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ABSTRACT

Background: Current guidelines for managing pulmonary arterial hypertension (PAH) recommend a risk strati-
fication approach. However, the applicability and accuracy of these strategies for PAH associated with congenital
heart disease (PAH-CHD) require further validation. This study aims to validate the reliability and predictive
accuracy of a simplified stratification strategy for PAH-CHD patients over a three-year follow-up. Additionally,
new prognostic variables are identified and novel risk stratification methods are developed for assessing and
managing PAH-CHD patients. Methods: This retrospective study included 126 PAH-CHD patients. Clinical
and biochemical variables across risk groups were assessed using Kruskal-Wallis and Fisher’s exact tests. Indepen-
dent risk factors were identified using ordered logistic regression, while Kaplan-Meier and Cox proportional
hazards regression analyses evaluated their impact on all-cause mortality. A new stratification model for the
PAH-CHD population was constructed based on these analyses. Results: Significant survival differences across
stratified risk groups were observed (p < 0.001), validating the effectiveness of the simplified risk stratification
method in PAH-CHD patients. Prothrombin activity was a strong independent predictor of adverse outcomes
of PAH-CHD patients (Hazard ratio 0.95, p < 0.001, C-index 0.70). A model combining N-terminal pro-brain
natriuretic peptide, prothrombin activity, albumin, and right atrial area achieved an area under the curve of
0.89 and a C-index of 0.85. Conclusions: The simplified risk stratification method is applicable to PAH-CHD
patients. Prothrombin activity is a strong independent predictor of adverse outcomes. A comprehensive risk
stratification approach, incorporating both established and novel biomarkers, enhances accessibility and offers
predictive efficacy during follow-up for PAH-CHD patients, comparable to established models.
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1 Introduction

Pulmonary arterial hypertension (PAH), classified within Group 1 pulmonary hypertension (PH), is a
progressive and potentially fatal disease affecting individuals with varied conditions, including congenital
heart disease (CHD) [1,2]. Characterized by the obstruction of small pulmonary arteries, PAH leads to
increased pulmonary vascular resistance (PVR) and right heart failure [3]. If left untreated, this
progression is often fatal. Despite significant advancements in targeted pharmacotherapy improving
prognosis, PAH continues to impose substantial health burdens, presenting persistent risks of morbidity
and mortality. Current guidelines recommend a goal-oriented therapeutic approach for managing PAH,
underscoring the utility of multiparametric risk stratification to make decisions and improve patient
outcomes [1,4]. Although risk stratification has been validated as effective in some studies, patients with
PAH-associated with CHD (PAH-CHD), are often underrepresented or entirely absent from these cohorts.
Consequently, the applicability of this stratification method to effectively manage PAH-CHD remains
fraught with challenges. A seminal study involving 31 centers in China provided pivotal insights: it
identified that nearly half (49.5%) of PAH cases were PAH-CHD, a rate substantially higher than those
reported in European populations [5—8].

The study aimed to assess the reliability of the simplified stratification strategy specifically for the PAH-
CHD population. Over a three-year follow-up, it evaluated the strategy’s predictive accuracy, analyzed
clinical data using stratified methods, identified superior prognostic variables, and developed a novel risk
stratification model tailored for managing PAH-CHD patients.

2 Methods

2.1 Study Population

This study retrospectively reviewed 146 patients newly diagnosed with CHD using echocardiography
and underwent right heart catheterization (RHC) in the Pulmonary Vascular Disease Center, Gansu
Provincial Hospital, and the Department of Cardiology, The First People’s Hospital of Tianshui, between
January 2019 and September 2023. The inclusion criteria included: PAH was diagnosed according to
guidelines using RHC, defined by a mean pulmonary arterial pressure (mPAP) >20 mmHg, pulmonary
arterial wedge pressure (PAWP) <15 mmHg and PVR > 2 Wood units [1]. Exclusion criteria included
patients with significant comorbid conditions such as advanced liver or renal disease, cancer, and severe
systemic infections. By following these criteria, 126 patients were ultimately considered for further
analysis. The study was approved by the Ethics Committee of Gansu Provincial Hospital (Approval No.
2022-333) and the Ethics Committee of the First People’s Hospital of Tianshui (Approval No. 2024-07).
Informed consent was not required due to the retrospective nature of the study.

2.2 Data Collection

2.2.1 Baseline Characteristics and Clinical Phenotypes

Baseline demographic data were collected from patient medical records, including age, gender, and body
mass index (BMI). Clinical classification of PAH-CHD was categorized into four types: Eisenmenger’s
syndrome, PAH with prior systemic-to-pulmonary shunts, PAH with small/coincidental defects, and PAH
following defect correction [1]. Additionally, we also classified patients based on distinctions between
pre- and post-tricuspid shunts and their complexity [9].

