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ABSTRACT
Background: Reversibility of pulmonary hypertension (PH) is closely related to the treatment options for and
prognosis of children with congenital heart disease. Objective: We combined patient-speciﬁc clinical features
including diagnosis, age and echocardiographic results, and biomarkers of pulmonary vascular dysfunction to
explore the noninvasive methods that can be used to accurately evaluate the reversibility of pulmonary hypertension in congenital heart disease (PH-CHD). Methods: Based on the preoperative systolic pulmonary arterial pressure (sPAP), 70 CHD patients were divided into normal, PH-CHD suspected, and conﬁrmed groups.
Additionally, biomarkers of circulating endothelial cells (CECs), endothelin-1 (ET-1), and endothelial nitric oxide
synthase (eNOS) were detected. Patients were categorized into reversible (RPH) and irreversible (IRPH) groups
according to the sPAP 6 months after surgery. Risk stratiﬁcation was performed according to the clinical features
and biomarkers. Results: CECs and ET-1 levels in the conﬁrmed group were signiﬁcantly higher. eNOS was
higher in the conﬁrmed and suspected groups than that in the normal group. CECs in the IRPH group were
signiﬁcantly higher compared to the RPH group. No such intergroup differences were observed with respect
to ET-1 and eNOS levels. The ROC curve showed that the risk stratiﬁcation was of high diagnostic value to
evaluate reversibility. Conclusion: The CECs, eNOS, and ET-1 were closely related with PH-CHD. CECs and risk
stratiﬁcation have high practical value in assessing the reversibility of PH-CHD.
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Nomenclature
PH:
Pulmonary hypertension
PH-CHD:
Pulmonary hypertension in congenital heart disease
sPAP:
Systolic pulmonary arterial pressure
CECs:
Circulating endothelial cells
ET-1:
Endothelin-1
eNOS:
Endothelial nitric oxide synthase
RPH:
Reversible pulmonary hypertension
IRPH:
Irreversible pulmonary hypertension
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PVR:
PAP:
NO:
TR:
ECHO:
CHD:
VSD:
PDA:
ASD:
IAA:
CoA:
LVEF:
ELISA:
FSV:
DORV:
CAVSD:
TAPVC:
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Pulmonary vascular resistance
Pulmonary artery pressure
Nitric oxide
Tricuspid regurgitation
Echocardiography
Congenital heart disease
Ventricle septal defect
Patent ductus arteriosus
Atrial septal defect
Interrupted aortic arch
Aortic coarctation
Left ventricular ejection fraction
Enzyme-linked immunosorbent assay
Functional single ventricle
Double outlet right ventricle
Atrioventricular septal defect
Complete anomalous pulmonary vein connection

