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Abstract

Chronic thromboembolic pulmonary hypertension (CTEPH) is a progressive

pulmonary vascular disease characterized by pulmonary artery stenosis or

obstructions resulting from insufficient thrombus resolution. Chemokine

(C‐X‐C motif) ligand 10 (CXCL10) is a chemokine that contributes to the

pathogenesis of many autoimmune diseases and cancers. The present study

aims to investigate the levels of CXCL10 in patients with CTEPH throughout

balloon pulmonary angioplasty (BPA) and its correlation with the improve-

ment of pulmonary hemodynamics. Plasma CXCL10 levels were measured in

38 CTEPH patients with 100 BPA sessions and in 28 healthy controls.

Correlations between CXCL10 and pulmonary hemodynamics were investi-

gated. Receiver operating characteristic (ROC) curves were plotted to display

the diagnostic value and the predictive ability for perioperative complications

of CXCL10 and CXCL10‐related models. Nomograms were plotted to visualize

the diagnostic value and the predictive ability for perioperative complications

of CXCL10 and CXCL10‐related models. CXCL10 levels are higher in CTEPH

patients compared with healthy controls (36.5 [95% confidence interval {CI}:

25.0–51.1] vs. 14.8 [95% CI: 11.1–30.9], p< 0.0001) and decreased significantly

after BPA treatment (36.5 [95% CI: 25.0–51.1] vs. 24.7 [95% CI: 17.2–36.6],
p< 0.0005). Preoperative CXCL10 levels positively correlated with mean right

atrial pressure (r= 0.25), systolic pulmonary artery pressure (PAP; r= 0.28),

diastolic PAP (r= 0.33), mean PAP (r= 0.36), pulmonary vascular resistance

(r= 0.31), and N‐terminal pro‐B‐type natriuretic peptide (NT‐proBNP;
r= 0.46). Furthermore, plasma CXCL10 levels adjusting for age and sex

displayed a sensitivity of 86.0% and a specificity of 67.9% for discriminating

CTEPH patients from healthy controls. Preoperative CXCL10 levels, in

Pulmonary Circulation. 2022;12:e12091. wileyonlinelibrary.com/journal/pul2 | 1 of 13
https://doi.org/10.1002/pul2.12091

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. Pulmonary Circulation published by John Wiley & Sons Ltd on behalf of Pulmonary Vascular Research Institute.

Cheng Hong, Jianmin Lu, and Riken Chen contributed equally to this work.

https://orcid.org/0000-0002-0710-8757
mailto:gyfyyhc@126.com
https://onlinelibrary.wiley.com/journal/20458940


combination with NT‐proBNP, predicted perioperative complications with a

sensitivity of 100.0% and a specificity of 46.9% as displayed in ROC analysis. In

conclusion, circulating CXCL10 might contribute to the evaluation of disease

severity in CTEPH patients and be useful to evaluate the treatment effect of

BPA. Future studies are warranted to further study the relationship between

pulmonary hemodynamics and circulating CXCL10.
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INTRODUCTION

Chronic thromboembolic pulmonary hypertension
(CTEPH) is a progressive pulmonary vascular disease
characterized by pulmonary artery stenosis or obstruc-
tions resulting from insufficient thrombus resolution and
vascular remodeling.1 Elevated pulmonary vascular
resistance (PVR), along with severe pulmonary hyper-
tension, might eventually lead to right heart failure and
death if left untreated.2 Due to the nonspecific symptoms
throughout the course of the disease and the infrequent
use of lung ventilation/perfusion scintigraphy, CTEPH is
likely underdiagnosed and diagnosis is delayed;1 thus,
the search for biomarkers facilitating diagnosis and
predictors of outcome has never come to an end.

The mechanism of pulmonary hypertension in CTEPH
is multifactorial and recent insights have revealed an
important role of inflammation in the development and
progression of the disease.3 As compared with healthy
controls, a variety of abnormally elevated autoimmune and
inflammatory markers have been found in patients with
CTEPH, and some of them, such as C‐reactive protein,
reduced after pulmonary endarterectomy (PEA) or balloon
pulmonary angioplasty (BPA).3–6 Furthermore, surgical
tissues harvested from patients who underwent PEA
showed a significant upregulation of inflammatory mark-
ers, such as interleukin‐6, monocyte chemoattractant
protein‐1, and chemokine (C‐X‐C motif) ligand 10
(CXCL10), as compared with lung tissue from healthy
controls.7 Interestingly, recent results showed that circulat-
ing CXCL10, also known as interferon‐γ‐induced protein‐
10, a chemokine that appears to contribute to the
pathogenesis of many autoimmune diseases and cancers,8

was negatively correlated with baseline exercise capacity
and cardiac output (CO) in patients with CTEPH.7 CXCL10
is a ligand of CXCR3 secreted by several cell types,
including T lymphocytes, neutrophils, monocytes, endothe-
lial cells, and fibroblasts.8 Previous studies have shown that
CXCL10 causes endothelial dysfunction in human

pulmonary artery endothelial cells while facilitating fibro-
blasts migration,7,9 which might contribute to the formation
of unresolved thromboembolic material and the progres-
sion of vascular remodeling.

