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Abstract

Background: Although many predictors have been evaluated, a set of strong independent prognostic mortality indicators
has not been established in children with pediatric pulmonary arterial hypertension (PAH). The aim of this study was to
identify a combination of clinical and molecular predictors of survival in PAH.

Methods: This single-center, retrospective cohort study was performed from children with PAH between 2001 and 2008 at
Children’s Hospital Colorado. Blood samples from 83 patients (median age of 8.3 years-old) were obtained. We
retrospectively analyzed 46 variables, which included 27 circulating proteins, 7 demographic variables and 12 hemodynamic
and echocardiographic variables for establishing the best predictors of mortality. A data mining approach was utilized to
evaluate predictor variables and to uncover complex data structures while performing variable selection in high
dimensional problems.

Results: Thirteen children (16%) died during follow-up (median; 3.1 years) and survival rates from time of sample collection
at 1 year, 3 years and 5 years were 95%, 85% and 79%, respectively. A subset of potentially informative predictors were
identified, the top four are listed here in order of importance: Tissue inhibitors of metalloproteinases-1 (TIMP-1),
apolipoprotein-Al, RV/LV diastolic dimension ratio and age at diagnosis. In univariate analysis, TIMP-1 and apolipoprotein-Al
had significant association with survival time (hazard ratio [95% confidence intervall: 1.25 [1.03, 1.51] and 0.70 [0.54-0.90],
respectively). Patients grouped by TIMP-1 and apolipoprotein-Al values had significantly different survival risks (p<<0.01).

Conclusion: Important predictors of mortality were identified from a large number of circulating proteins and clinical
markers in this cohort. If confirmed in other populations, measurement of a subset of these predictors could aid in
management of pediatric PAH by identifying patients at risk for death. These findings also further support a role for the
clinical utility of measuring circulating proteins.
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Introduction than adults and prognostic indicators in pediatric patients with
PAH are not well understood [11-21].

Recently, inflammatory processes have been highlighted in
various types of PAH and circulating inflammatory proteins and
progenitor cells may play a significant role in the development of
PAH. Evidence of inflammation in the PAH population is
supported by production of proinflammatory cytokines, including
mterleukins (IL) [5,10], growth factors including platelet-derived
growth factor [22-23], vascular endothelial growth factor [24],
and chemokines. Further, progenitor cells, such as fibrocytes and
myeloid derived suppressor cells, may contribute to the fibropro-
liferative changes that characterize pulmonary hypertensive
vasculopathy [25-26]. Although these proteins are associated with

Pulmonary arterial hypertension (PAH) is a progressive
pulmonary vascular disease, characterized by remodeling of small
to medium-sized pulmonary arteries, leading to elevated pulmo-
nary vascular resistance and ultimately to progressive right heart
failure and death [1]. Recent observational studies have identified
predictors of survival in adult patients with PAH, including New
York Heart Association functional class, six-minute walk distance,
maximal oxygen consumption, echocardiographic data such as
myocardial performance index, tricuspid annular plane systolic
excursion, hemodynamic characteristics, and response to vasodi-
lators [2—10]. However, the demographics of children are different
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different pathogenic mechanisms and have involvement of
different tissues, their combined involvement eventually contrib-
utes to the development of PAH, including endothelial and
vascular smooth muscle cell dysfunction and proliferation in
pulmonary vasculature. Importantly, each of these molecular
markers has demonstrated clinical utility, particularly as predictors
of mortality in adult patients with PAH. Although B type
natriuretic peptide (BNP) and N-terminal pro-B type natriuretic
peptide (NTproBNP) have also been established as predictors in
pediatric patients with PAH [27-29], current identified molecular
markers, such as growth factors and proteases have not been
evaluated in pediatric populations. Hemodynamic parameters
have also been shown to correlate with prognosis in children with
PAH. Pulmonary artery capacitance index (PACI) identified as a
new predictor of mortality in adult and pediatric patients with
PAH, reflects the ability of the pulmonary artery to dilate with
each contraction of the right ventricle [30-32]. Therefore, despite
having many variables evaluated individually, a set of strong
independent prognostic indicators has not been established in
pediatric populations. The aim of this study was to determine
which circulating proteins and/or clinical variables, such as
hemodynamics, can provide strong prognostic information in the
management of children with PAH.