1 Introduction
Pulmonary hypertension in congenital heart disease (PH-CHD) is a severe condition threatening
children’s physical and mental health. With the development of medical technology, the diagnosis and
treatment of PH-CHD have greatly improved in recent years. However, some patients, especially those
with irreversible pulmonary hypertension (IRPH), still die of PH-CHD [1,2]. One of the main reasons is
the lack of effective noninvasive methods to identify the reversibility of PH-CHD.
The typical pathophysiological changes of PH-CHD are divided into three stages [3]. In the early stage,
hyperkinetic PH is characterized by increased pulmonary blood ﬂow and normal pulmonary vascular
resistance (PVR). If timely surgical repair is not performed, PH-CHD will progress to the second stage with
increased pulmonary blood ﬂow, pulmonary artery pressure (PAP), and PVR. In the late stage, irreversible
pulmonary vascular remodeling occurs, with signiﬁcantly increased PAP and PVR and decreased
pulmonary blood ﬂow, referred to as Eisenmenger syndrome. Throughout the process, the structure and
function of the pulmonary vascular endothelium are closely related to the development of PH-CHD [4,5].
The vascular endothelium can directly sense changes in the hemodynamic and biochemical environment
and release vasoactive substances to regulate vasomotion. Additionally, the process of irreversibility is
silent. Therefore, structural and functional assessments of the pulmonary vascular endothelium have become
important noninvasive methods of evaluating the reversibility of PH-CHD.
Abnormal pulmonary blood ﬂow in PH-CHD patients impairs pulmonary vascular endothelial cells,
which leads to an increase in circulating endothelial cells (CECs). Additionally, abnormal pulmonary
blood ﬂow stimulates vessels to release a variety of vasoactive substances, among which, endothelin 1
(ET-1) and endothelial nitric oxide synthase (eNOS) are closely related to the progression of PH-CHD
[6–14]. The CEC count is relatively stable in healthy people but increases in subjects who undergo
continued vascular endothelial damage [15]. When the vascular endothelium undergoes sustained
damage, endothelial cells will shed into the bloodstream. Thus, CECs have become a reliable biomarker
that can provide clues for the assessment of vessel damage. ET-1 is a potent endogenous vasoconstrictor
peptide synthesized and released by endothelial cells. The concentration of ET-1 reﬂects the functional
status of vascular endothelial cells and plays a pivotal role in the remodeling of the pulmonary vascular
endothelium. eNOS is an important enzyme that catalyzes the generation of nitric oxide (NO). Its
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expression level directly determines the secretion of NO and plays an important role in maintaining function
of the pulmonary vascular endothelium.
In addition to these biomarkers of endothelial injury, clinical studies have shown that the severity and
reversibility of PH-CHD are also related to age, diagnosis, pulmonary hemodynamics, and clinical signs and
symptoms [16–18]. The older the child is, the more complex the disease; the higher the PAP and PVR are, the
greater the possibility of IRPH. For a more accurate assessment of disease status and to guide clinical
diagnosis and treatment, a comprehensive evaluation should be carried out based on all indicators. In this
study, we aimed to detect the concentrations of CECs, ET-1, and eNOS in CHD patients with different
pathophysiologies and severities and combined them with various clinical features for risk stratiﬁcation to
assess the reversibility of PH-CHD and to provide a noninvasive and accurate method to evaluate the
reversibility of PH-CHD.
2 Methods
2.1 Patient Selection
This study was approved by the Institutional Health Research Ethics Board of the Shanghai Children’s
Medical Center, Shanghai Jiao Tong University School of Medicine (Approval No. SCMCIRB-Y2019044/
2019) and written informed consent was obtained from the parent/legal guardian of participants. Seventy
consecutive CHD patients who visited and underwent echocardiography (ECHO) at our hospital from
September 2018 to July 2019 were enrolled in the present study. We excluded patients with lung disease
and other diseases that could be an underlying cause of PH. To control the intergroup variation for better
single-factor analysis, the echocardiography of all cases was performed by an attending and checked by a
chief doctor who worked in the Department of Pediatric Cardiology. The diagnostic classiﬁcation of
patients is shown in Table 1 [19]. According to the 2015 ESC/ERS guidelines of PH, the patients were
divided into three groups based on preoperative tricuspid regurgitation (TR) measured by ECHO [20].
Patients with TR ≤ 2.9 m/s were classiﬁed as the normal group, 2.9 m/s < TR ≤ 3.4 m/s as the PH-CHD
suspected group, and TR > 3.4 m/s as the PH-CHD conﬁrmed group. Patients in the suspected and
conﬁrmed groups were followed-up for 6 months after the surgery. Those patients with TR > 3.4 m/s and
continuous deterioration 6 months after surgery or who died of postoperative PH were classiﬁed as the
IRPH group, and the remaining patients formed the reversible pulmonary hypertension (RPH) group.
Table 1: Diagnostic classiﬁcation in patients with CHD
Diagnosis

Cases

Classiﬁcation [19]

Simple CHD (VSD/PDA/ASD)
Total anomalous pulmonary venous connection (TAPVC)
IAA/CoA + Simple CHD
Mitral valve malfunction
Cor triatriatum
Complete atrioventricular septal defect (CAVSD)
Double outlet of right ventricular (DORV)
Truncus arteriosus
Functional single ventricle (FSV)
Transposition of the great arteries (TGA)