Although PEA remains the treatment of choice for
patients with CTEPH,10 BPA has emerged as a novel
endovascular treatment for patients ineligible for PEA
due to distal disease or the presence of comorbidities.11

Performed in staged procedures, BPA dilates narrowed or
obstructed segmental and subsegmental pulmonary
arteries, significantly improving patients&#39; pulmo-
nary hemodynamics, exercise capacity, and right heart
function, with a relatively low rate of complications.12,13

Potential changes of CXCL10 levels in patients with
CTEPH throughout BPA treatment and its relation to the
improvement of pulmonary hemodynamics and exercise
capacity have never been investigated. Our hypothesis is
that abnormally upregulated circulating CXCL10 levels
in CTEPH patients might decrease after BPA treatment,
which might be correlated with patients&#39; improving
pulmonary hemodynamics.

The present study aims to evaluate the diagnostic
value of CXCL10 in patients with CTEPH; to investigate
the levels of CXCL10 throughout BPA‐staged procedures
and its correlation with pulmonary hemodynamics and
exercise capacity in patients with CTEPH; and to
investigate the possibility of pre‐BPA CXCL10 levels, in
combination with N‐terminal pro‐B‐type natriuretic
peptide (NT‐proBNP) and pulmonary hemodynamics
parameters, as the predictors of BPA perioperative
complications.

METHODS

The present study was approved by the institutional
review board of the First Affiliated Hospital of our
Medical University (No. 202172). Written informed
consent was obtained from all participants in this study.
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Study population

Thirty‐eight consecutive patients with CTEPH, who
underwent at least two BPA sessions from January 2019
to August 2021 in the First Affiliated Hospital of
Guangzhou Medical University, were included. A total of
100 BPA sessions were evaluated. Patients with inoperable
CTEPH were diagnosed by a multidisciplinary CTEPH
team based on the current guideline.10 In addition, 28 sex‐
and age‐matched healthy controls who had normal
echocardiographic and electrocardiography findings, and
attended their routine clinical examination, were included.

Patient evaluation and right heart
catheterization (RHC)

Upon admission, World Health Organization (WHO)
functional class, 6 min walk distance (6MWD), and
serum level of NT‐proBNP were evaluated in all CTEPH
patients. RHC was performed using a Swan–Ganz
catheter before and immediately after each BPA proce-
dure. Hemodynamic parameters, including pulmonary
artery pressure (PAP), pulmonary arterial wedge pres-
sure, mean right atrial pressure (RAP), pulmonary
arterial oxygen saturation, and mixed venous oxygen
saturation were measured. CO was assessed by the
thermodilution method and cardiac index (CI) and PVR
were calculated based on previous measurements.

BPA

We performed BPA as a staged procedure in a standard
manner as described previously.14 Briefly, BPA was
performed via right femoral venous access. A 70 cm
7‐French vascular sheath was inserted into the vein,
through which a 6‐French guiding catheter was
advanced into the target pulmonary artery. We selected
target vessels appropriate for angioplasty and target
lesions with webs, filling defects, or complete occlusion,
based on selective pulmonary angiography and optical
coherence tomography. A 0.014 in guidewire was passed
through the target lesion and the target lesion was dilated
to an appropriate size by multiple balloon inflations
manually using semicompliant balloons (diameter range
2.0–6.0 mm) depending on vessel diameter. Generally,
2–14 segmental or subsegmental arteries were treated in
each session according to patient condition and the
amount of contrast media given (<300ml). Two BPA
sessions were performed at 1–2 months intervals until
mean PAP below 30mmHg was achieved and/or when
all accessible lesions have been treated.

BPA‐related complications

In this study, perioperative complications related to BPA
were defined as follows: (1) hemoptysis; (2) severe cough
with an increase in heart rate and/or a decrease of
oxygen saturation, requiring supplemental oxygenation;
(3) reperfusion pulmonary edema (RPO), defined as
chest X‐ray opacities in the segment treated with BPA;
(4) the use of mechanical ventilation or extracorporeal
membrane oxygenation; and (5) renal dysfunction.

