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Abstract
Aims/Background Pulmonary arterial hypertension (PAH) is a significant contributor to increased over-
all and cardiovascular mortality in peritoneal dialysis (PD) patients. Cardiopulmonary exercise testing
(CPET) is an accurate method for measuring cardiorespiratory fitness (CRF) during both submaximal
and peak exercise. Previous studies have demonstrated a strong correlation among CRF and increased
cardiovascular and overall mortality rates. However, no literature currently reports the predictive value
of CPET parameters for PAH occurrence in PD patients. This study primarily aims to analyze the risk
factors for PAH in PD patients, assess the predictive value of CPET parameters, and provide a reference
for the clinical prevention and management of PAH.
Methods The clinical data of 121 PD patients who underwent CPET were retrospectively collected at
Xuzhou Medical University Affiliated Hospital. Based on the event of PAH, patients were divided into
two groups: a PAH group (n = 39) and a non-PAH group (n = 82). Clinical data, laboratory results,
ultrasound findings, and CPET parameters were compared between the groups. Multifactorial logistic
regression analysis was performed to identify the risk factors for PAH. The predictive value of CPET
parameters was evaluated by calculating the area under the receiver operating characteristic (ROC)
curve (AUC) using ROC curve analysis.
Results White blood cell count (WBC) was an independent risk factor for PAH in PD patients (p <

0.05). VO2peak (peak oxygen uptake), VO2AT (anaerobic threshold oxygen uptake), METspeak (peak
metabolic equivalents), WRpeak (peak power load) were identified as protective factors for PAH in PD
patients (p< 0.05). ROC curve analysis showed that the AUC values for predicting PAH in PD patients
using VO2peak, VO2AT, METspeak, and WRpeak were 0.675, 0.651, 0.719, and 0.689, respectively,
with METspeak demonstrating the highest AUC for prediction.
Conclusion The occurrence of PAH in PD patients is associated with WBC, VO2peak, VO2AT, METs-
peak, and WRpeak. Additionally, CPET parameters exhibit predictive value for PAH, with METspeak
showing the highest AUC for prediction.
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Introduction
Peritoneal dialysis (PD) is a renal dialysis treatment for end-stage renal disease

(ESRD). It offers advantages such as ease of operation and low cost, making it a
key treatment option for ESRD patients (Chuasuwan et al, 2020; Karkar andWilkie,
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2023). Recent studies have identified cardiovascular diseases as a major risk factor
for mortality in ESRD patients, with pulmonary arterial hypertension (PAH) being
a common cardiovascular complication (Annaiah et al, 2021; Orihuela et al, 2020).
A meta-analysis revealed that the incidence of PAH in PD patients ranges from
16% to 42%, with variations primarily due to differences in study populations and
PAH diagnostic criteria (Li et al, 2019). PAH, characterized by elevated pulmonary
artery pressure, is a frequent cardiovascular complication in PD patients and a sig-
nificant contributor to both all-cause and cardiovascular mortality. Therefore, early
prediction of PAH is crucial.

Currently, right heart catheterization is the gold standard for diagnosing PAH,
though it is invasive and has low patient acceptance (Rroji et al, 2021). Cardiores-
piratory fitness (CRF), typically assessed via maximal oxygen consumption (VO2
max), is considered a key predictor of cardiovascular and all-cause mortality, as
supported by numerous studies (Kurl et al, 2022; Schoenberg et al, 2020). Car-
diopulmonary exercise testing (CPET) is a non-invasive diagnostic tool that evalu-
ates changes in cardiorespiratory function under exercise stress, providing insight
into overall health and exercise capacity (Dewar et al, 2023; Kirkman and Chavez,
2024). CPET accurately quantifies CRF during both submaximal and peak exercise.
Among the parameters measured during CPET, metabolic equivalent (MET) is con-
sidered an objective indicator of energy metabolism intensity (Wang et al, 2024b).
Previous study has shown a strong association between a decrease of 2–3 MET in
CRF and a significant increase in cardiovascular and all-cause mortality (Han et al,
2022). However, there is currently no literature reporting on the predictive value
of CPET parameters for PAH occurrence in PD patients. This study aims to ana-
lyze the risk factors for PAH development in PD patients, evaluate the predictive
value of CPET parameters, and provide a reference for the clinical prevention and
treatment of PAH.