21
10
7
3
1
8
7
5
5
3

1.4.4
2.4
2.4
2.4
2.4
5.4
5.4
5.4
5.4
5.4

Note: CHD, congenital heart disease; VSD, ventricle septal defect; PDA, patent ductus arteriosus; ASD, atrial septal defect; IAA, interrupted aortic
arch; CoA, aortic coarctation.
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The left ventricular ejection fraction (LVEF) of CHD patients will increase because these patients
experience pressure overload and cardiac hyperfunction. The LVEF of normal children is approximately
56%–78% under quiet conditions. In this study, the median LVEF was 69.9% (57.1%–84.5%), which was
higher than that of the healthy population. For correct grouping, we used LVEF = 65% to normalize the
velocity of TR.
2.2 Biomarker Detection
Blood samples of all patients were collected for biomarker detection before surgery. The CECs were
quantiﬁed using ﬂow cytometry. Brieﬂy, 2 mL venous blood was collected in EDTA-coated tubes. Red
blood cells were lysed using ACK Lysing Buffer (GibcoTM, NY, USA) per the manufacturer’s
instructions. Conjugated antibodies against CD45-per CP (BD Biosciences, NJ, USA), CD31-FITC (BD
Biosciences, NJ, USA), and CD146-PE (BD Biosciences, NJ, USA) were used to identify CECs as
previously described [21–23]. After a 40-min light-shielded incubation in a refrigerator at 4°C, CEC
counting was performed on a Fluorescence Activated Cell Separation (FACS) Canto-II ﬂow cytometer
(BD Biosciences, NJ, USA). The number of CECs was expressed as the ratio of CECs to mononuclear
cells. Fig. 1 shows diagrams of CEC sorting by ﬂow cytometry.

Figure 1: Diagrams of CECs sorting. A mononuclear cell screening (P1). B describes the gating on
mononuclear without adhesion cells (P2). C selected CD31 + and CD45-cells (P3). D CD31 + and
CD146 + co-expression cells, namely CECs (Q2)
Enzyme-linked immunosorbent assay (ELISA) was used to measure the concentration of ET-1 and
eNOS (kits from Mlbio, Shanghai, China). Per the manufacturer’s instructions, 50 μL of each serum
sample was used per well. After sequential antibody labeling, color reaction, and incubation, the optical
density was measured to calculate the concentration of ET-1 and eNOS.
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2.3 Risk Stratiﬁcation
Patient clinical features, including diagnosis, age, and ECHO evaluation, were collected and combined
with the results of biomarkers for risk stratiﬁcation. The risk score was decided based on relevant literature
and represents the severity of PH-CHD [3,16]. Table 2 presents the scoring method of risk stratiﬁcation.
Table 2: Risk stratiﬁcation index and score in CHD patients
Score Diagnosis

Age
ASD

VSD/
PDA

≤120 m ≤12 m

1

ASD

2
3
4

VSD/PDA
>120 m 12∼24 m
Complex CHD
24∼60 m
FSV
>60 m

ECHO

Biomarkers

Conﬁrmed
group

≤Cut-off value

Complex CHD FSV
≤6 m

≤3 m

6∼12 m
12∼24 m
>24 m

3∼6 m
6∼12 m
>12 m

>Cut-off value

Note: ASD, atrial septal defect; VSD, ventricle septal defect; PDA, patent ductus arteriosus; CHD, congenital heart disease; FSV, functional single
ventricle; ECHO, echocardiography.

