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Abstract. Chronic thromboembolic pulmonary hypertension 
(CTEPH) plays a key role in the deterioration of lung hemody‑
namics and contributes to secondary dysfunction of the right 
heart, which is consistently accompanied by systemic malp‑
erfusion and a reduced glomerular filtration rate (GFR). The 
prognosis of CTEPH is markedly influenced by renal function. 
The aim of the present study was to evaluate the prognostic 
value of GFR in patients with CTEPH who have undergone 
balloon pulmonary angioplasty (BPA). From December 2012 to 
September 2020, a total of 47 patients diagnosed with CTEPH 
who received BPA were retrospectively studied. Patients were 
categorized according to their renal function on admission 
into two groups: GFR >53 and ≤53. Biological, clinical and 
demographic data of the patients were collected. Data for the 
two groups in hospital and during follow‑up were systemati‑
cally analyzed and compared. All‑cause mortality, death from 
right heart failure (RHF) and rehospitalization associated 
with RHF were considered major adverse events (MAEs). 
The results revealed that the 6‑min walk distance, N‑terminal 
pro‑B type natriuretic peptide (NT‑proBNP), Troponin I and 
right ventricle diameter were significantly lower, and tricuspid 
annular plane systolic excursion was significantly higher in the 
GFR >53 group compared with the GFR ≤53 group at final 
follow‑up. In addition, GFR levels were significantly correlated 

with NT‑proBNP at baseline and final follow‑up. Furthermore, 
based on a multivariate analysis, it was determined that the 
decreased GFR was an independent predictor of MAEs during 
follow‑up. Therefore, it may be concluded that in addition to 
being associated with right ventricular function, decreased 
GFR is also a prognostic marker in CTEPH treated with BPA.

Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH), 
which may be diagnosed by the identification of precapillary 
pulmonary hypertension (PH) using right heart catheteriza‑
tion (RHC) and imaging results consistent with chronic 
thromboembolism, is a long‑term complication of pulmonary 
embolism (1) with a poor prognosis (2). Due to the persis‑
tence of thrombotic material, the pulmonary arteries become 
obstructed, which triggers secondary right heart dysfunction 
and the impairment of pulmonary hemodynamics, accompa‑
nied by systemic malperfusion (3). Pulmonary endarterectomy 
(PEA) is currently used as an established treatment method 
with the potential to be curative  (2). However, the use of 
PEA is not applicable in approximately one‑third of patients, 
mainly due to the presence of peripheral lesions (4). In such 
cases, balloon pulmonary angioplasty (BPA) is emerging as an 
alternative interventional treatment (5).

Renal insufficiency is one of the most common comorbidi‑
ties in patients who experience dysfunction of the right heart 
attributed to pulmonary arterial hypertension  (6,7). It has 
been suggested that renal failure in patients with pulmonary 
arterial hypertension is caused by an interaction between 
factors associated with renal and cardiac functions (7). It has 
been demonstrated that in patients with CTEPH, the elevation 
of N‑terminal pro‑brain natriuretic peptide (NT‑proBNP) 
levels is reversed in most patients when BPA is performed, 
although not in cases with chronic failure of the right heart (8). 
The accumulation of NT‑proBNP can be attributed to renal 
function impairment characterized by a reduced glomerular 
filtration rate (GFR), which complicates its prognostic utility in 
CTEPH (9,10). A study has shown that chronic kidney disease 
(CKD) is an independent predictor of outcome in patients with 
pulmonary arterial hypertension and is a marker of disease 
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severity (11). BPA facilitates right ventricular recovery and the 
improvement of pulmonary hemodynamics, which promotes 
systemic circulation and ameliorates venous congestion, 
thereby increasing perfusion of the systemic organs (7). It is 
possible that renal function may reflect the effects of BPA on the 
systemic circulation and serve as an indicator for these effects. 