Methods
Research Objects

This study is a retrospective analysis. Clinical data were collected from PD
patients who underwent CPET and were admitted to Xuzhou Medical University
Affiliated Hospital between October 2022 and June 2023. The inclusion criteria
were as follows: (1) clinical diagnosis of chronic kidney disease stage 5 and under-
going PD; (2) age>18 years; (3) receiving PD treatment for more than one month;
(4) availability of complete laboratory and echocardiography data; and (5) com-
plete CPET data. The exclusion criteria were: (1) presence of active infection, use
of hormones, immunosuppressive agents, or PAH treatments; (2) congenital heart
disease, static hypertension, or unstable blood pressure control; (3) fractures or joint
damage; (4) patients undergoing combined hemodialysis; and (5) incomplete data.

Patients were divided into the PAH and non-PAH groups based on the presence
of PAH. PAH was defined as a pulmonary artery pressure ≥35 mmHg, calculated
using the modified Bernoulli equation: pulmonary artery pressure = 4 × (tricus-
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pid regurgitation maximum velocity)2 + right atrial pressure (5/10/15 mmHg), as
determined by echocardiography (Bech-Hanssen et al, 2023; Maron, 2023).

The clinical data of 135 PD patients were initially collected. Five patients were
excluded due to incomplete data. Of the remaining 130 patients, two were excluded
for severe heart disease, three for lung disease, and four for joint damage, leaving
a total of 121 patients. Based on echocardiography results, patients were divided
into the PAH group (n = 39) and the non-PAH group (n = 82). This study adheres
to the Declaration of Helsinki, and ethical approval was obtained from the medical
ethics committee of the Xuzhou Medical University Affiliated Hospital (Ethical
batch number: XYFY2021-KL199-01).

Data Collection
Clinical data were collected from patients’ electronic medical records, includ-

ing age, gender, primary renal disease, dialysis duration, body mass index (BMI),
smoking history, history of hypertension, history of diabetes, and admission sys-
tolic and diastolic blood pressure. Laboratory parameters such as white blood cell
count (WBC), hemoglobin, albumin (ALB), blood urea nitrogen, creatinine, uric
acid, estimated glomerular filtration rate (eGFR), C-reactive protein (CRP), total
cholesterol, calcium, phosphorus, iron, and parathyroid hormone (PTH) were also
recorded. Additionally, echocardiographic results, including left ventricular ejec-
tion fraction, interventricular septum thickness, and left ventricular end-diastolic
diameter, were documented.

CPET Method
CPET includes electrocardiogram (ECG) stress testing and exercise gas ex-

change analysis, following the exercise testing and training standards published by
the American Heart Association (Guazzi et al, 2018). The equipment consists of an
exercise treadmill or bike, along with ECG (Model: CV200+, Beijing Gushanfeng
Biomedical Technology Co., Ltd., Beijing, China) monitoring devices, blood pres-
sure monitoring devices, and a gas analysis system (MasterScreen, Jeager, Ham-
burg, Germany) for measuring respiratory gas exchange. Patients are required to
wear ECG electrodes, typically placed on the chest, and a mask or nose clip for
gas analysis to record oxygen uptake and carbon dioxide output. The test duration
generally lasts between 8 and 12 minutes, and testing is scheduled between 9:00–
11:00 AM or 2:00–4:00 PM. Patients are advised to wear loose clothing and athletic
shoes, fast for 2 hours prior to the test, and avoid strenuous activity for 24 hours
before the procedure.

The ECG stress test begins with the subject resting for 3 minutes on a cycle
ergometer, followed by 3 minutes of unloaded pedaling. The load is then continu-
ously increased by 15 W/min, maintaining a rhythm above 60 rpm until the patient
reaches peak exercise or the test endpoint. ECG monitoring is performed contin-
uously during rest, exercise, and recovery, with blood pressure measured every 2
minutes. Exercise is terminated if the heart rate reaches 85% of the predicted maxi-
mum, systolic blood pressure exceeds 220 mmHg, or if severe arrhythmias such as
ST segment depression ≥0.2 mV or elevation ≥0.2 mV occur. Additionally, the
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test is halted if the patient experiences symptoms like chest pain, tightness, short-
ness of breath, palpitations, or fatigue.