2.2.2 Collection of Additional Stratification Variables

Additional variables were collected for potential use in risk stratification. Complete blood count was
assessed using an automated analyzer (XN-10, Sysmex, Kobe, Japan). Serum biochemical markers,
including liver enzymes, kidney function tests, lipid profile, electrolytes, cardiac enzymes and N-terminal
pro-brain natriuretic peptide (NT-proBNP), were measured with a biochemistry analyzer (Cobas €602,
Roche, Basel, Switzerland), along with cardiac troponin T (Beckman Coulter DXL800, Brea, CA, USA).
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Coagulation profiles were analyzed using a coagulation analyzer (EVOLUTION, Stago, Asnicres-sur-Seine,
France). Arterial blood gases were determined using a blood gas analyzer (GEM5000, Werfen, Bedford, MA,
USA). Echocardiographic parameters were obtained via transthoracic echocardiography using a high-
resolution EPIQ 5 machine (Philips, Eindhoven, Netherlands), evaluating cardiac structures and functions
such as right atrial area (RAA), right ventricular area, ejection fraction, tricuspid annular plane systolic
excursion (TAPSE), and inferior vena cava collapse index. RHC was performed using a Swan-Ganz
catheter (Edwards Lifesciences, Irvine, CA, USA) and a IntelliVue MP50 (Philips, Eindhoven,
Netherlands) hemodynamic monitoring system. Measurements included mPAP and PAWP. PVR was
calculated from cardiac output using the Fick principle [10].

2.3 Risk Stratification

In this study, we employed a simplified risk stratification method adapted from the European Society of
Cardiology and European Respiratory Society guidelines for PAH [1]. The risk stratification utilized multiple
variables including World Health Organization functional class (WHO-FC), 6-minute walk distance (6MWD),
and NT-proBNP. Right atrial pressure (RAP), cardiac index (CI), and mixed venous oxygen saturation (SvO,)
which were measured by RHC. We collected them into a scoring system to categorize patients into low-,
intermediate-, and high-risk groups. Each variable was scored based on established thresholds from
previous studies [6,7]. To categorize patients into risk groups—low-, intermediate-, and high—scores for
each patient were summed and then averaged by dividing by the number of variables assessed. This
average was rounded to the nearest whole number to determine the risk category [4,6,7] (Table S1).

2.4 Follow-Up Protocol

Follow-up was performed through outpatient visits, phone calls, or online meetings. The follow-up team
consisted of attending physicians, cardiology residents, and trained nurses, ensuring comprehensive and
consistent patient monitoring. The main outcome measured was the duration from PAH-CHD diagnosis to
all-cause mortality. For patients who had not undergone surgery at the initiation of the follow-up period
but subsequently received surgical treatment, their follow-up was terminated on the day of surgery.

2.5 Statistical Analysis

Continuous variables were presented as mean + standard deviation (SD) or median with interquartile
range (IQR), based on their distribution. Categorical variables were shown as frequencies and percentages
(%). We used the Kruskal-Wallis H-test to compare continuous variables among the risk groups (low,
medium, high risk), followed by pairwise comparisons with the Mann-Whitney U test, adjusting for
multiple comparisons with the Bonferroni method (Table S2). Fisher’s exact test was applied to
categorical variables. Variables that were significant in the univariate analysis were further analyzed in an
ordered logistic regression model to examine their independent effects on risk classification. Survival
analysis was conducted using the Kaplan-Meier method, with the Log-Rank test comparing survival
across risk groups. The performance of different models in predicting outcomes was assessed with time-
dependent ROC curves. All analyses were performed using R software (version 3.4.3), with p <
0.05 considered statistically significant.