It is not yet known whether GFR levels have any impact 
on the clinical prognosis of patients with CTEPH during 
follow‑up. Therefore, the objective of the present study was to 
investigate the prognostic implications of GFR in patients with 
CTEPH who have undergone BPA.

Materials and methods

Study population. The data in the present study were obtained 
from two prospective studies conducted at The Second 
Affiliated Hospital of Harbin Medical University (Harbin, 
China), with ethical approval numbers SYDWGZR‑2010‑152 
and SYDWGZR‑2013‑088. Each patient included in this 
retrospective study provided written informed consent during 
follow‑up. The study population comprised  47 patients 
(25 male patients and 22 female patients; mean age, 65.34±8.84) 
with confirmed CTEPH as verified by a pulmonary ventila‑
tion/perfusion scan, pulmonary angiography and chest 
computed tomography (CT) scan, at least two of which 
revealed areas of deficient pulmonary blood flow (12,13). 
The diagnostic criteria for CTEPH included: i) Mean pulmo‑
nary artery pressure ≥25 mmHg at rest measured by RHC; 
ii) mismatched perfusion defects stronger than ventilation 
defects observed by lung scanning; iii) evidence of chronic and 
organized thrombi or emboli in proximal pulmonary arteries 
revealed by CT/magnetic resonance imaging or pulmonary 
angiography; iv) exclusion of left heart disease, respiratory 
disorders or other causes of PH (12,13). The exclusion criteria 
included cardiogenic shock, active bleeding or high risk of 
bleeding, interstitial lung disease on high‑resolution CT, 
severe hepatic impairment (Child‑Pugh class C liver disease) 
and left ventricular heart failure with an ejection fraction of 
<30%, severe renal impairment, severe liver disease, inability 
to comply with study procedures and follow‑up visits and a 
life expectancy <6 months.

Patients who were treated with BPA and received intensive 
care in the period from December 2012 to September 2020 
were included in the present study. The patients were grouped 
into two categories based on the renal function levels assessed 
by estimated GFR upon admission. The GFR levels were as 
defined as low level (GFR ≤53 ml/min/1.73 m2) and high level 
(GFR >53 ml/min/1.73 m2).

The pre‑ and post‑operative management of patients with 
CTEPH was performed as described in a previous study (14). 
In summary, all patients underwent a series of examinations 
including clinical examinations, echocardiography, 12‑lead 
electrocardiography, laboratory tests, 6‑min walk tests, CT 
scans, RHC and pulmonary angiography. The final diagnosis of 
CTEPH was established based on the 2015 European Society of 
Cardiology and European Respiratory Society guidelines (15). 
An interdisciplinary CTEPH conference was held for all patients, 
with the aim of conceptualizing the therapeutic approach. BPA 
was performed as a staged procedure based on standard clinical 
practice, with interventional radiologists, cardiologists and 

thoracic surgeons planning the procedure together. BPA sessions 
were held every 4‑8 weeks. Before the BPA sessions, examina‑
tions adapted to the requirements of each patient were followed 
up, with assessment of laboratory test results and clinical status. 
During the study, all patients received BPA therapy four times, 
and after the final BPA procedure, a 6‑month follow‑up with a 
comprehensive assessment including vital signs, laboratory tests, 
RHC and major adverse events (MAEs) was performed (Fig. 1). 
MAEs were defined as all‑cause mortality, death from right 
heart failure (RHF) and rehospitalization associated with RHF.

Echocardiography. All echocardiograms were performed by 
expert sonographers with a 2.5‑MHz transducer using Vivid 
5 ultrasonography equipment (GE Healthcare). All examina‑
tions were subjected to offline analysis by another experienced 
investigator at the center. Offline assessment was conducted 
using commercially available software (EchoPAC, version 8; 
GE Healthcare). A qualitative wall motion score assessed the 
right ventricle (RV) hypokinesis, which was determined at the 
following four locations along the free wall of the right ventricle in 
the apical 4‑chamber view: Apex, midapical free wall, midbasal 
free wall and base  (16). Corresponding echocardiographic 
parameters for evaluating right heart function such as pulmo‑
nary artery systolic pressure (PASP), pulmonary artery diastolic 
pressure (PADP), mean pulmonary artery pressure, pulmonary 
vascular resistance (PVR), RV diameter and RV hypokinesis 
were listed. An M‑mode cursor was utilized to measure tricuspid 
annular plane systolic excursion (TAPSE) in the lateral tricuspid 
annulus from the apical 4‑chamber view (17).