Methods

Ethics Statement

The study was approved by the Colorado Multiple Institutional
Review Board (COMIRB). Written informed consent and HIPPA
Authorization were obtained from all patients over the age of 17
years or from parents or legal guardians of participants younger
than 18 years. Assent was obtained from all participants 7 years of
age and older.

Study Subjects

This single-center, retrospective cohort study was performed
using clinical data from children with PAH between May 2001
and October 2008 at Children’s Hospital Colorado. Patients
included in this study had diagnoses of idiopathic - primary

Table 1. List of investigated biomarkers.

Molecule of cell proliferation and vascular remodeling

Growth factors VEGF, PDGF-AA, PDGF-AB/BB, EGF, FGF2, TGF-$

Protease MMP-9, TIMP-1

Tyrosine kinase FLT-3

Inflammatory cytokines and molecules:

IL-1B, IL-2, IL-6, IL-8, IL-10, TNF- o, E-selectin, ICAM-1, VCAM-1, PAI-1
Vasoactive proteins:

ET-1, BNP, NTproBNP

Other markers:

Hemoglobin, Bilirubin, Transaminase, Creatinine, Uric acid,
Apolipoprotein A-1, C-2, C-3

BNP; brain natriuretic peptide, EGF; Epidermal growth factor, ET-1; Endothelin-1,
FGF2; Fibroblast growth factors 2, FLT3; fms-like tyrosine kinase receptor 3,
ICAM-1 Intercellular Adhesion Molecule 1, IL; Interleukin, MMP-9; Matrix
metallopeptidase 9, NTproBNP; N-terminal pro-B-type natriuretic peptide, PAI-1
Plasminogen activator inhibitor-1, PDGF; platelet-derived growth factor, TGF-f;
Transforming growth factor-B, TIMP1; metallopeptidase inhibitor 1, TNF-o;
Tumor necrosis factor-o,, VCAM-1 vascular cell adhesion molecule 1, VEGF;
Vascular endothelial growth factor.

doi:10.1371/journal.pone.0080235.t001
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Table 2. Patient demographics and clinical measurements.

Patient demographics

Number 83

Age (years) — median (IQR) 8.3 (3.9-13.8)
Age at diagnosis (years) 4.2 (0.8-7.4)
Female 41 (49%)

BMI percentile 51.1 (20.4-79.7)
Idiopathic pulmonary arterial hypertension 36 (43%)

Clinical measurements median (IQR)
6 minute walk distance (meters) (n=36) 479 (413-564)

Right heart catheterization (n=67)

Pulmonary artery pressure (mm Hg) 40 (27-62)
Pulmonary capillary wedge pressure (mm Hg) 8 (6-9)

Right atrial Pressure (mmHg) 6 (4-7)
Pulmonary vascular resistance index (unitxm?) 7.9 (4.6-15.5)
Pulmonary/systemic vascular resistance ratio 0.73 (0.46-0.94)
Cardiac Index (L/min/m?) 4.0 (3.0-4.8)
RV/LV 0.6 (0.5-0.8)
Survival outcomes

Follow-up (months) - median (IQR) 37.0 (16.5-70.3)

Expired 13 (15.7%)

IQR; inter-quartile range.
doi:10.1371/journal.pone.0080235.t002

pulmonary hypertension or congenital heart disease and had a
banked blood sample available. All patients were being treated
with appropriate therapies to manage their PAH during sample
collection [33].

Clinical Data

Exercise capacity was assessed by 6-minute walk distance during
follow-up. We measured peak oxygen consumption during the
cardiopulmonary test and calculated a ratio of minute ventilation
to carbon dioxide output as ventilatory efficiency. Six-minute walk
distance was most often performed the day before the catheter-
ization; however, measurements from within 90 days of the blood
draw were included. Right ventricular (RV) and left ventricular
(LV) diastolic dimension are standard measurements by m-mode
echocardiography [34]. The ratio of RV over LV dimension aims
to compare RV to LV size and was available for all patients.

