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Purpose: Patients with pulmonary arterial hypertension (PAH) are at high risk for obstructive sleep apnea (OSA), which may adversely 
affect pulmonary hemodynamics and long-term prognosis. However, there is no clinical prediction model to evaluate the probability of 
OSA among patients with PAH. Our study aimed to develop and validate a nomogram for predicting OSA in the setting of PAH.
Patients and Methods: From May 2020 to November 2021, we retrospectively analyzed the medical records of 258 patients 
diagnosed with PAH via right-heart catheterization. All participants underwent overnight cardiorespiratory polygraphy for OSA 
assessment. General clinical materials and biochemical measurements were collected and compared between PAH patients with or 
without OSA. Lasso regression was performed to screen potential predictors. Multivariable logistic regression analysis was conducted 
to establish the nomogram. Concordance index, calibration curve, and decision curve analysis were used to determine the discrimina-
tion, calibration, and clinical usefulness of the nomogram.
Results: OSA was present in 26.7% of the PAH patients, and the prevalence did not differ significantly between male (29.7%) and 
female (24.3%) patients. Six variables were selected to construct the nomogram, including age, body mass index, hypertension, uric 
acid, glycated hemoglobin, and interleukin-6 levels. Based on receiver operating characteristic analysis, the nomogram demonstrated 
favorable discrimination accuracy with an area under the curve (AUC) of 0.760 for predicting OSA, exhibiting a better predictive 
value in contrast to ESS (AUC = 0.528) (P < 0.001). Decision curve analysis and clinical impact curve analysis also indicated the 
clinical utility of the nomogram.
Conclusion: By establishing a comprehensive and practical nomogram, we were able to predict the presence of OSA in patients with 
PAH, which may facilitate the early identification of patients that benefit from further diagnostic confirmation and intervention.
Keywords: Epworth sleepiness scale, pulmonary hypertension, biomarkers, clinical prediction model

Introduction
Obstructive sleep apnea (OSA) is a common sleep breathing disorder characterized by repetitive upper airway obstruc-
tion, associated with a variety of cardiovascular diseases.1 As a global public health problem, OSA is estimated to occur 
in 1 billion adults aged 30–69 years, resulting in a huge economic and medical burden.2 Recently, increasing evidence 
has demonstrated a high prevalence and adverse impacts of comorbid OSA on pulmonary hypertension (PH).3,4 

Pulmonary arterial hypertension (PAH), classified as group 1 PH, is a relatively rare but life-threatening condition. In 
patients with PAH, the presence of OSA can induce a series of pathophysiological consequences including intermittent 
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hypoxia, chronic inflammation, sympathetic stimulation, and alterations in intrathoracic pressure, which potentially 
contributes to the deterioration of pulmonary hemodynamics and ventricular function. Therefore, it is crucial to refer 
patients with suspected OSA to a sleep center for diagnostic examination and timely intervention. However, OSA is still 
largely under-recognized and under-treated.4

Polygraphy (PG) and polysomnography (PSG) currently constitute the major diagnostic tools for OSA in clinical 
settings. However, their routine use is limited in less developed countries due to the high price, time-consuming nature, 
and lack of compliance.5 It is, therefore, not surprising that about 90% of OSA patients are inappropriately diagnosed or 
treated.6 According to the latest clinical practice guidelines published by the American Academy of Sleep Medicine 
(AASM), the efficiency and feasibility of diagnosis of OSA can be improved with proper clinical screening tools.7 

Simple-to-use questionnaires, such as the Epworth sleepiness scale (ESS), are widely used to screen patients at high risk 
for OSA, yet their performance has not been adequately validated in PAH patients. Recently, a number of clinical 
prediction models have been developed to identify the risk of OSA across different populations, including patients with 
type 2 diabetes or ischemic stroke, bariatric surgery candidates, and pregnant women.8–11 To accurately evaluate the risk 
of OSA in different clinical settings, comprehensive consideration of patients’ characteristics, comorbidities, traditional 
risk factors, and biochemical investigations are required. To our knowledge, a clinical prediction model for OSA has not 
yet been developed in patients with PAH.

Therefore, in this study, we sought to explore potential risk factors for OSA in PAH patients and to construct 
a clinically feasible nomogram for identifying patients at high risk of OSA.