Fig. 1. Case screening flow chart. PD, peritoneal dialysis; PAH, pulmonary arterial hypertension.

During the exercise gas exchange analysis, each exhaled breath of the patient
is continuously monitored using the gas exchange system, starting from the begin-
ning of the test. The measured respiratory parameters include oxygen consumption
(VO2), carbon dioxide production (VCO2), minute ventilation (VE), peakmetabolic
equivalents (METspeak), and the anaerobic threshold, determined by the V-slope
method. ECG monitoring continues throughout the entire CPET to ensure compre-
hensive data collection on both cardiopulmonary and metabolic responses.
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Table 1. Baseline characteristics of study participants.

Variable PAH group (n =
39)

Non-PAH group
(n = 82)

χ2/t value p value

Gender (cases) 0.354 0.552
Male 25 57
Female 14 25

Age (years, x̄ ± s) 61.25 ± 6.94 58.48 ± 7.88 1.876 0.063
Primary renal disease (cases) 1.077 0.584

Diabetic nephropathy 24 50
Chronic glomerulonephritis 6 18
Others 9 14

Dialysis time (months, x̄ ± s) 23.48 ± 4.57 22.19 ± 5.12 1.339 0.183
BMI (kg/m2, x̄ ± s) 22.97 ± 1.27 23.45 ± 1.38 1.834 0.069
Smoking history (cases) 11 20 0.202 0.653
History of hypertension (cases) 19 36 0.247 0.619
History of diabetes (cases) 25 53 0.003 0.955
Admission systolic blood pressure (mmHg, x̄ ± s) 153.52 ± 10.18 149.71 ± 12.35 1.674 0.097
Admission diastolic blood pressure (mmHg, x̄ ± s) 91.48 ± 6.74 89.25 ± 8.14 1.485 0.140
PAH, pulmonary arterial hypertension; BMI, body mass index.

Statistical Methods
The data were analyzed using IBM SPSS 27.0 (Armonk, NY, USA). The Kol-

mogorov-Smirnov (K-S) test was used to assess the normality of the data. Normally
distributed metric data are presented as mean ± standard deviation, and between-
group comparisons were conducted using independent sample t-tests. Count data
are presented as frequencies or percentages, with comparisons made using the chi-
square test. Variables showing statistically significant differences in the one-way
analysis were further analyzed using multiple-factor logistic regression. The re-
ceiver operating characteristic (ROC) curve was used to calculate the area under
the curve to evaluate the predictive value of CPET parameters. The significance
level was set at α = 0.05.

Results
Data Selection

Data from 135 PD patients were collected. Five cases with incomplete data
were excluded. Among the remaining 130 cases, 2 were excluded due to severe
heart disease, 3 due to lung diseases, and 4 due to joint damage, resulting in a final
sample of 121 patients. These patients were divided into the PAH group (n = 39)
and the non-PAH group (n = 82) based on echocardiography results. See Fig. 1 for
details on the flowchart.
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Table 2. Comparison of laboratory data between PAH group and non-PAH group (x̄ ± s).

Variable PAH group (n = 39) Non-PAH group (n = 82) χ2/t value p value

WBC (×109/L) 7.12 ± 1.24 5.33 ± 0.89 9.067 <0.001
Hemoglobin (g/L) 103.62 ± 12.89 108.45 ± 12.23 1.995 0.048
ALB (g/L) 33.12 ± 4.56 35.87 ± 5.84 2.587 0.011
Urea nitrogen (mmol/L) 22.24 ± 2.47 21.18 ± 2.95 1.942 0.054
Creatinine (µmol/L) 804.56 ± 94.77 809.41 ± 97.52 0.258 0.797
Uric acid (µmol/L) 421.52 ± 56.23 390.62 ± 90.45 1.959 0.052
eGFR [mL/(minꞏ1.73 m2)] 4.89 ± 1.33 4.62 ± 1.41 1.002 0.318
CRP (mg/L) 3.29 ± 0.88 2.95 ± 0.97 1.855 0.066
Total cholesterol (mmol/L) 4.65 ± 1.26 4.71 ± 1.34 0.235 0.815
Calcium (mmol/L) 2.24 ± 0.57 2.33 ± 0.49 0.895 0.373
Phosphate (mmol/L) 1.84 ± 0.46 1.72 ± 0.51 1.247 0.215
Ferritin (mg/mL) 201.58 ± 69.84 205.44 ± 71.45 0.280 0.780
PTH (mmol/L) 238.91 ± 74.58 225.63 ± 80.31 0.869 0.386
PAH, pulmonary arterial hypertension; WBC, white blood cell; ALB, albumin; eGFR, estimated
glomerular filtration rate; CRP, C-reactive protein; PTH, parathyroid hormone.