3 Results

3.1 Patient Characteristics and Risk Stratification

In this study involving 126 PAH-CHD patients, we classified them into three risk categories according to
the simplified risk stratification guidelines: low risk (n = 27), intermediate risk (n = 83), and high risk
(n = 16). Our analysis revealed no significant differences in age, gender distribution, or BMI among the
different risk groups. However, significant distinctions were found in key stratification indicators
including WHO-FC, 6MWD, NT-proBNP, and SvO, and CI, both measured by RHC (Table 1).
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Table 1: Baseline characteristics and risk stratification variables
Total population Low risk Intermediate risk High risk p value
(n=126) (n=27) (n=83) (n=16)
Age, year 36.50 (24.25- 32.00 (26.50—  41.00 (24.00— 36.50 (27.00—  0.663
49.00) 51.00) 47.50) 58.00)
Female, n (%) 78 (61.9) 13 (48.2) 56 (67.5) 8 (50) 0.201
BMI, kg/m? 21.16 (18.29— 21.64 (19.37—  21.11 (18.11- 21.12 (19.50—- 0.827
23.10) 22.88) 23.02) 24.15)
Type, n (%) 0.229
1: Pre-tricuspid shunts 38 (30.16) 9 (33.33) 23 (27.71) 6 (37.50)
2: Post-tricuspid shunts 74 (58.73) 18 (66.67) 49 (59.04) 7 (43.75)
3: Complexity 14 (11.11) 0 (0.00) 11 (13.25) 3 (18.75)
Phenotype, n (%) 0.105
1: Eisenmenger syndrome 6 (4.76) 1 (3.70) 2(2.41) 3 (18.75)
2: PAH associated with prevalent systemic- 69 (54.76) 15 (55.56) 49 (59.04) 5(31.25)
to-pulmonary shunts
3: PAH with small/coincidental defects 20 (15.87) 4 (14.81) 12 (14.46) 4 (25.00)
4: PAH after defect correction 31 (24.60) 7 (25.93) 20 (24.10) 4 (25.00)
Anticoagulation, n (%) 0.713
Warfarin 4(3.17) 0 (0.00) 3(3.61) 1 (6.25)
Rivaroxaban 4 (3.17) 1 (3.70) 2 (241) 1 (6.25)
PH-targeted therapy, n(%)
ERA 101 (80.16) 19 (70.37) 68 (81.93) 14 (87.50) 0.312
PDES5 inhibitor 26 (20.63) 6 (22.22) 12 (14.46) 8 (50.00) 0.006
Oral PGI, 35 (27.78) 2 (7.41) 28 (33.73) 5(31.25) 0.028
Intravenous PGI, 2 (1.59) 1 (3.70) 1 (1.20) 0 (0.00) 0.574
sGC 9 (7.14) 0 (0.00) 8 (9.64) 1 (6.25) 0.237
Number of PAH targeted drugs: 1 50 (39.68) 13 (48.15) 33 (39.76) 4 (25.00) 0.013
Number of PAH targeted drugs: 2 54 (42.86) 6 (22.22) 38 (45.78) 10 (62.50) 0.001
Number of PAH targeted drugs: 3 2 (1.59) 1 (3.70) 0 (0.00) 1 (6.25) 0.004
6MWD, m 388.00 (325.00— 438.00 370.00 (312.75— 354.00 <0.001
427.00) (402.50— 412.25) (311.50—
463.00) 392.50)
NT-proBNP, log pg/mL 6.36 + 1.54 4.93 +1.02 6.53 + 1.38 8.03 +0.88 <0.001
WHO-FC, n (%) <0.001
I 1 (0.79) 0 (0.00) 1 (1.20) 0 (0.00)
I 67 (53.17) 27 (100.00) 35 (42.17) 5(31.25)
I 56 (44.44) 0 (0.00) 46 (55.42) 10 (62.50)
v 2 (1.59) 0 (0.00) 1 (1.20) 1 (6.25)
RHC
mPAP, mmHg 59.90 +20.52 53.30+£21.94 60.49 + 19.68 68.00 £20.20  0.068
mSvO,, % 70.50 (64.25— 75.00 (70.50—  70.00 (65.50— 53.00 (44.50—- <0.001
76.00) 78.00) 75.00) 59.50)

(Continued)
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Table 1 (continued)

Total population Low risk Intermediate risk High risk p value
(n = 126) (n=27) (n=83) (n = 16)
CL L/min/m? 2.63 (2.30-3.40) 2.70 (2.50- 2.66 (2.35-3.45) 2.02 (1.58- 0.028
3.50) 3.06)
mRAP, mmHg 4.00 (2.00-7.00) 3.00 (2.00— 4.00 (2.00-6.50) 5.00 (2.75- 0.420
6.50) 10.50)
PCWP, mmHg 7.00 (5.00— 7.00 (6.00— 7.00 (5.00— 7.50 (4.75— 0.911
10.00) 9.00) 10.00) 10.25)
PVR, Wood units 11.10 (6.80— 9.80 (5.40— 11.78 (6.92— 21.16 (9.32— 0.010
21.19) 12.14) 21.09) 25.55)

Notes: Data are presented as mean + SD, number (percentage, n%), or median (interquartile range, IQR). The p values were obtained using the
Kruskal-Wallis H-test to compare continuous variables among the risk groups (low, intermediate, high risk), followed by pairwise comparisons
with the Mann-Whitney U test, adjusting for multiple comparisons with the Bonferroni method. Fisher’s exact test was applied to categorical
variables. Statistically significant (p value < 0.05). BMI: body mass index; 6MWD: 6-min walk distance; WHO-FC: World Health Organization
functional class; mPAP: mean pulmonary arterial pressure; CI: cardiac index; PVR: pulmonary vascular resistance; mSvO,: mixed venous oxygen
saturation; RAP: mean right atrial pressure; ERA indicates endothelin receptor antagonist; PAH: pulmonary arterial hypertension, PDES:
phosphodiesterase type 5; and PGI,: prostacyclin; sGC: soluble guanylate cyclase.

3.2 Hematological Parameters

126 PAH patients were categorized into low-, intermediate-, and high-risk groups. A range of
hematological indices, including white and red blood cell counts, hemoglobin, and platelet counts, along
with differential white cell counts, were examined. No significant differences were found in these
parameters across the risk groups (p > 0.05) (Table 2).

Table 2: Hematological parameters

Low risk Intermediate risk
(n=27) (n=283)

5.30 (4.65-7.15) 5.80 (4.80-7.00)

High risk
(n=16)
6.70 (5.33-8.20) 0.358

Total population p value

(n = 126)
5.80 (4.80-7.18)