Materials and Methods
Patient Population
Patients diagnosed with PAH via right-heart catheterization (RHC) and having complete cardiorespiratory PG data were 
consecutively enrolled between May 2020 and November 2021 at Fuwai Hospital, National Center for Cardiovascular 
Diseases, Chinese Academy of Medical Sciences. The cardiorespiratory PG study was performed either prior to or 
following the RHC procedure within seven days. The diagnosis of PAH complied with the latest definition.12 Patients 
were excluded according to the following criteria: (1) patients who were classified as other groups (II–V) of PH; (2) 
patients under the age of 18; (3) patients with central sleep apnea (CSA); (4) patients suffering from severe cardior-
espiratory conditions and chronic obstructive pulmonary disease (COPD) requiring nocturnal oxygen supplementation; 
(5) individuals with a sleep duration of fewer than four hours. The study was approved by the ethical committee of Fuwai 
Hospital, and informed consent for study participation was obtained from each patient.

Basic Data Collection
Anthropometric and Clinical Characteristics
The demographic data and physical examination of each patient were collected. Histories of smoking and alcohol 
drinking were recorded, and the presence of comorbidities, such as hypertension, hyperlipidemia and diabetes was also 
obtained. The degree of daytime sleepiness of the patients was assessed with the ESS questionnaire.5 The ESS 
questionnaire contains eight questions of sleepiness assessment in specific situations during the day; 0, 1, 2, and 3 
points indicated no, mild, moderate, and severe sleepiness, respectively, with a total score of 24 points. ESS scores of 
more than 10 points indicate excessive daytime sleepiness.

Biochemical Measurements
Fasting venous blood samples were collected for laboratory tests on the first day of admission. The following 
biochemical parameters were measured by standard laboratory methods: uric acid (UA), homocysteine, C-reactive 
protein (CRP), interleukin-6 (IL-6), interleukin-8 (IL-8), tumor necrosis factor-α (TNF-α), serum creatinine, plasma 
glucose and lipid profiles, glycated hemoglobin (HbA1c), and N-terminal pro-B-type natriuretic peptide (NT-proBNP). 
Medication, such as diuretics and inotropes, was initiated after blood samples collection to maximally reduce its effect on 
the baseline level of biochemical parameters.
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Nocturnal Respiratory Events Evaluation
All enrolled PAH patients underwent full-night cardiorespiratory PG monitoring via an Embletta device (Medcare, Flaga, 
Reykjavik, Ireland) as previously described13 and nocturnal cardiorespiratory signals were recorded. Nasal airflow, finger 
pulse oximetry, thoracic and abdominal movements, body position, and snoring were recorded to evaluate the respiratory 
events. Sleep apnea is defined according to AASM guidelines as a complete cessation of airflow during sleep, or 
a decrease in airflow of more than 90% lasting for ≥10 seconds. Hypopnea is defined as a sustained reduction in airflow 
intensity of more than 30% for ≥10 seconds, corresponding with an oxygen desaturation of at least 3%. Central apnea 
was defined when there was no respiratory movement in the chest and abdomen during a sleep apnea event; otherwise, it 
was considered an obstructive event. The apnea–hypopnea index (AHI) was calculated as the number of apnea and 
hypopnea events per hour. An AHI ≥5/h with obstructive apneic events, accounting for more than 50% of the respiratory 
events, was considered a diagnosis of OSA.

Statistical Analysis
According to the distribution, continuous variables were presented as means ± standard deviation or median (interquartile 
ranges), while categorical variables were as frequencies (percentages). Continuous data were analyzed using the 
Student’s t-test or Mann–Whitney test, whereas categorical data were analyzed by the chi-square test. Missing data 
account for less than 5% of our study, which is acceptable for us to ignore them, and we use average imputation to fill in 
the gaps. A least absolute shrinkage and selection operator (Lasso) regression procedure was utilized for reducing the 
dataset dimensions, in order to identify the most important predictors. Based on the predictors screened by Lasso 
regression, a multivariable logistic regression analysis was performed to establish a nomogram for detecting OSA. 
A calibration curve was drawn to evaluate the calibration of the model. After internally verified by bootstrapping (1000 
bootstrap resampling), the relative corrected C-index was calculated to assess the discriminatory ability of the nomogram. 
Additionally, the receiver operating characteristic (ROC) curve was developed to assess the accuracy of the nomogram 
and ESS for predicting the risk of OSA. The sensitivity, specificity, positive predictive value (PPV), negative predictive 
value (NPV), positive likelihood ratio (LRP), and negative likelihood ratio (LRN) of each scale were calculated. 
According to the net benefit of the nomogram based on a variety of threshold probabilities in the population studied, 
decision curve analysis (DCA) was used to evaluate the clinical effectiveness.14 This nomogram, according to the DCA, 
is more effective in predicting OSA risk than the ESS, the treat-all-patients scheme or the treat-none method. A P<0.05 
was considered to be statistically significant. All statistical tests were performed using SPSS software (version 22.0; IBM 
SPSS Statistics, IBM Corp., Armonk, NY, USA) and R (version 4.0.5, R Foundation for Statistical Computing, Vienna, 
Austria).