Baseline Characteristics of Study Participants
The general data, including gender, age, and primary renal disease type, were

compared between the PAH group and the non-PAH group. There were no statisti-
cally significant differences in these variables (p > 0.05), as shown in Table 1.

Comparison of Laboratory Data between PAH Group and Non-PAH Group
The WBC count in the PAH group was significantly higher than in the non-

PAH group, while the levels of hemoglobin andALBwere significantly lower in the
PAH group compared to the non-PAH group (p< 0.05). There were no statistically
significant differences in other laboratory data between the two groups (p > 0.05),
as shown in Table 2.

Comparison of Echocardiography and CPET Parameters between PAH
Group and Non-PAH Group

The PAHgroup showed lower values inVO2peak (peak oxygen uptake), VO2AT
(anaerobic threshold oxygen uptake), METspeak (peakmetabolic equivalents),WR-
peak (peak power load) compared to the non-PAH group, with statistically signif-
icant differences (p < 0.05). There were no statistically significant differences in
other echocardiography and CPET parameters between the two groups (p > 0.05),
as shown in Table 3.

Multifactorial Logistic Regression Analysis of Factors Influencing the
Occurrence of PAH in PD Patients

Using the variables that showed statistically significant differences in the uni-
variate analysis as independent variables, and with the occurrence of PAH in PD
patients as the dependent variable (1 = Yes, 0 = No), multifactorial logistic regres-
sion analysis was conducted. The results indicated that WBC was an independent
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Table 3. Comparison of echocardiography and CPET parameters between PAH group and
non-PAH group (x̄ ± s).

Variable PAH group (n = 39) Non-PAH group (n = 82) χ2/t value p value

Left ventricular ejection fraction (%) 56.44 ± 6.28 57.18 ± 6.59 0.586 0.559
Interventricular septum (mm) 10.05 ± 1.58 10.31 ± 1.74 0.791 0.431
Left ventricular diastolic diameter (mm) 49.42 ± 5.89 48.57 ± 6.32 0.706 0.481
VO2peak [mL (kgꞏmin)] 14.15 ± 1.62 18.23 ± 1.94 11.465 <0.001
VO2AT [mL (kgꞏmin)] 8.44 ± 0.58 10.16 ± 0.76 12.498 <0.001
METspeak [mL (kgꞏmin)] 3.84 ± 0.62 5.73 ± 1.38 8.157 <0.001
VO2/HRpeak 8.94 ± 2.33 9.06 ± 2.45 0.256 0.799
WRpeak 67.89 ± 13.12 82.15 ± 10.18 6.544 <0.001
CPET, cardiopulmonary exercise testing; VO2peak, peak oxygen uptake; VO2AT, anaerobic threshold oxygen
uptake; METspeak, peak metabolic equivalents; VO2/HRpeak, peak oxygen pulse; WRpeak, peak power load.

Table 4. Multifactorial logistic regression analysis of factors influencing the occurrence of
PAH in PD patients.

Factor β SE Wald χ2 p OR 95% CI

WBC 0.814 0.256 10.111 <0.001 2.257 1.367–3.728
Hemoglobin –0.031 0.016 3.771 0.052 0.970 0.940–1.000
ALB –0.048 0.038 1.615 0.204 0.953 0.884–1.027
VO2peak –0.149 0.048 9.571 0.002 0.862 0.785–0.947
VO2AT –0.127 0.055 5.307 0.035 0.881 0.791–0.981
METspeak –0.298 0.112 7.099 0.008 0.742 0.596–0.924
WRpeak –0.217 0.098 4.899 0.041 0.805 0.664–0.975
SE, standard error; OR, odds ratio; CI, confidence interval.

risk factor for PAH in PD patients (p < 0.05). VO2peak, VO2AT, METspeak, and
WRpeak were identified as protective factors for PAH in PD patients (p < 0.05).
There was no significant correlation between hemoglobin, ALB, and PAH in PD
patients (p > 0.05), as shown in Table 4.

