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RESUMEN 

La displasia broncopulmonar es la enfermedad pulmonar crónica más frecuente en la infancia, 

secuela de la prematuridad. Además es la causa más frecuente de hipertensión pulmonar secundaria 

a enfermedad pulmonar en la edad pediátrica. Se caracteriza por una detención del desarrollo 

pulmonar en la que están implicados factores intrínsecos y extrínsecos. El diagnóstico precoz de 

displasia broncopulmonar es de gran importancia para poder emplear estrategias preventivas frente 

a la enfermedad. Considerando la escasez de tratamientos eficaces, la displasia broncopulmonar 

supone actualmente un reto que requiere investigación a nivel básico, traslacional y clínico. No 

todos los recién nacidos prematuros desarrollan displasia broncopulmonar, lo que sugiere que 

además de los factores conocidos, existen otros factores desconocidos relacionados con la 

enfermedad.  

Las células mesenquimales han demostrado su eficacia en la modulación de la inflamación y la 

prevención del daño pulmonar en estudios preclínicos, por lo que son un tratamiento prometedor 

frente a esta enfermedad.  

El objeto de esta tesis es evaluar los siguientes aspectos de la displasia broncopulmonar: su coste 

económico, los factores de riesgo, potenciales biomarcadores y técnicas innovadoras para su 

diagnóstico precoz y la terapia celular como potencial estrategia preventiva o terapéutica.   

1) El coste económico ha sido calculado con datos del Ministerio de Sanidad. Teniendo en cuenta  

la prematuridad, los ingresos hospitalarios, un seguimiento de dos años e inmunización con 

palivizumab, estimamos que el coste de un prematuro con displasia broncopulmonar y sin otras 

complicaciones graves relacionadas con la prematuridad, durante los dos primeros años de vida,  

oscila entre 45,049.81 € y 118,760.43 €,  dependiendo del peso y la edad gestacional del paciente. 

2) Realizamos una revisión de las nuevas herramientas que nos pueden servir en el diagnóstico, 

prevención y tratamiento de la displasia broncopulmonar. 

3) En relación con los factores de riesgo y biomarcadores,  diseñamos un estudio longitudinal 

prospectivo en el que analizamos semanalmente variables clínicas, ecocardiográficas y moleculares 
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en prematuros de alto riesgo para el desarrollo de la displasia broncopulmonar. Encontramos que la 

combinación de variables clínicas (ventilación mecánica), ecocardiográficas (signos 

ecocardiográficos de hipertensión pulmonar) y moleculares (endotelina-1) predecía la displasia 

broncopulmonar con una sensibilidad y especificidad adecuadas. También en relación con los 

factores de riesgo de displasia broncopulmonar colaboramos con el grupo de investigación de la 

Universidad de Maastricht en la realización de un meta-análisis para estudiar la relación entre 

corioamnionitis y displasia broncopulmonar. 

4) En relación con la terapia celular como estrategia terapéutica/preventiva, estudiamos la seguridad 

y los cambios en los biomarcadores de inflamación y de daño vascular en dos pacientes prematuros 

con displasia broncopulmonar severa e hipertensión pulmonar, a los que se les administraron 

células mesenquimales por vía intravenosa. 
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ABSTRACT 

Bronchopulmonary dysplasia (BPD) is the most common chronic lung disease in childhood, related 

with prematurity, and the most common cause of pulmonary hypertension (PH) secondary to 

pulmonary disease in children. It is characterized by a pulmonary developmental arrest, in which 

intrinsic and extrinsic factors are involved. The prediction of BPD development in extremely 

premature newborns is vital to implement preventive strategies. Due to the lack of effective 

preventive and treatment strategies, BPD currently represents a major therapeutic challenge that 

requires continued research efforts at the basic, translational, and clinical levels. However, not all 

very low birth weight premature babies develop BPD, which suggests that in addition to known risk 

factors, other unknown factors must be involved in the disease’s development.  

Mesenchymal stromal cells (MSC) have proven efficient to repair inflammatory and vascular lung 

damage in preclinical studies; therefore, they are a promising treatment for BPD. 

The aim of this thesis is to study different aspects of BPD: economic cost, risk factors, biomarkers 

and innovative tools for early BPD diagnosis and preventive and therapeutic strategies.  

1) The economic cost of BPD has been estimated with data from the Spanish Ministry of Health 

considering preterm birth, hospital admissions, two year follow-up and palivizumab immunization. 

BPD has an elevated cost oscillating between 45,049.81 € and 118,760.43 €, depending on birth 

weight and gestational age. 

2) We conducted a review of the innovative tools available for BPD diagnosis, prevention and 

treatment.  

3) Regarding BPD risk factors and biomarkers, we performed a prospective longitudinal study in 

which we analyzed weekly clinical and echocardiographic variables as well as molecular 

biomarkers in very low birth weight preterm newborns. As result, we observed that the combination 

of clinical (mechanical ventilation), echocardiographic (signs of PH) and molecular biomarkers 

(endothelin-1) can predict BPD development with an adequate sensitivity and specificity. In 

addition, regarding BPD risk factors, we collaborated with the neonatology research group of the 



 

 

 
María Álvarez Fuente  10 

University of Maastricht in the performance of a meta-analysis to study corioamnionitis as a risk 

factor for BPD. 

4) Among MSC, we studied safety, feasibility and biomarker profile of intravenous MSC 

administration in two human babies with severe and advanced BPD and PH.  
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1. ABBREVIATIONS 

AEMPS- Agencia Española de Medicamentos y Productos Sanitarios (Spanish Medical Agency) 

ASD- Atrial septal defect 

BPD- Bronchopulmonary dysplasia 

CPAP- Continuous positive airway pressure 

CT- Computerized tomography 

DRG- Diagnostic related groups 

ELGAN- Extremely low gestational age newborns (< 28 weeks gestational age) 

ET-1- Endothelin 1 

GA- Gestational age 

GM- CSF- Granulocyte macrophage colony stimulating factor 

GWAS- Genome-wide association studies 

ICAM-1- Intercellular adhesion molecule 1 

IL- interleukine (IL-1β, IL-1ra, IL-4, IL-6, IL8, IL 10) 

iNO- Inhaled nitric oxide  

IPPV- Intermittent positive-pressure ventilation 

IQR – Interquartile range 

IVS- Interventricular septum 

miRNA- microRNA 

MSC- Mesenchymal stromal cells 

MV- Mechanical ventilation 

NEC- Necrotizing enterocolitis 

PDA- Patent ductus arteriosus 

PH- Pulmonary hypertension  

PMA- post-menstrual age 

RCT- Randomized controlled trial 
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ROP- Rethinopathy of prematurity 

RV- Right ventricle 

SD- Standard deviation 

TGF- Transforming growth factor (TGF-β1, TGF-α) 

UC-MSC- Umbilical cord-derived MSC 

USD- United States dollar 

VEGF- Vascular endothelial growth factor 

VLBWI- Very low birth weight infants 
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2. ESTRUCTURA DE LA TESIS 

 

“La ciencia siempre vale la pena porque sus descubrimientos,  

tarde o temprano, siempre se aplican”  

Severo Ochoa 

 

Esta frase de Severo Ochoa recalca la motivación que todo investigador necesita, ya que la ciencia 

no supone un camino fácil, sino todo lo contrario. Iniciar una investigación requiere mucha fuerza 

de voluntad, un tiempo de reflexión, una planificación y finalmente, la puesta en marcha de un 

proyecto. Ninguna de estas etapas son fáciles de desempeñar, por tanto la motivación de los 

investigadores es la clave de la ciencia. Ante la premisa de que “sus descubrimientos, tarde o 

temprano, se aplican”, esta motivación se ve alimentada.  

 

Nuestro grupo de investigación en displasia broncopulmonar, impulsado por la motivación de la 

Dra. Del Cerro, ha desarrollado varias líneas de investigación en relación con esta enfermedad 

pulmonar, que se presentarán a continuación en esta tesis doctoral.  

La tesis ha sido redactada en inglés por optar a recibir la “mención internacional”, estando en 

español esta parte, el resumen, los objetivos y las conclusiones. A lo largo de cuatro capítulos 

explico la importancia de la displasia broncopulmonar y de la identificación de sus factores de 

riesgo, y expongo las distintas áreas de investigación en las que he trabajado.  

Esta tesis se presenta como compendio de publicaciones. De los cuatro capítulos, tres (I, II, IV), 

están ya publicados y se encuentran en el anexo II, por lo que en estos capítulos hago un breve 

resumen de la publicación. El capítulo III, al no estar publicado aún, relata más extensamente esa 

parte de la investigación.  
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El primer capítulo es el resultado de un estudio sobre el coste económico de la displasia 

broncopulmonar. Hemos estimado que un gran prematuro (< 1500 g) sin otras complicaciones 

graves además de la prematuridad y la afectación respiratoria, genera un coste mínimo, durante los 

dos primeros años de vida, que oscila entre 45,049.81 € y 118,760.43 €, dependiendo del peso al 

nacimiento (mayor coste a menor peso). Esta estimación incluye el ingreso inicial, un ingreso de 

causa respiratoria el primer año de vida, las revisiones rutinarias de los pacientes prematuros 

durante los dos primeros años de vida y la inmunización con palivizumab. Este cálculo estima el 

coste mínimo, por lo que si el paciente presenta otras complicaciones, como hipertensión pulmonar, 

más ingresos, oxigenoterapia domiciliaria u otros tratamientos, el precio ascenderá. Este estudio se 

publicó en el European Journal of Pediatrics en 2017.  

 

El segundo capítulo es el resultado de una revisión de los actuales avances y desafíos pendientes en 

el diagnóstico y tratamiento de la displasia broncopulmonar. Esta revisión se publicará 

proximamente en Pediatric Research, estando ya disponible la publicación digital. Es un trabajo 

realizado por nuestro grupo de investigación internacional, bajo el consorcio PULMESCELL, 

detallado posteriormente. 

 

El siguiente capítulo está dedicado a la búsqueda y ratificación de los factores de riesgo y 

biomarcadores de la displasia broncopulmonar. En este capítulo expongo un estudio prospectivo en 

el que seguimos a una cohorte de grandes prematuros (≤ 1250 g y < de 28 semanas de edad 

gestacional) desde el nacimiento hasta la semana 36 de edad postconcepcional. Durante este 

seguimiento recogimos variables clínicas, ecocardiográficas y moleculares con el objetivo de 

encontrar posibles biomarcadores para el diagnóstico precoz de la displasia broncopulmonar. Esta 

investigación está siendo actualmente evaluada para su publicación en PlosOne.  
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También en relación con la búsqueda y ratificación de factores de riesgo de la displasia 

broncopulmonar, he colaborado con el Dr. Eduardo Villamor, de la Universidad de Maastricht, en 

la realización de un meta-análisis. En este estudio ratificamos que la corioamnionitis es un factor de 

riesgo para el desarrollo de displasia broncopulmonar y valoramos su relación con el distrés 

respiratorio del recién nacido. Este trabajo se expone en el anexo I.  

 

Una vez estudiados el coste y los factores de riesgo de la displasia broncopulmonar el siguiente 

escalón es encontrar un tratamiento eficaz para esta patología, ya que actualmente existen 

numerosos tratamientos que palian sus consecuencias, pero no existe uno curativo o preventivo que 

elimine esta patología. Las células mesenquimales están siendo estudiadas como posible terapia 

para la displasia broncopulmonar. En el capítulo cuatro desarrollo nuestra investigación sobre la 

administración de células mesenquimales en pacientes prematuros. 

En este cuarto capítulo desarrollo el resultado de nuestra experiencia con dos pacientes tratados con 

células mesenquimales como terapia off label o fuera de guía. En ambos casos se trataba de 

pacientes con displasia broncopulmonar muy avanzada e hipertensión pulmonar secundaria. Ambos 

pacientes fallecieron en su evolución debido a la avanzada enfermedad y fibrosis pulmonar, pero 

determinamos que la administración celular fue segura y observamos una leve mejoría pulmonar en 

relación con la administración de las células, así como un descenso en los marcadores de 

inflamación. Esta experiencia está publicada en Cytotherapy.  
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3. BACKGROUND 

3.1 WHAT IS BRONCHOPULMONARY DYSPLASIA? 

 

Preterm births represent 10% of all births in Europe and North America (1). The survival rate of 

preterm babies is increasing due to advances in neonatology. However, the rate of complications 

has not improved in parallel, therefore the incidence of sequelae of prematurity remains high (2). 

