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Purpose: To explore the role of the mean apnea—hypopnea duration (MAD) and apnea-hypopnea duration per hour (HAD) in
hypoxemia and evaluate whether they can effectively predict the occurrence of hypoxemia among adults with OSA.

Patients and Methods: A total of 144 participants underwent basic information gathering and polysomnography (PSG). Logistic
regression models were conducted to evaluate the best index in terms of hypoxemia. To construct the prediction model for hypoxemia,
we randomly divided the participants into the training set (70%) and the validation set (30%).

Results: The participants with hypoxemia tend to have higher levels of obesity, diabetes, AHI, MAD, and HAD compared with non-
hypoxemia. The most relevant indicator of blood oxygen concentration is HAD (r = 0.73) among HAD, MAD, and apnea—hypopnea
index (AHI). The fitness of HAD on hypoxemia showed the best. In the stage of establishing the prediction model, the area under the
curve (AUC) values of both the training set and the validation set are 0.95. The increased HAD would elevate the risk of hypoxemia
[odds ratio (OR): 1.30, 95% confidence interval (CI): 1.13—1.49].

Conclusion: The potential role of HAD in predicting hypoxemia underscores the significance of leveraging comprehensive measures
of respiratory disturbances during sleep to enhance the clinical management and prognostication of individuals with sleep-related
breathing disorders.

Keywords: mean apnea—hypopnea duration, obstructive sleep apnea, apnea—hypopnea duration per hour, polysomnography, apnea—

hypopnea index

Introduction

Hypoxemia, characterized by an inadequate level of oxygen in the arterial blood, represents a significant physiological
disturbance with far-reaching implications for individual health.! Inadequate tissue oxygenation can result in the
occurrence and development of various diseases, such as cognitive impairment,” cardiac impairment,®* pulmonary
hypertension,” and compromised immune function,® thereby increasing the risk of morbidity and mortality. It is
noteworthy that hypoxemia is now being recognized as a potentially major factor contributing to the pathogenesis of
obstructive sleep apnea (OSA)-related comorbidities.” Furthermore, the hypoxemia associated with OSA is gaining
recognition as a significant factor that fosters the development and progression of cancer.® Therefore, early identification
and intervention for hypoxemia is imperative in mitigating its adverse effects and preventing the occurrence of severe
comorbidities, especially for patients with OSA.

The Apnea—Hypopnea Index (AHI) serves as a crucial metric in the assessment of sleep-disordered breathing,
encompassing both apneas (complete cessation of airflow) and hypopneas (partial airflow reduction) during sleep. AHI
has been widely utilized as a diagnostic tool to quantify the severity of OSA.” However, as a diagnostic criterion, the AHI
reflects only a portion of the pathophysiological characteristics of OSA,'®!! it cannot reflect the degrees of hypoxemia
and sleep fragmentation or the duration and distribution of respiratory events.'>'? Furthermore, AHI’s reliance on
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quantifying respiratory events without direct consideration of oxygen saturation dynamics, intermittent hypoxemia, or
related physiological responses presents a notable drawback in the comprehensive assessment of sleep-related hypox-
emia. This insufficiency underscores the need for complementary metrics and assessment tools to more accurately predict
and evaluate the risk of hypoxemia during sleep, thereby enhancing the clinical management and prognostication of
individuals with sleep-disordered breathing.

With the gradual prolongation of apnea and hypopnea event durations, oxygen reserves are gradually depleted,
causing a series of effects on the body, such as sleep fragmentation, cardiac dysfunction, hypertension, endothelial
impairment, atrial fibrillation, and even sudden cardiac death.”'*'® These suggested that the duration of adverse
respiratory events may be closely related to the occurrence of hypoxemia. Therefore, the mean apnea—hypopnea duration
(MAD) and apnea—hypopnea duration per hour (HAD), which comprised the combination of apnea and hypopnea event
durations according to polysomnography (PSG) data could play an important role in predicting hypoxemia. However, far
too little attention has been paid to MAD and HAD in identifying hypoxemia among patients with OSA.