2.4 Statistical Analysis
SPSS 23.0 (IBM, Armonk, NY, USA) was used for the statistical analysis. For non-normally distributed
data, the dispersion degree was expressed using medians with interquartile ranges. The Mann–Whitney U
test was used all intergroup comparisons. The Kruskal–Wallis H test was used to compare the difference
among multiple groups, and chi-square test was used for comparison of sex. P < 0.05 was considered to
indicate statistical signiﬁcance.
3 Results
3.1 Demographic Data
Of the 70 cases, eight had no PH, 12 were included in the suspected group and 50 were included in the
conﬁrmed group. Four of the 62 children with suspected or conﬁrmed PH died during hospitalization, and the
remaining children were followed-up until 6 months after surgery. According to the follow-up results,
45 children were assigned to the RPH group and 14 to the IRPH group. Of the four patients who died,
one died of postoperative pulmonary hypertension crisis; this patient was classiﬁed as having IRPH. In
the IRPH group, four patients were diagnosed with functional single ventricle (FSV), three with
ventricular septal defect (VSD), two with double outlet right ventricle (DORV), two with truncus
arteriosus, two with atrioventricular septal defect (CAVSD), and one with complete anomalous pulmonary
vein connection (TAPVC). Table 3 shows the demographic data of patients in different groups.
3.2 Analysis of Biomarkers
Statistical analysis showed that the levels of CECs and ET-1 were signiﬁcantly higher in the conﬁrmed
group than in the normal and suspected groups (Table 4, Figs. 2A, 2B). eNOS levels in the conﬁrmed
and suspected groups were signiﬁcantly higher than those in the normal group, and there was no
signiﬁcant difference between the conﬁrmed and suspected groups (Table 4, Fig. 2C). Compared with the
RPH group, the IRPH group showed a signiﬁcant increase in CECs. However, there was no signiﬁcant
difference between the two groups with respect to ET-1 and eNOS levels (Table 4). The ROC curve
showed that CECs were sensitive in diagnosing the reversibility of PH-CHD, but the speciﬁcity was
relatively low (Fig. 3).
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Table 3: Patient demographics in different groups
Diagnosis

P

Reversibility

Group 1 (n = 8)

Group 2 (n = 12)

Group 3 (n = 50)

Sex (M/F)

4/4

7/5

27/23

0.964 26/19

7/7

Age (m)

24 (2∼34)

6 (3∼7)

7 (2∼38)

0.289 5 (2∼18)

29 (7∼75)

0.006*

Height (cm) 85 (61∼100)

61 (51∼65)

64 (55∼90)

0.113 63 (52∼78)

85 (64∼113)

0.009*

Weight (kg) 11.8 (5.9∼14)

5.4 (3.8∼6.5)

6.1 (4.3∼12.5)

0.212 5.3 (3.5∼8.6)

10.9 (6.5∼17.5)

0.019*

2

RPH (n = 45)

P

IRPH (n = 14)
0.609

BSA (m )

0.496 (0.292∼0.649) 0.277 (0.207∼0.327) 0.313 (0.238∼0.563) 0.099 0.298 (0.209∼0.420) 0.505(0.321∼0.742) 0.013*

LVEF (%)

72.7 (63.6∼78.3)

68.8% (59.4∼77.0)

71.3 (57.1∼87.4)

0.296 69.9 (57.1∼87.4)

71.3 (65.2∼80.8)

0.183

Note: *P < 0.05
BSA, body surface area; LVEF, left ventricular ejection fraction.

Table 4: Comparison of biomarkers in different groups
Diagnosis

P

Reversibility
RPH (n = 45)

P

Group 1 (n = 8)

Group 2 (n = 12)

Group 3 (n = 50)

CECs (‰)

0.023
(0.007∼0.065)

0.060
(0.007∼0.095)

0.094 (0.013∼0.341) 0.000* 0.066 (0.007∼0.288) 0.112 (0.088∼0.341) 0.004*

IRPH (n = 14)

ET-1
(pg/mL)

16.535
(7.040∼55.639)

61.170
(23.193∼84.745)

84.279
(36.730∼145.663)

0.000* 76.180
(23.193∼138.680)

91.377
(44.324∼145.663)

0.065

eNOS
(ng/mL)

1.302
(0.120∼4.959)

6.455
(2.795∼10.312)

7.450
(2.567∼12.147)

0.000* 7.315
(3.357∼12.148)

8.281
(2.567∼10.109)

0.301

Note: *P < 0.05.