WBC count, 10° cells/L

Neutrophil percentage 62.25 (54.80-68.90)  56.30 (53.25— 62.40 (55.35-69.60) 63.10 (57.88- 0.090
66.20) 70.30)
Lymphocyte percentage 28.95 (21.45-36.25)  33.10 (25.10- 28.20 (21.10-35.55)  27.30 (20.00- 0.089
38.30) 29.62)
Monocyte percentage 7.45 (6.10-8.65) 7.60 (6.50-8.15) 7.30 (6.15-9.10) 6.85 (5.72-8.30) 0.701
Eosinophil percentage 0.90 (0.50-1.67) 1.00 (0.65-1.35) 0.80 (0.45-1.70) 1.05 (0.50-1.63) 0.635
Basophil percentage 0.60 (0.40-0.80) 0.50 (0.40-0.90)  0.60 (0.40-0.80) 0.50 (0.40-0.90) 0.944
Neutrophil count, 10° cells/L  3.43 (2.64-4.72) 3.24 (2.46-4.29) 3.40 (2.60—4.48) 4.17 (2.93-5.67) 0.274
Lymphocyte count, 10° cells/L  1.65 (1.22-2.02) 1.90 (1.56-2.31) 1.59 (1.20-1.89) 1.42 (1.12-2.26) 0.080
Monocyte count 0.40 (0.33-0.54) 0.39 (0.34-0.57) 0.41 (0.32-0.54) 0.40 (0.32-0.54) 0.935
Eosinophil count 0.06 (0.03-0.10) 0.06 (0.04-0.12) 0.04 (0.03-0.09) 0.06 (0.03-0.10) 0.377
Basophil count 0.03 (0.02-0.05) 0.03 (0.02-0.05) 0.03 (0.02—0.05) 0.04 (0.02-0.05) 0.764
RBC count, 10'? cells/L 5.28 (4.60-6.27) 5.07 (4.55-5.77) 5.31 (4.70-6.30) 5.83 (4.89-6.56) 0.250
Hemoglobin, g/L 153 (134-182) 153 (137-184) 153 (135-176) 166 (132-194)  0.563
Platelet count, 10° cells/L 169(129-209) 170 (151-242)  173(127-211) 148(126-164) 0.141

Notes: Data are presented as mean + SD, number (percentage, n%), or median (interquartile range, IQR). The p values were obtained using the
Kruskal-Wallis H-test to compare continuous variables among the risk groups (low, medium, high risk), followed by pairwise comparisons with
the Mann-Whitney U test, adjusting for multiple comparisons with the Bonferroni method. Statistically significant (p < 0.05).
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3.3 Biochemical Parameters

In our examination of 126 PAH-CHD patients categorized by risk level (low, intermediate, high),
biochemical parameters were compared. The analysis revealed statistically significant differences across
risk categories in total protein (p = 0.013), albumin (p = 0.006), total bilirubin (p = 0.031), direct
bilirubin (p = 0.014), high-density lipoprotein cholesterol (HDL-C, p = 0.015), lactate dehydrogenase
(LDH, p = 0.022), and calcium (p = 0.021). These findings indicated that patients with high-risk status
exhibited poorer nutritional status and liver function compared to the individuals in the low- and
intermediate-risk groups (Table 3).

Table 3: Biochemical parameters

Total population Low risk Intermediate risk High risk p value
(n = 126) (n=27) (n=83) (n = 16)
Total protein, g/L 71.41 (66.95-74.44)  73.60 (70.24-75.30) 71.02 (65.43-75.16)  68.70 (64.00-72.05) 0.013
Albumin, g/L 41.89 +5.36 44.65 + 6.31 41.35+4.93 39.87 £4.18 0.006
Globulin, g/L 28.64 + 4.65 29.53 £3.33 28.55+5.13 27.54 +£3.81 0.398
Total bilirubin, 23.40 (17.06-31.13) 18.90 (14.82-24.39) 23.69 (17.43-31.80)  26.70 (22.05-40.65) 0.031
umol/L
Direct bilirubin, 5.95 (4.80-8.53) 4.82 (4.21-6.81) 6.10 (5.01-8.75) 8.05 (5.70-10.15) 0.014
umol/L
Indirect bilirubin, 16.95 (12.29-22.18) 14.00 (10.55-17.25) 17.45 (12.80-23.45)  17.60 (13.70-30.35) 0.060
pmol/L
ALT, U/L 19.00 (13.54-28.00) 17.00 (13.50-25.24) 19.00 (13.46-28.00)  27.00 (21.00-30.20) 0.245
AST, U/L 21.00 (18.00-27.00)  20.00 (17.24-24.03) 21.00 (18.00-26.97)  22.00 (20.50-28.00) 0.370
GGT, U/L 24.00 (15.24-48.81) 19.40 (13.39-33.06) 26.75 (15.34-54.13)  34.57 (17.59-44.05) 0.232
ALP, U/L 875.00 (60.00-97.00)  71.58 (60.75-83.00) 77.00 (58.17-98.75)  78.00 (66.00-98.00) 0.651
GFR, mL/min/1.73m? 103.56 (86.73-120.53) 115.93 (100.29— 100.08 (86.42—-124.05) 100.77 (86.09— 0.364
121.10) 107.85)
Uric acid, pmol/L 365.50 (300.51- 325.00 (283.07- 373.40 (310.00- 390.00 (322.50— 0.207
447.19) 421.37) 456.75) 600.00)
Cholesterol, mmol/L  3.58 (3.00—4.16) 3.87 (3.084.33) 3.63 (3.024.16) 3.27 (2.38-3.57) 0.088
Triglycerides, mmol/L  1.10 (0.88-1.55) 1.22 (0.90-1.54) 1.07 (0.89-1.59) 1.07 (0.88-1.40) 0.951
HDL-C, mmol/L 1.05 (0.90-1.18) 1.12 (0.97-1.17) 1.05 (0.90-1.20) 0.90 (0.76-0.97) 0.015
LDL-C, mmol/L 2.01 (1.71-2.54) 2.22 (1.77-2.79) 1.95 (1.65-2.51) 1.90 (1.52-2.10) 0.191
LDH, U/L 233.50 (200.61— 216.00 (191.09— 236.25 (202.50- 255.00 (214.00- 0.022
273.55) 245.60) 285.00) 314.31)
CK, UL 72.45 (51.57-93.98) 78.90 (70.13-98.70) 65.50 (48.75-90.65)  64.00 (51.40-98.50) 0.129
CK-MB, U/L 11.75 (9.03-15.63) 11.54 (9.22-14.68)  11.80 (8.95-15.03) 14.90 (10.00-18.21) 0.627
CRP, mg/L 1.09 (0.40-3.60) 0.66 (0.37-3.40) 1.10 (0.50-3.58) 1.70 (0.60-3.80) 0.374
Homocysteine, pmol/  16.05 (13.00-21.84) 14.09 (11.00-17.59) 16.51 (13.30-22.00)  16.10 (13.00-27.00) 0.248
L
Potassium, mmol/L  4.00 (3.80—4.30) 4.00 (3.90-4.20) 4.00 (3.70-4.30) 4.20 (3.80—4.30) 0.486
Sodium, mmol/L 140.15 +2.87 140.45 +2.66 140.19 +2.88 139.40 +£3.21 0.513