Bronchopulmonary dysplasia (BPD) is one of the most important sequelae of preterm newborns and 

one of the most serious chronic lung diseases in infancy, causing increased morbidity and mortality 

in these patients during infancy and throughout adult life (3).  

 

The increase in preterm birth and in the survival of extremely premature babies has raised the 

prevalence of BPD (2). BPD is now the most prevalent sequelae of prematurity, with an estimated 

incidence of 42% in preterm infants with a gestational age between 22 and 28 weeks, and 30% in 

infants with a birth weight <1000 g (VLBWI) (4-7). 

 

BPD diagnosis is complex. Nowadays the National Health Institute diagnostic criteria remain valid, 

which consider three grades of BPD (mild/moderate/severe) regarding oxygen dependency at 36 

weeks postconceptional age (table 1). BPD definition is being revised considering that it does not 

reflect the disease pathophysiology and that other respiratory severity factors beyond oxygen 

dependency, should be taken in consideration (8). Moderate and severe grades have a worse 

outcome and a higher rate of complications and pulmonary hypertension (PH) (9). Between 18 and 

37% of the patients can associate PH secondary to BPD (10-14), being the most common cause of 

PH associated to lung disease in pediatrics (figure 1) (15-18). 

 

 



BACKGROUND 

 

 
María Álvarez Fuente 28 

Table 1. BPD classification (19) 

BPD: Bronchopulmonary dysplasia. PMA: post-menstrual age. IPPV intermittent positive-pressure ventilation. CPAP: 

continuous positive airway pressure. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Data from the Spanish registry of pediatric pulmonary hypertension (REHIPED). BPD is the most common 

cause of pediatric pulmonary hypertension caused by lung disease in children. (Courtesy of Dr. del Cerro). BPD= 

bronchopulmonary dysplasia, PH= pulmonary hypertension.  

Treatment with supplemental oxygen for at least 28 days 

 <32 weeks >32 weeks 

Time point of severity 

assessment 

36 weeks PMA or hospital 

discharge 

56 days post-natal age or 

hospital discharge 

Mild BPD Room air Room air 

Moderate BPD <0.3 oxygen <0.3 oxygen 

Severe BPD >0.3 oxygen and/or respiratory 

support (IPPV or CPAP) 

>0.3 oxygen and/or respiratory 

support (IPPV or CPAP) 
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3.2 BPD:  A LUNG DEVELOPMENTAL PROBLEM 

 

The first description of BPD was based on the clinical and histological evaluation of premature 

babies with a mean birthweight of 1660 g and 31 weeks of gestational age (GA) dying from this 

complication (20). The pathology of that, so called, old BPD was characterized by alternating areas 

of alveolar emphysema and atelectasis, marked inflammation, fibrosis, prominent airway injury and 

smooth muscle hyperplasia (figure 2). These chronic lesions were secondary to volutrauma and 

oxygen toxicity. Advances in neonatal critical care and increased survival of extremely premature 

infants have modified the pathology of BPD to a new disease consistent on the disruption of lung 

development, with less lung tissue injury (21). This new BPD is the result of a lesser magnitude of 

injury superimposed on highly immature lungs, in which the combination of prenatal and postnatal 

factors with a chronic exposure to inflammation, as well as an unknown role of genetics, are 

responsible for the outcome of the disease (figures 2 and 3). The lung of very low birth weight 

infants (VLBWI) at birth is in the saccular or alveolar phase of their airway branching 

morphogenesis, by assuming a survival limit of 23-24 postmenstrual weeks gestation. These infants 

are exposed to aggressions than can alter lung development, such as perinatal inflammation, 

mechanical ventilation, hyperoxia or malnutrition (22).  

 

Evidence suggests that vascular development and alveolarization are closely related, which explains 

the simplified lung vasculature found in clinical and experimental BPD. Lung capillaries are 

reduced in number, dysmorphic, with an abnormal distribution, decreased branching, and separated 

from the air surface (23, 24). The pathology of this new BPD is characterized by a constant 

reduction in alveolarization, with enlarged air spaces, and a highly variable degree of inflammation 

and fibrosis (25). 
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Figure 2. Pathophisiologic description of old and new bronchopulmonary dysplasia. (courtesy of Dr. Arruza). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Risk factors for BPD (PDA= patent ductus arteriosus, ASD= atrial septal defect). From: Álvarez-Fuente M et 

al. Preventing bronchopulmonary dysplasia: new tools for an old challenge. Pediatr Res. 2018 Nov 21. doi: 

10.1038/s41390-018-0228-0. 
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3.3 PULMONARY HYPERTENSION AND BPD 

 

BPD is the most common cause of PH due to lung disease in pediatrics (figure 1) (17), contributing 

to the late morbidity and mortality of BPD, with survival rates at 3 years of 52% to 66% (11, 12, 15, 

18). The diminished alveolarization observed in BPD, accompanied by a decreased development of 

the vascular bed, is one of the main factors responsible for the development of PH in preterm babies 

with BPD (23, 26).  

 

Although the gold standard for the diagnosis of PH is cardiac catheterization, this technique is 

limited in VLBWI, which are high risk patients for catheterization and often too unstable to be 

transferred to the catheterization laboratory. The diagnosis of PH in preterm infants at risk or 

diagnosed with BPD relies mainly on the echocardiography evaluation. The diagnosis of PH by 

echocardiography is based on several echocardiographic features: 1) the estimation of the right 

ventricular pressure through the tricuspid regurgitation jet and the comparison of this pressure with 

the systemic pressure; 2) interventricular septal flattening; 3) right ventricular hypertrophy or 

dilatation; 4) right atrial enlargement (in the absence of a significant atrial septal defect (ASD)); 

although these parameters do not lack variability and may not estimate precisely the presence and 

degree of PH (12). Furthermore, the definitions for mild/moderate/severe PH vary also between 

centers and published series (27). Most centers are now incorporating PH screening programs for 

preterm babies, being the timing and the patient selection not yet standardized. Although PH 

appears more frequently in severe BPD, there are still some preterm patients diagnosed with PH in 

spite of having moderate, mild or even no BPD.  

 

Preterm babies often have cardiovascular anomalies: pulmonary vein stenosis, shunts, and left 

ventricular dysfunction, that can contribute to the development of PH. Some of these anomalies can 

be missed by routine echocardiography and require further studies such as CT scan. A CT scan will 
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be indicated if the clinical suspicion is high, or in patients with severe BPD (18, 28-31). In addition, 

arteriovenous connections, or shunt vessels, have been identified in lung tissue from preterm infants 

who died with severe BPD (32). These connections would be responsible for a hypoxemic 

phenotype of BPD. 

 

The therapeutic approach of preterm babies with PH should be individualized and followed by a 

multidisciplinary team (neonatologist, pediatric cardiologist, pediatric pulmonologist). The 

diagnosis of PH should not automatically lead to the use of PH drugs. Other morbidities like 

hypothyroidism, gastroesophageal reflux disease, structural airways abnormalities, sleep apnea and 

cardiovascular abnormalities should be actively ruled out and treated if indicated (18). The 

multidisciplinary team should then have a comprehensive approach to the patients´ situation and 

treatment strategy, including or not, targeted therapies for pulmonary hypertension.   

 

Inhaled nitric oxide (iNO), which has been proven safe in infants, remains the first line treatment 

for acute PH. Also iNO is delivered directly to the pulmonary microvasculature having a very rapid 

onset of action (33). In spite of the lack of randomized controlled studies, sildenafil use in BPD 

infants with PH has become widespread, sometimes also used for iNO weaning (34). 

 

There is lack of data on the long term evolution of PH in BPD infants. Although PH improvement is 

common, either spontaneously or with specific drugs, some patients develop persistent or recurrent 

PH, either as temporary PH worsening during respiratory infections, or as permanent or progressive 

PH (18). 
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3.4 RISK FACTORS FOR BPD 

 

As already introduced in the previous sections, the combination of prenatal and postnatal risk 

factors, lung developmental arrest, and the role of genetics (still under investigation) are responsible 

of the development of BPD (figure 3).  

 

The most important BPD risk factor is prematurity itself (35). The lung of an infant born 

prematurely suffers an alveolar developmental arrest, that is the main cause of BPD (23). Therefore 

GA and birth weight are the main risk factors for BPD (35). 

 

Prenatal factors contributing to BPD are, among others, placental abnormalities (preeclampsia, 

maternal smoking), intrauterine growth restriction, intrauterine infections (chorioamnionitis) and 

multiple birth (36-38). Postnatal factors directly implicated in BPD development are mechanical 

ventilation and oxygen supplementation, prematurity-related comorbidities, infections (sepsis, 

necrotizing enterocolitis, lung infections etc.) (36-41). Cardiac and vascular factors, like ventricular 

dysfunction, intracardiac shunts, that generate a lung volume overload, or pulmonary vein stenosis, 

play also an important role in BPD development (18) (figure 3). 

 

The immature lung is very vulnerable to all the different stimuli present in postnatal life 

(mechanical ventilation, oxidative stress, free radicals, infections, fluid overload etc.). These 

aggressions generate an inflammatory response with the release of interleukines and other 

mediators that will modulate angiogenic factors implicated in the normal lung development (42). 

The exposure to inflammatory molecules in preterm newborns is already present since intrauterine 

life, which implies a prenatal lung damage. In addition, the long hospitalization time of these 

patients makes them more vulnerable to infections. Sepsis and pulmonary infections contribute to 
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the pathogenesis of BPD, as well as the need of mechanical ventilation that increases cytokines 

release that contribute to further lung damage (43).  

Some of the identified cytokines that can play a role in BPD development are the following (44, 

45): IL-1β, IL-1ra, ICAM-1, IL-4, IL-6 (46, 47), IL-8, IL-10 (48, 49), TGF-β1 (50, 51), TGF-α 

(47). These cytokines appear at different times during lung injury evolution. IL-6, IL-8, IL-1β and 

TGF-α are increased in the acute phase immediately after the initial lung damage (52). GM-CSF 

(53) and VEGF are also altered in BPD patients. The study of these molecules gives us the 

opportunity to establish potential biomarkers that can serve as risk factors for BPD development 

(45, 54-56). 

 

The role of genetics in BPD development is still under research. Studies performed in pairs of 

newborns twins establish certain genetic predisposition to BPD (41, 57-59). In addition, several 

genome-wide association studies (GWAS) have been conducted to identify candidate single 

nucleotide polymorphisms associated with BPD (41, 60, 61). Nevertheless, to date, data on the 

genetic predisposition of BPD is still scarce.  

 

Although many prematurity-related factors have been recognized as risk factors for BPD, further 

studies, such as meta-analysis and risk stratification scores, should still be performed to increase the 

clinical evidence and the prediction power of selected biomarkers.  
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3.5 ECONOMIC IMPACT OF BPD 

 

BPD greatly impacts the quality of life of these babies and increases the economic, psychological 

and social burdens due to a very long intensive care hospitalization, the need for home oxygen 

therapy at discharge and repeated hospital admissions due to pulmonary exacerbations (62-64).  

Until now, the only available reports on economic impact were from the United States, but the 

extrapolation to Europe was not adequate due to the great price differences between Europe and 

North America. In North America, published data from 2001 states that the cost of a premature 

infant who develops BPD is 103.151 (SD = 43.842) USD per day during initial admission, with a 

mean length of stay of 94.4 days (SD = 31.4) (65). Altogether, it has been estimated that each 

patient with BPD costs 417,000 USD per year (65). This cost rises to 717,000 USD per year in 

patients with PH-associated BPD (65). Considering that no similar studies had been performed in 

Europe, our study group has performed the first economic analysis of BPD in Spain, which will be 

exposed in chapter I of this thesis.  

 

The economic burden of prematurity is not only present during infancy, but also in the long term, 

considering that these patients have multiple readmissions due to respiratory conditions. Gundville 

et al. determined the cost of these readmissions, and observed that 30% of the Paediatric Intensive 

Care Unit respiratory admissions had a history of preterm birth and had longer stays that non-

preterm patients (66). Recent data show that premature babies will have a decreased lung function, 

increased incidence of emphysema, decreased right ventricular function, increased cardiovascular 

risk and a higher incidence of arterial hypertension in adolescence and adulthood (67-69). As 

reported by Gough et al. BPD subjects in adult life are at higher risk for wheezing and asthma (3).  