Figure 2: Biomarkers of endothelial injury in the normal, PH-CHD suspected and conﬁrmed groups. A.
CECs count was signiﬁcantly increased in the conﬁrmed group. B. ET-1 level in the conﬁrmed group was
higher than that in normal and PH-CHD suspected groups. C. eNOS was higher in the PH-CHD
suspected and conﬁrmed groups compared to the normal group
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Figure 3: ROC curve of CECs in the diagnosis of IRPH
3.3 Risk Stratiﬁcation
The reversibility of PH-CHD was evaluated using the risk stratiﬁcation score, and the statistical results
showed that the score of the conﬁrmed group was signiﬁcantly higher than that of the suspected (P = 0.001)
and normal (P = 0.000) groups. Furthermore, the score of the IRPH group was much higher than that of the
RPH group. Table 5 shows the score distribution of clinical features combined with CECs and clinical
features alone in these two groups. ROC analysis showed that risk stratiﬁcation was of high value in
diagnosing the reversibility of PH-CHD. In addition, compared to the clinical features or CEC count
alone for IRPH diagnosis, ROC analysis reached the maximum AUC when clinical features were
combined with CECs, and the sensitivity and speciﬁcity were relatively high (Fig. 4, Table 6).
Table 5: Score distribution of risk stratiﬁcation in the two groups
Risk score

RPH (n = 45)

IRPH (n = 14)

P

Clinical features + CECs
Clinical features

6 (4∼10)
5 (3∼8)

9.5 (7∼11)
7.5 (5∼9)

<0.001*
<0.001*

Note: *P < 0.05.

Figure 4: ROC curve for the diagnosis of IRPH
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Table 6: ROC analysis in diagnosing IRPH

Clinical features + CECs
Clinical features
CECs

AUC

P

Sensitivity

Speciﬁcity

Cut-off value

0.908
0.852
0.770

<0.001
<0.001
0.002

71.4%
85.7%
100%

91.1%
68.9%
62.2%

7.5
5.5
0.088‰

Note: *P < 0.05.