By right heart catheterization using a flow-directed Swan-Ganz
catheter and a systemic arterial line for monitoring, we measured
mean right atrial pressure (mRAP), mean pulmonary artery
pressure (mPAP), mean systemic blood pressure, and pulmonary
capillary wedge pressure (PCWP). Accordingly, we calculated
pulmonary vascular resistance index (PVRI) and pulmonary
vascular resistance/systemic vascular resistance ratio. Cardiac
output was obtained using thermo-dilution and cardiac index (CI)
was calculated. If a significant intra-cardiac defect remained,
cardiac output was obtained by the Fick method using the LalFarge
estimation [35]. PAC was calculated as stroke volume divided by
the change in pulmonary artery pressure (pulse pressure) [30].
PACi to body surface area was evaluated using catheterization
data.
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Figure 1. Survival curve for all children with pulmonary arterial hypertension. Kaplan-Meier curve displaying the overall survival in the
studied cohort. The number of subjects at-risk are displayed along the x-axis.

doi:10.1371/journal.pone.0080235.g001

Measurements of Circulating Proteins

Blood samples were obtained from the femoral vein during right
heart catheterization, but in rare instances were instead collected
using venipuncture within 5 days of the procedure. Twenty-seven
protein levels were measured in the blood samples (Table 1).
Circulating proteins investigated included inflammatory cytokines,
growth factors, and vasoactive proteins, measured using 6 different
assays, which included a mix of enzyme-linked immunosorbent
and bead-based assays. Further details of these assays are included

in file S1.

Statistical Analyses

The limit of detection value for each assay was used for those
values reported below this limit. Descriptive statistics were
calculated using medians and inter-quartile range (IQR) for
continuous variables and percentages for categorical variables.
The outcome used for analyses was all-cause mortality. Cox
survival models were used to assess univariate associations between
each marker and survival performed using SAS version 9.3
software (SAS Institute Inc., Cary, NC, 2011). Random survival
forests (RSF) are a popular method commonly employed in
problems where the numbers of predictors outnumber a small
number of events and have been shown to have good statistical
properties when a large number of predictors are present. [36]
RSF were used to evaluate all variables in a multivariate fashion.
RSF can uncover complex data structures while performing

PLOS ONE | www.plosone.org

variable selection in high dimensional problems. The mechanisms
and pathways of PH are complex and likely include interactions
between protein biomarkers. Random forests are capable of
handling these complex data structures while having fewer
restrictive assumptions compared to a Cox survival model. We
used RSF here to identify important predictors of survival in
pediatric PAH, a subset of which could then be used to generate a
Cox model in a larger cohort. A survival forest of 5000 trees was
implemented using the randomSurvivalForest R-package. Specif-
ics of the other parameters used for the RSF approach are
included in the supplementary material (File S1). Maximal
subtrees were investigated to determine a variable’s predictive

ability [37].

Results

Patient Demographics

This study included 83 PAH children with a median age of 8.3
years old (IQR 4-13.8 years-old) with 41(49%) female patients and
average growth (Table 2). The different etiologies of PAH
included: idiopathic PAH (n=36) and PAH associated with
congenital heart disease (n = 47), specific diagnoses are provided in
the online supplement. The hemodynamic data suggests signifi-
cant pulmonary hypertension in this cohort. Patients were
followed for 304 person years and thirteen children (15.7%) died
during follow-up. Survival rates from time of sample collection at 1
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Figure 2. Univariate Cox regression results. Hazard ratios (points) and corresponding 95% confidence intervals (bars) for circulating proteins (a)
and clinical variables (b). Variables with confidence intervals not including 1.0 are indicated with a red triangle.

doi:10.1371/journal.pone.0080235.9g002

year, 3 years and 5 years were 95%, 85% and 79%, respectively
(Figure 1).