Blood samples

Blood samples of all BPA sessions were prospectively
collected from all CTEPH patients when undergoing pre‐
BPA RHC. Venous blood samples of healthy controls
were prospectively collected when undergoing routine
clinical examination. All blood samples were collected
using 10ml EDTA BD Vacutainer tubes and underwent
the same procedure. Blood samples were left for 30 min
at room temperature and then centrifuged at 1000g for
10min. Plasma was collected, aliquoted, and stored at
−80°C until used.

A total of 100 blood samples from 38 CTEPH patients
were collected before each BPA session and a total of 28
blood samples from 28 healthy controls were included for
analysis. Specifically, as all blood samples of CTEPH
patients were collected before each BPA procedure, the
blood sample of the first session in each patient
represents his/her baseline condition, whereas blood
samples from the second session represent the condition
after the first sessions and so on.

Enzyme‐linked immunosorbent assay
(ELISA)

Plasma CXCL10 levels were quantified in the ELISA
method using a Human IP‐10 ELISA Kit (LAIZEE
BIOTECH CO, China). For CXCL10 quantification by
ELISA, 100 µl of plasma sample was used. All ELISA
procedures were performed according to the standard
protocol provided by the manufacturer.

Statistical analysis

Continuous variables are expressed as mean ± SD or
median and interquartile range according to variable
distribution. Categorical variables, such as gender, WHO
functional class, and incidence of complications,
were expressed as numbers and percentages, and were
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compared using the χ2 test for independence or
Fisher&#39;s exact test. Differences in continuous
variables, such as CXCL10 levels and hemodynamic
parameters, were compared using the independent
Student&#39;s t test for normally distributed variables
and the Mann–Whitney U test for non‐normally distrib-
uted variables, and the Wilcoxon matched‐pairs signed‐
rank test as appropriate. When comparing multiple
groups, the Kruskal–Wallis tests were performed fol-
lowed by multiple comparisons. The Spearman test was
performed to assess the associations between CXCL10
and pulmonary hemodynamics. Receiver operating
characteristic (ROC) curves were plotted to display
the diagnostic value, as well as the predictive ability
for perioperative complications of CXCL10 and
CXCL10‐related models. Optimal thresholds and their
corresponding sensitivity and specificity were based on
Youden&#39;s index. Delong&#39;s test was used to
compare the area under the ROC curves (AUCs) of
two ROC curves. Multivariable logistic regression analy-
sis with the “Enter” method was performed to derive
predicted probabilities from different CXCL10‐related
models for subsequent ROC analysis. Nomograms were
built based on the results of multivariate analysis and
through the rms package in R version 4.1.2 (http://www.
r-project.org/). The maximum score of each variable was
set as 100. The performance of the nomogram was
measured based on the Harrel concordance index
(C‐index). Bootstraps of 1000 resamples were set and
calibration curves were calculated by the regression
analysis.

All statistical analyses were performed using R
(Version 4.1.2), IBM SPSS Statistics (Version 25.0), and
MedCalc (Version 20.011). A p< 0.05 was considered
statistically significant.

RESULTS

Population characteristics

The clinical features of the patients with CTEPH and
healthy controls are reported in Table 1. In 38 CTEPH
patients, the mean age was 63 ± 11 years old and 29 of
them (76%) were female. A total of 100 BPA sessions
were performed (2 [2,3] sessions/patient) and the interval
between each BPA session was 70 (34,117) days. Half of
the patients had a WHO functional class of Ⅲ or Ⅳ
(19, 50%) at the time of the first BPA session. Pulmonary
arterial hypertension (PAH) targeted therapy was
administrated to 23 (60.5%) patients and all patients
received anticoagulant therapy with warfarin or new oral
anticoagulants, including Rivaroxaban and Dabigatran.

In 28 healthy controls, the mean age was 59 ± 6 years old
and 18 of them (64%) were female.

Plasma CXCL10 levels are higher in
CTEPH patients and decreased after BPA

Improvements in pulmonary hemodynamics and exer-
cise capacity in patients with CTEPH undergoing BPA
are shown in Table 2. Plasma CXCL10 levels were
evaluated in patients with CTEPH undergoing BPA and
healthy controls. As compared with healthy controls,
patients with CTEPH showed a higher level of CXCL10
at baseline (Figure 1a). Furthermore, CXCL10 levels
decreased gradually as BPA treatment proceeded
(Figure 1c). As compared with the baseline, CXCL10
levels decreased significantly after BPA treatment
(Figure 1a). A significant decrease was also found when
comparing patients&#39; CXCL10 levels at baseline and
at their last BPA sessions in matched pairs (Figure 1b). In
a subgroup analysis, no significant difference in baseline
CXCL10 levels was observed between patients who
received PAH‐targeted therapy and those who did not
(Figure 2a). Similarly, CXCL10 levels decreased signifi-
cantly after BPA treatment in both groups.