RHC. The diagnostic work‑up included RHC as a key compo‑
nent (15), which was routinely carried out via the internal 
jugular vein on the right side of the body using a standard 
Swan‑Ganz catheter and 6F sheath. Prior to or during RHC, 
no medication modifications were made to the regimens of the 
patients. In particular, no vasoactive agents were administered. 
The RHC assessment indicated that treatment for PH was 
acceptable for all patients, with drugs including riociguat, phos‑
phodiesterase‑5 inhibitors or endothelin receptor antagonists 
being administered. Right heart catheterization hemodynamic 
characteristics including PASP, PADP, right ventricular mean 
pressure, pulmonary arterial oxygen saturation percentage 
(PAO%), right atrial mean pressure, cardiac output, cardiac 
index (CI) and PVR from baseline to follow‑up between the 
two groups according to GFR were also evaluated.

BPA. All patients underwent a comprehensive clinical evalu‑
ation before the first BPA (baseline), before each BPA session 
and 4‑8 months after the last BPA. Assessment at baseline 

Figure 1. Time course of BPA procedures and patient follow‑up. BPA, balloon 
pulmonary angioplasty.
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and the last evaluation included New York Heart Association 
functional class, 6‑min walk distance, blood gases on room 
air, serum levels of NT‑proBNP and complete RHC. Femoral 
or jugular access was used to perform BPA, which was carried 
out under moderate sedation in stages as previously described 
(Fig. 2) (18). All patients accepted rivaroxaban as an anticoagu‑
lant, which was paused on the day of intervention; in addition, 
no bridging therapy with low‑molecular‑weight heparin was 
administered. However, during the evaluation, to maintain 
an activated clotting time of ≥250 sec, ~100 IU/kg heparin 
was administered intravenously to each patient. A 6F sheath 
(Terumo Interventional Systems) was placed in the pulmonary 
artery and intubation of the partially obstructed segmental 
arteries was accomplished via the insertion of a 6F guiding 
catheter (JR4; Covidien; Medtronic) into the pulmonary 
artery. As the guidewire (Runthrough® NS‑PTCA; Terumo 
Interventional Systems) was passed through the obstructing 
endoluminal material, it was directed into the subsegmental 
arterial branches. Multiple inflations of semi‑compliant 
balloons (Emerge; Boston Scientific) were then used to dilate 
the subsegmental branches. The post‑procedure morphologic 
result was documented by a final fluoroscopic exam.

Blood sampling and laboratory assessment. Each patient 
participating in the study underwent blood sampling from 
an elbow vein. NT‑proBNP and troponin I were assessed on 
admission. Elecsys® NT‑proBNP automated electrochemi‑
luminescent sandwich immunoassays (Roche Diagnostics 
GmbH) were used to measure NT‑proBNP in plasma. 
Commercially available immunonephelometric kinetic assays 
(BN ProSpec System; Siemens Healthineers) with CardioPhase 
CRP reagents (Siemens Healthineers) were used to measure 
C‑reactive protein (CRP) levels. Biochemistry measurements 
were also made using a Hitachi 7600 autoanalyzer (Hitachi, 
Ltd.) using the Jaffe kinetic method.