Description of Protein Levels

All the proteins measured, with the exception of Interleukin-1
beta, were detected in greater than 50% of samples. A description
of all the circulating protein levels 1s included in Table S2 in File

PLOS ONE | www.plosone.org

S1. These molecular markers were further evaluated to assess
whether an association with demographic factors exist and to
establish which proteins are highly correlated with each other.
There were significant associations with demographic factors,
especially age, for several of the proteins which could result in
confounding effects when conducting future studies of these
proteins in similar populations (Figure S1 in File S1).
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Figure 3. RSF maximal subtree results. Minimal depth versus
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proportional to the average number of maximal subtrees for a given
variable. Predictive variables are displayed in the lower left corner with
a larger radius. The top 5 predictors are indicated with a red circle.
doi:10.1371/journal.pone.0080235.9003
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Univariate Association with Survival

In total, there were 46 predictors analyzed, which included 27
circulating proteins, 7 demographic variables and 12 hemody-
namic and echocardiographic variables. The most predictive
molecular markers when investigated in a univariate manner, were
uric acid (Hazard ratio (HR) [95%Confidence interval]: 1.6
[1.2,2.1] per 1 mg/dl), APO-AI (0.70 [0.54, 0.90] per 100 pg/ml),
TIMP-1 (1.25 [1.03, 1.51] per 10 ng/ml), and hemoglobin (2.2
[1.1, 4.4] per 1 g/dl), whereas the most predictive clinical markers
were RV/LV diastolic dimension ratio (6.2 [2.3, 17.1]), pulmo-
nary vascular resistance index (1.15 [1.06, 1.26]), peak oxygen
consumption (0.73 [0.58, 0.93]), VE/VCO2 slope (1.13 [1.02,
1.24]), pulmonary artery pressure (1.05 [1.01, 1.09]), age at
diagnosis (1.13 [1.02, 1.24]), body surface area (4.94 [1.23, 19.9]),
and WHO FC (6.73 [1.2, >20] (Figure 2). In this study, PACi was

not significantly associated with survival (p =0.88).

Identification of Survival Predictors

Using the RSF approach, all 46 protein and clinical variables
were included to identify those most associated with survival of
PAH patients. A subset of potentially informative predictors were
identified, the top five are listed here in order of importance:
TIMP-1, apolipoprotein-Al, RV/LV, age at diagnosis and height
percentile (Figure 3). These circulating markers were not
significantly correlated with any other protein biomarkers and
were relatively stable within patients (Figures S2 and S3 in File S1).
In addition to estimating the relative importance of the variables,
RSF is useful for investigating the functional form of the
relationship between predictors and survival. For all top predic-
tors, with the exception of apolipoprotein-Al, higher values were
associated with increased risk (Figure S4 in File S1). For TIMP-1,
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Figure 4. Survival curves comparing patients stratified by TIMP-1 and apolipoprotein-Al values. Patients with high TIMP-1 and low
apolipoprotein-Al values (red) had lower survival (log-rank test p-value <0.01). The number of subjects at-risk are displayed along the x-axis.

doi:10.1371/journal.pone.0080235.9g004
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this risk appears to be most prominent at values of 125 ng/ml or
greater and for apolipoprotein-Al this risk increases when values
are less than 1.2 mg/ml. Patients grouped using these cutoffs had
significantly different survival risks (p<<0.01). Of the 4 patients with
higher TIMP-1 values (values >125 ng/ml) and lower apolipo-
protein-Al (values <1.2 mg/ml), 50% died compared to 28% of
patients with either a high TIMP-1 or a low apolipoprotein-Al and
only 7% of patients in the lower risk group (Figure 4).

Discussion

This is the first investigation in a relatively large pediatric
pulmonary hypertension population investigating the role of
almost 30 proteins combined with clinical and demographic
variables towards predicting survival. Moreover, novel data
mining techniques were utilized to identify the most informative
predictors of survival in a complex disease to aid in furthering
PAH proteomic research. TIMP-1, an inhibitor of matrix
metalloproteinases, was identified as an important predictor in
both the univariate and multivariate approaches. In addition,
apolipoprotein-Al was identified along with other currently
known informative variables such as, RV/LV, age at diagnosis,
height and uric acid. This investigation offers insight into which
variables would be useful to collect in future studies as well as
providing further evidence for the role of matrix metalloprotei-
nases and the extracellular matrix in PAH.