Preoperative CXCL10 levels are
significantly correlated with pulmonary
hemodynamics in CTEPH patients
undergoing BPA

We performed a Spearman analysis between preoperative
CXCL10 levels and pulmonary hemodynamics in pa-
tients with CTEPH undergoing BPA (Figure 3). There is a
significant positive correlation between CXCL10 and
mean RAP (r= 0.25), systolic PAP (r= 0.28), diastolic
PAP (r= 0.33), mean PAP (r= 0.36), PVR (r= 0.31), and
NT‐proBNP (r= 0.46). However, there is no correlation
demonstrated between CXCL10 and CO, CI, or 6MWD.
Moreover, no correlations were demonstrated between
baseline CXCL10 and baseline pulmonary hemo-
dynamics in patients with CTEPH (Figure S1).

ROC analysis of CXCL10 for diagnosis
of CTEPH

Next, we performed an ROC analysis to assess the ability
of CXCL10 for discriminating CTEPH patients from
healthy controls (Table 3). CXCL10 alone displayed an
AUC of 0.80 (95% confidence interval [CI] 0.69–0.89),
with a sensitivity of 81.4% and a specificity of 71.4%
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under the optimal cutoff value of 18.6 pg/ml (Figure 4a).
After adjusting for age and sex with a logistic regression
model, subsequent ROC analysis showed an AUC of 0.83
(95% CI: 0.72–0.91) with a sensitivity of 86.0%, a
specificity of 67.9%, and a negative predictive value of

76% under the optimal cutoff value of 0.452 (Figure 4a,b).
A nomogram was built based on the results of univariate
analysis. The probability of CTEPH was obtained based
on the bottom point scale of the nomogram (Figure 4c).
The calibration plots on bootstrap resampling validation

TABLE 1 Baseline characteristics of CTEPH patients and healthy controls

CTEPH
patients

Healthy
controls p

Subjects (n) 38 28

Age (years) 63 ± 11 59 ± 6 0.13

Female (n, %) 29 (76%) 18 (64%) 0.286

BPA sessions/patient 2 (2–3)

Total BPA sessions 100

Interval between BPA (days) 70 (34–117)

Exercise capacity

WHO functional class (Ⅰ–Ⅱ/Ⅲ–Ⅳ, %) 50%/50%

6MWD (m) 369 ± 81

Pulmonary hemodynamics

Mean RAP (mmHg) 6 (4–10)

Systolic PAP (mmHg) 80 ± 27

Diastolic PAP (mmHg) 25 ± 10

Mean PAP (mmHg) 44 ± 14

PVR (Wood Unit) 9.8 (7.2–17.1)

Cardiac output (L/min) 3.3 (2.5–4.5)

Cardiac index (L/min*m2) 2.0 (1.6–3.0)

PASO2 (%) 61 ± 9

MVSO2 (%) 94 (91–97)

NT‐proBNP (pg/ml) 838 (217–2114)

PAH‐targeted therapy (n, %) 23 (60.5%)

Riociguat 13 (34.2)

Macitentan 2 (5.3)

Treprostinil 7 (18.4)

Tadalafil 3 (7.9)

Sildenafil 3 (7.9)

Ambrisentan 2 (5.3)

Anticoagulation (n, %) 38 (100%)

Warfarin 8 (21.1)

Rivaroxaban 28 (73.7)

Dabigatran 2 (5.3)

Note: Data are presented as median and interquartile range or n (%).

Abbreviations: 6MWD, 6min walk distance; CTEPH, chronic thromboembolic pulmonary hypertension; MVSO2, mixed venous oxygen saturation;
NT‐proBNP, N‐terminal pro‐B‐type natriuretic peptide; PAH, pulmonary arterial hypertension; PAP, pulmonary artery pressure; PASO2, pulmonary arterial
oxygen saturation; PVR, pulmonary vascular resistance; RAP, right atrium pressure; WHO, World Health Organization.
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TABLE 2 Comparison of CXCL10,
NT‐proBNP, pulmonary hemodynamics,
and exercise capacity between baseline
and last BPA in CTEPH patients