(Continued)
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Table 3 (continued)

Total population Low risk Intermediate risk High risk p value
(n = 126) (n=27) (n = 83) (n = 16)

Chloride, mmol/L 107.25 (104.19— 107.90 (105.78— 107.02 (104.03— 107.80 (104.20— 0.964
109.35) 109.16) 109.65) 109.50)

Calcium, mmol/L 2.30 (2.23-2.39) 2.35(2.29-2.43) 2.30 (2.22-2.38) 2.25 (2.19-2.30) 0.021

Notes: Data are presented as mean + SD, number (percentage, n%), or median (interquartile range, IQR). The p values were obtained using the
Kruskal-Wallis H-test to compare continuous variables among the risk groups (low, intermediate, high risk), followed by pairwise comparisons
with the Mann-Whitney U test, adjusting for multiple comparisons with the Bonferroni method. Statistically significant (p < 0.05). ALT: alanine
aminotransferase; AST: aspartate aminotransferase; GGT: gamma-glutamyl transferase; ALP: alkaline phosphatase; GFR: glomerular filtration
rate; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; CK: creatine kinase; LDH: lactate dehydrogenase;
CK-MB: creatine kinase-MB; CRP: C-reactive protein.

3.4 Coagulation Function Parameters

In our analysis of coagulation function parameters among PAH-CHD patients, we examined
prothrombin activity, international normalized ratio (INR), activated partial thromboplastin time,
fibrinogen, thrombin time, D-dimer, and fibrinogen degradation products, comparing across low-,
intermediate-, and high-risk categories. The findings revealed significant differences in prothrombin
activity (p = 0.004) and INR among the risk groups (p = 0.001), with the high-risk group displaying
lower prothrombin activity and higher INR compared to the low- and intermediate-risk groups (Table 4).

Table 4: Coagulation function parameters

Total population Low risk (n =27) Intermediate risk High risk (n = 16) p value
(n = 126) (n=83)
Prothrombin activity, ~ 90.00 (79.50-99.00) 98.00 (84.50— 90.00 (79.00-98.00) 80.00 (73.50— 0.004
% 104.00) 89.00)
INR 1.06 (1.01-1.15) 1.01 (0.98-1.11)  1.06 (1.01-1.16) 1.14 (1.10-1.20)  0.001
APTT, seconds 37.90 (34.90-41.30) 38.30 (34.50— 37.20 (34.60-41.15) 39.70 (37.30- 0.112
40.10) 44.45)
Fibrinogen, g/L 2.70 (2.38-3.27) 2.70 (2.45-3.23)  2.70 (2.38-3.27) 2.78 (2.27-3.27)  0.981
Thrombin Time, 17.30 (16.50-18.30) 17.40 (16.80— 17.10 (16.50-18.25) 16.70 (16.15- 0.677
seconds 18.45) 18.75)
D-dimer, pg/mL 0.26 (0.20-0.71) 0.20 (0.19-0.44)  0.26 (0.20-0.72) 0.55 (0.20-1.26)  0.166
FDP, pg/mL 1.25 (1.00-2.04) 1.08 (1.00-1.77) 1.38 (1.00-2.10) 1.51 (0.92-4.28)  0.612

Notes: Data are presented as mean + SD, number (percentage, n%), or median (interquartile range, IQR). The p values were obtained using the
Kruskal-Wallis H-test to compare continuous variables among the risk groups (low, intermediate, high risk), followed by pairwise comparisons
with the Mann-Whitney U test, adjusting for multiple comparisons with the Bonferroni method. Statistically significant (p < 0.05). INR:
international normalized ratio; APTT: activated partial thromboplastin time; FDP: fibrin degradation products.

