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Abstract:

Nocturnal hypoxemia is a prevalent feature of various respiratory diseases, significantly impacting patient outcomes and
therapeutic strategies. Oximetry, a non-invasive and widely accessible tool, enables the measurement of nocturnal hypoxemia
through oxyhemoglobin saturation (SpOz2)-derived metrics such as the oxygen desaturation index, percentage of sleep time
with SpOz below 90%, mean SpOz2, and measures of the area under the desaturation curve (e.g., sleep apnea specific hypoxic
burden). While these metrics are well established in obstructive sleep apnea (OSA), their application in other respiratory con-
ditions, including chronic obstructive pulmonary disease (COPD), pulmonary hypertension, obesity hypoventilation syndrome,
heart failure, neuromuscular disorders, pregnancy, and high-altitude residents, remains an area of active investigation. This
review explores the pathophysiology of hypoxemia in these conditions and evaluates the role of SpO2-derived metrics in risk
stratification beyond OSA. We also discuss the challenges of interpreting SpOz data, particularly the difficulty differentiating
disease-related hypoxemia from comorbid OSA. Additionally, we examine the limitations of oximetry, including sensor inac-
curacies, motion artifacts, and skin pigmentation. Finally, we emphasize the need for further research to standardize these
metrics across diverse conditions and advocate for their integration into clinical practice to enhance patient management and
outcomes.
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Figure 1: Nocturnal oximetry recordings (around 3 hours) of four individuals with different
levels of T90, ODI and HB. The orange dashed line shows the 90% level of SpO, Abbreviations:
ODI=0Oxygen Desaturation Index; SpO,= Peripheral Oxygen Saturation; T90= Time below 90%
SpO,; HB: hypoxic burden.
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Abstract
Nocturnal hypoxemia is a prevalent feature of various respiratory diseases, significantly

impacting patient outcomes and therapeutic strategies. Oximetry, a non-invasive and widely
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accessible tool, enables the measurement of nocturnal hypoxemia through oxyhemoglobin
saturation (SpO, )-derived metrics such as the oxygen desaturation index, percentage of sleep time
with SpO, below 90%, mean SpO,, and measures of the area under the desaturation curve (e.g.,
sleep apnea specific hypoxic burden). While these metrics are well established in obstructive sleep
apnea (OSA), their application in other respiratory conditions, including chronic obstructive
pulmonary disease (COPD), pulmonary hypertension, obesity hypoventilation syndrome, heart
failure, neuromuscular disorders, pregnancy, and high-altitude residents, remains an area of active
investigation. This review explores the pathophysiology of hypoxemia in these conditions and
evaluates the role of SpO,-derived metrics in risk stratification beyond OSA. We also discuss the
challenges of interpreting SpO, data, particularly the difficulty differentiating disease-related
hypoxemia from comorbid OSA. Additionally, we examine the limitations of oximetry, including
sensor inaccuracies, motion artifacts, and skin pigmentation. Finally, we emphasize the need for
further research to standardize these metrics across diverse conditions and advocate for their

integration into clinical practice to enhance patient management and outcomes.

Keywords: Nocturnal hypoxemia, Pulse Oximetry, Respiratory disease, Hypoxic burden, OSA

Introduction
The Respiratory System and Its Role in Hypoxemia

The respiratory system is crucial in maintaining oxygen homeostasis by facilitating gas
exchange between the atmosphere and the bloodstream [1, 2]. It comprises the lungs, airways,
diaphragm, and associated respiratory muscles, all of which work together to ensure the efficient
uptake of oxygen (O,) and the removal of carbon dioxide (CO,), a metabolic byproduct. The lungs
oxygenate blood by transferring O, from inhaled air into the pulmonary circulation while expelling
CO, through exhalation [3].

Oxygen is essential for cellular metabolism, and a deficiency—termed hypoxia/
hypoxemia (hypoxia: inadequate oxygen supply to tissues and organs, hypoxemia: low oxygen
levels in the blood)—can have significant physiological consequences [4]. Hypoxemia is defined
as an abnormally low arterial oxygen level and can result from impairments in pulmonary
ventilation, diffusion, or perfusion [5]. It is frequently observed in respiratory diseases that

compromise lung function, reducing the efficiency of oxygen uptake. If left untreated, hypoxemia
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can trigger systemic effects, including increased sympathetic nervous system activity, pulmonary
vasoconstriction, and organ dysfunction, ultimately elevating the risk of morbidity and mortality

[4-6].

Hypoxemia Types and Their Implications

Hypoxemia can be broadly classified into two types: intermittent hypoxemia (IH) and
sustained hypoxemia (SH) [4]. Intermittent hypoxemia is characterized by episodic decreases in
blood oxygen levels, which can occur in conditions such as obstructive sleep apnea (OSA), where
oxygen saturation fluctuates throughout the night and is associated with a wide range of
physiological responses such as changes in heart rate and cortical activity [7, 8]. In contrast,
sustained hypoxemia is characterized by persistently low oxygen levels, which is commonly seen
in diseases such as chronic obstructive pulmonary disease (COPD), pulmonary hypertension and
high-altitude residents [1, 2]. Both types can contribute to disease progression and worsening
outcomes, but their underlying mechanisms and effects may differ [9-12].

The measurement of hypoxemia is essential for diagnosing and managing respiratory
diseases [13]. Traditionally, oxygen levels are assessed using arterial blood gas (ABG) analysis,
which is invasive and not suitable for continuous monitoring. Non-invasive methods, such as pulse
oximetry, are more commonly used in clinical settings. Pulse oximetry measures the oxygen
saturation of hemoglobin (SpO,) in the blood and provides a continuous, non-invasive way to
assess oxygenation status. However, it has limitations, particularly in capturing the full extent of
hypoxemia, especially during nocturnal periods when many respiratory conditions manifest [13-

15].

Changes in SpO. levels and impact on nocturnal hypoxemia during sleep

Sleep has a profound effect on ventilation, gas exchange, and cellular metabolism. During
sleep, ventilation decreases beyond what is expected from reduced metabolic demands[16, 17].
Two mechanisms contribute to hypoventilation: A) Increased resistance of the upper airway due to
hypotonia of the pharyngeal dilator muscles and B) Alteration of the ventilatory response. These
changes, which are not significant in a normal individual, are more intense in individuals with sleep
respiratory disorders. In the awake individual, the central airway, which would tend to collapse due

to the effect of negative inspiratory intraluminal pressure, is kept open by the stimulation of the
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pharyngeal and laryngeal dilator muscles [18]. During sleep, the normal hypotonia of the central
airway dilator muscles causes a slight increase in airflow resistance, often resulting in snoring and,
in men over 40, in short and infrequent episodes of obstructive apnea. These episodes last less than
10 seconds and do not cause significant changes in arterial gases. If the hypotonia is excessive and
especially if there are factors contributing to upper airway obstruction, more frequent and

prolonged episodes of obstructive apnea occur with pathological consequences[19, 20].

Measurement of hypoxemia in OSA

In the context of OSA, frequent episodes of upper airway obstructions often lead to oxygen
desaturation, and SpO, is monitored to identify “clinically significant” respiratory events [21].
SpO,-derived metrics are crucial for assessing the severity of OSA-related nocturnal hypoxemia.
In addition, based on standard guidelines, the inclusion of respiratory events in the apnea-hypopnea
index (the primary measure of OSA severity) often requires a 3 or 4% oxygen desaturation[22].
Other metrics that are intended to quantify nocturnal hypoxemia include the oxygen desaturation
index (ODI), which measures the frequency of oxygen saturation drops; T90, which quantifies the
percentage of time spent below a specific oxygen saturation threshold (e.g., 90%); mean SpO,, the
average oxygen saturation throughout the night; minimum SpO, (min SpO,), the lowest recorded
oxygen saturation; and desaturation area, which quantifies the magnitude and duration of
desaturation events [8, 23-26]. However, not all these metrics precisely quantify the extent of
OSA-related hypoxemia and are impacted by other non-OSA-related conditions.

In recent years, several methods have been proposed to better capture the severity of OSA-
related hypoxemia[8, 25]. These methods have been reviewed in depth elsewhere[21, 27]. Among
these metrics, “hypoxic burden”, a measure of frequency, depth and duration of OSA-related
oxygen desaturation, has been shown to be associated with CVD-related and all-cause
mortality[25], incident CVD[28], kidney disease[29], white matter hyperintensity[30], daytime
sleepiness[31], and CPAP-related cardiovascular benefits[32]. Future prospective studies are

needed to confirm and extend these findings.