Baseline Last BPA p

CXCL10 (pg/ml) 36.5 (25.0–51.1) 24.7 (17.2–36.7) 0.005

0.0004a

NT‐proBNP (pg/ml) 838 (217–2114) 267 (49–1471) 0.005

Pulmonary hemodynamics

Mean RAP (mmHg) 6 (4–10) 5 (3–9) 0.401

Systolic PAP (mmHg) 80 ± 27 68 ± 24 0.051

Diastolic PAP (mmHg) 25 ± 10 21 ± 8 0.051

Mean PAP (mmHg) 44 ± 14 38 ± 12 0.028

PVR (Wood Unit) 9.8 (7.2–17.1) 6.7 (4.8–9.9) 0.005

Cardiac output (L/min) 3.3 (2.5–4.5) 4.1 (3.5–5.1) 0.026

Cardiac index (L/min*m2) 2.0 (1.6–3.0) 0.027

Exercise capacity

WHO functional class (Ⅰ–Ⅱ/Ⅲ–Ⅳ, %) 50%/50% 16%/84% 0.002

6MWD (m) 369 ± 80 376 ± 101 0.786

Note: Data are presented as median and interquartile range or n (%).

Abbreviations: 6MWD, 6min walk distance; BPA, balloon pulmonary angioplasty; CTEPH, chronic
thromboembolic pulmonary hypertension; CXCL10, chemokine (C‐X‐C motif) ligand 10; NT‐proBNP,
N‐terminal pro‐B‐type natriuretic peptide; PAP, pulmonary artery pressure; PVR, pulmonary vascular
resistance; RAP, right atrium pressure; WHO, World health organization.
aWilcoxon matched‐pairs signed‐rank test.

FIGURE 1 Plasma chemokine (C‐X‐C motif) ligand 10 (CXCL10) levels of healthy controls and chronic thromboembolic pulmonary
hypertension (CTEPH) patients undergoing balloon pulmonary angioplasty (BPA). (a)Plasma CXCL10 levels of CTEPH patients at baseline,
at the last BPA session, and of healthy controls. (2) CTEPH patients&#39; plasma CXCL10 levels at baseline and at their last BPA sessions in
matched pairs. (3) Changes of plasma CXCL10 levels during BPA treatment.
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are illustrated in Figure S2a. The C‐index for the
prediction of CTEPH was 0.82.

ROC analyses of preoperative CXCL10 and
related models for prediction of
perioperative complications

In the present study, in 100 BPA sessions, perioperative
complications were noted in 11 sessions. Hemoptysis,
severe cough, and RPO were noted in 6 (6.0%), 1 (1.0%),

and 4 (4.0%) BPA sessions, respectively (Table 4). No
patients suffered renal dysfunction postprocedure, or
required mechanical ventilation or extracorporeal mem-
brane oxygenation. No significant difference in pre-
operative CXCL10 levels was observed between BPA
sessions with complications and those without
(Figure 2b). ROC analysis was performed to assess the
ability of preoperative CXCL10 and related models for
the prediction of perioperative complications in BPA
sessions (Table 5). CXCL10 alone displayed an AUC of
0.62 (95% CI: 0.52–0.72), with a sensitivity of 100.0% and

FIGURE 2 Subgroup analysis of chemokine (C‐X‐C motif) ligand 10 (CXCL10) levels in chronic thromboembolic pulmonary
hypertension (CTEPH) patients and balloon pulmonary angioplasty (BPA) sessions. (a) Comparison of CXCL10 levels between patients who
received pulmonary arterial hypertension (PAH)‐targeted therapy and those who did not, at baseline and at the last BPA session (23 patients
with PAH‐targeted therapy vs. 15 patients without PAH‐targeted therapy). (b) Comparison of preoperative CXCL10 levels between BPA
sessions with complications and those without complications (89 sessions without complications vs. 11 sessions with complications).

FIGURE 3 Correlations of preoperative plasma chemokine (C‐X‐C motif) ligand 10 (CXCL10) levels with (a) mean right atrial pressure
(RAP), (b) systolic pulmonary artery pressure (PAP), (c) diastolic PAP, (d) mean PAP, (e) pulmonary vascular resistance (PVR), and
(f) N‐terminal pro‐B‐type natriuretic peptide (NT‐proBNP) in patients with chronic thromboembolic pulmonary hypertension (CTEPH)
undergoing balloon pulmonary angioplasty (n= 100 sessions).
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a specificity of 31.5% under the optimal cutoff value of
39.4 pg/ml. Next, six logistic regression models, derived
from a series of combinations of CXCL10, NT‐proBNP,
mPAP, and PVR, were fitted with subsequent ROC
analysis (Table T1). Of them, two logistic regression
models, with the most optimal AUC in the subsequent
ROC analysis to assess the predictive value of CXCL10
and NT‐proBNP (Model 1), and CXCL10, NT‐proBNP,
mean PAP, and PVR (Model 2) are displayed (Table 5
and Figure 5a,b). Two nomograms were built based on
the results of multivariate analysis of Model 1 and Model
2 (Figure 5c,d). The probability of complications was
obtained based on the bottom point scale of the
nomogram. Model 1 displayed an AUC of 0.73 (95% CI:
0.63‐0.82), with a sensitivity of 100.0%, a specificity of
46.9%, and a negative predictive value of 100% under the
optimal cutoff value (>0.08). Model 2 displayed an AUC
of 0.75 (95% CI: 0.65–0.84), with a sensitivity of 100.0%, a
specificity of 50.0%, and a negative predictive value of
100% under the optimal cutoff value (>0.084). However,
Model 2 was not superior to Model 1 in terms of AUC
(p= 0.17). The calibration plots on bootstrap resampling
validation are illustrated in Figure S2b,c. The C‐index of
Model 1 and Model 2 for prediction of complications
were 0.73 and 0.75, respectively.