During the baseline evaluation, before and after each BPA 
procedure, and at the end of the study, plain tubes were used 
to collect venous blood for the determination of creatinine 
and urea levels in serum. A modified diet that was designed 
to reduce proteinuria and hyperlipidemia while ensuring 
adequate nutrition by optimizing the intake of calories, 
high quality proteins, sodium, potassium, phosphorus, 
fluids and lipids was administered, and the GFR was calcu‑
lated in order to evaluate chronic renal function (19). The 

estimated GFR was determined using the modification of 
diet in renal disease formula as follows: GFR=186.3 (serum 
creatinine)‑1.154x(age)‑0.203 (x 0.742 if female) (20). Based on the 
Acute Kidney Injury (AKI) Network recommendations, acute 
renal failure was considered as an increase in serum creatinine 
of >0.3 mg/dl (26.4 mmol/l) or ≥150% from baseline (21). In 
most cases, if contrast‑induced renal failure were to develop it 
would occur within 72 h of exposure (22).

Treatment. Several prevention strategies were applied, which 
involved the use of low‑osmolar contrast media in small doses 
(Visipaque; GE Healthcare), nephroprotective drugs and hydra‑
tion during hospitalization. A composition comprising 500 ml 
saline, 20 mg furosemide and 1 g potassium chloride was 
administered to all patients who underwent BPA intervention 
once a day before BPA treatment, once as soon as possible after 
BPA treatment and once during the BPA treatment. Adaptations 
were made based on serum electrolyte levels if necessary.

Statistical analysis. Quantitative data are presented as the 
mean ± standard deviation, and qualitative data are presented 
as frequency (%). Comparisons between groups were made 
using an independent two‑sample t‑test. Comparisons of 
categorical variables were carried out using Chi‑square and 
Fisher's exact tests. Correlations between the residual GFR 
and NT‑proBNP were assessed using Pearson's correlation 
analysis. Univariate and multivariate logistic regression 
analysis were performed in order to identify independent 
predictors of MAEs at final follow‑up. For the comparison of 
RHC hemodynamic characteristics between two groups, the 
data are presented as box plots with a median bar, 25 and 75% 
quartiles and range of values. Statistical analyses were carried 
using SPSS 19.0 version (IBM Corp.). Two‑sided P<0.05 was 
regarded as statistically significant.

Results

Baseline and final follow‑up characteristics. The number of BPA 
interventions performed was 195 (mean, 4 BPAs/patient), and 
the number of vessels treated was 392 (mean, 8 vessels/patient). 
The most frequent complications among the patients who 
underwent BPA were hemoptysis in three cases (6.4%) and 
reperfusion injury in one case (2.1%). However, no cases of 
periinterventional AKI were observed.

Figure 2. Digital subtraction angiography of the middle lobe arteries in a 73‑year‑old woman with inoperable chronic thromboembolic pulmonary hyperten‑
sion at various BPA stages. Pulmonary arteriography (A) before BPA, (B) during the first BPA, (C) during the second BPA and (D) after the final BPA. 
BPA, balloon pulmonary angioplasty.
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The baseline characteristics of patients categorized by 
GFR values are listed in Table I. A significant difference was 
observed between the low and high level GFR groups in terms 
of NT‑proBNP levels (P=0.007). There were no other signifi‑
cant differences identified in any other variables at baseline. 
Characteristics at final follow‑up for patients categorized by 
GFR values are listed in Table  II. NT‑proBNP (P=0.046), 
Troponin I (P<0.001) and right ventricle diameter (P=0.041) 
were significantly lower in the GFR >53 group compared with 
the GFR ≤53 group. 6MWD (P=0.001) and TAPSE (P=0.045) 

was significantly higher in the GFR >53 group compared 
with the GFR ≤53 group. As shown in Fig. 3, the GFR and 
NT‑proBNP levels were significantly correlated at baseline 
and final follow‑up (P<0.001).

RHC. All 47 patients underwent RHC on admission for BPA 
treatment and 41 patients underwent RHC at the final follow‑up. 
The changes in the hemodynamic characteristics determined 
by RHC from baseline to final follow‑up are shown in Fig. 4. 
Among all RHC hemodynamic characteristics, pulmonary 

Table I. Baseline characteristics categorized by GFR values.