Hypoxemia in Other Respiratory Diseases
While SpO,-derived metrics are extensively utilized in assessing nocturnal hypoxemia in

OSA, their application in other respiratory diseases remains less defined. Conditions such as
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COPD, pulmonary hypertension, obesity hypoventilation syndrome (OHS), and heart failure also
exhibit nocturnal hypoxemia, but the relationship between SpO,-derived nocturnal hypoxemia
metrics and disease severity in these disorders is not as well established [33]. A significant
challenge in these conditions is distinguishing between hypoxemia resulting from sustained
respiratory dysfunction and that induced by intermittent events like coexisting OSA (Figure 1). For
instance, patients with COPD may experience both sustained hypoxemia due to chronic respiratory
impairment and intermittent hypoxemia from concurrent OSA, complicating the interpretation of
SpO, metrics [12, 34, 35] for effective clinical decision-making processes.

This review aims to explore the utilization of SpO,-derived metrics in assessing nocturnal
hypoxemia across various respiratory diseases beyond OSA. We will examine the
pathophysiology of hypoxemia in each condition, review studies investigating the use of SpO,
metrics for quantifying disease severity and assess how these metrics can aid in patient risk
stratification and treatment selection (Table 1). Additionally, we will discuss the challenges in
measurement and address the distinction between hypoxemia due to the primary disease versus the
contribution of coexisting OSA. Lastly, we will briefly review the potential limitations of oximetry

and the nocturnal hypoxemia metrics.

Chronic Obstructive Pulmonary Disease (COPD)

Pathophysiology

COPD refers to a group of lung diseases, primarily chronic bronchitis and emphysema,
characterized by persistent airflow limitation [36, 37]. COPD remains a leading cause of morbidity
and mortality globally, with smoking being the predominant risk factor, although environmental
pollutants and genetic predispositions also contribute [38]. The pathophysiology of COPD is
characterized by chronic inflammation and structural changes in the airways and lung parenchyma,
resulting in airway obstruction, alveolar destruction, and impaired gas exchange [36, 39].
Hypoxemia in COPD arises from impaired ventilation-perfusion matching, wherein the alveolar
ventilation is insufficient relative to pulmonary capillary perfusion [40]. This imbalance leads to
reduced oxygen uptake and elevated carbon dioxide levels in the blood, manifesting as chronic
respiratory symptoms, such as cough, sputum production, and dyspnea [2, 40]. As COPD
progresses, the lungs' ability to respond to hypoxia diminishes, leading to sustained hypoxemia,

which becomes more prominent during exercise and sleep [2].
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Metrics for nocturnal hypoxemia assessment

Key parameters used to assess nocturnal desaturation include the frequency of the drops,
mean nocturnal SpO, and the percentage of time spent below a specific saturation threshold, such
as 90% or 80% [41-43]. In COPD, the severity of nocturnal hypoxemia is closely linked to the level
of daytime hypoxemia[44]. For example, a of daytime and nighttime arterial oxygen saturation in
41 COPD patients found that patients with lower daytime saturations exhibited significantly
greater mean and maximum falls in SpO, at night [45]. In addition, one study suggested that both
total-sleep-time-related hypoxemia (measured by %sleep time below 90% SpO,) and REM-
specific nocturnal hypoxemia (measured by %sleep time below 85% SpO.) predict mortality,
however, REM-related desaturation appeared to predict improved survival with supplemental
oxygen use [46]. A study assessing the relationship between lung function and sleep parameters in
patients with OSA and COPD indicated that T90 was negatively correlated with different lung
function indices (e.g., forced vital capacity (FVC)) [47]. Furthermore, in another study of COPD
patients, T90 was strongly correlated with mean pulmonary artery pressure [48]. These studies
emphasized the use of SpO,-derived metrics to enhance risk stratification and assess treatment

effects in COPD patients.

Overlap with OSA

OSA is prevalent in COPD patients, with an incidence of approximately 10-15% higher
than in the general population [12, 34, 49]. The coexistence of COPD and OSA (overlap syndrome)
complicates the interpretation of nocturnal hypoxemia. COPD patients with OSA tend to
experience more severe hypoxemia during sleep because they begin each apnea episode in a
hypoxemic state, whereas patients with isolated OSA typically saturate to normal levels between
apneas. This makes COPD-OSA patients more susceptible to complications of chronic hypoxemia,
such as cor pulmonale and polycythemia [34]. It is crucial for clinicians to distinguish between
hypoxemia due to COPD and hypoxemia caused by OSA in order to guide appropriate treatment
strategies[35, 49].

Pulmonary Hypertension (PH)

Pathophysiology
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Pulmonary hypertension (PH) is a condition characterized by elevated pressure in the
pulmonary arteries, leading to increased right ventricular afterload and potential right heart
failure[50, 51]. The underlying pathophysiology includes pulmonary vasoconstriction, vascular
remodeling, and increased pulmonary vascular resistance, all of which contribute to impaired
oxygenation and hypoxemia. PH can occur as an isolated condition or as a secondary consequence
of diseases such as COPD, left heart disease, or chronic thromboembolic disease [52-54].
Hypoxemia in PH often results from impaired gas exchange due to ventilation-perfusion (V/Q)
mismatch, diffusion limitations, and reduced pulmonary capillary surface area[51]. As PH
progresses, oxygen saturation levels decline, particularly during exertion or sleep, exacerbating
right heart strain and worsening prognosis. In more advanced stages, pulmonary vascular
remodeling leads to the thickening and stiffening of the arterial walls, further impairing oxygen
exchange. The resultant right ventricular dysfunction contributes to carbon dioxide retention and

further desaturation events, compounding hypoxemia severity [50, 55, 56].

Metrics for hypoxemia assessment

Studies have demonstrated the clinical significance of SpO,-derived metrics in PH,
particularly in assessing disease severity and prognosis. In PH, nocturnal desaturation is an
essential but often overlooked marker of disease progression and worsening pulmonary
hemodynamics [51, 57]. In a large retrospective study analyzing polysomnographic data from 493
PH patients, higher nocturnal hypoxemia, defined as T90, was significantly associated with
increased mean pulmonary artery pressure, pulmonary vascular resistance, and right atrial
pressure, underscoring its potential utility as a prognostic marker [58]. Similarly, an investigation
into patients with idiopathic pulmonary fibrosis assessed the relationship between resting PaO,
and T90 over a 24-hour period. The study found that lower resting PaO, was associated with
prolonged periods of nocturnal hypoxemia. However, T90 did not correlate with systolic
pulmonary artery pressure, suggesting that while T90 reflects nocturnal hypoxemia severity, it may
not directly predict PH severity in this population [59]. Another study comparing sleep parameters
in patients with interstitial lung disease (ILD) with and without PH found that those with PH

exhibited significantly higher T90 compared to those without PH [60].

Overlap with OSA
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OSA is frequently observed in PH patients and represents an important confounder in
assessing nocturnal hypoxemia[33]. The coexistence of OSA and PH exacerbates nocturnal
hypoxemia and may further accelerate right ventricular dysfunction [33]. Patients with PH across
various aetiologies exhibit a high prevalence of OSA, and conversely, OSA increases the risk of
PH[61]. In a study of 169 patients with pulmonary arterial hypertension, 26.6% had an apnea-
hypopnea index >10 events/h, with 16% having OSA and 10.6% having central sleep apnea [62].
Overall, 27%-30% of OSA patients without left ventricular dysfunction or hypoxemic lung disease
develop PH [63]. Notably, OSA patients with PH experience a lower quality of life and higher

mortality compared to those without PH [64].

Obesity Hypoventilation Syndrome (OHS)
Pathophysiology

Obesity Hypoventilation Syndrome (OHS) is a disorder characterized by chronic
hypoventilation in individuals with obesity, resulting in hypercapnia (elevated blood carbon
dioxide levels) and, in some cases, hypoxemia [65]. The pathophysiology of OHS involves
multiple factors, including mechanical airway obstruction, reduced chest wall compliance, and
diminished central respiratory drive, particularly during sleep. Excess adipose tissue around the
thorax and abdomen can impair diaphragmatic movement, further restricting ventilation and
exacerbating gas exchange abnormalities [65-67]. Intermittent hypoxemia and hypercapnia are
hallmarks of OHS, contributing to significant complications such as pulmonary hypertension, right
heart failure, and chronic respiratory failure [65, 68]. If left untreated, OHS can lead to increased
morbidity and mortality [69]. Diagnosis is typically based on clinical symptoms, obesity-related
comorbidities, and arterial blood gas analysis, with non-invasive positive pressure ventilation often

required for management[70].

Metrics for hypoxemia assessment

Various measures of nocturnal hypoxemia have been assessed in OHS, including T90,
nadir SpO,, and mean SpO,. Additionally, some studies have explored the combined use of SpO,
parameters with biochemical markers such as serum bicarbonate levels to improve diagnostic
accuracy [71-73]. One study examined the utility of T90 as a diagnostic marker for OHS but found

that it lacked sufficient sensitivity and specificity. The findings suggest that T90 alone is not a
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reliable diagnostic tool and should be complemented by biochemical assessments, such as arterial
blood gas analysis [74]. One study assessed the potential benefit of sleep apnea-specific hypoxic
burden (%min/h) to identify obesity-related sleep hypoventilation in adults with no other
respiratory or neurological diseases who underwent polysomnography or polygraphy. The results
showed Hypoxic burden as a measure of intermittent hypoxemia has a low correlation with
transcutaneous CO, pressure and a low ability to diagnose obesity-related sleep
hypoventilation[75]. Additionally, prolonged nocturnal hypoxia reflected by lower mean SpO,
and increased T90 was significantly associated with calculated HCO3; and OHS presence and
severity. These findings suggest that monitoring these indices may aid in early detection and risk
stratification in obese individuals with suspected sleep-disordered breathing [68]. Given that OHS
involves both sustained and intermittent hypoxemia, further analysis is needed to refine nocturnal

hypoxemia measures for distinguishing OHS from OSA.