Results
Basic Characteristics of the Study Population
Between May 2020 and November 2021, 627 consecutive patients were referred for diagnostic RHC and overnight 
cardiorespiratory PG monitoring. A total of 316 patients were diagnosed with PAH, among which 14 patients were 
excluded due to age restriction, 24 patients were excluded due to diagnosis of CSA, 20 were excluded due to insufficient 
sleeping data of less than four hours, thereby the remaining 258 patients with PAH were included in the final analysis. 
Among the PAH patients, 41.8% are diagnosed with idiopathic PAH, 12.5% are diagnosed with connective tissue disease 
associated PAH, 44.2% are diagnosed with congenital heart disease associated PAH, and 1.5% are diagnosed with 
portopulmonary hypertension. The mean age was 43 ± 16 years and 140 (54%) of patients were female. Among all study 
participants, only 3.1% reported excessive daytime sleepiness (ESS >10). There are sixty-nine (26.7%) patients in 
accordance with the diagnostic criteria for OSA, among which 53 (76.8%) and 16 (23.2%) had mild and moderate-to- 
severe OSA, respectively. Patients with PAH were divided into two groups according to the presence of OSA. The OSA 
group was characterized by an older age, a higher BMI score, poorer respiratory characteristics, and a higher proportion 
of comorbidities, including hypertension, diabetes, and hyperlipidemia, as compared to the non-OSA group (P<0.05). 
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The scores of ESS and World Health Organization functional class, however, were not significantly different between 
OSA and non-OSA groups (Tables 1 and 2).

Factor Selection for Nomogram Construction
Based on the results of baseline comparison, univariable logistic analyses (Table S1), and clinical significance, the Lasso 
regression was performed on 17 potential variables. Using the linear combination of factors weighted by coefficients 
assigned to each subject, a risk score was calculated for each subject, from which a coefficient distribution curve was 
derived (Figure 1A). The cross-validation error graph for the Lasso regression model can be viewed in Figure 1B. For the 
most regularized and minimalistic model, the cross-validation error was within one standard error of the minimum. 

Table 1 Anthropometric and Clinical Characteristics of the Study Participants

Variables OSA (N = 69) Non-OSA (N = 189) P value

Characteristics
Age, years 50.6 ± 16.5 39.6 ± 14.5 <0.001

Gender, n (%) 0.406

Male 35 (50.7) 83 (43.9)
Female 34 (49.3) 106 (56.1)

WHO FC 1.000

I or II, n (%) 37 (53.6) 103 (54.5)
III or IV, n (%) 32 (46.3) 86 (45.5)

Etiology, n (%) 0.086
IPAH 36 (52.2) 72 (38.1)

CTD-PAH 10 (14.5) 22 (11.6)

CHD-PAH 22 (31.9) 92 (48.68)
PoPH 1 (1.5) 3 (1.6)

BMI, kg·m−2 23.8 (20.9, 27.3) 21.8 (19.3, 23.9) 0.002

History of smoking, n (%) 12 (17.4%) 20 (10.6%) 0.209
Daytime SpO2, % 94.3 ± 4.0 93.5 ± 4.8 0.164

Comorbidities
Hypertension n (%) 24 (34.8) 20 (10.6) <0.001

SBP, mmHg 125 ± 22 116 ± 19 0.004

DBP, mmHg 76 ± 12 72 ± 12 0.024

Diabetes n (%) 11 (15.9) 11 (5.8) 0.020
Glucose, mmol/L 5.4 (4.8, 6.2) 5.1 (4.6, 6.0) 0.070