Young adults and adults with a history of preterm birth are at higher risk of developing pulmonary 

vascular disease and exercise induced PH (69). Also BPD adults have significantly lower forced 

expiratory volume in 1 second and forced expiratory flow at 25-75% of forced vital capacity than 
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both the preterm non-BPD and full-term controls (3). In summary, BPD survivors have significant 

respiratory and quality of life impairment persisting into adulthood (3). 

 

Furthermore, the indirect and social costs of having a sick child should also be considered. The 

social impact in families with preterm babies has also been evaluated recently (70). This study 

concluded that families with preterm babies have higher rates of divorce and that they experienced 

negative consequences in their workplaces. Interestingly, these negative effects had a greater impact 

on mothers than on fathers. The parents also had decreased social activity and they did not receive 

enough family support. Moreover, these consequences were still present 19 years after the baby’s 

birth. The authors also concluded that this situation was even worse in families where the preterm 

child was handicapped or if the family had financial problems (70).  
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3.6 CURRENT TREATMENT STRATEGIES FOR BPD 

 

In spite of the significant advances in the understanding of BPD pathophysiology, the management 

of this disease has not experienced important changes in the last decade. In an effort to reduce BPD 

incidence, a number of pharmacological treatments, respiratory care and nutritional practices have 

been tested in randomized controlled trials (RCT), still without significant influence on the disease 

course.  

 

Nowadays there is still no efficient treatment for BPD. Antenatal steroids, early surfactant treatment 

and minimizing invasive mechanical ventilation are some of the actual strategies to prevent BPD 

(table 2) (22, 71-75). Vitamin A, methylxantines, macrolids, inhaled nitric oxide and erythropoietin 

are part of the pharmacological therapies used in the treatment of BPD (table 3) (76-82). Although 

these treatments can partially palliate BPD, unfortunately none of these therapies have been proven 

efficient.  

 

Considering the increase of premature babies and the incidence of BPD it is extremely important to 

achieve an efficient therapy or preventive strategy for this disease. 
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Table 2. BPD prevention strategies (courtesy of Dr. López Ortego). From: Álvarez-Fuente M et al. 

Preventing bronchopulmonary dysplasia: new tools for an old challenge. Pediatr Res. 2018 Nov 21. doi: 

10.1038/s41390-018-0228-0. 

 

Treatment Mechanism Effect in the lung Evidence 

Antenatal steroids Promote maturation of 

surfactant system 

Reduce the incidence of 

respiratory distress 

syndrome  

Multiple courses may 

inhibit lung growth 

(experimental model) 

Non invasive ventilation 

and nCPAP 

Avoid endotracheal 

intubation and 

mechanical ventilation 

Reduces lung injury due 

to mechanical ventilation  

Reduces on the incidence 

of BPD or death  (meta-

analyses)                                      

Oxygen saturation 

targets above or below 

90% 

Avoid lung exposure 
to hyperoxia 

Decrease oxidative stress 

and free radicals in the 

lung 

Oxygen saturation target 

below 90% increased 

morbidity and mortality, 

without decreasing BPD 

incidence.  

Vitamin A Mantains cell integrity 

and promotes tissue 

repair 

 Reduces incidence of 

BPD at 36 weeks PMA 

High level of evidence  

Caffeine Increases respiratory 

drive, diaphragmatic 

contractility and 

pulmonary compliance. 

Decreases airway 

resistance 

Standard of care for the 

prevention and treatment 

of apnea of prematurity 

Reduces incidence of 

BPD at 36 weeks PMA 

High level of evidence  

Macrolides Antimicrobial agents 

with anti-inflammatory 

actions 

Reduces 

infection/inflammation 

Prophylatic use of 

azithromycin reduces 

BPD or death 

Low level of evidence  

Inhaled nitric oxide Alveolar and vascular 

development 
 No effect on the 

incidence of BPD 

Erythropoietin Mobilize endothelial 

progenitors in animal 

models 

 On-going RCT 

Other pharmacological strategies: 

- Recombinant human Clara cell-10 kilodalton protein 

- Leukotriene receptor antagonist 

- Pentoxifylline 

- Inositol 

- Superoxide dismutase 

- N-acetyl cysteine 

- Tocopherol 

Ascorbic acid 
Inhaled corticosteroids + surfactant 

Current evidence does 

not support these 

strategies. 

Further RCT are needed 

 
nCPAP= nasal continuous positive airway pressure, BPD= bronchopulmonary dysplasia, PMA= postmenstrual age, 

RCT= randomized control trial 
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Table 3. BPD treatment strategies (courtesy of Dr. López Ortego). From: Álvarez-Fuente M et al. Preventing 

bronchopulmonary dysplasia: new tools for an old challenge. Pediatr Res. 2018 Nov 21. doi: 

10.1038/s41390-018-0228-0. 

 

Treatment Mechanism Clinical response Side effects Recomendation 

Furosemide Blocks chloride 

transport  on the 

ascending Henle 

loop 

Decreases 

interstitial edema 

Ototoxicity, 

nephrocalcinosis, 

electrolyte 

imbalance 

Use occasionally in 

evolving BPD. No 

evidence about the effect 

on long-term outcomes 

Thiazides Less potent diuretic Decreases 

interstitial edema 

Electrolyte 

imbalance 

No evidence about the 

effect on long-term 

outcomes. Consider 

carefully for cronic use 

Salbutamol Inhaled b2 agonist Decreases airway 

resistance, 

increases 

compliance 

Tachycardia Use on BPD with strong 

component of reversible 

brochospasm 

Ipratropium 

bromide 

Muscarinic 

antagonist 

Decreases airway 

resistance, 

increases 

compliance 

 Use on BPD with strong 

component of reversible 

brochospasm 

Dexamethasone Steroid Decreases 

inflammation, 

reduces vascular 

permeability and 

edema, reduces 

fibrosis 

Adverse long-term 

neurological 

development 

Careful use. Selected 

group of patients with high 

risk of BPD may benefit 

from low doses and short 

courses. 

High level of evidence 

(RCTs and meta-analyses) 

Hydrocortisone Steroid Decreases 

inflammation, 

reduces vascular 

permeability and 

edema, reduces 

fibrosis 

Hyperglycemia, 

hypertension, 

gastrointestinal 

perforation, 

abnormal 

language and 

motor skills in the 

first years 

Careful use under protocol 

conditions 

On-going RCTs 

Inhaled 

corticosteroids 

Steroid Decreases 

inflammation, 

reduces vascular 

permeability and 

edema, reduces 

fibrosis 

 No advantage over 

systemic steroids 

 

 

 
BPD= bronchopulmonary dysplasia, RCT= randomized controlled trial.  

 

 



BACKGROUND 

 

 
María Álvarez Fuente 40 

3.7 DEVELOPING A PREDICTIVE MODEL FOR EARLY BPD DIAGNOSIS 

 

Considering the lack of effective treatments for BPD, and that the diagnosis is established at 36 

weeks postmenstrual age (19), which is too late to implement preventive strategies, being able to 

predict which VLBWI are at risk of developing BPD would be essential in order to establish 

preventive strategies (figure 4). This is necessary in order to avoid treating those VLBWI who will 

not develop BPD.  Other benefits of determining the risk of BPD include providing prognostic 

information and selecting infants for clinical trial enrollment (37).  

               

Figure 4. Timeline of bronchopulmonary dysplasia (BPD) development, since birth until 36 weeks gestational age 

(GA). At preterm birth (23-28 weeks) the lung is still immature, at the sacular stage of development. During the first 

month the premature lung is damaged by postnatal Neonatal Intensive Care Unit -related factors that increase the risk of 

developing BPD. At 36 weeks postmenstrual age the damage is already established. Therefore the optimal time for 

preventive treatment would be in the first two weeks of life. From: Álvarez-Fuente M et al. Preventing 

bronchopulmonary dysplasia: new tools for an old challenge. Pediatr Res. 2018 Nov 21. doi: 10.1038/s41390-018-

0228-0. 
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Many clinical prediction models have been developed and published over the last few decades (36, 

38, 54, 83). Gestational age, birth weight, gender, clinical parameters (PDA, respiratory distress 

syndrome, pulmonary interstitial emphysema etc.), chest X-ray, ventilator settings, oxygenation 

indexes, blood gases, as well as other risk factors for BPD have been used to create these clinical 

predictive models (84). In 2013, Onland et al. published the first systematic review and external 

validation of the 26 most relevant clinical predictive models of BPD in preterm infants of the last 30 

years (85). Eighteen were derivation models (i.e., studies developing a novel prediction model), and 

eight were validation studies (i.e., studies evaluating a single predictor or a known model). The 

external validation analysis showed that most prediction models do not perform sufficiently well to 

be considered in routine care. Additional variables such as echocardiographic parameters and/or 

biomarkers—as well as innovative molecular diagnosis methods—will be required to increase the 

prediction accuracy of these models. 

 

Despite these efforts, a reliable and reproducible model that could be easily applicable across 

neonatal intensive care units has not yet been found. Therefore, the search for predictive factors for 

early identification of infants at high risk of BPD is an important area of research. This research 

should be oriented also towards the combination of clinical and molecular biomarkers, that could 

increase the predictive power of risk scores.  

 

 

 

 

 

 

 

 



BACKGROUND 

 

 
María Álvarez Fuente 42 

3.8 MESENCHYMAL STROMAL CELL THERAPY: A THERAPEUTIC OPTION FOR 

BPD 

In these past years there has been an increasing interest on the potential role of mesenchymal 

stromal cells (MSC) in the prevention or treatment of BPD and PH lesions, although the molecular 

mechanisms are still not well defined. Different experimental animal models have shown the ability 

of MSC to improve lung function and vascularization, reduce fibrosis, increase compliance, reduce 

cardiac hypertrophy and promote the normal development of alveoli (86-89). Chang et al. published 

the first human experience (pilot phase I clinical trial) using intratracheal infusion of umbilical 

cord-derived MSC in extremely premature babies at high risk of developing severe BPD (90). They 

reported mid-term and long-term safety and tolerability, suggesting a beneficial effect of this 

therapy (91).  

3.8.1 Regenerative medicine with MSC 

Finding suitable cell sources is one of the main challenges of regenerative medicine. The ideal cells 

must support the reconstruction of dysfunctional tissues while having low immunogenicity. MSC 

have regenerative and immune-modulating properties generated by a paracrine effect (92-94). MSC 

are multipotent cells that can be isolated from bone marrow, adipose tissue, umbilical cord blood, 

Wharton’s jelly of the umbilical cord and placenta (95). They are promising candidates for 

transplantation due to their non-immunogenic profile that allows for the possibility of performing 

cell transplantation across major histocompatibility barriers without immunosuppression (96). Due 

to these characteristics, they have been tested in clinical trials for a diverse variety of disorders, 

ranging from the treatment of graft versus host disease, autoimmune and cardiovascular diseases 

and in orthopaedic applications (97). 

3.8.2 MSC transplantation in animal models of BPD 

The actual available data on the effect of MSC on prematurity-related lung disease has been 

achieved from animal models. Prematurity-related lung disease models are obtained by the 

exposure of neonatal rodents to chronic hyperoxia. In these models, the intratracheal or 



BACKGROUND 

 

 

 
María Álvarez Fuente 43 

intraperitoneal administration of bone marrow derived MSC attenuated lung inflammation, 

oxidative stress, alveolar growth arrest and lung vascular damage (86, 98-101). The administration 

of MSC in these models did not evidence any major adverse reactions, and experienced that the 

effect of MSC can persist up to 6 months, even in the absence of cell engraftment in the recipient 

lung (102, 103). Hansmann et al. showed that MSC culture media was also able to prevent BPD 

lung lesions in a mouse model of BPD through a paracrine effect (88). The effects of MSC on lung 

disease animal models, and the studies on preterm lungs with BPD, have increased the interest in 

MSC as a potential therapeutic strategy for BPD (104).  

3.8.3 Safety of MSC transplantation 

MSC, when grown under adequate culture conditions, are commonly considered safe for 

transplantation and there are no reports of ectopic tissue formation or malignant transformation 

(103, 104). The first clinical transplantation of MSC was performed over 15 years ago, after which 

MSC have been used in a diverse range of conditions in hundreds of individuals without adverse 

reactions (105). MSC do not express HLA class II antigens and therefore are considered non-

immunogenic and safe for transplantation (106). Chang´s results of the first clinical trial in human 

babies after intratracheal MSC administration, showed safety both in the short and long term 

administration of MSC with no remarkable adverse effects (90, 91). 