Previous work suggests that an imbalance of TIMP-1 and
matrix metalloproteinases may play a role in severe pulmonary
vascular remodeling in pulmonary hypertension [38-40]. TIMP-1
has been shown to be over-expressed by proinflammatory
cytokines and pro-fibrotic stimuli in a failing heart; this over-
expression promotes cell proliferation and may have anti-
apoptotic effects [41]. Excessive TIMP-1 is also associated with
fibrotic change, such as pulmonary fibrosis [42]. It has recently
been shown that pulmonary vasodilators may decrease matrix
metalloproteinase production and contribute to vascular remod-
eling[43-44].

Although the survival rate has been dramatically improved with
targeted pulmonary vasodilators in pediatric patients with PAH, 5-
year estimated survival rate is still estimated at 74% [13]. Previous
studies have demonstrated that circulating proteins, echocardio-
graphic data, and hemodynamics have predictive value for
prognosis in pediatric patients with PAH [12-13,15-21,45].
Although many predictive factors associated with worse outcomes
have been evaluated in the pediatric population, there is limited
information comparing many factors including both protein levels
and hemodynamics in children with PAH. One such study
reported that higher functional class, higher pulmonary/systemic
arterial pressure ratio, lower cardiac index, and higher NTproBNP
and uric acid were associated with decreased survival [20]. In a
previous study poor height and weight at presentation predicted
worse survival [18]. It is unclear why taller children had worse
prognosis in our study, but this may be due to them being older at
diagnosis.

Similarities are observed between the predictors in children and
adults with PAH. In a current large adult registry, PAH associated
with connective tissue disease, higher functional class, lower six-
minute walk distance, higher right arterial pressure, lower systemic
blood pressure, higher heart rate, worse pulmonary function test,
higher BNP, renal insufficiency, and pericardial effusion all
predicted mortality [2,46]. The traditional clinical endpoints used
in adults (i.e., functional class and six-minute walk distance) are
difficult to assess in children, highlighting the need for pediatric
specific measures. Although noninvasive tests are useful in
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pediatric PAH, cardiac catheterization still remains the gold
standard for evaluating the disease severity and treatment
responses in children. Many previous studies have demonstrated
that pulmonary artery pressure and/or pulmonary vascular
resistance Index were prognostic indicators for children with
PAH. The compliance of the pulmonary artery measures how
much the pulmonary vasculature will dilate with each contraction
of the right ventricle [31]. Currently, PACi, an indicator of the
workload on the right ventricle as a total compliance of the
pulmonary vascular bed, has been evaluated for predicting
survival in pediatric PAH patients [32]. However, we found PACi
did not have superiority for predicting mortality compared to
other commonly collected measures. It is possible that a measure
of total right ventricular afterload, pulmonary vascular input
impedance [47], may be a good predictor of survival, but we were
unable to measure impedance in all patients.

Several limitations should be mentioned. First, our study was an
observational cohort study from a single center (at moderate
altitude) with a small number of events. Therefore, clinical findings
regarding the prognostic impact of predictors remain to be
confirmed in a larger multi-site study. Second, children were
individually treated with various vasodilator therapies according to
their conditions. The variety of treatments might be potentially
associated with their prognosis. Additionally, patients with
complex heart disease can have other cardiovascular risk factors
on the risk of mortality which may not be captured in this study.

In conclusion, using a novel data mining approach we identified
potentially important predictors of mortality in this cohort. If
confirmed in other populations, measurement of a subset of these
predictors could aid in management of pediatric PAH by
identifying patients at risk for death. These findings also further
support a role for the clinical utility of measuring circulating
proteins. Higher TIMP-1 was associated with mortality in
pediatric patients with PAH and was the best predictor among
various clinical data.

Supporting Information

File S1 This contains Figures S1-S4 and Tables S1 and
S2. Figure S1. Test statistics evaluating the association
between molecular markers and demographic vari-
ables. Figure S2. Heatmap displaying the magnitude of
the correlation between measured circulating proteins.
Figure S3. The points correspond to the intraclass
correlation coefficient (ICC) for each molecular marker
listed and the lines denote the 95% confidence intervals
of the estimates. The higher the ICC value, the more similar
the protein levels were within a patient. Figure S4. Functional
form of top predictor variables. Plots for top 4
predictors from RSF are displayed. Table S1. Detailed
Diagnosis of heart disease diagnosis in congenital heart
disease patients. Table S2. Description of circulating
protein levels in pediatric PH patients.