Heart Failure (HF)

Pathophysiology

Heart failure (HF) is a condition characterized by the heart's inability to pump blood
effectively, leading to inadequate tissue perfusion and oxygenation [76]. The pathophysiology of
hypoxemia in HF is multifactorial, involving both diminished cardiac output and pulmonary
edema, which disrupts alveolar gas exchange [77]. One additional potential contributor to
nocturnal hypoxemia is Cheyne-Stokes respiration (CSR), a common breathing pattern observed
in HF, which is characterized by alternating periods of hyperventilation and hypoventilation. This
cyclical breathing pattern leads to fluctuating oxygen saturation levels, further complicating the

clinical presentation of HF-related hypoxemia [76, 77].

Metrics for hypoxemia assessment

Nocturnal hypoxemia has emerged as a significant predictor of adverse health outcomes in
HF patients. In patients with Heart Failure with Reduced Ejection Fraction (HFrEF), nocturnal
hypoxemia measures have been identified as an independent risk factor for all-cause mortality[78].
Specifically, a cohort study involving 280 patients with HFrEF assessed nocturnal hypoxemia
using multiple pulse oximetry-derived indices, including T90, Area of the SpO, curve below 90%,

and Event-related and non-specific T90 components. After adjusting for established risk factors,
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T90, non-specific T90, the area under 90% SpO,, and the non-specific area under 90% SpO,
remained statistically significant predictors of mortality. In contrast, event-related indices did not

demonstrate a significant association [78].

Overlap with OSA

The presence of OSA poses a challenge in the assessment of nocturnal hypoxemia in HF.
Patients with coexisting chronic heart failure and OSA often experience hypoxemia driven by
both pulmonary congestion and recurrent respiratory events. Moreover, central sleep apnea—
characterized by diminished or absent respiratory effort due to instability in ventilatory control—is
especially prevalent in patients with HF[79]. The interplay between these conditions can
exacerbate cardiovascular dysfunction, with significant implications for endothelial health [80]. A
study investigating arterial endothelial function in HF patients with and without sleep disordered
breathing found that the severity of nocturnal hypoxemia, rather than the frequency of respiratory
events, was the primary determinant of vascular impairment. However, neither the AHI nor the
ODI showed a meaningful association, suggesting that cumulative hypoxemic exposure may be
more relevant than discrete respiratory events in predicting cardiovascular risk [81]. Another
prospective cohort study investigated the prognostic significance of hypoxemia in HF patients
using several desaturation metrics, including T90, ODI, and mean SpO,. Multivariate analysis
revealed a significant associations with sustained hypoxemic metrics (e.g. T90 and mean SpO,) but

not the ODI [82].

Neuromuscular Disorders and Spinal Cord Injury (SCI)

Pathophysiology

Neuromuscular disorders (NMDs) encompass a diverse group of diseases that impair
muscle and/or nerve function, resulting in weakness and dysfunction. In these conditions,
respiratory muscles are frequently compromised, leading to ventilation impairment and subsequent
nocturnal hypoxemia [83, 84]. Similarly, spinal cord injury (SCI) involves damage to the spinal
cord, leading to partial or complete loss of motor, sensory, and autonomic functions. Individuals
with high-level SCI, particularly at the cervical or upper thoracic levels, often experience
significant respiratory impairment due to paralysis of respiratory muscles, predisposing them to

nocturnal hypoxemia [85]. Both NMDs and SCI significantly impact the diaphragm and intercostal

10
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muscles, increasing the likelihood of sleep-related hypoventilation [85, 86]. The severity of
nocturnal hypoxemia in these conditions often correlates with disease progression, with advanced
stages exhibiting more pronounced respiratory dysfunction [84]. Additionally, neuromuscular
diseases can impair central respiratory control, further diminishing the ability to maintain stable

ventilation, particularly during sleep [84].

Metrics for hypoxemia assessment

Overnight pulse oximetry serves as a cost-effective screening tool for detecting nocturnal
respiratory disturbances in patients with neuromuscular diseases. A typical pattern observed in
these patients includes a low baseline oxygen saturation with cyclical desaturation, particularly in
early disease stages. There has been limited studies in these patients. For example, in a small study
involving patients with ALS, measures of nocturnal hypoxemia were associated with poor memory
retention, suggesting a potential link between nocturnal oxygen desaturation and cognitive

impairment in ALS [87].

Overlap with OSA

Sleep-disordered breathing, including nocturnal hypoventilation, central apneas, and
obstructive apneas, is prevalent in ALS patients[88, 89]. A study reported that ALS patients
experience up to ten times more apnea/hypopnea events per night compared to healthy individuals,
suggesting frequent episodes of intermittent nocturnal hypoxia. The precise etiology of this
intermittent hypoxia remains unclear; however, polysomnographic studies indicate that central
respiratory drive dysregulation or respiratory muscle fatigue, rather than OSA, may be the primary
contributors [90]. Individuals with SCI, particularly those with cervical injuries, also have a
heightened risk of OSA, with prevalence rates three to four times higher than in the general
population. In patients with SCI, intermittent hypoxemia and sleep fragmentation have been
associated with adverse cardiovascular consequences [85]. A study on cervical SCI patients
highlighted an increased susceptibility to OSA, as indicated by an elevated ODI of 4% during sleep
[91]. These findings underscore the necessity for targeted screening and management strategies to
mitigate the adverse effects of nocturnal hypoxemia in neuromuscular disorders and SCI

populations.

11
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Pregnancy

Pathophysiology

Pregnancy induces significant physiological adaptations in the respiratory system,
including increased tidal volume and altered ventilation-perfusion ratios to accommodate the
growing metabolic demands of both the mother and fetus [92-94]. While most women adapt
effectively to these changes, some may experience hypoxemia, particularly during sleep. In late
pregnancy, the expanding uterus exerts pressure on the diaphragm, impairing ventilation and
contributing to nocturnal oxygen desaturation. This effect is particularly pronounced during REM
sleep when respiratory drive is naturally diminished [95, 96]. Pregnancy-related hypoxemia is
further exacerbated in women with preexisting respiratory conditions, such as asthma or obesity.
Additionally, pregnancy-induced hypertension and preeclampsia can negatively impact respiratory
mechanics, leading to increased airway resistance, pulmonary edema, and subsequent hypoxemia

[97, 98].

Metrics for hypoxemia assessment

Research on the utility of SpO,-derived metrics in pregnancy has demonstrated their value
in identifying nocturnal hypoxemia and predicting adverse maternal and fetal outcomes. For
instance, a randomized controlled trial evaluating the effects of aerobic and breathing exercises in
pregnant women found that such interventions significantly improved mean oxygen saturation
levels [99]. A study of pregnant women reported that an ODI >10 was associated with an increased
incidence of congenital abnormalities and neonatal respiratory distress syndrome [100]. Similarly,
higher ODI levels during pregnancy have been linked to an increased likelihood of delivering
small-for-gestational-age infants [101]. A large-scale study involving 3,006 women in early
pregnancy and 2,326 in mid-pregnancy utilized home sleep apnea testing to assess nocturnal
hypoxia. A hypoxic burden (averaged desaturation area, %min) exceeding 6.8% minutes in early
pregnancy was associated with a higher risk of preeclampsia, independent of OSA severity. In mid-
pregnancy, a hypoxic burden exceeding 11.8% minutes was linked to an increased risk of
gestational diabetes and a low Apgar score (<7 at 1 min), even after adjusting for OSA severity
[102]. In contrast, a comparative study assessing arterial oxygen saturation in 60 pregnant women
across different trimesters and 60 non-pregnant controls found no statistically significant

differences in SpO, levels between groups [103].

12
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Physiological changes during pregnancy predispose women to a higher risk of developing
OSA. Factors such as increased body weight, airway edema, and upper airway collapsibility due to
hormonal fluctuations contribute to this heightened susceptibility [104-106]. A study examining
the relationship between SDB and pregnancy outcomes found that among obese pregnant women,
those with altered pulse oximetry readings had a higher incidence of congenital abnormalities,
suggesting a possible link between maternal hypoxemia and fetal development [100]. Moreover,
mid-pregnancy nocturnal hypoxemia measured as T90 and an increasing hypoxemic burden from
early to mid-pregnancy has been associated with a higher risk of delivering large-for-gestational-

age (LGA) infants [107].