ROC Curve Analysis of CPET Parameters for Predicting PAH Development
in PD Patients

Using the occurrence of PAH in PD patients as the state variable (1 = Yes, 0
= No) and VO2peak, VO2AT, METspeak, and WRpeak as the test variables, ROC
curves were plotted. The results of the ROC curve analysis indicated that the area
under the receiver operating characteristic (ROC) curve (AUC) for predicting the
occurrence of PAH in PD patients were 0.675 for VO2peak, 0.651 for VO2AT, 0.719
for METspeak, and 0.689 for WRpeak. Among these, METspeak demonstrated the
highest AUC for prediction, as shown in Table 5 and Fig. 2.

Discussion
The specific pathogenesis of PAH remains unclear. In PD patients, elevated

pulmonary artery pressure caused by PAH leads to a sustained increase in right
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Table 5. ROC curve analysis of CPET parameters for predicting PAH development in PD
patients.
Index AUC 95% CI Optimal cutoff Sensitivity Specificity

VO2peak 0.675 0.558–0.792 16.3 66.67 64.44
VO2AT 0.651 0.541–0.762 9.1 59.57 55.51
METspeak 0.719 0.618–0.821 4.8 70.74 65.23
WRpeak 0.689 0.583–0.794 71.5 60.33 56.74
AUC, the area under the receiver operating characteristic (ROC) curve.

Fig. 2. ROC curve of CPET parameters for predicting PAH development in PD patients.

ventricular load, ultimately resulting in right heart failure or cardiogenic sudden
death (Zhang et al, 2020). The continuous increase in pulmonary vascular resis-
tance and pulmonary blood flow are the two main reasons for the development of
PAH. Elevated pulmonary vascular resistance is influenced by abnormal pulmonary
vascular constriction, which leads to in-situ thrombi formation and pulmonary vas-
cular remodeling. These changes cause alterations in pulmonary vascular structure
and function. Long-term cardiac compensation results in increased blood volume,
which is a key factor contributing to the continuous rise in pulmonary blood volume
(Alhwiesh et al, 2022; Song et al, 2023). The pathogenesis of PAH in PD patients
is highly complex, with multiple factors influencing pulmonary artery pressure and
pulmonary blood flow. Therefore, identifying the risk factors for PAH in PD pa-
tients is crucial for the prevention and treatment of this condition.

In this study, we explored the association between CPET parameters and the
occurrence of PAH in PD patients and analyzed the predictive value of these param-
eters for PAH. Using a pulmonary artery pressure≥35 mmHg from echocardiogra-
phy results as the diagnostic criterion for assessing PAH, patients were categorized
into the PAH group and the non-PAH group. CPET data from both groups were col-
lected and analyzed. The results indicated that VO2peak, VO2AT, METspeak, and
WRpeak levels were significantly lower in the PAH group compared to the non-
PAH group, consistent with findings by Tsuboi et al (2017). Previous study has
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highlighted a relationship between cardiopulmonary function and the occurrence
of PAH in PD patients (Gadioli et al, 2023).

Peritoneal dialysis involves the infusion of dialysate into the abdominal cavity,
which may lead to fluid overload with long-term use. Inadequate fluid removal
can result in fluid accumulation in the systemic and pulmonary circulations, in-
creasing pulmonary artery pressure. Additionally, the chemical composition of the
dialysate, such as high sodium, high calcium, or acidity, may burden the cardiopul-
monary system. Imbalances in the dialysate components can lead to fluid retention
or metabolic disturbances, affecting pulmonary artery pressure. Therefore, assess-
ing the cardiopulmonary function of PD patients is important for predicting PAH.

CPET, a comprehensive technique for assessing respiratory and circulatory sys-
tem function, objectively evaluates cardiopulmonary reserve and exercise tolerance.
Study by Dorken Gallastegi et al (2022) has shown that pre-implantation CPET
parameters have good predictive value for long-term survival outcomes after left
ventricular assist device implantation. Research has found that PD patients may
have subclinical cardiopulmonary dysfunction, and reduced CRF in these patients
is influenced by both central and peripheral functions. CPET parameters can help
analyze the mechanisms of chronic kidney dysfunction and detect subclinical car-
diopulmonary abnormalities (Wu et al, 2022).