HbA1c, % 6.1 (5.6, 6.3) 5.7 (5.4, 6.0) <0.001

Hyperlipidemia n (%) 11 (15.9) 9 (4.8) 0.007
TG, mmol/L 1.1 (0.8, 1.6) 1.1 (0.8, 1.5) 0.774

TC, mmol/L 4.4 ± 1.0 4.3 ± 1.0 0.470

LDL, mmol/L 2.4 (2.0, 3.1) 2.5 (2.0, 3.0) 0.943
HDL, mmol/L 1.1 (1.0, 1.4) 1.3 (1.0, 1.5) 0.217

Lp(a), mg/L 116.1 (64.7, 278.1) 144.8 (73.8, 342.1) 0.253

ApoA1, g/L 1.1 (0.9, 1.3) 1.1 (0.9, 1.3) 0.599
ApoB, g/L 0.8 (0.7, 1.0) 0.8 (0.6, 1.0) 0.363

Notes: The data are presented as means ± standard deviation or median (interquartile range); categorical 
data as the number (percentage). N is the number of participants. 
Abbreviations: ApoA1, Apolipoprotein A1; ApoB, Apolipoprotein B; BMI, body mass index; DBP, diastolic 
blood pressure; CHD-PAH, congenital heart disease associated pulmonary arterial hypertension; CTD-PAH, 
connective tissue disease associated pulmonary arterial hypertension; ESS, Epworth Sleepiness Scale; HbAlc, 
glycated hemoglobin; HDL, high-density lipoprotein; IPAH, idiopathic pulmonary arterial hypertension; Lp(a), 
lipoprotein a; LDL, low-density lipoprotein; OSA, obstructive sleep apnea; PoPH, portopulmonary hypertension; 
SBP, systolic blood pressure; SpO2, oxygen saturation by pulse oximetry; TC, total cholesterol; TG, Triglyceride; 
WHO FC, World Health Organization functional class.
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Finally, utilizing multivariable logistic regression (Table 3), a nomogram incorporating six factors (age, BMI, hyperten-
sion, HbA1c, UA, and IL-6) was developed (Figure 2).

Validation of the Nomogram
A 1000-bootstrap analysis was used to validate the nomogram. The C-index and corrected C-index of the nomogram 
were 0.760 and 0.738, respectively, exceeding 0.7 in both cases, indicating a satisfactory performance. Besides, 
observations and predictions of OSA correlated well with the calibration plots (Figure 3). Based on ROC analysis 
(Table 4), when the cut-off value of AHI was set as 5 events/h, the AUC for the nomogram was 0.760. In contrast to ESS 
(AUC = 0.528), our nomogram showed a better predictive value (P < 0.001; Figure 4). The number of patients with 
moderate-severe OSA was too small to support a model with six predictors. Thus, the prediction value for moderate- 
severe OSA of this model was not validated in our study.

Clinical Application
We assessed the clinical relevance using DCA (Figure 5). The results of the DCA on the visual basis confirmed that the 
nomogram had superior overall net benefits within a wide, practical threshold probability range.

Discussion
In this study, a nomogram for predicting OSA in PAH patients was developed and validated. This nomogram, 
incorporating six factors (age, BMI, hypertension, HbA1c, UA, and IL-6), demonstrated superior discrimination 

Table 2 Laboratory and Nocturnal Respiratory Parameters of the Study Participants

Variables OSA (N = 69) Non-OSA (N = 189) P value

Laboratory parameters
Hemoglobin, g/L 148.0 (133.0, 166.0) 152.0 (134.0, 167.0) 0.360

Hematocrit (%) 43.0 (36.7, 47.4) 42.2 (37.7, 46.6) 0.698

NT-proBNP, pg/mL 734.0 (199.0, 1649.0) 580.0 (175.0, 1703.0) 0.536
cTnT, ng/mL 0.005 (0.003, 0.015) 0.005 (0.003, 0.016) 0.684

UA, μmol/L 395.6 (340.8, 510.6) 409.6 (310.6, 483.8) 0.196
IL-6, pg/mL 5.4 (3.4, 8.7) 4.2 (2.8, 6.7) 0.039