To date, only in one clinical trial, the one conducted by Chang et al., MSC have been administered 

in preterm babies. Therefore, considering that MSC are a potential, safe and feasible treatment for 

BPD, efforts should be made to further explore the safety, administration dose and timing, and 

efficacy of MSC.  
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3.9 PULMESCELL CONSORTIUM 

 

The conduction of this research has been performed as part of the Spanish section of the 

PULMESCELL research group.  

PULMESCELL is today an international research group that was created in 2014, with the objective 

of increasing the actual knowledge on BPD and on regenerative medicine for BPD. This group was 

born in Madrid, at Ramón y Cajal University Hospital, hosted by Dr. María Jesús del Cerro, 

including, at first, 5 Spanish hospitals that were to participate in a clinical trial to prove safety of 

MSC in selected VLBWI (≤ 1250 g and < 28 weeks) (phase I-II clinical trial).  

 

Previous to the phase I-II clinical trial, which will start in 2019, we performed a cohort study in the 

five participating Spanish centers (Hospital Universitario La Paz, Hospital Universitario Clínico 

San Carlos, Hospital Universitario Puerta de Hierro, Hospital Universitario de Getafe, of Madrid, 

and Complexo Hospitalario of A Coruña). In this study we included 50 patients, in whom we 

analyzed clinical and echocardiographic risk factors as well as their molecular biomarkers profile 

and its relation with the outcome of BPD. This would serve as baseline to compare with the 

biomarkers profile of the patients treated afterwards with MSC in the phase I-II clinical trial. This 

cohort study is part of the work that will be exposed in this thesis. 

 

While pending on the start of the phase I-II safety clinical trial and having in mind a phase III 

clinical trial to prove efficacy of MSC in VLBWI, an international research group was created. In 

order to prove efficacy of MSC for the prevention of BPD we will require over 300 VLBWI for the 

clinical trial. Considering the difficulties to recruit such selected patients, expanding de number of 

participant centers will be of great advantage. In the PULMESCELL research group there are 

neonatologist, pediatric cardiologist, pediatric pulmonologist, and biologist from 6 different 

European countries (Spain, Portugal, Italy, Sweden, Holland, and UK). During this four year 
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period, since PULMESCELL was created, we have had several meetings in order to discuss the 

results of the cohort study and to plan the upcoming clinical trial. In addition, we have written a 

review document on innovative diagnosis and treatment technologies for BPD, which is published 

in Pediatric Research (chapter II and annex II).  

 

The PULMESCELL Research Group has been awarded with several grants: PI14/00219,  

PI15/01100, PI18/05148 from the Spanish government and two grants from a Spanish PH patients´ 

association (Fundación Contra la Hipertensión Pulmonar).  

 

The PULMESCELL clinical investigation is to be performed in three stages:  

STAGE I: Exploring the ability of clinical, echocardiographic and analytical variables to predict 

BPD in a cohort of extremely preterm infants This stage is finished and will be exposed afterwards 

in chapter III.  

STAGE II: Clinical Trial phase I-II (grant of the Instituto de Salud Carlos III PI14/219, EudraCT 

:2014-003108-56 ). To evaluate the feasibility and safety of umbilical cord derived MSC 

administration in patients at high risk of presenting BPD. This stage will start in 2019, after having 

obtained the approval of the Spanish Medical Agency (AEMPS) and of the Ethical Committees.  

STAGE III: Clinical trial phase III. To evaluate efficacy of MSC as preventive treatment for BPD. 

The design of this clinical trial will depend on the results observed in the previous clinical trial 

(phase I-II). 

 

PULMESCELL includes also a basic science branch with three main projects:  

BIODISTRIBUTION ANIMAL MODEL: to determine the adequacy of intravenous 

administration of MSC for lung disease, as well as the safety and tumorogenic potential (financed 

with the grant of the Instituto de Salud Carlos III PI14/219). 
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THERAPEUTIC POTENTIAL OF MSC EXOSOMES: in this basic science project we isolated 

exosomes from umbilical cord-derived MSC (UC-MSC) and studied their potential therapeutic 

effect on “ex vivo” lung tissue (financed with the grant of the Instituto de Salud Carlos III 

PI15/01100).  

MicroRNA DETERMINATION IN MSC TREATED VLBWI: this project will start in parallel 

with Stage II (Phase I-II Clinical Trial), in which the miRNA from the treated patients as well as 

from controls will be analyzed in order to establish new BPD pathogenic pathways and new 

potential therapeutic targets (financed with the grant of the Instituto de Salud Carlos III 

PI18/01548).  

 

 

Figure 5. PULMESCELL working scheme. BPD= bronchopulmonary dysplasia, MSC= mesenchymal stromal cells, 

VLBWI= very low birth weight infants, miRNA= micro RNA.  
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4.1 OBJECTIVES 

 

 

1. To determine the economic impact that bronchopulmonary dysplasia generates in a 

European Public Health Care System.  

 

2. To perform a review and update of the new tools available for diagnosis, prediction and 

prevention of BPD. 

 

 

3. To identify clinical, echocardiographic, and molecular biomarkers that can help in the early 

prediction of bronchopulmonary dysplasia development in very low birth weight preterm infants.  

 

4. To explore safety and feasibility of off label intravenous administration of mesenchymal 

stem cells in pediatric patients with severe bronchopulmonary dysplasia, and to determine the 

biomarkers profile after the cell administration. 

 

 

 

 

 

 

 

 



OBJECTIVES 

 
María Álvarez Fuente 50 

 

 

4.2 OBJETIVOS 

 

 

1. Estimar el coste económico de la displasia broncopulmonar en un sistema sanitario público 

europeo. 

 

2. Realizar una revisión de las nuevas herramientas disponibles para el diagnóstico, predicción 

y prevención de la displasia broncopulmonar. 

 

 

3. Identificar biomarcadores clínicos, ecocardiográficos y moleculares para la predicción 

precoz del desarrollo de displasia broncopulmonar.  

 

4. Explorar la seguridad y factibilidad de la administración intravenosa de células 

mesenquimales en dos lactantes con displasia broncopulmonar severa, así como determinar el perfil 

temporal de biomarcadores tras la administración de las células. 
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5. CHAPTER I: THE ECONOMIC IMPACT OF BPD 

The economic impact generated from BPD had not been estimated in a European Public Health 

System. Until now, the only available data on BPD cost was from the United States, were it had 

been estimated that BPD cost 417,000 USD per year. This cost increased up to 717,000 USD if the 

patient presented also with PH. 

Among this lack of data in Europe, we decided to analyze the cost of prematurity and BPD in a 

hypothetical index case. This cost analysis included the initial admission in the neonatal intensive 

and intermediate care units, and the follow up during the first two years of life, including 6 visits, 

respiratory syncytial virus prophylaxis and one hospital admission. This would estimate the 

minimum cost of a preterm baby with BPD and no other prematurity-related complications. 

In Spain, the estimation of this cost is complicated, due to the cost quantification by Diagnostic 

Related Groups (DRG). DRG assign different costs to all medical interventions and admissions 

based on the resources required for each disease, in a way that the cost of one DRG should be 

similar for two different patients. For the cost estimation, we used the following DRG reference 

numbers that encode neonatal pathology: 602 (neonate with a weight < 750 g and discharged alive), 

604 (neonate with a birth weight between 750 g and 999 g and discharged alive), 607 (neonate with 

a birth weight between 999 g and 1,499 g with no surgical intervention and discharged alive), 629 

(normal term newborn), 631 (admission of patients with BPD and other chronic respiratory diseases 

originated in the neonatal period). These DRG include the whole admission process since birth, 

including stays in the intensive care unit and the intermediate care unit. We have excluded the DRG 

that encode patients with major surgeries or who are not discharged alive, considering that most of 

these patients had other prematurity-related complications and not only lung disease. 

To estimate the cost we obtained the prices of the mentioned DRG from the 6 Spanish regions that 

employ DRG. These 6 regions include 75% of all preterm babies born with less than 1500 g in 

Spain. To the initial DRG we then added the prices of an additional hospital admission, 6 follow up 

visits, and palivizumab immunization. Among this data we obtained a total cost of 45,049.81 € to 
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118,760.43 €, depending of the newborns birth weight. If the patient requires home oxygen therapy, 

the price will increase in 2,555 € per year. If the patient additionally develops PH the total price 

would increase up to 181,742.43 € per year. In order to have a reference we should know that the 

cost of a normal healthy term newborn is 909.89 €.  

In this research we observed that neonatal admissions are one of the most expensive admissions 

from our Spanish Public Health System. In these patients it is extremely difficult to separate the 

multiple prematurity-related comorbidities that these patients present. For this reason, we have 

estimated the minimum cost of prematurity and BPD, but we should bear in mind that this cost will 

increase if other complications appear. In addition, all of these patients require neurological 

stimulation, early learning intervention and occupational therapy, the costs of which are difficult to 

estimate and are not included in this study.  

The impact of BPD is not only economic, but also social and psychological. Families with sick 

children suffer under a great deal of stress, as well as social disadvantages, higher rates of divorce, 

and continuous troubles in their workplaces. 

In conclusion, prematurity and BPD have an elevated cost, for public health care systems. This cost 

will probably increase in the coming years if the incidence and survival of preterm babies keeps 

rising. The development of new therapies and preventive strategies to decrease the incidence of 

BPD and other morbidities associated with prematurity should be a priority. 

 

For further details, this article is in annex II, published in the European Journal of Pediatrics in 

March 2017, reference: María Álvarez-Fuente, Luis Arruza, Marta Muro, Carlos Zozaya, Alejandro 

Avila, Paloma López-Ortego, Carmen González-Armengod, Alba Torrent, Jose Luis Gavilán, María 

Jesús del Cerro. The economic impact of prematurity and bronchopulmonary dysplasia. Eur J 

Pediatr. 2017;176(12):1587-1593.  

Also available at https://sciencetrends.com/bronchopulmonary-dysplasia-in-infants-and-its-

economic-impact/.  

https://sciencetrends.com/bronchopulmonary-dysplasia-in-infants-and-its-economic-impact/
https://sciencetrends.com/bronchopulmonary-dysplasia-in-infants-and-its-economic-impact/


CHAPTER I: ECONOMIC IMPACT OF BPD 

 

 

 
María Álvarez Fuente 55 

 

 

 

 

          

Figure 6. Factors considered in the cost estimation of BPD. BPD= bronchopulmonary dysplasia. 

 

Table 4. Demographic data on prematurity and bronchopulmonary dysplasia.  

SEN1500 data 2013  

VLBWI 2,628 

Gender distribution 50.9% male 

Median hospitalization stay was 49 days (interquartilic range (IQR): 36-71) 

Mortality rate  11.7% 

Mechanical ventilation 2.5% isolated oxygen therapy  

33.1% positive pressure ventilation 

39.5% mechanical ventilation 

Incidence of BPD 34.9% 

Home oxygen therapy 4,3 % 

 
SEN1500= database from the Spanish Society of Neonatology of all the newborns < 1500 g, VLBWI= very low birth 

weight infant, BPD= bronchopulmonary dysplasia. 
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Table 5. Summary of the cost sources and prices of bronchopulmonary dysplasia.  

ITEMS OF 

EXPENDITURE IN 

THE COST 

ESTIMATION 

COST SOURCE COST PERCENTAGE OF 

PATIENTS WITH 

BPD BY DRG 

PERCENTAGE OF 

PATIENTS THAT 

REQUIRE THESE 

RESOURCES 

Admission in 

neonatal care 

(includes NICU, 

mechanical 

ventilation, oxygen 

therapy etc.) 

DRG: 602, 604, 607  602: 110,257.51 € 

604: 81,495.25 € 

607: 36,546.89 € 

602: >80% 

604: >50% 

607: >12% 

602:  12.7% 

604: 21.3% 

607: 66% 

2 year standard 

follow-up (includes 6 

hospital visits) 

Hospitals pricing list 462.92 €  100 % 

1 hospital admission DRG: 631 4,818 €  > 50% 

Palivizumab 

immunization 

La Paz Hospital 

pricing list 

3,222 €  100 % 

 
BPD= bronchopulmonary dysplasia, DRG=diagnosis related groups, NICU= neonatal intensive care unit,  

 

Table 6. Cost of one preterm baby with BPD and no other mayor complications for a two year period with 

one admission.  