Characteristics	 GFR >53 (n=26)	 GFR ≤53 (n=21)	 P‑value

Age at first BPA, years	 67.04±7.47	 63.24±10.07	 0.145
Male, n (%)	 13 (50.00)	 12 (57.14)	 0.770
BMI, kg/m2	 24.08±2.84	 24.29±1.98	 0.777
6MWD, m	 377.38±18.95	 376.90±23.08	 0.938
Duration from PE to CTEPH, months	 16.42±5.84	 14.24±4.87	 0.177
Vital signs			 
  Systolic blood pressure, mmHg	 109.04±11.70	 106.10±14.63	 0.447
  Heart rate, beats/min	 94.19±5.10	 95.33±4.89	 0.441
  Respiratory rate, breaths/min	 22.15±3.55	 22.52±5.62	 0.795
PE location			 
  Unilateral, right	 1 (3.85)	 0 (0.00)	 1.000
  Unilateral, left	 0 (0.00)	 0 (0.00)	 1.000
  Central only	 1 (3.85)	 2 (9.52)	 0.574
  Bilateral only	 14 (53.85)	 10 (47.62)	 0.772
  Central plus bilateral	 10 (38.46)	 9 (42.86)	 0.775
Medical history			 
  Prostanoid	 9 (34.61)	 9 (42.86)	 0.763
  Riociguat	 18 (69.23)	 17 (80.95)	 0.505
  Sildenafil	 7 (26.92)	 5 (23.81)	 1.000
  Endothelin receptor blockers	 13 (50.00)	 15 (71.43)	 0.232
  Diuretic	 18 (69.23)	 17 (80.95)	 0.505
Laboratory testing			 
  D‑dimers, µg/l	 191.31±85.15	 153.10±56.29	 0.084
  NT‑proBNP, pg/ml	 852.00±250.02	 1091.38±331.25	 0.007
  Troponin I, µg/l	 0.77±0.49	 0.84±0.54	 0.648
  Serum sodium, mmol/l	 142.22±2.60	 142.21±0.35	 0.993
Echocardiographic parameters 			 
  PASP, mmHg	 77.08±10.91	 78.33±11.01	 0.698
  PADP, mmHg	 23.19±10.45	 23.33±7.19	 0.958
  mPAP, mmHg	 40.12±6.58	 41.38±7.18	 0.532
  PVR, WU	 4.94±1.64	 4.67±1.34	 0.547
  RV diameter, mm	 37.98±7.08	 39.57±7.80	 0.468
  RV hypokinesis or dyskinesia	 10 (38.46)	 9 (42.86)	 0.775
  TAPSE, cm	 2.12±1.11	 1.91±0.55	 0.418

Mean ± standard deviation and n (%) values are reported for continuous and categorical variables, respectively. GFR, glomerular filtration 
rate; BPA, balloon pulmonary angioplasty; BMI, body mass index; 6MWD, 6‑min walk distance; PE, pulmonary embolism; CTEPH, chronic 
thromboembolic pulmonary hypertension; NT‑proBNP, N‑terminal pro‑B type natriuretic peptide; PASP, pulmonary artery systolic pressure; 
PADP, pulmonary artery diastolic pressure; mPAP, mean pulmonary artery pressure; PVR, pulmonary vascular resistance; RV, right ventricle; 
TAPSE, tricuspid annular plane systolic excursion; WU, Wood units.
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arterial oxygen saturation, cardiac output and CI exhibited an 
increasing trend; pulmonary artery systolic pressure, pulmo‑
nary artery diastolic pressure, right atrial mean pressure and 
pulmonary vascular resistance exhibited a decreasing trend; and 
the right ventricular mean pressure appeared to be unchanged. 
Furthermore, the RHC results of the two groups did not differ 
on admission (Fig. 5A and B). At the final follow‑up, 6 patients 
died before the RHC was performed, and the remaining patients 

in the two groups did not exhibit any significant differences in 
RHC hemodynamic characteristics (Fig. 5C and D).