IL-8, pg/mL 20.6 (13.4, 31.7) 17.8 (10.5, 27.3) 0.060

TNF-α, pg/mL 2.0 (1.6, 3.8) 1.9 (1.3, 3.0) 0.197
CRP, mg/L 3.1 (1.8, 4.7) 2.3 (1.4, 4.2) 0.006

Homocysteine, μmol/L 15.0 (12.2, 18.9) 13.5 (10.8, 17.8) 0.073

Sleep parameters
AHI, events/h 8.40 (6.10, 13.90) 1.2 (0.6, 2.1) <0.001

ODI, events/h 9.1 (6.8, 15.6) 1.6 (0.7, 2.8) <0.001

MinSpO2 (%) 79.6 ± 8.4 85.3 ± 6.9 <0.001
Mean SpO2 (%) 91.2 ± 4.6 92.7 ± 7.7 0.055

T90 (%) 10.6 (0.7, 45.5) 0.5 (0.0, 14.5) 0.036

Longest AT, s 32.0 (22.0, 62.0) 17.0 (11.0, 26.0) <0.001
Longest HT, s 84.0 (57.0, 95.0) 38.0 (22.0, 63.0) <0.001

Mean AT, s 19.4 (14.3, 23.6) 13.9 (10.9, 17.3) <0.001

Mean HT, s 30.1 (27.0, 37.9) 24.5 (17.9, 34.1) <0.001
ESS 2.0 (1.0, 4.0) 2.0 (1.0, 4.0) 0.493

Excess sleepiness, n (%) 2 (2.9) 6 (3.2) 1.000

Notes: The data are presented as means ± standard deviation or median (interquartile range); categorical 
data as the number (percentage). N is the number of participants. 
Abbreviations: AHI, apnea–hypopnea index; AT, apnea time; CRP, C-reactive protein; HbAlc, glycated 
hemoglobin; HT, hypopnea time; IL-6, Interleukin-6; IL-8, Interleukin-8; NT-proBNP, N-terminal pro-B-type 
natriuretic peptide; ODI, oxygen desaturation index; OSA, obstructive sleep apnea; SpO2, oxygen saturation 
by pulse oximetry; TNF-α, tumor necrosis factor-α; cTNT, cardiac troponin T; T90, time percentage spent 
with SpO2 below 90%; UA, uric acid.
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capability and predictive value to traditional screening questionnaire (ESS). To our knowledge, this is the first study to 
develop a predictive model of OSA in PAH. Our findings will facilitate OSA risk assessment for patients with PAH, and 
therefore assist clinicians in referring patients for further diagnostic confirmation.

While the prevalence of OSA is still uncertain in PAH patients, there is increasing evidence that PAH patients are at 
a greater risk of developing OSA than the general population of similar age. Badesch15 analyzed 2438 patients with 
PAH from REVEAL registry and found that OSA was present in 21% of patients. Dumitrascu16 performed overnight 
PG in 169 patients with precapillary pulmonary hypertension and demonstrated a 16% prevalence of OSA (defined as 
an AHI ≥10/h). Consistent with previous studies, we observed a 26.7% prevalence of OSA in 258 PAH patients. This 
phenomenon could be explained by several OSA predisposing factors that existed in patients with PAH. First, the 
rostral shift of fluid from the legs to the neck at night could contribute to the upper airway obstruction.17,18 Second, the 
skeletal and respiratory muscle weakness observed in PAH may also affect the upper airway.19 Third, the tolerance of 
ventilatory perturbations during sleep is likely to be impaired in patients with PAH.2 The presence and severity of OSA 

Table 3 Prediction Factors for OSA in Patients with Pulmonary Arterial Hypertension

Variables β Wald Odds Ratio 95% CI P

Age 0.035 9.606 1.036 1.013–1.059 <0.001

BMI 0.048 2.683 1.049 0.991–1.112 0.101
Hypertension 0.843 4.298 2.324 1.047–5.158 0.038

UA 0.002 3.802 1.002 1.000–1.005 0.051

HbAlc 0.405 3.039 1.499 0.951–2.364 0.081
IL-6 0.013 1.479 1.014 0.992–1.036 0.224

Abbreviations: BMI, body mass index; HbA1c, glycated hemoglobin; IL-6, Interleukin-6; LDL, low-density lipoprotein; 
OSA, obstructive sleep apnea; UA, uric acid.