 Birth weight <750 g. Birth weight 150-999 g. Birth weight 1000-1.499 g. 

WEIGHTED MEAN 

COST (per patient)  

118,760.43 € 89,998.17 € 45,049.81 € 
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6. CHAPTER II: NEW TOOLS FOR AN OLD CHALLENGE 

A great deal of research and of new laboratory techniques are being developed in the BPD field 

(107), with the objective of elucidating novel pathogenic routes that can help find new therapeutic 

targets. There is an increasing interest in the role of genetics in BPD, with an uprising research 

regarding genome-wide association studies (GWAS) (108-110). In addition, microRNA studies are 

promising in the search for new therapeutic targets in prematurity-related chronic lung disease (111, 

112). Research is also ongoing in the study on microbiome in preterm babies, studying the 

colonization of the lower respiratory tract, which is also challenging (113, 114). Also studies 

applying metabolomics on BPD suggest that metabolic profiling of amniotic fluid or urine collected 

within 24 h of life may discriminate those patients at a higher risk of developing BPD (115, 116).  

Research on BPD is complicated, considering the very particular characteristics of the patients at 

risk of developing BPD (newborns with extreme prematurity, who often are in unstable conditions), 

and regarding the lack of lung tissue available required to perform different investigations on 

pathogenesis and treatment development. New technologies can help elucidate pathogenesis 

mechanisms: lung 3D cell culture assays can generate lung organoids and reproduce the impact of 

the extracellular matrix on processes such as angiogenesis or branching morphogenesis (117); and 

the new microengineered models facilitate the development of the ‘lung-on-a-chip’ model—a 

biomimetic micro device that can replicate the alveolar–capillary barrier in the human lung (118). 

These technologies, in order to explain the early phases of BPD development and search for 

preventive treatment targets would require lung tissue of preterm babies in early stages of the 

disease, which makes it very difficult for this research to succeed.  

In spite of the difficulties to conduct research on BPD, there are numerous studies ongoing on the 

search of new risk factors, risk scores, therapeutic targets, therapies etc. that will be clarifying in the 

next years. 

Our international research group, under the PULMESCELL project, has written an article in which 

we have reviewed and updated the new available techniques and treatment strategies that can help 
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us diagnose, prevent or treat BPD. For further information, this article, now published online in 

Pediatric Research,  is available in annex II.  Reference: Álvarez-Fuente M, Moreno L, Mitchell JA, 

Reiss IK, Lopez P, Elorza D, Duijts L, Avila-Alvarez A, Arruza L, Orellana MR, Baraldi E, 

Zaramella P, Rueda S, de Atauri ÁG, Guimarães H, Rocha G, Proença E, Thébaud B, Del Cerro 

MJ. Preventing bronchopulmonary dysplasia: new tools for an old challenge. Pediatr Res. 2018 Nov 

21. doi: 10.1038/s41390-018-0228-0. [Epub ahead of print] Review. 

                            

Figure 7. New tools in translational research for bronchopulmonary dysplasia (BPD). Integrating in vitro assays based 

on organ culture (such as precision-cut lung slices) with advances in pluripotent stem cell technology (notably induced 

pluripotent stem cells (iPSCs)), three-dimensional (3D) or multicellular devices (such as lung-on- a-chip) is critical to 

develop more relevant models for BPD and to accelerate the translation of basic research findings into the clinics. 

Traditional functional assays and candidate marker analyses should be combined with "omics" and system biology 

approaches in order to identify novel therapeutic targets and new diagnostic and prognostic biomarkers which allow us 

to identify those patients who could benefit from an early intervention. BALF: Bronchoalveolar lavage. 

(Figure courtesy of Dr. Moreno from: Álvarez-Fuente M et al. Preventing bronchopulmonary dysplasia: new tools for 

an old challenge. Pediatr Res. 2018 Nov 21. doi: 10.1038/s41390-018-0228-0. [Epub ahead of print] Review) 
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7. CHAPTER III: EXPLORING CLINICAL, ECHOCARDIOGRAPHIC AND 

MOLECULAR BIOMARKERS TO PREDICT BPD. 

This chapter includes the description and results of a prospective cohort study designed to identify 

BPD risk factors in very low birth weight preterm babies. This data is pending on publication. 

 

This study was part of the preliminary research performed before starting the clinical trial phase I-II 

(PULMESCELL Stage II), to determine safety of umbilical cord-derived mesenchymal stem cells 

(UC-MSC) in extremely low gestational age newborns (< 28 weeks GA) (ELGAN).  

 

Hypothesis: Clinical, echocardiographic and molecular biomarkers can predict the risk of BPD in 

VLBWI. 

Main Objective: To explore the ability of clinical, echocardiographic and analytical variables to predict 

moderate or severe BPD in a cohort of extremely preterm infants. 

Secondary Objectives:  

1. To find a combination of clinical, echocardiographic, and molecular biomarkers able to 

select which ELGAN are at highest risk of developing moderate or severe BPD.  

2. To establish the sensitivity, specificity and predictive values of clinical and molecular 

biomarkers for early BPD prediction.   

3. To explore the profile of selected molecular biomarkers in a cohort of ELGAN, treated with 

standard therapies that could afterwards be compared to the biomarkers profile of the 

patients participating in the clinical trial, treated with UC-MSC (PULMESCELL Stage II).  

 

STUDY PERIOD 

Patients were prospectively recruited during 24 months, between November 2014 and November 

2016. 
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STUDY DESIGN 

We designed a multicentre (Hospital Universitario La Paz and Hospital Universitario Clinico San 

Carlos from Madrid, Hospital Universitario de Getafe, Hospital Universitario Puerta de Hierro de 

Majadahonda and Complexo Hospitalario Universitario de A Coruña) prospective cohort study, in 

which a group of very low birth weight preterm babies were followed-up from birth until week 36 

of postmenstrual age. At this time-point the diagnosis and degree of BPD was determined.  

 

Inclusion criteria:  

Preterm newborns with a birth weight ≤ 1250 g and under 28 weeks of GA, admitted during the 

study period at the participant hospitals.  

 

Exclusion criteria:  

- Congenital malformation at the moment of inclusion: pulmonary malformations with decreased 

pulmonary function, pulmonary active bleeding, severe pulmonary hypoplasia, renal malformations 

with systemic affection, congenital heart disease, malformative syndromes, chromosomopathy. 

- Severe neurological lesion at inclusion time.  

- Child born to a HIV infected mother.  

 

Biological samples collection 

Biological samples, of the recruited patients, were analyzed in blood and tracheal aspirate on days 

0, 3, 7, 14, 21 and 28 of life. Blood samples of 0,8 ml were extracted during other blood analysis to 

minimize the number of invasive procedures. Blood was collected in a test tube with EDTA. The 

tube was centrifuged in the first hour during 15 minutes at 1000 g, at room temperature. The plasma 

was transferred to a cryovial and stored at -80ºC. The cell fraction was stored in the same tube also 

at -80ºC. 
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Tracheal aspirate was extracted only in intubated patients trough the endotrachaeal tube. If the 

patient was extubated at some point during the study no more tracheal samples were to be collected. 

The technique for extraction of tracheal aspirate samples was the following: position the patient´s 

head towards the left, afterwards, with a 6 Fr catheter connected to a closed aspiration system, 1 

ml/Kg of saline solution was introduced and afterwards vacuumed during the pull-out of the 

catheter. This procedure was repeated twice and the two resulting samples were put together in a 

sterile tube. This tube was also centrifuged at 1000 g during 15 minutes at room temperature. The 

resulting serum was transferred to a cryovial and stored at -80ºC. The cell fraction was stored in the 

same type of tube also at -80ºC. 

All samples were identified by an alphanumeric code, to anonymize the patient´s data.  

The samples were transferred in optimal cold conditions to the Universidad Complutense 

Pharmacology Department Laboratory, were they were analyzed by Dr. Laura Moreno.  

 

STUDY VARIABLES 

All variables were collected at 0, 3, 7, 14, 21, and 28 days of life, and recorded in an electronic 

notebook available at www.pulmescell.org (figure 8). This e-notebook is to be used also for the 

phase I-II clinical trical (PULMCESCELL Stage II).  

Summary of the variables:  

Baseline Data: 

Demographic data: inclusion date, gender, gestational age, weight etc. 

Obstetric and maternal medical history: mother´s age, single/multiple gestation, gestation related 

disease, corioamnionitis etc. 

Newborn: Apgar, cord pH, resuscitation etc. 

Clinical Data:  

BPD: date of diagnosis, degree, total days/hours with mechanical ventilation. BPD was defined at 

36 weeks PMA as the need of oxygen for at least 28 days to maintain an arterial oxygen saturation 

http://www.pulmescell.org/
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range between 90-95% (119, 120). Severity was established according to oxygen requirements and 

respiratory support at 36 weeks (119, 120).  

Ventilation/oxygen therapy: at 24h,72h, days 7, 14, 21, 28, 35, week 36. 

Blood gas, drug treatment, PDA, etc.  

Biomarkers (obtained from blood and tracheal aspirate):  

- Inflammation: IL-1β, IL-6, TGF-β, CCL-5,IP-10 

- Pulmonary Growth Factors: VEGFA, HGF, GREMLIN-1. 

- Endothelin-1 (ET-1) and uric acid. 

Echocardiography variables:  A complete echocardiography was performed to all patients at 

inclusion (day 1), with the aim of excluding congenital heart disease. At days 3, 7, 14, 21 and 28, 

we performed an echocardiographic study to rule out PDA, atrial septal defect, pulmonary vein 

stenosis and PH. PH was defined in three grades (table 7). The echocardiography protocol was 

discussed by the pediatric cardiologists working in the 5 hospitals. 

Other Complications: Necrotizing enterocolitis (NEC), retinopathy of prematurity (ROP), 

infections, neurological outcome, etc. 

 

 

 

 

 

 

 

 

 

 

 

        

                        Figure 8. Electronic notebook for variable records (www.pulmescell.org). 

http://www.pulmescell.org/
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               Table 7. Echocardiographic pulmonary hypertension evaluation.  

Grades Echocardiographic features 

No PH  IVS type I.  

RV pressure (measured by tricuspid regurgitation) <35% of 

systemic arterial pressure. 

Normal right heart dimensions.  

Mild PH IVS type I-II.  

RV pressure (measured by tricuspid regurgitation) 35-50% of 

systemic arterial pressure.  

Mild dilation of the right atrium and RV.  

Moderate PH IVS type II.  

RV pressure (measured by tricuspid regurgitation) 50-70% of 

systemic arterial pressure.  

Moderate dilation of the right atrium and RV.  

Severe PH IVS types II-III or III.  

RV pressure (measured by tricuspid regurgitation) >70% of 

systemic pressure.  

Severe dilation of the right atrium and RV.  

 

                     PH=pulmonary hypertension, IVS=interventricular septum, RV=right ventricle. 

 

STATISTICAL METHOD 

Considering that we aimed to identify high risk patients (moderate or severe BPD), all patients were 

classified into two groups: 1) No BPD group: absence of BPD and mild BPD; 2) BPD group: 

moderate/severe BPD and death. A comparative analysis of the characteristics of both groups was 

performed.  
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Although we obtained biomarkers data at 6 different time-points, for early BPD prediction we 

analyzed only data on day 7, this will be discussed in detail in the discussion section. 

The results are presented as mean and standard deviation if normally distributed or as median and 

interquartile range if not normally distributed. Differences in discrete variables were tested with 

Chi-squared or Fisher test. To compare means, Student’s t-test or ANOVA were used for normally 

distributed variables, and non-parametric tests if variables were not normally distributed. 

Correlations between quantitative variables were tested with Pearson or Spearman tests. A 

multivariate logistic regression, forward method, was performed to identify risk factors for BPD 

development by determining the odds ratio of both groups, no-BPD versus BPD, in relation to 

clinical, echocardiographic and analytic factors. All clinically relevant variables and those with a p-

value <0.2 in the univariate model were included in the multivariate model. The sensitivity and 

specificity of the resulting models were evaluated by the AUC. A value of p<0.05 was considered 

significant. Stata version 14 was used for the statistical analysis. 