High-Altitude Residents
Pathophysiology

Living at high altitudes leads to chronic exposure to reduced atmospheric oxygen, which
triggers physiological adaptations such as increased ventilation and erythropoiesis to maintain
adequate oxygen delivery to tissues [108]. However, despite these compensatory mechanisms,
some individuals experience persistent hypoxemia, particularly during sleep [109, 110]. The
pathophysiology of hypoxemia in high-altitude residents is multifactorial, involving both
environmental factors (e.g., reduced barometric pressure and oxygen availability) and
physiological responses that may be insufficient to fully compensate for the hypoxic stress [111,
112]. During sleep, nocturnal hypoxemia at high altitudes is exacerbated by hypoventilation,
particularly during REM sleep, when the ventilatory drive is further diminished. This leads to
recurrent desaturation events, which are commonly observed in individuals residing above 2,500

meters [108, 109].

Metrics for hypoxemia assessment

Numerous studies have evaluated SpO, metrics in high-altitude environments to establish
reference values and assess acclimatization patterns. A large-scale study established reference
SpO, values for individuals aged 1 to 80 years, covering elevations from sea level to the highest
permanent human habitation. The results revealed a progressive decline in SpO, with increasing
altitude, particularly beyond 2,500 meters [113]. A study using continuous SpO, monitoring from

finger pulse oximeters showed that while SpO, levels initially decrease upon altitude exposure,
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partial recovery is observed over time, reflecting physiological adaptation [114]. Additionally,
lower SpO, values have been linked to an increased risk of acute mountain sickness [114]. The
effects of nocturnal hypoxia on cognitive performance at high altitudes have also been examined.
In one study, eleven healthy adults underwent progressive nocturnal hypoxia exposure over two
weeks in an altitude tent [115]. Despite experiencing significant nocturnal hypoxemia, participants
exhibited no impairments in objective vigilance or working memory, nor did they report increased

subjective sleepiness [115].

Overlap with OSA

The interaction between OSA and high-altitude exposure has been the subject of increasing
research interest. When OSA individuals ascend to altitudes above 1,600 meters, comparable to
many popular tourist destinations, hypobaric hypoxia exacerbates sleep-disordered breathing
[116]. At high altitudes, OSA patients experience a combination of obstructive and central apneas
due to hypoxia-induced instability in ventilatory control [116, 117]. This results in both
intermittent and sustained hypoxemia, leading to pronounced sympathetic activation, increased
heart rate, cardiac arrhythmias, and systemic hypertension. These physiological changes raise
concerns that individuals with OSA may face an elevated risk of cardiovascular and other adverse

events during high-altitude exposure [116, 117].

Limitations of Oximetry and Nocturnal Hypoxemia Metrics

Several limitations impact the accuracy, reliability, and clinical utility of pulse oximetry.
These limitations arise from inherent technical constraints, physiological variations, and external
factors that influence SpO, readings. First, while pulse oximetry provides a convenient method for
continuous monitoring, its accuracy is reduced in certain clinical settings. For example, a study
comparing oxygen saturation levels measured by pulse oximetry and ABG analysis in 102
hypoxemic patients admitted to intensive care units found that when SpO, levels fall below 90%,
pulse oximetry may not be reliable enough for accurate oxygenation assessment [118]. Other
studies suggested that there may be bias and discrepancies between different pulse oximeters and
ABG measurements in critically ill patients [119] and people with uncontrolled diabetes [120,
121]. Second, SpO, readings are influenced by peripheral circulation, which may be compromised

in conditions such as SCI, neuromuscular disorders, obesity, and heart failure. In SCI patients with
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lower limb paralysis or individuals with poor perfusion, weak signals from pulse oximeters can
lead to inaccurate SpO, measurements [122-124]. Third, Pulse oximetry relies on calibration
curves based on healthy individuals. Early calibration techniques used Beer-Lambert law
calculations, but optical scattering and reflection effects resulted in overestimated SpO, values,
especially at lower saturations. Calibration studies were limited by ethical constraints, preventing
the induction of severe hypoxemia (<75-80% SaO, ) in volunteers, which affects SpO, accuracy in
critically ill patients [125]. Fourth, Pulse oximetry measures hemoglobin saturation but may not
provide adequate information on respiratory function and ventilation, carbon dioxide levels, pH, or
blood oxygen content. Conditions such as anemia may yield falsely reassuring SpO, values, as
hemoglobin saturation can be normal despite reduced oxygen-carrying capacity [126, 127]. Fifth,
optical interference, skin pigmentation, and nail polish could affect SpO, measurements. For
example, research suggests that pulse oximetry is less accurate in individuals with darker skin due
to increased melanin interfering with light absorption, prompting the U.S. Food and Drug
Administration to issue a warning regarding the potential inaccuracy of pulse oximeters in patients
with pigmented skin [14, 128-132]. Finally, factors, including smoothing, motion artifacts, and

coexisting conditions could influence the SpO, measurements and their interpretations.

Conclusion and Future Directions

Common nocturnal hypoxemia metrics, such as ODI, T90, and mean SpO-, do not capture
the full spectrum of hypoxemic events. For intermittent hypoxemia, these indices often fail to
incorporate the duration, frequency, and physiological impact of desaturations. The standard SpO,
threshold for defining hypoxemia is typically set at 90%, yet this cutoff may not be appropriate for
all populations. Patients with chronic respiratory diseases, such as COPD, may require a lower
threshold (<88%) for clinical relevance. Uniform SpO, thresholds can lead to misclassification,
underestimating hypoxemia severity in some patients. To address these challenges, future research
should focus on developing and validating SpO,-derived metrics that integrate desaturation
dynamics and severity; combining oximetry with other modalities, such as capnography and sleep
staging, to provide a more comprehensive assessment of hypoxia-related pathology; implementing
personalized SpO, thresholds based on patient characteristics (age, comorbidities, baseline oxygen
levels) to improve hypoxemia classification. In addition, technical issues related to pulse oximetry

itself also warrant attention. SpO, measurements are subject to inaccuracies due to calibration
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differences among devices and signal quality degradation from motion artifacts, poor perfusion, or
improper sensor placement. Notably, recent evidence has highlighted racial disparities in pulse
oximetry accuracy—individuals with darker skin pigmentation may experience overestimated
oxygen saturation levels, leading to under-recognition of clinically significant hypoxemia. These
discrepancies can have serious implications for diagnosis, monitoring, and treatment decisions.
Therefore, future research should also aim to refine the optical and algorithmic components of
pulse oximeters to ensure equitable and reliable measurements across diverse populations and
clinical contexts. By addressing these limitations and expanding the scope of nocturnal hypoxemia
assessment, clinicians will be better equipped to evaluate the impact of hypoxia across various
respiratory conditions. This, in turn, will facilitate more targeted interventions aimed at mitigating

the long-term consequences of chronic hypoxemia.

Figure 1: Nocturnal oximetry recordings (around 3 hours) of four individuals with different
levels of T90, ODI and HB. The orange dashed line shows the 90% level of SpO, Abbreviations:
ODI=0Oxygen Desaturation Index; SpO,= Peripheral Oxygen Saturation; T90= Time below 90%
SpO,; HB: hypoxic burden.

Table 1: Oximetry-derived nocturnal hypoxemia severity metrics in respiratory medicine.

References:

1. Garcia-Rio F, Alcazar-Navarrete B, Castillo-Villegas D, Cilloniz C, Garcia-Ortega A,
Leiro-Fernandez V, Lojo-Rodriguez I, Padilla-Galo A, Quezada-Loaiza CA, Rodriguez-Portal JA,
Sanchez-de-la-Torre M, Sibila O, Martinez-Garcia MA. Biological Biomarkers in Respiratory
Diseases. Arch Bronconeumol 2022: 58(4): 323-333.

2. Kent BD, Mitchell PD, McNicholas WT. Hypoxemia in patients with COPD: cause,
effects, and disease progression. Int J Chron Obstruct Pulmon Dis 2011: 6: 199-208.

3. Iveson-Iveson J. Anatomy and physiology: the respiratory system. Nurs Mirror 1979:
148(10): 29-31.
4. Samuel J, Franklin C. Hypoxemia and Hypoxia. . Common Surgical Diseases. Springer,

New York, 2008.

16

Downloaded by: The University of British Columbia Library. Copyrighted material.



5. Chen PS, Chiu WT, Hsu PL, Lin SC, Peng IC, Wang CY, Tsai SJ. Pathophysiological
implications of hypoxia in human diseases. J Biomed Sci 2020: 27(1): 63.

6. Pang B, Zhao F, Zhou Y, He B, Huang W, Zhang F, Long YG, Xia X, Liu ML, Jiang YH.
Systematic Review and Meta-Analysis of the Impact of Hypoxia on Infarcted Myocardium: Better
or Worse? Cell Physiol Biochem 2018: 51(2): 949-960.

7. Sforza E, Roche F. Chronic intermittent hypoxia and obstructive sleep apnea: an
experimental and clinical approach. Hypoxia (Auckl) 2016: 4: 99-108.