3.5 Echocardiographic and Arterial Blood Gas Analysis Parameters

In the analysis of echocardiographic and arterial blood gas parameters among the three-risk groups,
significant findings included right atrial and ventricular enlargement in the intermediate- and high-risk
groups (p = 0.019 and p = 0.007, respectively), coupled with a decline in TAPSE (p = 0.028).

Hypoxemia was also more severe in these groups (PO, p = 0.011, SO, p < 0.001), suggesting increased
gas exchange inefficiency (Table 5).
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Table 5: Echocardiographic and arterial blood gas analysis parameters

Total population

Low risk (n = 27)

Intermediate risk

High risk (n = 16) p value

(n=126) (n=83)

Echocardiography

TRV, m/s 4.40 (3.89-4.98) 3.99 (3.40-4.86)  4.40 (3.92-4.98) 4.53 (4.24-4.89) 0.210

Right atrial area, cm®  20.00 (16.20-26.00) 17.00 (14.00- 20.00 (16.80-25.25) 30.15 (19.50- 0.019
24.60) 32.78)

Right ventricle area, 30.70 (25.00-36.90) 26.40 (24.30- 30.70 (24.80-36.00) 40.20 (33.73— 0.007

cm? 36.33) 46.20)

TAPSE, mm 19.40 £ 4.46 20.64 £ 4.41 19.50 + 4.51 16.71 +£3.22 0.028

IVC CI > 50%, n (%) 87 (79.09%) 22 (84.62%) 58 (81.69%) 7 (53.85%) 0.056

Arterial blood gases

PO,, mmHg 60.30 (53.00-71.70) 70.65 (61.05— 59.00 (51.00-68.90) 53.40 (49.12— 0.009
76.90) 69.83)

PCO,, mmHg 33.85(30.30-37.48) 33.65 (31.90- 34.65 (30.07-37.48) 30.95 (28.85— 0.634
37.38) 38.12)

SO,, % 89.00 (82.73-92.92) 92.85 (90.20- 88.50 (82.48-91.92) 83.85 (78.65— <0.001
95.28) 86.05)

*SvO,, % 70.50 (64.25-76.00) 75.00 (70.50- 70.00 (65.50-75.00) 53.00 (44.50- <0.001
78.00) 59.50)

Notes: Data are presented as mean + SD, number (percentage, n%), or median (interquartile range, IQR). The p values were obtained using the
Kruskal-Wallis H-test to compare continuous variables among the risk groups (low, intermediate, high risk), followed by pairwise comparisons
with the Mann-Whitney U test, adjusting for multiple comparisons with the Bonferroni method. Statistically significant (p < 0.05). TV: tricuspid
valve; TAPSE: tricuspid annular plane systolic excursion; IVC CI: inferior vena cava collapsibility Index; PO,: partial pressure of oxygen; PCO,:
partial pressure of carbon dioxide; SO,: oxygen saturation. *Blood gas parameters in higher-risk groups may be influenced by the presence of
right-to-left shunts, which are characteristic of Eisenmenger syndrome.

3.6 Predictors in PAH-CHD Risk Stratification

In the ordinal logistic regression analysis assessing the impact of various biochemical and clinical
parameters on risk stratification, prothrombin activity (»p = 0.0042) demonstrated statistically significant
associations (Table 6).

Table 6: Ordinal logistic regression analysis

OR 95% CI Low 95% CI Upp p value
Total protein, g/L 0.9680 0.8625 1.0863 0.5801
Albumin, g/L 0.9906 0.8262 1.1876 0.9183
Total bilirubin, pmol/L 1.0328 0.9689 1.1009 0.3214
Direct bilirubin, umol/L 0.9548 0.7646 1.1923 0.6832
Calcium, mmol/L 0.0116 0.0002 0.8243 0.0405
HDL-C, mmol/L 0.1154 0.0114 1.1657 0.0672
LDH, U/L 1.0062 0.9983 1.0142 0.1219
Prothrombin activity, % 0.9338 0.8910 0.9786 0.0042
INR 0.0166 0.0004 0.7513 0.0351
Right atrial area, cm? 1.0217 0.9440 1.1059 0.5941
Right ventricle area, cm® 0.9812 0.9200 1.0464 0.5629

(Continued)
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Table 6 (continued)

OR 95% CI Low 95% CI Upp p value
TAPSE, mm 0.8861 0.7854 0.9998 0.0495
TRV, m/s 1.6270 0.8135 3.2542 0.1687

Notes: The p values were obtained using an ordered logistic regression model to examine their independent effects on risk classification. Statistically
significant (p < 0.05).