 

ETHICAL ISSUES 

The study protocol is within the actual legislation and the correct practice regulations written in the 

Declaration of Helsinki.  

The protocol was approved by the Institutional Review Boards of each participating hospital. 

Written informed parental consent was obtained before enrolling each participant.  

All investigators were responsible for a correct practice during the study, to secure the safety and 

privacy of the patients.  

The records, samples and all information regarding the participant subjects were identified by a 

code in order to protect the patient’s privacy, and safely guarded for 10 years.   
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RESULTS 

Fifty ELGAN were included between November 2014 and November 2016.  

 

Figure 9. Flow chart showing the patient recruitment. Recruiting centers and recruitment periods are shown on the top 

row. Recruitment periods vary between hospitals due the existence of other studies recruiting the same type of patients. 

*One other study competed with ours in the recruitment of patients during this period. **During this two year period 

there were some interruptions in the recruitment due to circumstances not related with the study. ***It includes patients 

that did not meet inclusion criteria  (3),  patients whose parents denied participation (11), and patients excluded for 

other reasons (6). 

 

Three patients who died in the first four days of life were excluded from the analysis, considering 

that no data on day 7 was available. Median gestational age was of 26 weeks (IQR 25-27). There 

were no patients with a gestational age under 24 weeks. Mean birth weight was of 871 g (SD 

161.0). All additional demographic characteristics, maternal and perinatal history, and patient 

outcomes are described in table 8.    
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The global mortality in the study was of 20% (10 patients): 3 patients, died in the first 4 days; four 

after 28 days of life; and the other 3 patients died at 12, 15 and 25 days of life. These three patients 

had been on mechanical ventilation since birth, with persistent parenchymal lung disease and 

respiratory failure that could not be attributable to other neonatal morbidities, and therefore were 

considered to have high grade BPD (III(A)), a term recently proposed by Higgins et al (121). 

Although multiple variables at different time-points were collected, after a preliminary analysis, we 

considered that the data collected on postnatal day 7 was more adequate for BPD diagnosis. In 

addition, aiming for early BPD prediction, day 7 was an optimal time-point. Therefore we focused 

on those variables that could potentially predict BPD on day 7 of life.  

The percentage of patients requiring mechanical ventilation (MV) for more than 7 days was 

significantly higher in the BPD group. Being on MV on day 7 was associated to the need of MV for 

a longer time (22.1 days (SD 9.95) versus 3.8 days (SD 5.26) (p<0.001)). Most notably, 81.8% of 

the patients who developed moderate or severe BPD were intubated at day 7, compared with 36% 

of the patients without BPD (p=0.002).  

When comparing analytical biomarkers between both groups, we observed a significant increase in 

the levels of IL-1β, IL-6, IP-10 and uric acid in tracheal aspirate of moderate or severe BPD 

patients; whereas no significant differences were observed among plasma biomarkers (figure 10). 

ET-1 was observed to be lower, at day 7, in newborns that developed moderate or severe BPD 

(p=0.085).  
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Figure 10. A. Levels of biomarkers in plasma of BPD (moderate/severe BPD or death) patients compared with no-BPD 

patients (no BPD or mild BPD) at day 7 of life. B. Comparison of the levels of biomarkers in  bronchoalveolar lavage of 

intubated patients between the BPD and no-BPD group at day 7 of life. 

 

After performing a univariate analysis (table 8), we included variables with p<0.2 in the 

multivariate analysis (table 9). 
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Table 8. General description of all patients and comparison of both study groups (no-BPD vs BPD). 

 All Patients 

N=47 
no-BPD  

(no BPD/mild BPD) 

N=25 

BPD  

(moderate/severe BPD) 

N=22 

p value 

Gender 

Male 

 

57.4% (27)  

 

52.0% (13) 
 

63.6% (14) 
 

0.421 

Weight at birth (g) 871 (SD 161.0) 882 (SD 162.2) 859 (SD 162.6) 0.823 

Gestational age (weeks) 26 (IQR 25-27) 26 (IQR 25-27) 26 (IQR 25-27) 0.894 

Maternal smoking 8.5% (4) 9.1% (2) 9.5% (2) 0.961 

Oligohydramnios 25.5% (12) 25% (6) 31.6% (6) 0.633 

Chorioamnionitis 15.2% (7) 12% (3) 19% (4) 0.507 

Prenatal steroids 89.4% (42) 92% (23) 90.5% (19) 0.855 

Surfactant treatment 61.7% (29) 56% (14) 68.2% (15) 0.391 

PDA  (day 7 of life)  74.5% (22) 31.8% (15) 46.2% (7) 0.396 

IVS flattening* at day 

7 of life 

54.6% (18) 45% (9) 69.2% (9) 0.172 

Days on CPAP 20 (IQR 7-28) 17 (IQR 3-28) 20 (IQR 8-37) 0.299 

Days on MV 4.3 (0.13-15.5) 1.4 (IQR 0-4.9) 18.3 (IQR 2.3-26) 0.006 

MV on day 7 of life 27.7% (13) 36% (9) 81.8% (18) 0.002 

MV≥ 7 days 57.5% (27) 16% (4) 40.9% (9) 0.057 

Sepsis ≤ 7 days 8.5 %(4) 4% (1) 13.6% (3) 0.237 

BPD 

- Mild 

- Moderate 

- Severe 

74.5% (35/47) 

39% (14/35) 

42% (15/35) 

19% (6/35) 

   

 
BPD=bronchopulmonary dysplasia, CPAP=continuous positive airway pressure, PDA=patent ductus arteriosus, 

IVS=interventricular septum, MV=mechanical ventilation, NEC=necrotizing enterocolitis. (*IVS types I-II or higher) 
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   Table 9. Predictors of moderate or severe BPD (variables included in the multivariate analysis) 

Variable OR SE P>|z|   95%CI 

MV on day 7 27.3 34.73 0.009 2.26-330.07 

IVS flattening* 3.63 4.03 0.246 0.41-32.04 

ET-1 plasma on day 7 0.34 0.22 0.096 0.10-1.20 

 
 MV=mechanical ventilation, IVS=interventricular septum, ET-1=endothelin 1, OR=odds ratio, SE=standard error,      

CI=confidence interval. (*IVS types I-II or higher) 

 

Among these results (table 9) we observe that, on day 7, the combination of being on MV 

and having echocardiographic signs of PH, interventricular septum (IVS) flattening (septum types I-

II or higher), can predict moderate or severe BPD with a sensitivity of 61.5% and specificity of 85% 

(AUC 0.773). The addition of plasma ET-1 increased the sensitivity to 63.6% and specificity up to 

94.4% (AUC 0.861). An increase in ET-1 levels was associated with a decrease in 

BPD risk, although not reaching statistical significance probably due to the small sample size. 

 

DISCUSSION 

Our study shows that a very simple predictive model composed of 2 variables (MV and 

echocardiographic signs of PH), is able to predict moderate or severe BPD, with reasonable 

sensibility and specificity. We also found that the addition of  plasma ET-1 (a pathway not yet well 

explored in BPD), to that model, improved the predictive value. 

Early BPD diagnosis has been a recurrent research goal for the past decades. Numerous studies 

have analyzed clinical and analytical biomarkers to identify the optimal BPD prediction strategy  

(18, 38, 54). Unfortunately, no single biomarker or combination of biomarkers with a good 

predictive value has been found. A great number of predictive models using clinical variables have 

been developed, but none have been able to determine which high-risk patients will eventually 
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develop BPD (20, 35, 38). Most predictive models agree on a number of BPD risk factors, such as 

birth weight, GA, chorioamnionitis, preeclampsia, respiratory parameters, etc. (35). These known 

risk factors increase neonatologists’ awareness of the potential risk of BPD in selected patients, but 

are still not able to identify only patients with high risk of moderate or severe BPD and tend to 

overestimate this risk. This makes it difficult to implement early interventions for selected patients 

who will, with high probability, develop the worst grades of the disease.  

Another issue under discussion is the optimal time-point for risk determination of BPD. Some 

models have tried to stratify the risk in the first week of life or even at birth, considering mostly 

prenatal factors (38). We consider that day 7 is an optimal time-point in the patients’ course to 

determine the risk of moderate or severe BPD. Many ELGAN can have a favorable evolution 

during the first days of life but can deteriorate afterwards, due to postnatal factors (MV, PDA, 

infections etc.) (122). During the first week of life the lung is starting to deteriorate but there is still 

a healing potential in the lung tissue (36). Therefore day 7 is a good time-point  to start preventive 

therapies. Afterwards, the lung damage will perpetuate and the lesions might not be reversible, 

specially when they have evolved to fibrotic stages (36, 121). 

After exploring clinical, echocardiographic and analytical variables, alone and in combination, we 

establish that the combination of MV dependency; echocardiographic signs of PH (IVS flattening); 

and the elevation of certain biomarkers on day 7 of life can predict the risk of developing moderate 

or severe BPD. 

MV is a harmful factor responsible for lung injury (123). Although there have been great 

improvements in pulmonary care towards more protective ventilatory strategies, time on MV 

continues to be the main risk factor for BPD (35). BPD has been related with the administration of 

high oxygen concentrations and to elevated airway pressures (38, 54). However, MV itself is an 

independent risk factor for BPD, regardless of ventilatory settings, considering that the risk of lung 

infection and inflammation are also increased. In our cohort, not only did patients who were on MV 

for more time have a greater risk of BPD, but we defined a cut-off point beyond which MV itself 
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becomes a risk factor for BPD. We estimated that above 7 days of life, ELGAN on MV have a 27-

fold increased risk of moderate or severe BPD (table 9). Similar results were described by Laughon 

et al. who consider that the two main risk factors for BPD are GA and MV (35, 38).  

An echocardiographic study on day 7 of life established that patients with PDA or with PH at that 

time-point had a greater risk of moderate or severe BPD. Therefore, to increase the predictive 

power of MV as a risk factor, we selected the echocardiographic parameter of IVS flattening (24). 

Patients with IVS types I-II or higher (indirect sign of PH) have a 3.6-times greater risk of 

developing moderate or severe BPD (table 9). With these two parameters (MV and IVS flattening 

on day 7 of life), we can predict moderate or severe BPD with a sensitivity of 61.5% and specificity 

of 85% (AUC 0.773). It has recently been described that the presence of established PH on 

echocardiography between the 3rd and 14th day of life is associated with a decreased in-hospital 

survival and with moderate-to-severe BPD, which reinforces the importance of PH as a predictive 

factor (24, 124). 

We analyzed also plasma and tracheal aspirate levels of biomarkers associated with the 

development of MV-induced lung injury, BPD and/or PH. Inflammatory biomarkers, IL-1β and IL-

6, are associated with a worse outcome in patients with PH or adult respiratory distress syndrome 

(125, 126). Circulating levels of IP-10 correlate with pulmonary hemodynamics in patients with PH 

and may underlie the recently uncovered link between interferon and PH (18). Uric acid, produced 

at large amounts from injured tissue, is released in the lung as response to mechanical ventilation, it 

triggers lung inflammation and fibrosis and induces pulmonary endothelial dysfunction (127-129). 

In spite of no significant differences found on day 7 in the circulating levels of these biomarkers, 

our results suggest that the levels of IL-1β, IL-6, IP-10 and uric acid are increased in tracheal 

aspirates following lung injury and could be related with the latter outcome of BPD (figure 10). IP-

10, uric acid and CCL5 are associated with lung disease and pulmonary hypertension. After testing 

the relationship of these molecules with BPD prediction, we observed that IP-10 and uric acid are 

potentially related with the development of moderate or severe BPD (figure 10). CCL5 did not 
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reach statistical significance (figure 10). The absence of correlation that we observe between 

tracheal aspirate and blood levels of these biomarkers, can be due to a local increase of these 

molecules. However, because these samples were only available in intubated patients, the small 

number of samples included in our study not only precludes drawing any firm conclusion but 

disqualify these variables to be introduced in the regression model.  