Major adverse events at final follow‑up. As shown in Table III, 
the proportion of MAEs in the GFR >53 group was signifi‑
cantly lower than that in the GFR ≤53 group at final follow‑up 
(P=0.002). In the univariate logistic regression analysis, MAEs 
were associated with the GFR (odds ratio, 0.730; P=0.001) and 

Figure 3. Correlations between GFR and NT‑proBNP levels. Correlations at (A) baseline (linear correlation equation: y=‑0.02366x + 75.84) and (B) final 
follow‑up (linear correlation equation: y=‑0.04432x + 74.42). GFR, glomerular filtration rate; NT‑proBNP, N‑terminal pro‑B type natriuretic peptide.

Table II. Characteristics at final follow‑up categorized by GFR values. 

Characteristics	 GFR >53 (n=26)	 GFR ≤53 (n=21)	 P‑value

6MWD, m	 425.92±14.63	 408.69±10.47	 0.001
Vital signs			 
  Systolic blood pressure, mmHg	 109.08±14.65	 105.50±15.03	 0.525
  Heart rate, beats/min	 85.46±3.53	 85.25±7.96	 0.925
  Respiratory rate, breaths/min	 19.08±1.80	 18.38±5.12	 0.615
Serum values			 
  WBC, x109/l	 9.60±2.20	 10.53±3.98	 0.458
  CRP, mg/l	 5.42±3.02	 7.19±2.74	 0.111
  D‑dimers, µg/l	 164.62±57.75	 152.81±46.46	 0.547
  NT‑proBNP, pg/ml	 387.31±105.87	 519.94±221.31	 0.046
  Troponin I, µg/l	 0.26±0.19	 0.89±0.29	 <0.001
  Serum sodium, mmol/l	 144.98±2.76	 144.64±3.67	 0.780
Echocardiographic parameters 			 
  PASP, mmHg	 38.44±15.79	 39.75±9.61	 0.768
  PADP, mmHg	 17.04±9.27	 17.88±8.52	 0.773
  mPAP, mmHg	 24.56±11.31	 25.19±3.49	 0.831
  PVR, WU	 2.68±1.63	 3.46±1.78	 0.155
  RV diameter, mm	 34.78±4.79	 41.51±11.14	 0.041
  RV hypokinesis	 13 (50.00)	 16 (76.19)	 0.80
  TAPSE, cm	 3.76±0.52	 3.30±0.66	 0.045

Mean ± standard deviation and n (%) values are reported for continuous and categorical variables, respectively. GFR, glomerular filtration rate; 
6MWD, 6‑min walk distance; WBC, white blood cell; CRP, C‑reactive protein; NT‑proBNP, N‑terminal pro‑B type natriuretic peptide; PASP, 
pulmonary artery systolic pressure; PADP, pulmonary artery diastolic pressure; mPAP, mean pulmonary artery pressure; PVR, pulmonary 
vascular resistance; RV, right ventricle; TAPSE, tricuspid annular plane systolic excursion; WU, Wood units.
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NT‑proBNP (odds ratio, 1.004; P=0.010) (Table IV). The GFR 
(odds ratio, 0.693; P=0.008) was demonstrated to be inde‑
pendently associated with MAEs at the final follow‑up in the 
multivariate logistic regression analysis (Table IV).

Discussion

To the best of our knowledge, this is the first study that has 
investigated the impact of different GFR levels on the clinical 
and prognostic outcome of patients with CTEPH who have 
undergone BPA. The results in the present study showed that 
MAEs during follow‑up can be independently predicted by 
renal function, as indicated by GFR. 