8. Hajipour M, Hirsch Allen AJ, Beaudin AE, Raneri JK, Jen R, Foster GE, Fogel S,
Kendzerska T, Series F, Skomro RP, Robillard R, Kimoff RJ, Hanly PJ, Fels S, Singh A,
Azarbarzin A, Ayas NT. All Obstructive Sleep Apnea Events Are Not Created Equal: The
Relationship Between Event-related Hypoxemia and Physiologic Response. Ann Am Thorac Soc
2024.

9. Gabryelska A, Lukasik ZM, Makowska JS, Biatasiewicz P. Obstructive Sleep Apnea:
From Intermittent Hypoxia to Cardiovascular Complications via Blood Platelets. Front Neurol
2018: 9: 635.

10.  Dewan NA, Nieto FJ, Somers VK. Intermittent hypoxemia and OSA: implications for
comorbidities. Chest 2015: 147(1): 266-274.

11. Nathan SD, Barbera JA, Gaine SP, Harari S, Martinez FJ, Olschewski H, Olsson KM,
Peacock AJ, Pepke-Zaba J, Provencher S, Weissmann N, Seeger W. Pulmonary hypertension in
chronic lung disease and hypoxia. Eur Respir J 2019: 53(1).

12. Singh S, Kaur H, Khawaja I. The Overlap Syndrome. Cureus 2018: 10(10): e3453.

13.  Netzer N, Eliasson AH, Netzer C, Kristo DA. Overnight pulse oximetry for sleep-
disordered breathing in adults: a review. Chest 2001: 120(2): 625-633.

14.  Sjoding MW, Dickson RP, Iwashyna TJ, Gay SE, Valley TS. Racial Bias in Pulse Oximetry
Measurement. N Engl J Med 2020: 383(25): 2477-2478.

15.  Mardirossian G, Schneider RE. Limitations of pulse oximetry. Anesth Prog 1992: 39(6):
194-196.

16. Stege G, Vos PJ, van den Elshout FJ, Richard Dekhuijzen PN, van de Ven MJ, Heijdra YF.
Sleep, hypnotics and chronic obstructive pulmonary disease. Respir Med 2008: 102(6): 801-814.

17. Yamauchi M, Fujita Y, Kumamoto M, Yoshikawa M, Ohnishi Y, Nakano H, Strohl KP,
Kimura H. Nonrapid Eye Movement-Predominant Obstructive Sleep Apnea: Detection and
Mechanism. J Clin Sleep Med 2015: 11(9): 987-993.

18. Eckert DJ, Malhotra A, Jordan AS. Mechanisms of apnea. Prog Cardiovasc Dis 2009:
51(4): 313-323.

19. Schwartz AR, O'Donnell CP, Baron J, Schubert N, Alam D, Samadi SD, Smith PL. The
hypotonic upper airway in obstructive sleep apnea: role of structures and neuromuscular activity.
Am J Respir Crit Care Med 1998: 157(4 Pt 1): 1051-1057.

20.  McSharry DG, Saboisky JP, Deyoung P, Jordan AS, Trinder J, Smales E, Hess L,
Chamberlin NL, Malhotra A. Physiological mechanisms of upper airway hypotonia during REM
sleep. Sleep 2014: 37(3): 561-569.

21. Azarbarzin A, Labarca G, Kwon Y, Wellman A. Physiologic Consequences of Upper
Airway Obstruction in Sleep Apnea. Chest 2024: 166(5): 1209-1217.

22. Berry RB, Budhiraja R, Gottlieb DJ, Gozal D, Iber C, Kapur VK, Marcus CL, Mehra R,
Parthasarathy S, Quan SF, Redline S, Strohl KP, Davidson Ward SL, Tangredi MM, Medicine
AAo0S. Rules for scoring respiratory events in sleep: update of the 2007 AASM Manual for the

17

Downloaded by: The University of British Columbia Library. Copyrighted material.



Scoring of Sleep and Associated Events. Deliberations of the Sleep Apnea Definitions Task Force
of the American Academy of Sleep Medicine. J Clin Sleep Med 2012: 8(5): 597-619.

23. Malhotra A, Ayappa I, Ayas N, Collop N, Kirsch D, Mcardle N, Mehra R, Pack Al, Punjabi
N, White DP, Gottlieb DJ. Metrics of sleep apnea severity: beyond the apnea-hypopnea index.
Sleep 2021: 44(7).

24, Muraja-Murro A, Kulkas A, Hiltunen M, Kupari S, Hukkanen T, Tiihonen P, Mervaala E,
Toyrés J. The severity of individual obstruction events is related to increased mortality rate in
severe obstructive sleep apnea. J Sleep Res 2013: 22(6): 663-669.

25. Azarbarzin A, Sands SA, Stone KL, Taranto-Montemurro L, Messineo L, Terrill PI,
Ancoli-Israel S, Ensrud K, Purcell S, White DP, Redline S, Wellman A. The hypoxic burden of
sleep apnoea predicts cardiovascular disease-related mortality: the Osteoporotic Fractures in Men
Study and the Sleep Heart Health Study. Eur Heart J 2019: 40(14): 1149-1157.

26. Esmaeili N, Labarca G, Hu WH, Vena D, Messineo L, Gell L, Hajipour M, Taranto-
Montemurro L, Sands SA, Redline S, Wellman A, Sehhati M, Azarbarzin A. Hypoxic Burden
Based on Automatically Identified Desaturations Is Associated with Adverse Health Outcomes.
Ann Am Thorac Soc 2023: 20(11): 1633-1641.

27. Hajipour M, Baumann B, Azarbarzin A, Allen AJH, Liu Y, Fels S, Goodfellow S, Singh A,
Jen R, Ayas NT. Association of alternative polysomnographic features with patient outcomes in
obstructive sleep apnea: a systematic review. J Clin Sleep Med 2023: 19(2): 225-242.

28. Azarbarzin A, Sands SA, Taranto-Montemurro L, Vena D, Sofer T, Kim SW, Stone KL,
White DP, Wellman A, Redline S. The Sleep Apnea-Specific Hypoxic Burden Predicts Incident
Heart Failure. Chest 2020: 158(2): 739-750.

29. Jackson CL, Umesi C, Gaston SA, Azarbarzin A, Lunyera J, McGrath JA, Jackson Ii WB,
Diamantidis CJ, Boulware E, Lutsey PL, Redline S. Multiple, objectively measured sleep
dimensions including hypoxic burden and chronic kidney disease: findings from the Multi-Ethnic
Study of Atherosclerosis. Thorax 2021: 76(7): 704-713.

30. Hajipour M, Hu WH, Esmaeili N, Sands S, Wellman A, Kwon Y, Labarca G, Nasrallah IM,
Bryan RN, Strollo PJ, Heckbert SR, Redline S, Ayas NT, Azarbarzin A. Sleep apnea physiological
burdens and markers of white matter injury: the Multi-Ethnic Study of Atherosclerosis. J Clin
Sleep Med 2024.

31. Esmaeili N, Labarca G, Hu WH, Vena D, Messineo L, Gell L, Hajipour M, Taranto-
Montemurro L, Sands SA, Redline S, Wellman A, Sehhati M, Azarbarzin A. Hypoxic Burden
Based on Automatically Identified Desaturations Is Associated with Adverse Health Outcomes.
Ann Am Thorac Soc 2023.

32. Pinilla L, Esmaeili N, Labarca G, Martinez-Garcia M, Torres G, Gracia-Lavedan E,
Minguez O, Martinez D, Abad J, Masdeu MJ, Mediano O, Mufioz C, Cabriada V, Duran-Cantolla
J, Mayos M, Coloma R, Montserrat JM, de la Pefia M, Hu WH, Messineo L, Sehhati M, Wellman
A, Redline S, Sands S, Barbé F, Sanchez-de-la-Torre M, Azarbarzin A. Hypoxic burden to guide
CPAP treatment allocation in patients with obstructive sleep apnoea: a. Eur Respir J 2023: 62(6).
33. Locke BW, Lee JJ, Sundar KM. OSA and Chronic Respiratory Disease: Mechanisms and
Epidemiology. Int J Environ Res Public Health 2022: 19(9).

34. Zamarrén C, Garcia Paz V, Morete E, del Campo Matias F. Association of chronic
obstructive pulmonary disease and obstructive sleep apnea consequences. Int J Chron Obstruct
Pulmon Dis 2008: 3(4): 671-682.

35. Zhen X, Moya EA, Gautane M, Zhao H, Lawrence ES, Gu W, Barnes LA, Yuan JX, Jain
PP, Xiong M, Catalan Serra P, Pham LV, Malhotra A, Simonson TS, Mesarwi OA. Combined

18

Downloaded by: The University of British Columbia Library. Copyrighted material.



intermittent and sustained hypoxia is a novel and deleterious cardio-metabolic phenotype. Sleep
2022: 45(6).