ET-1 is a peptide with vasoconstriction properties secreted by endothelial cells. In animal models, 

ET-1 is increased in PH and plays an important role in the progression to lung fibrosis (130). Kuo et 

al. observed higher levels of tracheal ET-1 in respiratory distress syndrome but no differences in the 

ET-1 levels in relation to BPD (131). Andersson et al. explored ET-1 levels in a group of preterm 

infants and observed that high levels of ET-1 in the airways related with less severe respiratory 

distress in the early postnatal period (132). They postulate that ET-1, in addition to a pro-

inflammatory and pro-fibrotic effect, stimulates the secretion of surfactant in the lung, which can 

improve lung development in the long term (132). Although the pathogenic role of ET-1 in BPD is 

unclear and higher levels of ET-1 were expected in the moderate/severe BPD group, in our patients, 

we observed that lower levels of ET-1 in plasma were a risk factor, increasing the sensitivity and 

specificity of the BPD prediction model. A plausible explanation would be the one suggested by 

Andersson et al. who consider that ET-1 stimulates the production of alveolar surfactant in the 

preterm lung (132). This would result in an improved lung development in patients with early high 

levels of ET-1 and an adverse outcome in those with low plasma levels. In addition, ET-1 would 

also increase once BPD and fibrosis are established. However, the role of ET-1 in the premature 

lung needs further research, and our results regarding plasma ET-1 levels will have to be confirmed 

and validated in a larger sample. 

When comparing the two models (MV+IVS with MV+IVS+ET-1), we achieved a small increase in 

sensitivity and specificity with the addition of ET-1 to the model. Although the low levels of ET-1 

in high risk moderate/severe BPD patients is one of the most interesting findings of this research we 

consider that the use of the two-variable model (MV + IVS) is more feasible in the clinical setting. 
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The role of ET-1 in BPD is not completely understood and further research should be performed 

before using it in the clinical practice. Also the determination of ET-1 still requires special 

laboratory determination techniques, which makes it hard to use ET-1 on a daily bases. 

 

Early BPD diagnosis is one of the main goals in the neonatology research field. Knowing which 

patients are at greater risk of developing BPD in the first week of life can make a difference in the 

outcome of moderate or severe BPD, by applying preventive strategies. Therefore, for the 

neonatologist it is very important to detect, at the patients bedside, high risk patients. With the 

model we propose, if the patient is on mechanical ventilation on day 7 of life, and he/she has 

indirect signs of pulmonary hypertension (24), this patient should be considered a high risk patient 

in which preventive strategies should be applied. It is a very simple model and very easy to achieve 

at the neonatal intensive care units.   

The findings of this study can be used to guide the design of clinical trials testing preventive 

strategies for BPD, such as regenerative therapies. For this goal it is important to identify only 

patients at risk of moderate and severe BPD, who have the worst outcomes and can benefit from 

preventive strategies. 

 

The strengths of this study are its prospective nature in a population of babies at the highest risk of 

developing BPD (ELGAN) and the possibility it offers of determining the risk of BPD at a very 

early stage and at the patient’s bedside by a simple method: assessing the need for MV on day 7 and 

performing a routine echocardiographic evaluation on that day. In addition, this study is the first to 

explore the role of plasma ET-1 levels as a biomarker for predicting BPD in ELGAN.  

 

The main limitation of the study is the small number of patients, which allows us to explore these 

novel molecular biomarkers but not to achieve conclusions on the role of ET-1 in BPD.  Another 
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limitation is the decreased number of tracheal aspirate samples, considering that tracheal aspirates 

were obtained only from intubated patients. 

 

In summary, the combination of clinical and echocardiographic variables is a valuable tool for 

determining the risk of moderate or severe BPD. Future research on BPD prediction should be 

oriented to explore the potential role of ET-1, and also of miRNA determinations, which could be 

useful not only for BPD prediction, but also to elucidate pathogenic mechanisms and potential 

therapeutic targets in BPD. 

 

This research is undergoing a second revision prior to publication in PlosOne as an original article.  
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8. CHAPTER IV: INTRAVENOUS ADMINISTRATION OF MESENCHYMAL STROMAL 

CELLS FOR BPD.  

8.1 BIODISTRIBUTION ANIMAL STUDY 

In order to start the phase I-II clinical trial (PULMESCELL Stage II) with MSC administration in  

premature babies with MSC, we required the approval of the Spanish Medical Agency (AEMPS). 

The AEMPS requested that we perform a preclinical study in order to study biodistribution, 

biosafety and tumorogenicity of human umbilical cord-derived MSC (UC-MSC) after intravenous 

administration in immunodeficient mice. This study was financed with the grant of the Instituto de 

Salud Carlos III PI14/219. The cells for this study were produced at the Gene and Cell Therapy 

Unit at Hospital Universitario Niño Jesús and the study was performed at the laboratory of the 

Instituto de Salud Carlos III in Majadahonda (Unidad de Biotecnología Celular, AGH/IIER).  

Immunodeficient mice were intravenously inoculated with 5 million cells per Kg of luciferase-

marked UC-MSC. We observed that UC-MSC accumulated in the lung, were they stayed for 4-5 

days. Afterwards the cells stayed in the organism for less than a week, and there was no evidence of 

cell permanence in the animals.  

The results of this experiment confirm that human UC-MSC behave in vivo in the same way as 

human MSC from other tissue sources, like bone marrow or adipose tissue MSC. Immediately after 

intravenous infusion, the cells are mainly trapped in the pulmonary vascular bed, which is known as 

first-pass effect. This makes them optimal for lung disease treatment, such as BPD. These cells will 

stay in the lung for 4 to 7 days, after which no cell engraftment will occur and therefore there will 

be no risk for tumor development. In addition this experience shows that intravenous administration 

of a single dose of 5 million cells per Kg of UC-MSC in immunodeficient mice does not produce 

toxicity nor induces tumor formation.  

When planning our clinical trial, knowing that the cells will disappear in a week time, we 

considered the administration of repeated doses of UC-MSC. Also, the biomarkers profile obtained 

in our experience with off label administration in two human babies with severe BPD (detailed in 
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the next section) suggested the potential benefits of repeated doses. Therefore in the protocol of the 

phase I-II clinical trial, we will administer 5 million UC-MSC per kilogram in each dose and we 

will repeat weekly doses up to 3 weeks.  

 

8. 2 OFF LABEL MESENCHYMAL STROMAL CELL TREATMENT IN TWO INFANTS 

WITH SEVERE BPD: CLINICAL COURSE AND BIOMARKERS PROFILE.  

In addition to the preclinical work, our study group has reached the translational level with the 

application of MSC therapy in two off label cases of premature babies with very advanced BPD. To 

date, only one clinical trial in human babies had evaluated the effect of intratracheal administration 

of umbilical cord-derived MSC in extremely premature babies at high risk of developing severe 

BPD (90). This phase I trial reported short-term safety and tolerability, and suggested a beneficial 

effect of this therapy compared to historical controls, with a decrease in BPD severity and a 

reduction in pro-inflammatory cytokines in tracheal aspirates. The extension study showed safety 

and no adverse respiratory, growth and neurodevelopmental effects at 2 years follow-up (91). Two 

other clinical trials focusing on MSC and BPD are currently ongoing (NCT01828957 and 

NCT02381366) 

In our experience, we report two infants with severe BPD in whom off label treatment with repeated 

doses of allogenic bone-marrow derived MSC was performed. We analyzed the temporal profile of 

serum and tracheal aspirate cytokines and growth factors as well as safety, tolerability and clinical 

response.  

 

Patient 1 was a preterm female born at 24+3 weeks GA, who developed severe BPD associated 

with severe PH. At 5 months of age, due to the unfavorable evolution, and dismal prognosis, the 

parents were offered off label treatment with allogeneic, human bone marrow-derived MSC. A 

specific experimental protocol of increasing weekly doses of intravenous MSC was designed for 

this patient. Table 10 shows details of preparation and administration of MSC. 
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                 Table 10. MSC administration details in both patients.  

 PATIENT 1 PATIENT 2 

Source of MSC Healthy bone marrow male donor 

MSC preparation MSC were prepared and suspended in sterile saline infusion 

Route and mode of 

administration 

Slow i.v. infusion (1 hour) 

through a central jugular vein 

catheter with platelet filter 

Slow i.v. infusion (10 min) through 

a peripheral line using  

1 mL syringes 

Premedication i.v. ranitidine + i.v. prednisolone 

30 min before infusion  

i.v. ranitidine 30 min before infusion 

Dose Increasing weekly dose: 1.1 

million cells/kg up to 13.9 million 

cells/kg.  

5 million cells/kg per week for three 

consecutive weeks 

Monitoring during 

infusion of MSC 

SpO2, blood pressure, echocardiography 

Adverse effects None 

 
                      MSC= mesenchymal stromal cells, SpO2= oxygen saturation 

 

No acute adverse reactions related to the MSC infusion occurred. The patient did not present 

evident respiratory improvement, only mild improvement of PH echocardiographic parameters was 

observed after the first three doses. The patient died 6 weeks after the beginning of MSC therapy, 

due to a pneumothorax and to the parents´ decision to redirect patient care. A necropsy study was 

performed with no evidence of cell engrafment. 

 

Patient 2 was a preterm female born at 24+2 weeks of GA. This patient also developed severe BPD 

associated with severe PH. At 85 days of life, due to persistent hypoxemia despite aggressive 
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ventilatory support, off label treatment with intravenous administration of repeated doses of 

allogeneic bone marrow-derived MSC was offered, approved by the parents, and initiated.  

Considering our first experience and the clinical trial published by Chang et al. (90), which was 

published between both patients, we established a different treatment protocol in this patient (table 

10). 

No acute adverse reactions related to the MSC administration were observed. At 4 months of age, 3 

weeks after the last MSC infusion, the baby presented with further respiratory deterioration with 

hypoxemia despite 100% FiO2 and 20 ppm iNO. The parents´ decision was to redirect patient care 

and the baby died. 

 

Although MSC administration was well tolerated, it did not change the fatal disease course of our 

patients. Our patients were at very advanced and severe BPD stages. Therefore we speculate that 

when lung damage is advanced, and fibrosis is already well established, MSC therapy is not 

effective. Although MSC therapy diminishes systemic inflammation, as we observed in both 

patients with a systemic decrease in blood levels of pro-inflammatory biomarkers 

 

In conclusion, the administration of repeated intravenous doses of MSC in two human babies with 

severe and advanced BPD was feasible, no toxicity was observed and it was associated with a 

decrease in the levels of pro-inflammatory molecules and biomarkers of lung injury. MSC are a 

promising therapy for BPD, but they should be administered in early stages of the disease. The use 

of molecular biomarkers in response to MSC in the preterm lung could be useful to elucidate the 

mechanisms of action of these cells.  

 

Further details of this experience can be read in annex II, where you can find the complete article 

published in Cytotherapy journal.   
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9.1 CONCLUSIONS 

 

1. Prematurity and BPD have an elevated economic cost for public health care systems. This 

cost will probably increase in the coming years if the incidence and survival of preterm babies 

keeps rising. 

 

2. Given the complexity and heterogeneity of BPD, cooperative research aimed to integrate 

animal and clinical studies is crucial to improve early BPD prediction and to develop new 

treatments. Advances in BPD will require multidisciplinary teams, not only for patient 

management, but also to conduct research projects that can integrate the data obtained from animal 

models, metabolomics, proteomics, genetics, and stem cell-based therapies. 

 

3. The combination of clinical, echocardiographic and molecular biomarkers can help in the 

early prediction of BPD. These findings can be used to guide the design of clinical trials testing 

preventive strategies for BPD, such as regenerative therapies. ET-1 is a potential biomarker for 

BPD, although further research is required. 

 

4. The administration of repeated intravenous doses of MSC in two human babies with severe 

BPD was feasible. No toxicity was observed and it was associated with a decrease in the levels of 

pro-inflammatory molecules and biomarkers of lung injury. MSC are a promising therapy for BPD, 

but further research is required. Properly designed clinical trials will have to determine its safety, 

efficacy and optimal timing and dosing for administration.  
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9.2 CONCLUSIONES  

 

1. La prematuridad y la displasia broncopulmonar tienen un coste económico elevado en un 

sistema sanitario público como el español. Este coste se incrementará en los próximos años si la 

incidencia y supervivencia de los recién nacidos prematuros sigue aumentando. 

 

2. Teniendo en cuenta la complejidad y heterogeneidad de la displasia broncopulmonar, es 

necesario orientar la investigación hacia la integración de estudios animales y clínicos para mejorar 

la detección precoz y el desarrollo de nuevos tratamientos. Los avances en investigación de 

displasia broncopulmonar requieren equipos multidisciplinares, no solo orientados al manejo del 

paciente, sino también para realizar proyectos de investigación que integren modelos animales, 

metabolómica, proteómia, genética y terapias regenerativas. 