3.7 Prognostic Analysis in the PAH-CHD Population

3.7.1 Simplified Risk Stratification Survival Analysis in PAH-CHD Patients

Patients were categorized into low-, intermediate-, and high-risk categories, following the simplified
stratification strategy. Over a three-year period, within the follow-up time frame, 14 (11%) patients died.
The survival rates were 96.03%, 93.65%, and 88.89% at one, two, and three years, respectively. The low-
risk group achieved a 100% survival rate, while the intermediate-risk and the high-risk groups recorded
declining survival rates of 90.36% and 62.5% by the third year, respectively. Notably, the median
survival for the high-risk group was 26.6 months. A significant difference in survival across the groups
(p < 0.001) confirmed the effectiveness of the simplified risk stratification method for PAH-CHD patients

(Fig. 1).
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Figure 1: The Kaplan-Meier survival curve illustrates the survival probabilities over time for PAH patients
stratified into three risk categories: low, intermediate, and high. The significant difference in survival across
groups (p = 0.0004) affirmed the applicability of the simplified risk stratification method for PAH-CHD
patients

3.7.2 Prothrombin Activity and Mortality Risk in PAH-CHD Patients
Our analysis of 126 PAH-CHD patients, with 14 deaths, showed prothrombin activity significantly
reduced mortality risk by 4.7% per unit increase (Hazard ratio = 0.95, p < 0.001). This highlights its
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importance as a prognostic factor, supported by robust statistical tests and good model predictivity (Harrell’s
C-index = 0.70) (Table 7).

Table 7: Cox analysis of prothrombin activity

Cox analysis

(Coef)  Standard z HR Inverse of hazard  95% CI p value
error ratio
Prothrombin —-0.0470 0.0129 —3.6388 0.9541 1.0481 0.9303, 0.0003
activity 0.9786
Somers’ rank correlation for censored data
C Dxy aDxy SD Z p n
Model 0.6997 0.3993 0.3993 0.1257 3.1767 0.0015 126

3.7.3 Stratified Prothrombin Activity Survival Analysis in PAH-CHD Patients

PAH-CHD patients were stratified into low (>100%), intermediate (70%—100%), and high (<70%) risk
groups based on prothrombin activity. Kaplan-Meier analysis revealed nearly 100% survival for the low-risk
group over three years, a slight decline in survival for the intermediate-risk group, and significantly lower
survival for the high-risk group, especially after 20 months (p < 0.001). This highlights prothrombin
activity as a valuable prognostic marker for PAH patient survival and supports its use in risk stratification
(Fig. 2).
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Figure 2: The Kaplan-Meier survival curve presented illustrates the survival probabilities for three groups
of patients categorized by prothrombin activity levels, with the groups defined as high risk, intermediate risk,
and low risk
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3.7.4 Prognostic Model Assessment in PAH-CHD

A comprehensive risk stratification approach, incorporating NT-proBNP, prothrombin activity, albumin,
and RAA, enhanced accessibility and provided predictive efficacy comparable to established models for
PAH-CHD patients (Fig. 3).
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Figure 3: The figure illustrates ROC curves for PAH-CHD predictive models. The combination of all simple
risk stratification variables is represented by the black curve (AUC 0.84, C-index 0.84). The inclusion of new
markers is shown by the red curve (AUC 0.89, C-index 0.85)

4 Discussion

Current guidelines for PAH recommend a three-strata risk assessment model with a multiparameter to
categorize patients into low-, intermediate-, or high-risk groups. Such stratification not only facilitates
clinical risk assessments but also informs the development of targeted treatment strategies, ultimately
improving the precision and efficacy of management [1].

This stratification strategy has been simplified and validated in several studies, confirming its efficacy.
The SPAHR study, involving seven Swiss Pulmonary Arterial Hypertension centers, conducted a
comprehensive risk stratification of 530 PAH patients using multidimensional criteria including WHO-
FC, 6MWD, RAP, and CI, demonstrating significant long-term survival differences among risk groups at
both diagnosis and during follow-up. However, only 13% of the study population was PAH-CHD patients
[6]. Similarly, the French PH Registry, which analyzed 1591 PAH patients, found a positive correlation
between achieving low-risk criteria within the first year of treatment and higher survival rates. It
advocated for a non-invasive risk assessment tool to identify patients with a low risk of death or lung
transplantation, avoiding routine invasive hemodynamic follow-up assessments for certain patients [&].
The COMPERA study across seven European countries, involving 1588 PAH patients, confirmed the
efficacy of guideline-based risk stratification. It introduced a simplified risk stratification that used six
selected variables to accurately distinguish between risk groups. Among the variables used for risk
stratification, non-invasive variables such as WHO-FC and NT-proBNP provided independent prognostic
information. Nevertheless, PAH-CHD representation was minimal at only 4% [7]. In contrast, a
multicenter Chinese study of 551 PAH patients reported that the largest subgroup was PAH-CHD, with
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273 (49.5%) patients [5]. Another study conducted a 12-month follow-up on Chinese PAH-CHD patients,
identifying 6MWD and NT-proBNP as independent predictors of adverse events [11].

In our study, we implemented the simplified risk stratification approach from the COMPERA study over
a three-year follow-up of a PAH-CHD patient cohort [7]. Our findings corroborated the precision of risk
assessments within this subgroup and further validated the applicability and efficacy of the stratification
method for PAH-CHD patients.