The present study was conducted to clarify the important impact of MAD and HAD on hypoxemia and evaluate
whether they can effectively predict the occurrence of hypoxemia among adults with OSA.

Materials and Methods

Sample Characteristics

We screened patients with OSA over the age of 18 admitted to the respiratory and sleep centre of the Second Affiliated
Hospital of Anhui Medical University from September 2018 to January 2020. Questionnaires and anthropometric measure-
ments were conducted on the evening of PSG, and blood pressure was measured before sleep.'” As recommended by the
AASM, we considered an AHI >5 events/h as the diagnostic criteria for OSA. The exclusion criteria were central sleep
apnea accounting for >50% of apnea events, previous noninvasive ventilator treatment, <5 hours of total sleep time, and
incomplete data. The Ethics Committee of the Second Affiliated Hospital of Anhui Medical University approved the study
protocol, and all participating patients signed informed consent forms. The study complies with the Declaration of Helsinki.

Sleep Measures
All participants underwent full-night PSG. PSG was performed using a PSG instrument (Embla S4500, USA), and
electroencephalography, bilateral electro-ophthalmology and electromyography were performed. Airflow was monitored
by nasal pressure sensors and/or oronasal thermal sensors. Oxygen saturation was measured with pulse oximetry.
Hypoxemia was defined as pulse oximetry (Sp0O,)<90%.'® All records were manually reanalyzed according to the
standards defined by the AASM in 2012 by an experienced PSG technologist.'® Patients with a total sleep duration of less
than 5 hours were excluded.

MADX(s) is defined as the mean apnea and hypopnea duration in any body position and during any stage of sleep.
HAD (min) is defined as the apnea—hypopnea duration per hour and calculated as MADxAHI/60.

Statistical Analysis
The quantitative data with normal distributions are described as means + standard deviations. The quantitative data with
skewed distributions is described by M (P,s, P75). Kruskal-Wallis and Mann—Whitney U-tests were used for intergroup
comparisons. Frequency was used to describe qualitative data, and Pearson’s y* test was used for comparison between
groups. Spearman correlation analysis was used to determine the correlations between variables. We assessed the
adjusted R?, Akaike’s information criteria (AIC), and Schwarz Bayesian information criteria (BIC) as indicators of
goodness-of-fit of the predictive models to explore which indexes could predict hypoxemia better. The larger the R?, the
smaller the ACI and BIC, and the better the model fits. All participants were randomly assigned to a training cohort
(70%) or a validation cohort (30%) in the stage of constructing the prediction model. The area under the curve (AUC)
was predicted based on a receiver operating characteristic (ROC) curve.

SPSS 23.0 and R software 4.1.2 were used for the statistical analyses. P < 0.05 was considered a statistically
significant difference.
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Results

Baseline Characteristics

The 144 participants (Table 1) had a mean age of 41.46 years and a mean body mass index (BMI) of 32.86 kg/m”. The sample
was 73.6% male and 57.6% obese. The OSA severity groups were distributed as follows: 19.4% mild, 11.1% moderate, and
69.4% severe. The median values of the AHI, MAD, and HAD were 52.47 events/h, 23.03 s, and 20.47 min. The participants
with hypoxemia tend to have higher levels of obesity, diabetes, AHI, MAD, and HAD compared with non-hypoxemia (all
P value < 0.05). There was no difference between the two groups in terms of age, sex, and risk of hypertension.

There were moderate to strong correlations between HAD, MAD, AHI, and blood oxygen concentration (Figure 1 and
Figure S1). The most relevant indicator of blood oxygen concentration is HAD (r = 0.73) among HAD, MAD, and AHL

As shown in Table 2, we conducted a series of logistic regression models to assess which index could better predict
a decrease in hypoxemia. The results indicated that the fitness of HAD showed the best (the highest R?, the lowest AIC,
and the lowest BIC), suggesting that not only demographic data and AHI should be evaluated, but HAD should also be
considered in the early warning of hypoxemia.