Figure 1 Selecting clinical features based on the least absolute shrinkage and selection operator (LASSO) logistic regression. 
Notes: (A) Profiles of LASSO coefficients for the 17 features. This plot shows the coefficient profile against the logarithmic (lambda) sequence. (B) The optimal parameter 
(lambda) is selected using 10-fold cross-validation with minimum criteria in the LASSO logistic regression. Each red dot represents a lambda (λ) value on the path, and 
confidence intervals for the error rate are indicated. In drawing the black vertical lines, we used the minimum criteria and the one standard error of the minimum criteria 
(1-SE) to determine the optimal values.
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Figure 2 Nomogram constructed to predict obstructive sleep apnea (OSA). 
Abbreviations: BMI, body mass index; HbAlc, glycated hemoglobin; IL-6, Interleukin-6; UA, uric acid.

Figure 3 Calibration curves for the nomogram. 
Abbreviation: OSA, obstructive sleep apnea.
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can contribute to the progression of PAH through deterioration in pulmonary hemodynamics and cardiac function. 
Therefore, the early identification of OSA is an important part of determining the optimal treatment regimen for PAH.

In our study, the lasso regression procedure is performed to analyze a wide variety of clinical variables and to avoid 
overfitting. Out of 17 potential variables with statistical significance and clinical importance, six variables were finally 
selected to construct a predictive nomogram. Among these parameters, age and obesity are two well-known risk factors 
for OSA. According to the reports from European PAH registries, the median age of newly diagnosed patients has been 
rising in these years;20,21 hence, the greater burden of comorbidities including sleep-disordered breathing should be 
noted. The prevalence of obesity in PAH is about 30%, and active weight management is crucial to improve the 
functional status as well as sleep disorders.22 Furthermore, our nomogram suggested the presence of systemic hyperten-
sion is one of the most significant predictors of OSA in PAH patients. PAH patients with risk factors for left-heart disease 

Table 4 The Clinical Efficiency of the Nomogram and ESS for Detecting OSA

AUC Sensitivity Specificity LRP LRN PPV NPV

Nomogram 0.76 (0.70–0.82) 0.70 (0.57–0.80) 0.71 (0.64–0.77) 2.39 (1.8–3.1) 0.43 (0.3–0.6) 0.56 (0.50–0.63) 0.81 (0.75–0.86)

ESS 0.53 (0.47–0.59) 0.33 (0.27–0.41) 0.74 (0.62–0.84) 1.11 (0.93–1.32) 0.78 (0.50–1.22) 0.29 (0.25–1.33) 0.78 (0.69–0.85)

Abbreviations: AUC, area under the curve; ESS, Epworth Sleepiness Scale; LRN, likelihood ratio negative; LRP, likelihood ratio positive; NPV, negative predictive value; PPV, 
positive predictive value.

Figure 4 ROC curves for detecting OSA in patients with PAH. 
Abbreviations: AUC, area under the curve; ESS, Epworth Sleepiness Scale; OSA, obstructive sleep apnea; ROC, receiver operating characteristic.
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including hypertension, also known as atypical PAH, are considered to respond differently to PAH targeted therapies with 
attenuated treatment tolerance and efficacy.23 Considering the close relationship between OSA and cardiovascular 
diseases, one may speculate that OSA plays a role in the increased comorbid burden of PAH. On the other hand, the 
presence of hypertension also indicates an increased likelihood of OSA.1 Thus, it is reasonable to include age, BMI, and 
hypertension in our prediction model of OSA.

In patients with OSA, biochemical parameters can be altered as a result of the metabolic and endocrine dysfunction 
caused by nocturnal hypoxemia, inflammatory conditions, abnormal sleep patterns, and psychological stress. Our 
nomogram incorporated the results of routine laboratory tests, including HbA1c, UA, and IL-6, which also showed 
predictive value in previous studies for evaluating the risk of OSA.24 Xu25 established a nomogram encompassing 
glucose and insulin levels as a screening tool in the general population. They found that the presence of glucose 
metabolic disorder is a valuable predictor of OSA. Similarly, in our study, HbA1c, a diagnostic marker for diabetes and 
a golden standard for glucose management, was screened out to develop the nomogram. Furthermore, Shi8 constructed 
a prediction model for 280 patients with type 2 diabetes mellitus. Besides disordered glucose metabolism described by 
homeostasis model assessment 2 insulin resistance index, this model suggested that UA was also predictive of OSA. An 
association between high-level UA and the severity of PAH has been demonstrated previously, and UA was also 
independently associated with a higher risk of OSA.26 As well, previous research has found the levels of IL-6, one of 
the most important inflammatory markers, were significantly elevated in patients with OSA.27 Meanwhile, IL-6 has been 
implicated in the pathogenesis of PAH and can constitute a predictor of a worsening prognosis.28 Overall, these easily 