(DOCX)

Acknowledgments

Special acknowledgement is provided to Michelle Calderbank for her aid
in data collection, Ben Efaw, Melissa Hiserote and Marina Tsitron for
performance of the ELISA assays and Ronald Harbeck.

Author Contributions

Conceived and designed the experiments: BDW FJA DDI. Performed the
experiments: ST DDI. Analyzed the data: BDW. Contributed reagents/
materials/analysis tools: FJA DDI. Wrote the paper: BW ST DDIL.

November 2013 | Volume 8 | Issue 11 | e80235



References

1.

20.

21.

23.

24.

McLaughlin VV, Archer SL, Badesch DB, Barst R], Farber HW, et al. (2009)
ACCF/AHA 2009 expert consensus document on pulmonary hypertension a
report of the American College of Cardiology Foundation Task Force on Expert
Consensus Documents and the American Heart Association developed in
collaboration with the American College of Chest Physicians; American
Thoracic Society, Inc.; and the Pulmonary Hypertension Association. Journal
of the American College of Cardiology 53: 1573-1619.

. Benza RL, Miller DP, Gomberg-Maitland M, Frantz RP, Foreman A]J, et al.

(2010) Predicting survival in pulmonary arterial hypertension: insights from the
Registry to Evaluate Early and Long-Term Pulmonary Arterial Hypertension
Disease Management (REVEAL). Circulation 122: 164-172.

. D’Alonzo GE, Barst R], Ayres SM, Bergofsky EH, Brundage BH, et al. (1991)

Survival in patients with primary pulmonary hypertension. Results from a
national prospective registry. Ann Intern Med 115: 343-349.

. Forfia PR, Fisher MR, Mathai SC, Housten-Harris T, Hemnes AR, et al. (2006)

Tricuspid annular displacement predicts survival in pulmonary hypertension.

Am J Respir Crit Care Med 174: 1034-1041.

. Humbert M, Monti G, Brenot F, Sitbon O, Portier A, et al. (1995) Increased

interleukin-1 and interleukin-6 serum concentrations in severe primary
pulmonary hypertension. Am J Respir Crit Care Med 151: 1628-1631.

. McLaughlin VV, Presberg KW, Doyle RL, Abman SH, McCrory DC, et al.

(2004) Prognosis of pulmonary arterial hypertension: ACCP evidence-based
clinical practice guidelines. Chest 126: 785-92S.

. McLaughlin VV, Shillington A, Rich S (2002) Survival in primary pulmonary

hypertension: the impact of epoprostenol therapy. Circulation 106: 1477-1482.

. Nagaya N, Nishikimi T, Uematsu M, Satoh T, Kyotani S, et al. (2000) Plasma

brain natriuretic peptide as a prognostic indicator in patients with primary
pulmonary hypertension. Circulation 102: 865-870.

Sitbon O, Humbert M, Nunes H, Parent F, Garcia G, et al. (2002) Long-term
intravenous epoprostenol infusion in primary pulmonary hypertension: prog-
nostic factors and survival. J] Am Coll Cardiol 40: 780-788.

Soon E, Holmes AM, Treacy CM, Doughty NJ, Southgate L, et al. (2010)
Elevated levels of inflammatory cytokines predict survival in idiopathic and
familial pulmonary arterial hypertension. Circulation 122: 920-927.

. Barst RJ, Ertel SI, Beghetti M, Ivy DD (2011) Pulmonary arterial hypertension:

a comparison between children and adults. Eur Respir J 37: 665-677.

. Barst RJ, Maislin G, Fishman AP (1999) Vasodilator therapy for primary

pulmonary hypertension in children. Circulation 99: 1197-1208.

. Barst RJ, McGoon MD, Elliott CG, Foreman AJ, Miller DP, et al. (2012)

Survival in childhood pulmonary arterial hypertension: insights from the registry
to evaluate early and long-term pulmonary arterial hypertension disease
management. Circulation 125: 113-122.