In this study, multifactorial logistic regression analysis revealed that WBCwas
an independent risk factor for PAH in PD patients, while VO2peak, VO2AT, MET-
speak, and WRpeak were identified as protective factors. Research by Walther et
al (2020) highlighted that dialysis patients frequently experience a systemic state
of microinflammation due to factors such as ineffective toxin clearance, stimula-
tion from dialysis procedures and dialysate, and oxidative stress. Inadequate dialy-
sis leading to toxin accumulation can cause gastrointestinal reactions, malnutrition,
and increased susceptibility to secondary infections (Walther et al, 2020). Elevated
WBC levels reflect the inflammatory status of the body and have been found to be
an important predictive factor for mortality during hospitalization in patients with
chronic kidney disease (Chen et al, 2022).

VO2peak, VO2AT, METspeak, and WRpeak are crucial CPET parameters that
evaluate cardiopulmonary function and reflect the overall health of the cardiopul-
monary system. Lower values in these indicators typically suggest poorer car-
diopulmonary function, which can increase the risk of developing PAHdue to inade-
quate cardiac output and ventilationwhen under stress or during exercise (Andonian
et al, 2021). Tobita et al (2023) found a close association between CPET parame-
ters, such as VO2peak, VO2AT, and METspeak, and impaired exercise tolerance in
PAH patients with normal hemodynamics.

In this study, to further evaluate the predictive value of CPET parameters for
PAH, ROC curves were plotted, and the AUC values were calculated for each pa-
rameter. The results indicated that the AUC for predicting PAH in PD patients
were 0.675 for VO2peak, 0.651 for VO2AT, 0.719 for METspeak, and 0.689 for
WRpeak. Among these, METspeak had the highest AUC, suggesting its superior
predictive value. METspeak, which refers to the maximum metabolic equivalent
achieved during exercise testing, is a key measure of exercise capacity. Previous
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research has shown that low METspeak values reflect poor exercise capacity, often
associated with inadequate cardiac output and diminished pulmonary ventilation
efficiency (Aburub et al, 2020).

Wang et al (2024a) analyzed cardiopulmonary exercise test results in 36 Parkin-
son’s disease patients and 12 healthy controls. They found that Parkinson’s patients
had significantly lower METspeak levels compared to the healthy controls. Addi-
tionally, these patients exhibited sluggish responses in heart rate and systolic blood
pressure during exercise testing. Factors such as female gender, older age, symptom
fluctuations, advanced disease stages, and high daily activity levels were associated
with lower oxygen consumption (Wang et al, 2024a).

This study has several limitations. Firstly, the sample size is relatively small
and consists of data from a single-center retrospective analysis, which may intro-
duce some bias and limit the generalizability of the results. This limitation could
also contribute to the lower AUC values observed for some CPET parameters. Ad-
ditionally, PD patients often experience metabolic abnormalities, such as acid-base
and electrolyte imbalances, which can affect cardiopulmonary function and poten-
tially influence their performance in exercise tests.

Furthermore, while the study used echocardiography to assess PAH, the gold
standard for PAH diagnosis is right heart catheterization. Echocardiography pro-
vides indirect measurements of pulmonary artery pressure based on indicators like
right ventricular function, pulmonary artery diameter, and hemodynamic patterns.
These indirect estimates may introduce errors and affect the accuracy of PAH di-
agnosis. Future research should focus on expanding the sample size and exploring
the specific mechanisms of PAH to better understand the predictive value of CPET
parameters and improve diagnostic accuracy.

Conclusion
In conclusion, WBC, and CPET parameters such as VO2peak, VO2AT, MET-

speak, and WRpeak are linked to the occurrence of PAH in PD patients. Among
these, CPET parameters have demonstrated predictive value for PAH, with MET-
speak showing the highest AUC. Enhancing CPET parameters could potentially
improve cardiopulmonary function in PD patients, help reduce the incidence of
PAH, and offer valuable guidance for clinical prevention and treatment strategies.

Key Points
• WBC is a significant factor contributing to the development of PAH in

PD patients.
• CPET parameters are effective in predicting the occurrence of PAH in PD

patients.
• A close association exists between CPET parameters and the occurrence

of PAH, highlighting their role in assessing cardiopulmonary function.
• METspeak showed the highest AUC for predicting PAH, indicating its

strong predictive value.
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