We further used HAD, age, sex, and BMI to conduct a logistic prediction model for hypoxemia. We randomly divided
all participants into the training set (70%, n = 100) and the validation set (30%, n = 44). The characteristics of the training
and internal validation cohorts are summarized in detail in Table S1. All general characteristics showed no statistically
significant difference between the training and validation sets (P > 0.05). The AUC values of the training set (Figure 2A)
and the validation set (Figure 2B) are 0.95 and 0.95, respectively, indicating excellent performance. The increased HAD
would elevate the risk of hypoxemia [odds ratio (OR): 1.30, 95% confidence interval (CI): 1.13—1.49] (Table 3). Further,
decision curve analysis showed a good clinical application value in the training set (Figure 3A) and the validation set
(Figure 3B).

Discussion

The present study found that, in comparison to AHI and MAD, HAD is more closely associated with oxygen saturation.
When considering AHI alone, its ability to predict hypoxemia is relatively limited. However, the logistic prediction
model revealed that HAD is effective in predicting the occurrence of hypoxemia (both AUC values of the training set and

Table | General Characteristics of the Participants

All Participants Hypoxemia | Non-Hypoxemia P
(N = 144) (n=36) (n=108)
Age 41.46 = 14.70 37.64 £ 11.85 42.73 + 1537 0.072
Sex 0.126
Male 106 (73.6%) 30 (83.3%) 76 (70.4%)
Female 38 (26.4%) 6 (16.7%) 32 (29.6%)
Body mass index, kg/m? 32.86 £ 9.46 3858 £ 11.13 30.95 + 8.02 <0.001
Obesity 0.005
Yes 83 (57.6%) 28 (77.8%) 55 (50.9%)
No 61 (42.4%) 8 (22.2%) 53 (49.1%)
Hypertension 0.236
Yes 56 (38.9%) Il (30.6%) 45 (41.7%)
No 88 (61.1%) 25 (69.4%) 63 (58.3%)
Diabetes 0.042
Yes 18 (12.5%) 8 (22.2%) 10 (9.3%)
No 126 (87.5%) 28 (77.8%) 32 (90.7%)
AHI, events/h 5247 + 3229 83.59 £ 23.17 42.10 + 24.99 <0.001
MAD, s 23.03 £7.50 26.14 £ 9.02 21.99 £ 6.64 0.004
HAD, min 2047 £+ 13.18 34.00 £ 7.61 15.96 + 11.46 <0.001

Abbreviations: AHI, the apnea—hypopnea index; MAD, mean apnea—-hypopnea duration; HAD, apnea—hypopnea
duration per hour.
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Figure | Correlation between oxygen saturation and sleep indexes.
Abbreviations: AHI, the apnea—hypopnea index; MAD, mean apnea—hypopnea duration; HAD, apnea—hypopnea duration per hour.

the validation set are 0.95), suggesting that future monitoring of sleep problems and hypoxemia should further consider
HAD, in addition to AHI.

Intermittent episodes of low oxygen levels are acknowledged as a significant contributing factor to the development
of comorbidities in OSA. This intermittent hypoxemia enhances oxidative stress, heightens sympathetic activation, and
triggers inflammation.” Furthermore, previous studies have demonstrated that the severity of nocturnal hypoxemia might
be equally or even more informative than the AHI in predicting the risk of related conditions, including hypertension,

20,21

cardiac dysfunction, and endothelial impairment.'® Consistent with previous literature, the present study found

a higher level of AHI was related to the risk of hypoxemia and decreased oxygen saturation. In addition, we also

Table 2 Logistic Regression Models for

Hypoxemia
Variables | R? AIC BIC
AHI 0.51 110.55 125.40
MAD 0.47 117.68 132.53
HAD 0.70 79.97 94.82

Notes: All models were adjusted for sex, age, and
body mass index.

Abbreviations: AIC, Akaike’s information criteria;
BIC, Schwarz Bayesian information criteria; AHI, the
apnea—hypopnea index; MAD, mean apnea—hypopnea
duration; HAD, apnea—hypopnea duration per hour.
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Figure 2 (A, B) ROC curve analysis for apnea—hypopnea duration per hour for predicting hypoxemia.

found that MAD and HAD are positively associated with hypoxemia, indicating the necessity and possibility of
a prediction model for hypoxemia according to respiratory disturbances during sleep.