. Berger RM, Beghetti M, Humpl T, Raskob GE, Ivy DD, et al. (2012) Clinical

features of paediatric pulmonary hypertension: a registry study. Lancet 379:
537-546.

. Fraisse A, Jais X, Schleich JM, di Filippo S, Maragnes P, et al. (2010)

Characteristics and prospective 2-year follow-up of children with pulmonary
arterial hypertension in France. Arch Cardiovasc Dis 103: 66-74.

. Haworth SG, Hislop AA (2009) Treatment and survival in children with

pulmonary arterial hypertension: the UK Pulmonary Hypertension Service for

Children 2001-2006. Heart 95: 312-317.

. Ivy DD, Rosenzweig EB, Lemarie JC, Brand M, Rosenberg D, et al. (2010)

Long-term outcomes in children with pulmonary arterial hypertension treated
with bosentan in real-world clinical settings. Am J Cardiol 106: 1332-1338.

. Moledina S, Hislop AA, Foster H, Schulze-Neick I, Haworth SG (2010)

Childhood idiopathic pulmonary arterial hypertension: a national cohort study.
Heart 96: 1401-1406.

Sandoval J, Bauerle O, Gomez A, Palomar A, Martinez Guerra ML, et al.
(1995) Primary pulmonary hypertension in children: clinical characterization
and survival. ] Am Coll Cardiol 25: 466-474.

van Loon RL, Roofthooft MT, Delhaas T, van Osch-Gevers M, ten Harkel AD,
et al. (2010) Outcome of pediatric patients with pulmonary arterial hypertension
in the era of new medical therapies. Am J Cardiol 106: 117-124.

Yung D, Widlitz AC, Rosenzweig EB, Kerstein D, Maislin G, et al. (2004)
Outcomes in children with idiopathic pulmonary arterial hypertension.
Zirculation 110: 660-665.

. Humbert M, Monti G, Fartoukh M, Magnan A, Brenot F, et al. (1998) Platelet-

derived growth factor expression in primary pulmonary hypertension:
comparison of HIV seropositive and HIV seronegative patients. Eur Respir J
11: 554-559.

Perros F, Montani D, Dorfmuller P, Durand-Gasselin I, Tcherakian C, et al.
(2008) Platelet-derived growth factor expression and function in idiopathic
pulmonary arterial hypertension. Am J Respir Crit Care Med 178: 81-88.
Sakao S, Taraseviciene-Stewart L, Cool CD, Tada Y, Kasahara Y, et al. (2007)
VEGF-R blockade causes endothelial cell apoptosis, expansion of surviving

PLOS ONE | www.plosone.org

26.

27.

28.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

Circulating Proteins in Children with PAH

CD34+ precursor cells and transdifferentiation to smooth muscle-like and
neuronal-like cells. Faseb J 21: 3640-3652.

5. Yeager ME, Nguyen CM, Belchenko DD, Colvin KL, Takatsuki S, et al. (2012)

Circulating myeloid-derived suppressor cells are increased and activated in
pulmonary hypertension. Chest 141: 944-952.

Yeager ME, Nguyen CM, Belchenko DD, Colvin KL, Takatsuki S, et al. (2012)
Circulating fibrocytes are increased in children and young adults with
pulmonary hypertension. Eur Respir J 39: 104-111.

Bernus A, Wagner BD, Accurso F, Doran A, Kaess H, et al. (2009) Brain
natriuretic peptide levels in managing pediatric patients with pulmonary arterial
hypertension. Chest 135: 745-751.

Lammers AE, Hislop AA, Haworth SG (2009) Prognostic value of B-type
natriuretic peptide in children with pulmonary hypertension. Int J Cardiol 135:
21-26.

. Van Albada ME, Loot FG, Fokkema R, Roofthooft MT, Berger RM (2008)

Biological serum markers in the management of pediatric pulmonary arterial
hypertension. Pediatr Res 63: 321-327.

. Mahapatra S, Nishimura RA, Oh JK, McGoon MD (2006) The prognostic

value of pulmonary vascular capacitance determined by Doppler echocardiog-
raphy in patients with pulmonary arterial hypertension. J] Am Soc Echocardiogr
19: 1045-1050.