DISCUSSION

The results of this study show that abnormally upregu-
lated circulating CXCL10 levels in CTEPH patients
decreased significantly after BPA treatment. In addition,
preoperative CXCL10 levels are significantly correlated
with improving pulmonary hemodynamics in CTEPH

patients who underwent BPA, indicating a gradual
decrease of circulating CXCL10 as pulmonary hemo-
dynamics improve. Furthermore, plasma CXCL10 lev-
els, after adjusting for age and sex, displayed a
sensitivity of 86.0% and a specificity of 67.9% under
the optimal cutoff value for discriminating CTEPH
patients from healthy controls. Preoperative CXCL10
levels, combined with NT‐proBNP, predicted periopera-
tive complications in BPA sessions with a sensitivity of
100.0%, a specificity of 46.9%, and a negative predictive
value of 100% under the optimal cutoff value as
displayed in the ROC analysis. Further, a nomogram
model was developed to predict perioperative complica-
tions in BPA sessions based on preoperative circulating
CXCL10 and NT‐proBNP levels, revealing the ability of
combined circulating biomarkers for the prediction of
possible perioperative complications.

Inflammation has been recognized as an important
component in the pathophysiology of CTEPH.2 Recent
research has revealed a significantly increased level of
inflammatory mediators, including interleukin‐6 and
CXCL10, both in PEA tissues and in serums from
patients with CTEPH.7 In accordance with previous
research, we detected increased circulating CXCL10
levels in patients with CTEPH as compared with sex‐
and age‐matched healthy controls. Further ROC analysis
showed that CXCL10 predicted CTEPH risk to some
extent, revealing the potential role of CXCL10 as a
diagnostic biomarker in CTEPH. Further, a simple
diagnostic nomogram was developed based on circulat-
ing CXCL10 levels to help discriminate CTEPH patients
from healthy controls. The efficacy of the nomogram was
supported by the C‐index (0.82) and the calibration
curve.

TABLE 3 ROC analyses of CXCL10 for diagnosis of CTEPH

ROC analysis of CXCL10 for diagnosis of CTEPH AUC (95% CI)
Cutoff value
(pg/ml) Sensitivity (%) Specificity (%)

CXCL10 0.80 (0.69–0.89) >18.6 81.4 71.4

Multiple logistic regression
model and ROC analysis

OR (95% CI) p AUC (95% CI) Cutoff value
(probability)

Sensitivity (%) Specificity (%)

CXCL10 (pg/ml) 1.092 <0.0001 0.83 (0.72–0.91) > 0.452 86.0 67.9

(1.042–1.144)

Age (year) 1.015 0.65

(0.952–1.083)

Sex (female) 1.481 0.55

(0.413–5.313)

Abbreviations: AUC, area under the curve; CI, confidence interval; CTEPH, chronic thromboembolic pulmonary hypertension; CXCL10, chemokine (C‐X‐C
motif) ligand 10; OR, odds ratio; ROC, receiver operating characteristic curve.
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CXCL10 is reported to activate and recruit CXCR3+
immune cells and is strongly upregulated in many
inflammatory diseases and cancers.8 Interestingly,
CXCL10, which is secreted by endothelial cells, potenti-
ates the adhesion of T lymphocytes to the endothelium,15

promotes the migration of CXCR3+ cells to the lung,16

and has been shown to play an important role in the
development of PAH and CTEPH.7,16,17 CXCL10 disrupts
calcium homeostasis in normal human pulmonary artery
endothelial cells and causes endothelial dysfunction as
observed by Zabini et al.,9 which might take part in the
progression of vascular remodeling in CTEPH. More
recent research by Zabini et al.7 found a significant
increase of human pulmonary arterial adventitial fibro-
blast migration as exposed to CXCL10, which could be
diminished by a CXCR3‐blocking antibody, indicating
the possible involvement of the CXCL10/CXCR3 axis in
the formation of unresolved thromboembolic material.