PAH-CHD presents a spectrum of symptoms and complications that vary with the severity of PAH and
the nature of the cardiac defect. Recent investigations have consistently underscored the profound impact of
biochemical markers and therapeutic interventions on the prognosis of PAH-CHD patients. Studies have
shown that individuals with PAH-CHD exhibit elevated hemoglobin and hematocrit levels, along with
higher creatinine and bilirubin abnormalities, leading to organ dysfunction [12-15]. A study by
Scognamiglio G et al. involving 225 adults with PAH-CHD followed them over 4.8 years, with C-
reactive protein identified as a robust predictor of mortality [16]. Additionally, an analysis of 2886 adult
CHD patients demonstrated a clear link between hypoalbuminemia and increased mortality [17]. Data
from the COMPERA registry further revealed that idiopathic PAH patients on anticoagulation therapy
had significantly better three-year survival rates than those without such treatment [18].

Currently, there is no evidence to suggest that involving routine RHC is associated with better
therapeutic outcomes compared to a non-invasive follow-up strategy [4]. In response, we developed a
model that primarily utilizes non-invasive variables to optimize follow-up protocols for this subgroup.
This approach is comparable to the established model and offers additional, easily accessible benefits. It
may present a preferable alternative for risk stratification when RHC is unavailable. Our study confirmed
that incorporating NT-proBNP, prothrombin activity, albumin, and RAA into the risk stratification model
provided an effective and straightforward prognostic prediction for PAH-CHD patients. Specifically,
higher NT-proBNP levels and enlarged RAA are associated with a poorer prognosis, consistent with
previous research findings [6—8]. Regarding new biomarkers, lower prothrombin activity (<70%) and
albumin levels (<40 g/L) indicate a high-risk status, predicting worse disease outcomes. Conversely,
patients with prothrombin activity above 100% and albumin levels above 45 g/L. are categorized as low-
risk, exhibiting better prognoses.

Variations in prothrombin activity across different risk strata may be attributable to a secondary
hypercoagulable state, frequently observed in patients with persistent PAH due to chronic endothelial
damage. Increased shear stress and endothelial dysfunction can also lead to aberrant thrombin generation,
further complicating the coagulation profile [18,19]. In this study, D-dimer levels were compared across
different risk groups. Despite not being statistically significant, an upward trend in D-dimer levels was
observed from low-risk to high-risk groups, particularly in the high-risk group. The lack of significant
findings could be due to the small sample size and potential confounding factors such as comorbidities
and therapeutic interventions. Future studies are needed to expand the sample size and improve control of
confounding variables, ensuring a more precise elucidation of the correlation between D-dimer levels and
risk stratification. NT-proBNP remains an important biomarker widely used in routine practice and
clinical trials at PH centers, with previous studies confirming its effectiveness in risk stratification and
predictive capabilities. Our findings are consistent with these results. In French studies, normal levels of
NT-proBNP showed a sensitivity of 98% for excluding RAP > 8 mmHg and CI < 2.5 L/min/m?, or both
conditions [8].

In this study, WHO-FC and 6MWD were ultimately not included in our model because their inclusion
did not significantly enhance the predictive efficiency compared to the model we developed. This outcome
may be influenced by a lower proportion of WHO-FC IV patients in our cohort and a higher rate of missing
data for 6MWD. Nonetheless, the importance of WHO-FC in assessing quality of life remains critical.
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Moreover, 6 MWD continues to be the most widely used exercise test in PH centers [4]. Echocardiography
remains an essential diagnostic and follow-up tool in the management of PAH [20]. Right artial enlargement
has been recognized in the pathophysiological process of PAH as a risk factor for adverse outcomes. Right
atrial enlargement typically indicates elevated RAP, often resulting from functional tricuspid regurgitation or
increased right ventricular diastolic pressure—both consequences of right ventricular failure. This
enlargement can be quantitatively assessed through echocardiography, providing a non-invasive method
to evaluate the severity of right heart failure. In our research, and similar to findings in the SPAHR study,
the RAA was identified as a major indicator for risk stratification [21,22]. In our study, liver enzymes,
commonly used as indicators of hepatic function, did not exhibit significant variations across different
risk stratifications in patients with PAH-CHD. In contrast, albumin, a liver-synthesized protein and
marker of nutritional status, showed a decrease, particularly in the high-risk group. The decreased
albumin may reflect malnutrition or malabsorption caused by right heart failure inducing systemic
congestion, both of which can impair liver function and reduce protein synthesis. Given the role of
albumin in reflecting systemic health and its prognostic significance in PAH-CHD, further longitudinal
studies are warranted to explore how changes in albumin levels correlate with disease progression and
outcomes.

5 Limitations

Our study was conducted at a single center, which may limit the generalizability of our findings across
populations with different demographic or clinical characteristics. The retrospective design also introduced a
risk of selection bias within the follow-up cohort. Moreover, comorbidities such as coronary artery disease
and chronic obstructive pulmonary disease in older patients with CHD considerably influence the prognosis
and management of PAH-CHD. Future research should aim for a more comprehensive evaluation of
comorbidities to enhance our understanding of their impact on disease progression and patient outcomes.

6 Conclusion

The simplified risk stratification method is applicable to PAH-CHD patients. Prothrombin activity is a
strong independent predictor of adverse outcomes. A comprehensive risk stratification approach,
incorporating both established and novel biomarkers, enhances accessibility and provides predictive
efficacy comparable to established models for PAH-CHD patients during follow-up.
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