According to a previous study, even symptoms of mild 
renal dysfunction with an estimated GFR of between 
60  and  80  ml/min/1.73  m2 are closely associated with 
cardiovascular disease, and all‑cause mortality can be partly 
attributed to CKD (23). GFR is an important indicator used to 
assess the severity of RHF. RHF leads to reductions in cardiac 
output and blood flow to the kidneys, and the reduction in renal 
perfusion causes the GFR to decline. A markedly reduced GFR 
indicates that RHF has progressed to an advanced stage with 
critical underfilling of the arterial circulation. Monitoring the 
GFR allows clinicians to classify the degree of RHF as mild, 
moderate or severe. A progressive decline in GFR serves as a 
warning of the exacerbation of RHF and systemic congestion. 

Figure 4. Changes of right heart catheterization hemodynamic characteristics from baseline to follow‑up. (A) PASP, PADP, RVMP and PAO%, and (B) RA, CO, CI 
and PVR from baseline to follow‑up. PASP, pulmonary artery systolic pressure; PADP, pulmonary artery diastolic pressure; RVMP, right ventricular mean pressure; 
PAO%, pulmonary arterial oxygen saturation percentage; RA, right atrial mean pressure; CO, cardiac output; CI, cardiac index; PVR, pulmonary vascular resistance.

Figure 5. Comparison of right heart catheterization hemodynamic characteristics between the two groups according to GFR. (A) PASP, PADP, RVMP and 
PAO% and (B) RA, CO, CI and PVR on admission. (C) PASP, PADP, RV and PAO% and (D) RA, CO, CI and PVR at final follow‑up. The data are presented 
as box plots with a median bar, 25 and 75% quartiles and range of values. GFR, glomerular filtration rate; PASP, pulmonary artery systolic pressure; PADP, 
pulmonary artery diastolic pressure; RVMP, right ventricular mean pressure; PAO%, pulmonary arterial oxygen saturation percentage; RA, right atrial mean 
pressure; CO, cardiac output; CI, cardiac index; PVR, pulmonary vascular resistance.
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Thus, monitoring GFR over time provides crucial information 
about the status of right heart function and fluid overload in 
patients with RHF (24). There is evidence to support the notion 
that renal function is associated with outcome in patients with 
pulmonary arterial hypertension  (25). Venous congestion, 
caused by PH‑associated RHF, is generally considered to be 
one of the main reasons for renal dysfunction (26). Insufficient 
cardiac output, congestion of the retrograde veins and feed‑
back from the secondary neurohumoral system are suggested 
to be the major mechanisms leading to malperfusion (27). 
The procedure used to assess renal function in patients with 
CTEPH who undergo BPA deserves further discussion.

It is currently considered that BPA should be carried out in 
stages involving several sessions at intervals of 4‑8 weeks (28). 
BPA can result in a distinct reduction in reperfusion injury but 
has the disadvantages of increasing the number of interven‑
tions, and the utilization of iodine contrast agents and radiation. 
According to the present research, following BPA, the renal func‑
tion of patients significantly improved and no periinterventional 
AKI was detected. Three mechanisms for the improvement may 
be proposed as follows: i) Following strict periprocedural renal 
protection guidelines, including nephroprotective drugs, hydra‑
tion and low‑dose contrast media prior to each BPA; ii) the BPA 
therapy effectively increases circulating blood volume, and the 
appropriate perfusion of tissues is preserved, improving renal 
function; iii) venous congestion, known to be a major cause of 
worsening renal function in patients with decompensated heart 
failure (29,30), is reduced.

Previous studies have examined the frequent coincidence of 
cardiac disease and renal dysfunction, including chronic renal 
impairment as a comorbidity of PH. It is possible that chronic 

increases in the right ventricular afterload may ultimately RHF, 
resulting in backward failure and congestion of the veins, further 
contributing to renal failure. This may ultimately result is reduc‑
tion of the estimated GFR (31). It has been reported that venous 
congestion following a reduction in the circulating blood volume 
is potentially the main cause of renal insufficiency (26). Based 
on the analysis of a cohort of patients with pulmonary arterial 
hypertension, Bitker et al (6) reported that CI and right atrial 
pressure correlated with estimated GFR at baseline. Following 
BPA therapy, the improvement of pulmonary hemodynamics 
led to decreased pressure in the right heart, which was reflected 
in the reduction of NT‑proBNP concentration and venous 
congestion and thereby improved renal function in two other 
studies (32,33). Importantly, these findings indicate that there 
is a balance between the advantage mediated by hemodynamic 
improvements, possibly through improved venous congestion, 
and the disadvantage of renal function impairment.