36. MacLeod M, Papi A, Contoli M, Beghé B, Celli BR, Wedzicha JA, Fabbri LM. Chronic
obstructive pulmonary disease exacerbation fundamentals: Diagnosis, treatment, prevention and
disease impact. Respirology 2021: 26(6): 532-551.

37.  Hashimoto E, Nagasaki K. Orbital Emphysema. Am J Med 2024: 137(6): e105-e106.

38. Varmaghani M, Dehghani M, Heidari E, Sharifi F, Moghaddam SS, Farzadfar F. Global
prevalence of chronic obstructive pulmonary disease: systematic review and meta-analysis. East
Mediterr Health J 2019: 25(1): 47-57.

39. Agusti A, Melén E, DeMeo DL, Breyer-Kohansal R, Faner R. Pathogenesis of chronic
obstructive pulmonary disease: understanding the contributions of gene-environment interactions
across the lifespan. Lancet Respir Med 2022: 10(5): 512-524.

40.  Daher A, Dreher M. Oxygen Therapy and Noninvasive Ventilation in Chronic Obstructive
Pulmonary Disease. Clin Chest Med 2020: 41(3): 529-545.

41. Vos PJ, Folgering HT, van Herwaarden CL. Predictors for nocturnal hypoxaemia (mean
Sa02 < 90%) in normoxic and mildly hypoxic patients with COPD. Eur Respir J 1995: 8(1): 74-77.
42. Levi-Valensi P, Weitzenblum E, Rida Z, Aubry P, Braghiroli A, Donner C, Aprill M,
Zielinski J, Wiirtemberger G. Sleep-related oxygen desaturation and daytime pulmonary
haemodynamics in COPD patients. Eur Respir J 1992: 5(3): 301-307.

43.  Douglas NJ. Nocturnal hypoxemia in patients with chronic obstructive pulmonary disease.
Clin Chest Med 1992: 13(3): 523-532.

44.  Catterall JR, Calverley PM, MacNee W, Warren PM, Shapiro CM, Douglas NJ, Flenley
DC. Mechanism of transient nocturnal hypoxemia in hypoxic chronic bronchitis and emphysema.
J Appl Physiol (1985) 1985: 59(6): 1698-1703.

45. Stradling JR, Lane DJ. Nocturnal hypoxaemia in chronic obstructive pulmonary disease.
Clin Sci (Lond) 1983: 64(2): 213-222.

46. Fletcher EC, Donner CF, Midgren B, Zielinski J, Levi-Valensi P, Braghiroli A, Rida Z,
Miller CC. Survival in COPD patients with a daytime PaO2 greater than 60 mm Hg with and
without nocturnal oxyhemoglobin desaturation. Chest 1992: 101(3): 649-655.

47, Fabozzi A, Steffanina A, Nicolai A, Olmati F, Bonini M, Palange P. The Impact of Lung
Function on Sleep Monitoring in Obstructive Sleep Apnea Associated with Obstructive Lung
Diseases: Insights from a Clinical Study. J Clin Med 2024: 13(20).

48. Toraldo DM, Nicolardi G, De Nuccio F, Lorenzo R, Ambrosino N. Pattern of variables
describing desaturator COPD patients, as revealed by cluster analysis. Chest 2005: 128(6): 3828-
3837.

49.  McNicholas WT. Chronic obstructive pulmonary disease and obstructive sleep apnea:
overlaps in pathophysiology, systemic inflammation, and cardiovascular disease. Am J Respir Crit
Care Med 2009: 180(8): 692-700.

50. Huang J, Frid M, Gewitz MH, Fallon JT, Brown D, Krafsur G, Stenmark K, Mathew R.
Hypoxia-induced pulmonary hypertension and chronic lung disease: caveolin-1 dysfunction an
important underlying feature. Pulm Circ 2019: 9(1): 2045894019837876.

51.  Porteous MK, Fritz JS. Hypoxemia in a patient with pulmonary arterial hypertension:
getting to the heart of the matter. Ann Am Thorac Soc 2014: 11(5): 836-840.

52.  Chaouat A, Naeije R, Weitzenblum E. Pulmonary hypertension in COPD. Eur Respir J
2008: 32(5): 1371-1385.

19

Downloaded by: The University of British Columbia Library. Copyrighted material.



53. Arif R, Pandey A, Zhao Y, Arsenault-Mehta K, Khoujah D, Mehta S. Treatment of
pulmonary hypertension associated with COPD: a systematic review. ERJ Open Res 2022: 8(1).
54, Klinger JR, Elliott CG, Levine DJ, Bossone E, Duvall L, Fagan K, Frantsve-Hawley J,
Kawut SM, Ryan JJ, Rosenzweig EB, Sederstrom N, Steen VD, Badesch DB. Therapy for
Pulmonary Arterial Hypertension in Adults: Update of the CHEST Guideline and Expert Panel
Report. Chest 2019: 155(3): 565-586.

55. Simonneau G, Montani D, Celermajer DS, Denton CP, Gatzoulis MA, Krowka M,
Williams PG, Souza R. Haemodynamic definitions and updated clinical classification of
pulmonary hypertension. Eur Respir J 2019: 53(1).

56. StatPearls. 2025.

57. Minai OA, Pandya CM, Golish JA, Avecillas JF, McCarthy K, Marlow S, Arroliga AC.
Predictors of nocturnal oxygen desaturation in pulmonary arterial hypertension. Chest 2007:
131(1): 109-117.

58. Samhouri B, Venkatasaburamini M, Paz Y Mar H, Li M, Mehra R, Chaisson NF.
Pulmonary artery hemodynamics are associated with duration of nocturnal desaturation but not
apnea-hypopnea index. J Clin Sleep Med 2020: 16(8): 1231-1239.

59. Rodrigues MP, Vissoci CM, Rosa SP, Negreiros SBC. 24-Hour Hypoxia and Pulmonary
Hypertension in Patients with Idiopathic Pulmonary Fibrosis. Open Respir Med J 2017: 11: 10-16.
60. Simonson JL, Pandya D, Khan S, Verma S, Greenberg HE, Talwar A. Sleep architecture in
patients with interstitial lung disease with and without pulmonary hypertension. Sleep Breath
2022: 26(4): 1711-1715.

61.  Kholdani C, Fares WH, Mohsenin V. Pulmonary hypertension in obstructive sleep apnea:
is it clinically significant? A critical analysis of the association and pathophysiology. Pulm Circ
2015: 5(2): 220-227.

62. Dumitrascu R, Tiede H, Eckermann J, Mayer K, Reichenberger F, Ghofrani HA, Seeger W,
Heitmann J, Schulz R. Sleep apnea in precapillary pulmonary hypertension. Sleep Med 2013:
14(3): 247-251.

63.  Bady E, Achkar A, Pascal S, Orvoen-Frija E, Laaban JP. Pulmonary arterial hypertension
in patients with sleep apnoea syndrome. Thorax 2000: 55(11): 934-939.

64. Minai OA, Ricaurte B, Kaw R, Hammel J, Mansour M, McCarthy K, Golish JA, Stoller JK.
Frequency and impact of pulmonary hypertension in patients with obstructive sleep apnea
syndrome. Am J Cardiol 2009: 104(9): 1300-1306.

65. Masa JF, Pépin JL, Borel JC, Mokhlesi B, Murphy PB, Sanchez-Quiroga M. Obesity
hypoventilation syndrome. Eur Respir Rev 2019: 28(151).

66. Orozco Gonzalez BN, Rodriguez Plascencia N, Palma Zapata JA, Llamas Dominguez AE,
Rodriguez Gonzalez JS, Diaz JM, Ponce Mufioz M, Ponce-Campos SD. Obesity hypoventilation
syndrome, literature review. Sleep Adv 2024: 5(1): zpae033.

67. (UK) NGC. Positive airway pressure therapy variants for OSAHS, OHS and COPD-
OSAHS overlap syndrome: Obstructive sleep apnoea/hypopnoea syndrome and obesity
hypoventilation syndrome in over 16s: Evidence review F. 2021.

68. Macavei VM, Spurling KJ, Loft J, Makker HK. Diagnostic predictors of obesity-
hypoventilation syndrome in patients suspected of having sleep disordered breathing. J Clin Sleep
Med 2013: 9(9): 879-884.

69. Castro-Afion O, Pérez de Llano LA, De la Fuente Sanchez S, Golpe R, Méndez Marote L,
Castro-Castro J, Gonzalez Quintela A. Obesity-hypoventilation syndrome: increased risk of death
over sleep apnea syndrome. PLoS One 2015: 10(2): e0117808.

20

Downloaded by: The University of British Columbia Library. Copyrighted material.



70. Heinemann F, Budweiser S, Dobroschke J, Pfeifer M. Non-invasive positive pressure
ventilation improves lung volumes in the obesity hypoventilation syndrome. Respir Med 2007:
101(6): 1229-1235.

71.  Basoglu OK, Tasbakan MS. Comparison of clinical characteristics in patients with obesity
hypoventilation syndrome and obese obstructive sleep apnea syndrome: a case-control study. Clin
Respir J 2014: 8(2): 167-174.