We have, for the first time, observed a significant
decrease in CXCL10 levels in patients with CTEPH, who
underwent BPA, which was correlated with improved
pulmonary hemodynamics and decreased NT‐proBNP.
Our results revealed a potential improvement in inflam-
matory status in patients with CTEPH as pulmonary
hemodynamics improved gradually by interventional
treatment. The connection between pulmonary hemo-
dynamics and inflammation has long been postulated.
Classical inflammatory mediators, such as C‐reactive
protein and tumor necrosis factor‐α, were found to be
elevated in patients with CTEPH and decreased after
PEA.4,18 Interestingly, recent insights have found that
cyclical hydrostatic pressure triggered robust upregula-
tion of a variety of proinflammatory genes, including
CXCL10, in mice macrophages through PIEZO1 signal-
ing.19 However, in the present study, unable to determine
the origin of abnormally upregulated CXCL10, we can
only speculate that elevated CXCL10 levels were related
to dysregulated pulmonary hemodynamics in patients
with CTEPH, and that BPA decrease circulating CXCL10
levels (along with improved inflammatory status) as a
consequence of improving pulmonary hemodynamics.

NT‐proBNP is commonly used as a marker for
decompensation of the right ventricle.20 We also
observed a significant positive correlation of circulating
CXCL10 with NT‐proBNP (r= 0.46), but not with CO or
CI, in patients who underwent BPA. Moreover, no
correlation was found between 6MWD and CXCL10.
We consider that pathophysiological changes precede
functional and exercise improvement, as functional and
exercise capacity takes time to improve after BPA. Taken
together, we propose CXCL10 as a potential biomarker
for the evaluation of disease severity in patients with
CTEPH and a noninvasive predictor of improved

FIGURE 4 Diagnostic value of chemokine (C‐X‐C motif)
ligand 10 (CXCL10) in patients with chronic thromboembolic
pulmonary hypertension (CTEPH). (a) Receiver operating
characteristic curve analysis of CXCL10 for diagnosis of CTEPH.
(b) Forest plot of the multivariate logistic regression of CXCL10
adjusting for sex and age. (c) A nomogram for differentiating
CTEPH patients from healthy controls.

TABLE 4 Complications of BPA

Complications (%)
Number of
sessions

Number of
patients

Total 11 (11.0) 9 (23.7)

Hemoptysis 6 (6.0) 5 (13.2)

Severe cough 1 (1.0) 1 (2.6)

RPO 4 (4.0) 4 (10.5)

Use of mechanical
ventilation

0 0

Use of ECMO 0 0

Renal dysfunction 0 0

Abbreviations: BPA, balloon pulmonary angioplasty; ECMO, extracorporeal
membrane oxygenation; RPO, reperfusion pulmonary edema.
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pulmonary hemodynamics and right heart function in
patients undergoing BPA.

During the past decade, the efficacy of BPA treatment
on pulmonary hemodynamics and exercise capacity has
been proved in a series of studies worldwide.21 Consider-
ation has been focusing on the refinement of BPA
procedure and patients&#39; evaluation in the aim of
improving pulmonary hemodynamics as effectively as
possible while avoiding perioperative complications.22

Research by Inami et al.23 has identified BNP, mean PAP,
and PVR, as significantly related to the occurrence of
RPO. Complications tend to occur in BPA sessions
performed in patients with worse baseline hemo-
dynamics and higher BNP.23 In the present study, we
also investigate the ability of preoperative CXCL10 and
related models for the prediction of perioperative
complications. We found that preoperative CXCL10,
combined with NT‐proBNP, predicted perioperative
complications in BPA sessions with high sensitivity

(100.0%) but low specificity (46.9%) under the optimal
cutoff value as displayed in ROC analysis. In the
nomogram model based on the results of multivariate
analysis, both CXCL10 and NT‐proBNP were important
predictors of perioperative complications. However, both
Model 1 and Model 2 displayed high sensitivity but
relatively low specificity, which were not sufficiently
high to accurately predict perioperative complications.
Besides, the success of a BPA session, performed
effectively without complication, is mainly dependent
on the operators&#39; experience, lesions characteristics,
andpatients&#39; baselinehemodynamics.11,23 Thus find-
ings from noninvasive biomarkers should be compared
parallelly with hemodynamics examination and radio-
graphic imaging findings of pre‐BPA.