In addition to expanding the coronary and lung circula‑
tion, BNP reduces myocardial oxygen consumption and 
increases coronary blood flow, which prevents cardiac remod‑
eling (34,35). The present study revealed that the serum levels 
of troponin I and NT‑proBNP were significantly decreased in 
the GFR >53 group at final follow‑up. Thus, we hypothesize that 
an elevated GFR is an indicator of improved perfusion of the 
myocardium, limited myocardial impairment size, ameliorated 
dysfunction of the heart and reduced ventricular remodeling in 
patients with CTEPH who receive BPA. The findings support 
this, as they suggest that all patients with CTEPH after BPA 
may experience a significant improvement in renal func‑
tion. In the cohort in the present study, the GFR exhibited an 
independent association with clinical prognosis at follow‑up, 

Table III. Major adverse events at final follow‑up.

Events	 GFR >53 (n=26)	 GFR ≤53 (n=21)	 P‑value

MAEs	 12 (46.15)	 19 (90.48)	 0.002
All‑cause mortality 	 1 (3.85)	 5 (23.81)	 0.076
Death from RHF	 1 (3.85)	 4 (16.80)	 0.158
Rehospitalization	 10 (38.46)	 10 (47.62)	 0.566
associated with RHF			 

Values are presented as n (%). GFR, glomerular filtration rate; MAEs, major adverse events; RHF, right heart failure.

Table IV. Univariate and multivariate logistic regression analysis of MAEs at final follow‑up.

	 Univariate	 Multivariate
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variable	O dds ratio (95% CI)	 P‑value	O dds ratio (95% CI)	 P‑value

6MWD	 0.975 (0.944‑1.007)	 0.128	 ‑	 ‑
Heart rate	 1.017 (0.900‑1.148)	 0.729	 ‑	 ‑
GFR	 0.730 (0.603‑0.885)	 0.001	 0.693 (0.529‑0.908)	 0.008
NT‑proBNP	 1.004 (1.001‑1.008)	 0.010	 1.002 (0.999‑1.006)	 0.222

CI, confidence interval; 6MWD, 6‑min walk distance; GFR, estimated glomerular filtration rate; NT‑proBNP, N‑terminal pro‑B type natriuretic 
peptide.
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which may be interpreted as indicating the predominant role of 
venous congestion in the context of renal function.

We hypothesize that patients with CTEPH and less 
impairment of the kidney function at baseline may have 
greater physiological reserves enabling them to endure the 
intraprocedural hemodynamic shifts during BPA. Preserved 
renal perfusion and the avoidance of AKI during BPA may 
portend improved postoperative recovery of kidney function. 
This mitigates the risk of exacerbated CKD progression, 
which has established associations with morbidity and 
mortality. Therefore, less compromised baseline renal func‑
tion in patients with CTEPH undergoing BPA may confer 
protection against perioperative renal decompensation, 
which may translate to more optimal long‑term outcomes. 
However, further research is required to precisely define the 
relationship between pre‑procedural renal function, the risk 
of worsening kidney dysfunction with BPA, and post‑BPA 
prognosis.

The present study has certain limitations. Firstly, a rela‑
tively small number of patients were included in the study. 
Secondly, considering the retrospective nature of the study and 
its single‑center design, a significant referral bias may exist. 
Thirdly, few data were collected on long‑term events and 
follow‑up, and it is planned to collect more of such data in 
a future study. In conclusion, the present study indicated that 
besides being associated with right ventricular function, GFR 
is also a prognostic marker in CTEPH treated with BPA.
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