72. Bingol Z, Pihtil A, Cagatay P, Okumus G, Kiyan E. Clinical predictors of obesity
hypoventilation syndrome in obese subjects with obstructive sleep apnea. Respir Care 2015: 60(5):
666-672.

73. Chung Y, Garden FL, Jee AS, Srikantha S, Gupta S, Buchanan PR, Collett PW, Marks GB,
Vedam H. Supine awake oximetry as a screening tool for daytime hypercapnia in super-obese
patients. Intern Med J 2017: 47(10): 1136-1141.

74. Probert G, Prudon B time spent with saturations below 90% on sleep study helpful in
identifying Obesity Hypoventilation Syndrome in the Sleep Clinic? (Abstract). Thorax, 2015.

75. Beauvais L, Gillibert A, Cuvelier A, Artaud-Macari E, Melone MA. Hypoxic burden and
sleep hypoventilation in obese patients. Sleep Med 2024: 124: 50-57.

76. Abraham J, Blumer V, Burkhoff D, Pahuja M, Sinha SS, Rosner C, Vorovich E, Grafton G,
Bagnola A, Hernandez-Montfort JA, Kapur NK. Heart Failure-Related Cardiogenic Shock:
Pathophysiology, Evaluation and Management Considerations: Review of Heart Failure-Related
Cardiogenic Shock. J Card Fail 2021: 27(10): 1126-1140.

77.  McMurray JJ, Pfeffer MA. Heart failure. Lancet 2005: 365(9474): 1877-1889.

78. Pinna GD, Maestri R, Robbi E, Guazzotti G, Caporotondi A, La Rovere MT. Nocturnal
hypoxemic burden in patients with heart failure: Emerging prognostic role of its nonspecific
component. Am Heart J 2024: 276: 1-11.

79. Garcia-Touchard A, Somers VK, Olson LJ, Caples SM. Central sleep apnea: implications
for congestive heart failure. Chest 2008: 133(6): 1495-1504.

80. Javaheri S. Obstructive Sleep Apnea in Heart Failure: Current Knowledge and Future
Directions. J Clin Med 2022: 11(12).

81. Sawatari H, Chishaki A, Nishizaka M, Miyazono M, Tokunou T, Magota C, Yamamoto U,
Handa SS, Ando SI. Accumulated nocturnal hypoxemia predict arterial endothelial function in
patients with sleep-disordered breathing with or without chronic heart failure. Heart Vessels 2020:
35(6): 800-807.

82. Huang B, Huang Y, Zhai M, Zhou Q, Ji S, Liu H, Zhuang X, Zhang Y, Zhang J. Association
of hypoxic burden metrics with cardiovascular outcomes in heart failure and sleep-disordered
breathing. ESC Heart Fail 2023: 10(6): 3504-3514.

83.  Bourke SC. Respiratory involvement in neuromuscular disease. Clin Med (Lond) 2014:
14(1): 72-75.
84.  Aboussouan LS. Sleep-disordered Breathing in Neuromuscular Disease. Am J Respir Crit

Care Med 2015: 191(9): 979-989.

85. Sankari A, Vaughan S, Bascom A, Martin JL, Badr MS. Sleep-Disordered Breathing and
Spinal Cord Injury: A State-of-the-Art Review. Chest 2019: 155(2): 438-445.

86. Singh TD, Wijdicks EFM. Neuromuscular Respiratory Failure. Neurol Clin 2021: 39(2):
333-353.

87. Park SY, Kim SM, Sung JJ, Lee KM, Park KS, Kim SY, Nam HW, Lee KW. Nocturnal
hypoxia in ALS is related to cognitive dysfunction and can occur as clusters of desaturations. PLoS
One 2013: 8(9): e75324.

21

Downloaded by: The University of British Columbia Library. Copyrighted material.



88. Zhang Y, Ren R, Yang L, Nie Y, Zhang H, Shi Y, Sanford LD, Vitiello MV, Tang X. Sleep
in amyotrophic lateral sclerosis: A systematic review and meta-analysis of polysomnographic
findings. Sleep Med 2023: 107: 116-125.

89. Ahmed RM, Newcombe RE, Piper AJ, Lewis SJ, Yee BJ, Kiernan MC, Grunstein RR.
Sleep disorders and respiratory function in amyotrophic lateral sclerosis. Sleep Med Rev 2016: 26:
33-42.

90. Ferguson KA, Strong MJ, Ahmad D, George CF. Sleep-disordered breathing in
amyotrophic lateral sclerosis. Chest 1996: 110(3): 664-669.

91. Klefbeck B, Sternhag M, Weinberg J, Levi R, Hultling C, Borg J. Obstructive sleep apneas
in relation to severity of cervical spinal cord injury. Spinal Cord 1998: 36(9): 621-628.

92. Jensen D, Wolfe LA, Slatkovska L, Webb KA, Davies GA, O'Donnell DE. Effects of
human pregnancy on the ventilatory chemoreflex response to carbon dioxide. Am J Physiol Regul
Integr Comp Physiol 2005: 288(5): R1369-1375.

93. Wang B, Zeng H, Liu J, Sun M. Effects of Prenatal Hypoxia on Nervous System
Development and Related Diseases. Front Neurosci 2021: 15: 755554.

94, Pien GW, Pack AlI, Jackson N, Maislin G, Macones GA, Schwab RJ. Risk factors for sleep-
disordered breathing in pregnancy. Thorax 2014: 69(4): 371-377.

95.  Gleeson M, McNicholas WT. Bidirectional relationships of comorbidity with obstructive
sleep apnoea. Eur Respir Rev 2022: 31(164).

96. Peuchant E, Brun JL, Rigalleau V, Dubourg L, Thomas MJ, Daniel JY, Leng JJ, Gin H.
Oxidative and antioxidative status in pregnant women with either gestational or type 1 diabetes.
Clin Biochem 2004: 37(4): 293-298.

97. Sauer PM, Harvey CJ. Pregnancy-induced hypertension: understanding severe
preeclampsia and the HELLP syndrome. Crit Care Nurs Clin North Am 1992: 4(4): 703-710.

98. Facco FL, Parker CB, Reddy UM, Silver RM, Koch MA, Louis JM, Basner RC, Chung JH,
Nhan-Chang CL, Pien GW, Redline S, Grobman WA, Wing DA, Simhan HN, Haas DM, Mercer
BM, Parry S, Mobley D, Hunter S, Saade GR, Schubert FP, Zee PC. Association Between Sleep-
Disordered Breathing and Hypertensive Disorders of Pregnancy and Gestational Diabetes
Mellitus. Obstet Gynecol 2017: 129(1): 31-41.

99. Elsisi HFEM, Aneis YM, El Refaye GE. Blood oxygenation response to aerobic
exercise combined with breathing exercises in pregnant women: a randomized controlled trial.
Bull Fac Phys, 2022.

100. Orabona R, Corda L, Giordani J, Bernardi M, Maggi C, Mazzoni G, Pedroni L, Uccelli S,
Zatti S, Sartori E, Zanardini C. Sleep-disordered breathing and pregnancy outcomes: The impact of
maternal oxygen saturation. Int J Gynaecol Obstet 2024: 164(1): 140-147.

101.  Grajczyk A, Dzaman K, Czerwaty K, Kasperczak M, Zgliczyniska M, Stepien A, Kosinska-
Kaczynska K. A Relation between Obstructive Sleep Apnea in Pregnancy and Delivering Small for
Gestational Age Infant-A Systematic Review. J Clin Med 2023: 12(18).

102. Ni YN, Lei F, Tang X, Liang Z, Thomas RJ. Sleep apnea-related hypoxic burden as a
predictor of pregnancy and neonatal outcome. Sleep Med 2024: 119: 432-437.

103.  Joshi PK, Chitale MS. A comparative study of arterial oxygen saturation in pregnant
and non- Pregnant women. National Journal of Physiology, Pharmacy and Pharmacology,
2017.

104. Izci Balserak B. Sleep disordered breathing in pregnancy. Breathe (Sheff) 2015: 11(4): 268-
277.

22

Downloaded by: The University of British Columbia Library. Copyrighted material.



105. Izci-Balserak B, Pien GW. Sleep-disordered breathing and pregnancy: potential
mechanisms and evidence for maternal and fetal morbidity. Curr Opin Pulm Med 2010: 16(6):
574-582.

106. LiuL, Su G, Wang S, Zhu B. The prevalence of obstructive sleep apnea and its association
with pregnancy-related health outcomes: a systematic review and meta-analysis. Sleep Breath
2019: 23(2): 399-412.

107. Hawkins M, Parker CB, Redline S, Larkin JC, Zee PP, Grobman WA, Silver RM, Louis
JM, Pien GW, Basner RC, Chung JH, Haas DM, Nhan-Chang CL, Simhan HN, Blue NR, Parry S,
Reddy U, Facco F, Networks NNbaNNbHHS. Objectively assessed sleep-disordered breathing
during pregnancy and infant birthweight. Sleep Med 2021: 81: 312-318.