The present study was performed in one single center
with a relatively small number of patients and BPA
sessions. Therefore, the findings in this study needed to
be externally validated in future multicenter studies with

TABLE 5 ROC analyses of preoperative CXCL10 and related models for prediction of perioperative complications in BPA sessions

ROC analysis of variables for prediction of complications AUC (95% CI) Cutoff value Sensitivity (%) Specificity (%)

CXCL10 (pg/ml) 0.62 (0.52–0.72) ≤39.4 100.0 31.5

NT‐proBNP (pg/ml) 0.56 (0.45–0.67) >1982 45.5 79.0

Mean PAP (mmHg) 0.54 (0.44–0.64) >43 63.6 59.6

PVR (Wood unit) 0.64 (0.54–0.73) >12.2 63.6 72.7

Multiple logistic regression models
and ROC analysis

OR (95% CI) p AUC (95% CI) Cutoff value
(probability)

Sensitivity (%) Specificity (%)

Model 1

CXCL10 (pg/ml) 0.931 0.03 0.73 (0.63–0.82)a >0.080 100.0 46.9

(0.875–0.991)

NT‐proBNP (pg/ml) 1.0004 0.02

(1.00006–1.0007)

Model 2

CXCL10 (pg/ml) 0.934 0.04 0.75 (0.65–0.84)b >0.084 100.0 50.0

(0.875–0.997)

NT‐proBNP (pg/ml) 1.0004 0.06

(1.0000–1.0008)

Mean PAP (mmHg) 0.993 0.88

(0.912–1.082)

PVR (wood unit) 1.022 0.77

(0.880–1.187)

Abbreviations: AUC, area under curve; BPA, balloon pulmonary angioplasty; CTEPH, chronic thromboembolic pulmonary hypertension; CXCL10, chemokine
(C‐X‐C motif) ligand 10; NT‐proBNP, N‐terminal pro‐B‐type natriuretic peptide; PAP, pulmonary artery pressure; PVR, pulmonary vascular resistance; ROC,
receiver operating characteristic.
aStatistical significance (p< 0.01).
bStatistical significance (p< 0.001).
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FIGURE 5 Preoperative chemokine (C‐X‐C motif) ligand 10 (CXCL10) and related models for prediction of balloon pulmonary
angioplasty (BPA)‐related complications. (a) Receiver‐operating characteristic curve (ROC) analysis of Model 1 and Model 2 for prediction of
complications in BPA. (b) Forest plot of the multivariate logistic regression of Model 1 and Model 2. Nomograms of (c) Model 1 and (d)
Model 2 for predicting complications in BPA. NT‐proBNP, N‐terminal pro‐B‐type natriuretic peptide; PAP, pulmonary artery pressure; PVR,
pulmonary vascular resistance.
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a larger cohort. Besides, 60% of patients were in PAH‐
targeted therapy before the first BPA session, so we could
not preclude the influence of PAH‐targeted therapy on
CXCL10 levels during BPA treatment. However, all these
patients included in the present study have been in stable
PAH‐targeted therapy for over 3 months, and our
subgroup analysis showed no significant difference in
baseline CXCL10 levels between patients who received
PAH‐targeted drugs and those who did not, indicating
the comparability of the two groups. In addition, the
hemodynamics effect of BPA treatment in the present
study was not so apparent as the results achieved in the
European centers and Japanese centers,12,13 because we
compared the patients&#39; baseline hemodynamics
with that achieved in the patients&#39; last BPA session,
but not at follow‐up. It is well known that hemodynamics
effect and functional improvement take time to develop
after BPA. Besides, as most patients in the present study
have not finished their BPA treatment, we are unable to
collect pulmonary hemodynamics data and circulating
CXCL10 levels at follow‐up. Lastly, we have not studied
the diagnostic value of CXCL10 for differentiating
patients with CTEPH from patients with other types of
pulmonary hypertension, or patients with inflammatory
diseases, as previous studies have found that CXCL10
levels are also elevated in patients with PAH and
connective tissue diseases.7,18,24 However, for patients
with confirmed CTEPH, circulating CXCL10 might
contribute to the evaluation of disease severity and be
useful to evaluate the treatment effect of BPA.

CONCLUSION

Collectedly, our study shows that abnormally upregu-
lated circulating CXCL10 levels in CTEPH patients
decreased significantly after BPA treatment. In addition,
preoperative CXCL10 levels significantly correlated with
improving pulmonary hemodynamics and NT‐proBNP,
as CTEPH patients underwent BPA. Circulating CXCL10
might contribute to the evaluation of disease severity in
patients with CTEPH and be useful to evaluate the
treatment effect of BPA. A comprehensive evaluation of
circulating noninvasive biomarkers, including CXCL10
and NT‐proBNP, might facilitate the successful operation
of BPA. External validation is warranted to further study
the relationship between pulmonary hemodynamics and
circulating CXCL10, and to investigate the origin of
abnormal upregulation of CXCL10 in CTEPH patients.
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