Figure 5 Decision curve analysis (DCA) of ESS, and the nomogram. 
Notes: DCA for the obstructive sleep apnea (OSA) nomogram, ESS. The y-axis demonstrates the net benefit. The blue line indicates the nomogram, the red line represents 
ESS and the black line indicates the assumption of no intervention. The intervention-all-patients assumption is represented by the gray line. 
Abbreviation: ESS, Epworth Sleepiness Scale.
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applicable parameters are not only useful in detecting the presence of OSA but also should be closely monitored in the 
management of PAH.

Among the existing screening tools for OSA, studies have found that the Berlin Questionnaire, STOP-Bang, STOP, 
and ESS, though having been validated in the general populations, were of limited sensitivity and specificity in disease- 
specific populations.29 Minic4 evaluated daytime sleepiness in 52 PAH patients and demonstrated an extremely poor 
sensitivity (19.4%) of ESS when predicting OSA (AHI ≥5 events/h). Similarly, only 3.1% of PAH patients reported 
excessive daytime sleepiness in our study, which could be explained by the overactivity of the sympathetic nervous 
system observed in PAH.30 Excessive sleepiness is not a sensitivity marker for OSA in our study, but that significant 
uncertainty still exists about its specificity. In addition, bias is known to be inevitable in questionnaires with self-report 
measures. Therefore, it is not surprising that our nomogram, consisting of only objective parameters, exhibited better 
performance. In contrast to ESS (AUC = 0.528), our nomogram showed a significantly higher predictive value in patients 
with PAH whether the AHI cut-off values were five events per hour (AUC = 0.760) (Table 4). In terms of clinical 
feasibility, the parameters included in our nomogram are all routinely collected in clinical settings without additional 
personnel and expense. Besides, the intuitive nature of the nomogram allows clinicians to make fast decisions with 
a clear understanding of a patient’s needs. After the screening process, those patients with a high pre-test probability of 
OSA should be transferred to a sleep center for PG or PSG monitoring as soon as possible. For PAH patients who finally 
confirmed the diagnosis of OSA, continuous positive airway pressure treatment is recommended to prevent the 
deterioration of pulmonary hemodynamics and improve the standard of living.

Limitation
There are a few limitations that warrant mentioning in our study. First of all, the sample size of the study may limit the 
precision of the study. Nonetheless, PAH is a rare condition, which qualifies this study as having the largest sample size 
to study the prevalence and risk factors of OSA in PAH patients. In addition, we use cardiorespiratory PG in the sleep 
evaluation rather than diagnostic polysomnography, which could lead to an underestimation of OSA prevalence. 
However, there is a substantial body of research today confirming that the differences between PSG and cardiorespiratory 
PG are acceptable, and considering clinical feasibility and cost-effectiveness, cardiorespiratory PG is widely used as the 
diagnostic procedure for OSA.31 Third, validation of the test was conducted on candidates derived from the same 
institution, which limits the ability to generalize the results to other PAH populations. Moreover, due to the single-center 
design and its retrospective nature, there is a certain degree of selection bias in our study. These limitations indicate that 
additional efforts should be undertaken to gather prospective information from multiple centers to further demonstrate the 
robustness of the nomogram.

Conclusions
Our study demonstrated that OSA is relatively more prevalent in the PAH population than in the general population. ESS 
questionnaires were proved to be less sensitive in predicting OSA in PAH. However, the combination of clinical 
characteristics and OSA-associated biochemical parameters provides a new approach to identifying OSA in PAH 
patients. The nomogram developed and validated in this study may facilitate an early identification of OSA in PAH 
patients with satisfactory performance and discrimination.
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