108. Netzer N, Strohl K, Faulhaber M, Gatterer H, Burtscher M. Hypoxia-related altitude
illnesses. J Travel Med 2013: 20(4): 247-255.

109. Bloch KE, Latshang TD, Turk AJ, Hess T, Hefti U, Merz TM, Bosch MM, Barthelmes D,
Hefti JP, Maggiorini M, Schoch OD. Nocturnal periodic breathing during acclimatization at very
high altitude at Mount Muztagh Ata (7,546 m). Am J Respir Crit Care Med 2010: 182(4): 562-568.
110. Burgess KR, Lucas SJ, Shepherd K, Dawson A, Swart M, Thomas KN, Lucas RA,
Donnelly J, Peebles KC, Basnyat R, Ainslie PN. Worsening of central sleep apnea at high altitude--
a role for cerebrovascular function. J Appl Physiol (1985) 2013: 114(8): 1021-1028.

111.  Clarenbach CF, Senn O, Christ AL, Fischler M, Maggiorini M, Bloch KE. Lung function
and breathing pattern in subjects developing high altitude pulmonary edema. PLoS One 2012: 7(7):
e41188.

112. Li X, Zhang J, Liu G, Wu G, Wang R. High altitude hypoxia and oxidative stress: The new
hope brought by free radical scavengers. Life Sci 2024: 336: 122319.

113. Rojas-Camayo J, Mejia CR, Callacondo D, Dawson JA, Posso M, Galvan CA, Davila-
Arango N, Bravo EA, Loescher VY, Padilla-Deza MM, Rojas-Valero N, Velasquez-Chavez G,
Clemente J, Alva-Lozada G, Quispe-Mauricio A, Bardalez S, Subhi R. Reference values for
oxygen saturation from sea level to the highest human habitation in the Andes in acclimatised
persons. Thorax 2018: 73(8): 776-778.

114. Diinnwald T, Kienast R, Niederseer D, Burtscher M. The Use of Pulse Oximetry in the
Assessment of Acclimatization to High Altitude. Sensors (Basel) 2021: 21(4).

115. Thomas RJ, Tamisier R, Boucher J, Kotlar Y, Vigneault K, Weiss JW, Gilmartin G.
Nocturnal hypoxia exposure with simulated altitude for 14 days does not significantly alter
working memory or vigilance in humans. Sleep 2007: 30(9): 1195-1203.

116. Bloch KE, Latshang TD, Ulrich S. Patients with Obstructive Sleep Apnea at Altitude. High
Alt Med Biol 2015: 16(2): 110-116.

117.  Pagel JF, Kwiatkowski C, Parnes B. The effects of altitude associated central apnea on the
diagnosis and treatment of obstructive sleep apnea: comparative data from three different altitude
locations in the mountain west. J Clin Sleep Med 2011: 7(6): 610-615A.

118. Abraham EA, Verma G, Arafat Y, Acharya S, Kumar S, Pantbalekundri N. Comparative
Analysis of Oxygen Saturation by Pulse Oximetry and Arterial Blood Gas in Hypoxemic Patients
in a Tertiary Care Hospital. Cureus 2023: 15(7): e42447.

119. Blanchet MA, Mercier G, Delobel A, Nayet E, Bouchard PA, Simard S, L'Her E, Branson
RD, Lellouche F. Accuracy of Multiple Pulse Oximeters in Stable Critically Ill Patients. Respir
Care 2023: 68(5): 565-574.

23

Downloaded by: The University of British Columbia Library. Copyrighted material.



120. Vankayala A, Hg A. Correlation of Spo2 Measurement by Pulseoximetry with Arterial
Blood Gas Analysis in Patients with Uncontrolled Type 2 Diabetes On Oxygen Therapy. J Assoc
Physicians India 2022: 70(4): 11-12.

121. PuLJ, Shen Y, Lu L, Zhang RY, Zhang Q, Shen WF. Increased blood glycohemoglobin
Alc levels lead to overestimation of arterial oxygen saturation by pulse oximetry in patients with
type 2 diabetes. Cardiovasc Diabetol 2012: 11: 110.

122.  Singh S, Khan SZ, Singh D, Verma S, Talwar A. The uses of overnight pulse oximetry.
Lung India 2020: 37(2): 151-157.

123.  Barker SJ. "Motion-resistant" pulse oximetry: a comparison of new and old models. Anesth
Analg 2002: 95(4): 967-972, table of contents.

124. Shah N, Ragaswamy HB, Govindugari K, Estanol L. Performance of three new-generation
pulse oximeters during motion and low perfusion in volunteers. J Clin Anesth 2012: 24(5): 385-
391.

125.  Severinghaus JW, Naifeh KH. Accuracy of response of six pulse oximeters to profound
hypoxia. Anesthesiology 1987: 67(4): 551-558.

126.  Kelleher JF. Pulse oximetry. J Clin Monit 1989: 5(1): 37-62.

127.  Severinghaus JW, Koh SO. Effect of anemia on pulse oximeter accuracy at low saturation.
J Clin Monit 1990: 6(2): 85-88.

128. Brookman S, Mukadam T, Owasil S, Thachettu A, Urquhart DS, Dhawan A, Gupta A.
Pulse oximetry in patients with pigmented skin: What I should know. Paediatr Respir Rev 2024:
51: 19-25.

129. Feiner JR, Severinghaus JW, Bickler PE. Dark skin decreases the accuracy of pulse
oximeters at low oxygen saturation: the effects of oximeter probe type and gender. Anesth Analg
2007: 105(6 Suppl): S18-S23.

130. Ries AL, Prewitt LM, Johnson JJ. Skin color and ear oximetry. Chest 1989: 96(2): 287-290.
131. Bickler PE, Feiner JR, Severinghaus JW. Effects of skin pigmentation on pulse oximeter
accuracy at low saturation. Anesthesiology 2005: 102(4): 715-719.

132. Redline S, Tishler PV, Hans MG, Tosteson TD, Strohl KP, Spry K. Racial differences in
sleep-disordered breathing in African-Americans and Caucasians. Am J Respir Crit Care Med
1997: 155(1): 186-192.

24

Downloaded by: The University of British Columbia Library. Copyrighted material.



Table 1: Oximetry-derived nocturnal hypoxemia severity metrics in respiratory medicine.

Metrics

Definition and application in respiratory disease

Potential limitations

ODI

Number of desaturation events (typically >3% or
>4%) per hour of sleep. Commonly used to
measure intermittent hypoxemia in COPD, OHS

and OSA diagnosis and severity classification.

Does not account for duration or depth of
desaturation; influenced by desaturation
threshold; may miss longer, milder events;
depends on sampling rate and artifact

rejection.

Mean Sp0O2

Average oxygen saturation throughout the sleep
period. Reflects overall oxygenation status and is
associated with prognosis in diseases like COPD,

heart failure, and pulmonary hypertension.

Does not reflect intermittent desaturations or
variability; may mask underlying events;
affected by sensor accuracy and signal

dropout.

Min Sp0O2

Lowest oxygen saturation recorded during sleep.
Used in assessing severity of desaturation,
particularly in those lining in high altitude, COPD

and sleep apnea.

Single-point measure; highly susceptible to
artifacts or transient events; may not reflect

clinical impact.

T90/T88/T85

Percentage of total sleep time spent with SpO,
below 90%, 88% or 85%. Used to quantify
severity of sustained nocturnal hypoxemia in

COPD, OHS, and interstitial lung disease.

Threshold-based; may  not  capture
intermittent and brief but physiologically
important events; dependent on baseline
SpO, and may misclassify individuals with

low baseline values.

Desaturation

pattern

Morphology and recurrence of desaturation

events considering specific duration and

frequency of hypoxemic events. May provide

Not standardized specifically in terms of

defining  intermittent and  sustained

hypoxemia; interpretation varies across

Downloaded by: The University of British Columbia Library. Copyrighted material.



insight into the type of hypoxemia in respiratory

disorder such as OSA, OHS and COPD.

studies; requires advanced signal analysis
and may be affected by sleep architecture

variability and sensor reliability.

OSA-related
hypoxic

burden

Integrated area under the desaturation curve
below a defined threshold or in response to
obstructive events considering a specific search
window for everyone. Represents the depth and
duration of oxygen desaturation. Emerging metric
in OSA, COPD, OHS, hypoxemia during

pregnancy and heart failure prognosis.

Studies are needed to define clinical
thresholds; not yet widely adopted in clinical

practice specifically beyond OSA.

Abbreviations: ODI = Oxygen Desaturation Index; SpO, = Peripheral Oxygen Saturation; T90 = Time below 90%

SpO,; T88 = Time below 88% SpO,; OSA = Obstructive Sleep Apnea; COPD = Chronic Obstructive Pulmonary

Disease; OHS = Obesity Hypoventilation Syndrome.
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