and comorbidities into account, no PSG parameter is included in the classification.
Hypoxic burden could be added to the model to improve OSA patient classification to focus on the most symptomatic
and also those patients with greatest future CV risk.
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