. Mahapatra S, Nishimura RA, Sorajja P, Cha S, McGoon MD (2006)

Relationship of pulmonary arterial capacitance and mortality in idiopathic
pulmonary arterial hypertension. J] Am Coll Cardiol 47: 799-803.

Sajan I, Manlhiot C, Reyes J, McCrindle BW, Humpl T, et al. (2011)
Pulmonary arterial capacitance in children with idiopathic pulmonary arterial
hypertension and pulmonary arterial hypertension associated with congenital
heart disease: relation to pulmonary vascular resistance, exercise capacity, and
survival. American heart journal 162: 562-568.

. Barst R], Gibbs JS, Ghofrani HA, Hoeper MM, McLaughlin VV, et al. (2009)

Updated evidence-based treatment algorithm in pulmonary arterial hyperten-

sion. J Am Coll Cardiol 54: S78-84.

. Roberts JD, Forfia PR (2011) Diagnosis and assessment of pulmonary vascular

disease by Doppler echocardiography. Pulm Circ 1: 160-181.

. LaFarge CG, Miettinen OS (1970) The estimation of oxygen consumption.

Cardiovasc Res 4: 23-30.

Hastie T, Tibshirani R, Friedman JH (2009) The elements of statistical learning :
data mining, inference, and prediction. New York, NY: Springer. xxii, 745 p. p.
Ishwaran H, Kogular UB, Gorodeski EZ, Minn AJ, Lauer MS (2010) High-
Dimensional Variable Selection for Survival Data. Journal of American
Statistical Association 105: 205-217.

Lepetit H, Eddahibi S, Fadel E, Frisdal E, Munaut C, et al. (2005) Smooth
muscle cell matrix metalloproteinases in idiopathic pulmonary arterial
hypertension. Eur Respir J 25: 834-842.

Vieillard-Baron A, Frisdal E, Eddahibi S, Deprez I, Baker AH, et al. (2000)
Inhibition of matrix metalloproteinases by lung TIMP-1 gene transfer or
doxycycline aggravates pulmonary hypertension in rats. Circ Res 87: 418-425.
Vicillard-Baron A, Frisdal E, Raffestin B, Baker AH, Eddahibi S, et al. (2003)
Inhibition of matrix metalloproteinases by lung TIMP-1 gene transfer limits
monocrotaline-induced pulmonary vascular remodeling in rats. Human gene
therapy 14: 861-869.

Borden P, Heller RA (1997) Transcriptional control of matrix metalloproteinases
and the tissue inhibitors of matrix metalloproteinases. Critical reviews in
cukaryotic gene expression 7: 159-178.

Corbel M, Belleguic C, Boichot E, Lagente V (2002) Involvement of gelatinases
(MMP-2 and MMP-9) in the development of airway inflammation and
pulmonary fibrosis. Cell biology and toxicology 18: 51-61.

Jeffery TK, Morrell NW (2002) Molecular and cellular basis of pulmonary
vascular remodeling in pulmonary hypertension. Prog Cardiovasc Dis 45: 173—
202.

Schermuly RT, Kreisselmeier KP, Ghofrani HA, Samidurai A, Pullamsetti S, et
al. (2004) Antiremodeling effects of iloprost and the dual-selective phosphodi-
esterase 3/4 inhibitor tolafentrine in chronic experimental pulmonary
hypertension. Circ Res 94: 1101-1108.

. Clabby ML, Canter CE, Moller JH, Bridges ND (1997) Hemodynamic data and

survival in children with pulmonary hypertension. J Am Coll Cardiol 30: 554
560.

Benza RL, Miller DP, Barst RJ, Badesch DB, Frost AE, et al. (2012) An
Evaluation of Long-Term Survival From Time of Diagnosis in Pulmonary
Arterial Hypertension From REVEAL. Chest.

Hunter KS, Lee PF, Lanning CJ, Ivy DD, Kirby KS, et al. (2008) Pulmonary
vascular input impedance is a combined measure of pulmonary vascular
resistance and stiffness and predicts clinical outcomes better than pulmonary
vascular resistance alone in pediatric patients with pulmonary hypertension. Am
Heart J 155: 166-174.

November 2013 | Volume 8 | Issue 11 | e80235