Previous studies have demonstrated that apnea and hypopnea event durations were related to various adverse
outcomes. In Sara¢’s study, patients with OSA with a long average duration had more negative effects of sleep apnea
than those with a short average duration, including snoring, morning tiredness, witnessed apnea and hypertension.*
Another study also found that longer events were associated with lower mean oxygen saturation, and longer obstructive
and total apnea events were associated with a higher oxygen desaturation index. Obstructive, mixed, and total apnea
durations were positively associated with Sp0,<85%.% All these authors believed that event duration could supplement
the AHI in the follow-up and treatment. Although our previous study has established a percentage of total sleep time
spent with apnoea and hypopnoea duration time (AHT%) and reported a negative correlation between it and oxygen
saturation,”' the study did not establish a prediction model of hypoxemia. The present study indicated that elevated HAD
was not only positively significantly associated with the risk of hypoxemia but also could better predict the occurrence of
hypoxemia among patients with OSA than AHI and MAD. The utility of HAD in predicting hypoxemia from its capacity
to offer a more nuanced perspective on the cumulative duration of respiratory disturbances during sleep, aligning closely
with the physiological mechanisms underlying oxygen desaturation. Previous studies have found that shorter respiratory
event duration significantly predicted higher 11-year mortality compared with longer respiratory event duration.'?
Moreover, the average event duration may provide insights into ventilatory dynamics and airway collapsibility that are
not encompassed by AHI. Consistent with the studies, we believed that HAD, the index representing a combination of
apnea and hypopnea event durations, holds promise as a valuable metric for predicting and evaluating the risk of
concomitant hypoxemia among individuals with sleep-related breathing disorders.

Table 3 Multiple Logistic Prediction Models in the
Combined Set

Variables | Beta S.E OR (95% CI) P
Age 0.00 0.03 1.00 (0.94-1.07) | 0912
Sex

Male 1.00 (Reference)

Female | —1.04 1.19 0.35 (0.03-3.67) | 0.385
BMI 0.23 0.07 1.26 (1.09-1.46) | 0.002
HAD 0.26 0.07 1.30 (1.13-1.49) | <0.001

Abbreviations: BMI, body mass index; HAD, apnea—hypopnea duration

per hour.
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Figure 3 DCA of the nomogram in the training set (A) and the validation set (B).

Our study has the following limitations. First, this study included 49 patients undergoing metabolic surgery for weight
loss, and obese patients have a more than 10-fold probability of developing OSA;** therefore, selection bias may exist.
Second, the cross-sectional could not draw a causal inference. Future longitudinal studies are warranted to replicate our
results. Third, there has been no research on the relationship between HAD and long-term adverse prognoses, such as
mortality and cardiovascular events. Moreover, our sample size was relatively small, which impedes the reliability of our
results. Future studies should enlarge the sample size and replicate the findings. Lastly, the mechanisms of the relation-
ship between HAD and hypoxemia were not clear, and there is a need to conduct more laboratory studies to clarify the
potential mechanisms.

In conclusion, by complementing existing metrics such as AHI with a more detailed assessment of the cumulative
duration of apneas and hypopneas, HAD has the potential to contribute to a more holistic understanding of the
relationship between sleep-disordered breathing and hypoxemia, thereby informing targeted interventions and improving
health outcomes for affected individuals.

Abbreviations

AASM, the American Academy of Sleep Medicine; AHI, apnea—hypopnea index; Avg SpO,, average oxygen saturation;
BMI, body mass index; DBP, diastolic blood pressure; HAD, apnea—hypopnea duration per hour; LAD, longest apnea
duration; LHD, longest hypopnea duration; MAD, mean apnea-hypopnea duration; Min SpO,, minimum oxygen
saturation; OSA, obstructive sleep apnea; PSG, polysomnography; SBP, systolic blood pressure.
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