4 Discussion
Although the diagnosis, treatment, and prognosis of patients with PH-CHD have greatly improved in
recent years, some patients continue to have PH after surgery, which leads to delayed recovery in the
early postoperative period and has a serious impact on the long-term quality of life and lifespan [24–26].
In the clinic, right-heart catheterization is a tool that can be used to evaluate the severity of PH-CHD, but
its wide application is limited by the invasive nature of the procedure. Pulmonary endothelial dysfunction
plays an important role in the development of PH-CHD. Under normal physiological conditions,
vasoactive substances secreted by the pulmonary vascular endothelium are in a circulating compartment.
Thus, it provides an opportunity for the noninvasive exploration of vasoactive substances. In the present
study, we detected biomarkers of endothelial injury and combined them with clinical features to establish
a risk stratiﬁcation strategy to explore noninvasive methods to evaluate the reversibility of PH-CHD.
With the development of economic and medical technology, the diagnosis of CHD was earlier, and the
operation time was shorter than before, which decreased the incidence of IRPH in patients with simple CHD.
In the present study, statistical analysis showed that age, height, weight, and BSA were signiﬁcantly higher in
the IRPH group than in the RPH group. In addition, only three of the 21 patients with simple CHD had IRPH
in the present study. The remaining patients with IRPH were diagnosed with complex CHD, especially
DORV and FSV. The results were similar to those of previous studies and implied that age and diagnosis
should be considered when evaluating the reversibility of PH-CHD [27,28].
Endothelin-1 is a powerful intrinsic vasoconstrictor secreted by pulmonary vascular endothelial cells.
Studies have found that the expression of ET-1 is increased in PH models, and is closely related to
remodel of the pulmonary vascular endothelium [29–31]. Therefore, the endothelial pathway became the
main target for PH drug therapy. In this study, the conﬁrmed group showed a signiﬁcant increase in ET-1
compared to the normal (P = 0.000) and suspected (P = 0.015) groups. However, there was no signiﬁcant
difference between the IRPH and RPH groups (P = 0.065). These results suggested that the expression of
ET-1 was up regulated in PH-CHD patients, but it could not be used to evaluate PH reversibility. Other
studies also showed that ET-1 was less valuable in prognosis prediction [7,11].
The dysfunction of pulmonary vascular endothelial cells is mainly manifested as the imbalanced
expression of ET-1 and NO [13,14]. eNOS is a key enzyme in the synthesis of NO. Studies have found a
strong time relevance between the concentration of eNOS and the development of PH [9,32]. The present
study showed that eNOS was signiﬁcantly increased in the suspected (P = 0.011) and conﬁrmed (P =
0.000) groups compared with the normal group. However, there was no difference in eNOS between the
suspected and conﬁrmed groups (P = 0.627) or between the IRPH and RPH groups (P = 0.301). During
the period of hyperkinetic PH, endothelium-dependent vasodilation was still preserved, and the secretion
of eNOS was increased to relieve PAP and PVR through a compensatory mechanism. At a later stage, EC
dysfunction and inhibition of ET-1 reduced the expression of eNOS. Based on the relationship between
ET-1 and eNOS, we deduce that the reason why eNOS levels increased in the suspected group was due
to the early compensatory mechanism. The patients in the conﬁrmed group might be in the middle-to-late
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stages of PH, which had decreased expression of eNOS. Thus, the results showed that eNOS was of low
value in evaluating the reversibility of PH-CHD.
Endothelial cells come into direct contact with blood ﬂow. Therefore, abnormal blood ﬂow is known to
impair the structure and function of ECs and activate their apoptosis. Moreover, CECs as a direct reﬂection of
vascular injury are shed from damaged vessels. Smadja and other researchers [7–10] found that CECs were
related to the severity of PH-CHD and could be a potential factor in assessing the reversibility of PH-CHD.
However, none of them combined this biomarker and patient speciﬁc clinical features to explore the
feasibility of evaluating IRPH. In the current study, clinical features and biomarkers were combined for
risk stratiﬁcation to assess the reversibility of PH-CHD, which provided a noninvasive method for clinical
decision-making. Statistical analysis showed that CECs in the IRPH group were signiﬁcantly higher than
that in the RPH group. ROC analysis displayed a high sensitivity for CECs in diagnosing the reversibility
of PH-CHD, especially when combined with clinical features (Table 6). The risk stratiﬁcation score was
signiﬁcantly increased in the conﬁrmed and IRPH groups. The ROC curve showed that the risk
stratiﬁcation combining clinical features and CECs was of higher value in evaluating the reversibility of
PH-CHD than either factor alone. The results indicated that the combination of clinical features and
CECs for risk stratiﬁcation may be a potentially valuable tool to noninvasively evaluate the reversibility
of PH-CHD.
The present study has some limitations. First, considering the invasive nature of the procedure, rightheart catheterization was performed only in highly suspicious IRPH patients in clinical practice. In the
present study, only a few patients underwent cardiac catheterization; thus, echocardiographic diagnostic
criteria for PH were adopted for grouping. Second, the CECs per milliliter count was very low. Therefore,
to ensure the reliability of the experimental data, the transfer of blood samples was minimized during the
experiment. However, loss of some CECs was inevitable; hence, the CEC count may be lower than its
actual number. Third, blood samples were not collected during the follow-up period, and hence the
relationship between the biomarkers and the clinical course is not clear. We hope to address these
limitations in future research.
5 Conclusions
The CEC count was elevated in patients with PH-CHD and IRPH, and this count showed a high
sensitivity in the assessment of PH-CHD reversibility. Although the secretions of ET-1 and eNOS were
decreased in PH-CHD patients, their value in the evaluation of PH-CHD reversibility was low. The risk
score was signiﬁcantly increased in the IRPH group, and the risk stratiﬁcation that combines clinical
features with CECs was of high value in identifying IRPH.
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