 

 

3. La combinación de biomarcadores clínicos, ecocardiográficos y moleculares constituye una  

buena herramienta para determinar, precozmente, el riesgo de displasia broncopulmonar. Estos 

hallazgos pueden emplearse en la selección de pacientes para ensayos clínicos que evalúen 

estrategias preventivas de displasia broncopulmonar, como la terapia celular. La endotelina-1 es un 

potencial biomarcador de riesgo de broncodisplasia, aunque aún requiere más invetigación.  

 

4. La administración de dosis repetidas de células mesenquimales en dos pacientes prematuros 

con displasia broncopulmonar severa fue factible. No se observaron efectos adversos y se evidenció 

un descenso en los marcadores pro-inflamatorios y de daño pulmonar. Las células mesenquimales 

son una terapia prometedora para la displasia broncopulmonar, aunque aún se requiere más 

investigación para determinar su seguridad, eficacia, dosis y el momento óptimo para su 

administración.
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Abstract 

 

Bronchopulmonary dysplasia (BPD) remains as one of the major complications of very preterm birth. 

Inflammatory/infectious events are suggested to play a key role in the initiation, progression, and severity of 

BPD. The inflammatory response may have been initiated in utero, in the setting of chorioamnionitis (CA). 

We performed a systematic review, meta-analysis, and meta-regression of studies exploring the association 

between CA and BPD. A comprehensive literature search was conducted using PubMed/MEDLINE and 

EMBASE. A random-effects model was used to calculate odds ratios (OR) and 95% confidence intervals 

(CI). We found 3,168 potentially relevant studies, of which 158 met the inclusion criteria (185,676 infants, 

18,736 CA cases, 25,112 BPD cases). Meta-analysis showed that CA exposure was significantly associated 

with BPD defined as supplemental oxygen requirement on postnatal day 28 (BPD28, OR 2.10, 95% CI 1.76-

2.51), or at the postmenstrual age of 36 weeks (BPD36, OR 1.29, 95% CI 1.16-1.42). The association 

between CA and BPD remained significant for both clinical and histological CA. Exposure to funisitis was 

not significantly associated with a higher risk of BPD when compared to exposure to CA in the absence of 

funisitis. In addition, we found significant differences between CA-exposed and CA-unexposed infants in 

gestational age (GA), birth weight, odds of small for gestational age, exposure to antenatal corticosteroids, 

and early and late onset sepsis. Multivariate meta-regression analysis with backward elimination revealed 

that a model combining difference in GA and odds of RDS explained 64% of the variance in the association 

between CA and BPD36 across studies. Analyses of adjusted data significantly reduced the effect size of the 

association between CA and BPD.  In conclusion our results confirm that preterm infants exposed to CA 

have a higher risk of developing BPD, but the pathogenic effect of CA on BPD may be modulated by the 

effect of CA on GA and risk of RDS.  
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Introduction 

 

Bronchopulmonary dysplasia (BPD), the chronic lung disease of prematurity, remains as one of the major 

complications of very preterm birth (1-6). The degree of prematurity is the most important predisposing 

factor for BPD, but multiple antenatal and postnatal factors contribute to the pathogenesis of the disease (5). 

The “multiple hits hypothesis” suggests that BPD develops and/or aggravates when the antenatal exposure to 

a proinflammatory environment is followed by exposure to postnatal insults, such as mechanical ventilation, 

high oxygen concentrations, or sepsis (3, 4, 7, 8). Therefore, inflammatory/infectious events are suggested to 

play a key role in the initiation, progression, and severity of BPD and the inflammatory response may have 

been initiated in utero, in the setting of chorioamnionitis (CA)   (3-5, 9-11).  

 

Besides the above-mentioned detrimental effects, clinical observations support the concept that the fetal 

exposure to infection/inflammation can have also beneficial effects on the very preterm lung (4, 12, 13). 

Watterberg et al. were the first to report that CA was associated with an increased risk for BPD but a reduced 

risk for respiratory distress syndrome (RDS) (13). This observation led to the hypothesis that CA exposure 

accelerated functional lung maturation but increased the vulnerability of the preterm lung to postnatal injury 

(4, 12, 14). However, the data supporting this hypothesis are inconsistent and subsequent studies over the 

past 20 years have found CA associated with increased, decreased or no effect on both BPD and RDS risk (4, 

12, 14). 

 

The role of CA as potential pathogenic factor for BPD has been already the subject of a systematic review 

and meta-analysis (11). Hartling et al. included 59 studies (15,295 preterm infants) (11). They found, in an 

unadjusted analyses, that CA was significantly associated with BPD (odds ratio [OR] 1.89, 95% confidence 

interval [CI] 1.56 to 2.3). They  evidenced a substantial statistical heterogeneity and evidence of publication 

bias. Interestingly, they also observed that infants exposed to CA had a significantly lower gestational age 

(GA) and birth weight (BW) than infants non-exposed to CA (11). Moreover, studies adjusting by important 

confounders (including GA and/or BW) showed more conservative measures of association between CA and 

BPD. They concluded that “despite a large body of evidence, CA cannot be definitely considered a risk 

factor for BPD” (11).  

 

After the publication of the meta-analysis by Hartling et al., more studies assessing the relationship between 

CA and BPD have been published. Some of these studies are of high methodological quality and included a 

large number of subjects . Therefore, in the present study, we aimed to update the meta-analysis of Hartling 

et al (11). Additionally, we investigated not only the association between CA and BPD but also the 

association between CA and RDS and how these two associations correlate. We also analyzed the role of 

potential confounders, such as GA, BW, fetal inflammatory response (i.e., funisitis), exposure to antenatal 

corticosteroids (ACS), sepsis, or patent ductus arteriosus (PDA) on the association between CA and BPD.  
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Methods 

We based the methodology for this study on our earlier meta-analyses on the associations between CA and 

patent ductus arteriosus (PDA) (15), CA and retinopathy of prematurity (ROP) (16), and CA and 

intraventricular hemorrhage (IVH) (17). The study was conducted according to the Guidelines for Meta-

Analyses and Systematic Reviews of Observational Studies (MOOSE) (18) and the Preferred Reporting 

Items for Systematic Reviews and Meta-Analysis (PRISMA) (19). A protocol was developed prospectively 

that detailed the specific objectives, criteria for study selection, the approach to assessing study quality, 

clinical outcomes, and statistical methodology.  

 

Sources and search strategy 

A comprehensive literature search was undertaken using the PubMed/MEDLINE and EMBASE 

databases from their inception to May 1, 2018. The search terms involved various combinations of the 

following keywords: “chorioamnionitis”, “intrauterine infection” “intrauterine inflammation”, “antenatal 

infection” “antenatal inflammation”, “bronchopulmonary dysplasia”, “chronic lung disease”, “risk factors”, 

“outcome”, “cohort”, and “case-control”. No language limit was applied. Narrative reviews, systematic 

reviews, case reports, letters, editorials, and commentaries were excluded, but read to identify potential 

additional studies. Additional strategies to identify studies included manual review of reference lists from 

key articles that fulfilled our eligibility criteria and other systematic reviews on CA, use of “related articles” 

feature in PubMed, and use of the “cited by” tool in Web of Sciences and Google scholar. 

 

Study selection  

Studies were included if they examined preterm (GA<37 weeks) or very low BW (VLBW, <1500g) infants 

and reported primary data that could be used to measure the association between exposure to CA and the 

development of BPD. Therefore, we selected studies assessing the outcomes of infants exposed to CA when 

BPD was one of the reported outcomes, and studies assessing the risk factors for BPD when CA was one of 

the reported risk factors. To identify relevant studies, two reviewers (E.V., A.M.T.G.) independently 

screened the results of the searches and applied inclusion criteria using a structured form. Discrepancies were 

resolved through discussion or consultation with a third reviewer (P. D.). 

 

Data extraction 

Two investigators (A.M.T.G., P.D.) extracted data from relevant studies using a predetermined data 

extraction form, and three other investigators (E.V-M., M.A-F., E.V.), checked data extraction for accuracy 

and completeness. Discrepancies were resolved by consulting the primary report. Data extracted from each 

study included citation information, language of publication, location where research was conducted, time 

period of the study, study objectives, study design, definitions of CA and BPD, inclusion/exclusion criteria, 

patient characteristics, and results (including raw numbers, summary statistics and adjusted analyses on CA 

and BPD where available). Studies which did not define CA were assumed to use a clinical definition. BPD 

defined as supplemental oxygen requirement  on postnatal day 28 was coded as BPD28. BPD defined as 

oxygen requirement  at the postmenstrual age (PMA) of 36 weeks (with or without physiologic challenge of 
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supplemental oxygen withdrawal) was coded as BPD36. Data on separated categories of BPD (mild, 

moderate, severe) were collected when available.  

 

Quality assessment  

Methodological quality was assessed using the Newcastle-Ottawa Scale for cohort or case-control studies 

(20). This scale uses a rating system (range: 0-9 points) that scores three aspects of a study: selection (0-4 

points), comparability (0-2 points) and exposure/outcome (0-3 points). Studies were evaluated as though the 

association between CA and BPD was the primary outcome. Two reviewers (E.V.-M. and E.V.) 

independently assessed the methodological quality of each study. Discrepancies were resolved through 

discussion. 

 

Statistical Analysis 

Studies were combined and analyzed using comprehensive meta-analysis V3.0 software (Biostat Inc., 

Englewood, NJ, USA). For dichotomous outcomes, the odds ratio (OR) with 95% confidence interval (CI) 

was calculated from the data provided in the studies. OR adjusted for potential confounders were extracted 

from the studies reporting these data. For continuous outcomes, the mean difference (MD) with 95% CI was 

calculated. When studies reported continuous variables as median and range or interquartile range, we 

estimated the mean and standard deviation using the method of Wan et al. (21).  

Due to anticipated heterogeneity, summary statistics were calculated with a random-effects model. This 

model accounts for variability between studies as well as within studies. Subgroup analyses were conducted 

according to the mixed-effects model (22). In this model, a random-effects model is used to combine studies 

within each subgroup, and a fixed-effect model is used to combine subgroups and yield the overall effect. 

The study-to-study variance (tau-squared) is not assumed to be the same for all subgroups. This value is 

computed within subgroups and not pooled across subgroups. Statistical heterogeneity was assessed by 

Cochran’s Q statistic and by the I2 statistic, which is derived from Q and describes the proportion of total 

variation that is due to heterogeneity beyond chance (23). We used the Egger’s regression test and funnel 

plots to assess publication bias.  

To explore differences between studies that might be expected to influence the effect size, we performed 

random effects (method of moments) uni- and multivariate meta-regression analyses (24). The potential 

sources of variability defined a priori were: CA type (clinical or histological), differences in GA and BW 

between the infants with and without CA, use of ACS, mode of delivery, rate of small for gestational age 

(SGA), rate of premature rupture of membranes (PROM), rate of preeclampsia, rate of early-onset sepsis 

(EOS), rate of late-onset sepsis (LOS), rate of RDS,  and mortality. Covariates were selected for further 

modeling using an α level of 0.05. Subsequently, preselected covariates were included in a backward 

multiple meta-regression analysis with an α level of 0.05 as cut-off point for removal. Additional sensitivity 

analyses were performed excluding studies that included infants with GA >32 weeks. A probability value of 

less than 0.05 (0.10 for heterogeneity) was considered statistically significant. 
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Results 

 

Description of studies  

Of 3,168 potentially relevant studies, 158 (13, 25-180) met the inclusion criteria. The PRISMA flow diagram 

of the search process is shown in figure 1. The included studies evaluated 185,676 infants and included 

18,736 CA cases and 25,112 cases of BPD of any severity. The included studies and their characteristics are 

summarized in table 1. Seventy-five (13, 25-98) studies were designed from the perspective of CA: they 

looked at the outcomes of preterm infants with and without CA and BPD was one of these outcomes. Sixty-

seven studies (97, 99-164) were designed from the perspective of BPD: they studied risk factors for BPD, 

and CA was one of these risk factors. Sixteen (165-180) studies were designed to primarily examine the 

association between CA and BPD. Forty-two studies defined CA clinically, and 97 studies defined CA 

histologically. Six studies provided BPD-outcomes for infants with histological and clinical CA separately. 

One study required infants to have both histological and clinical CA to be considered CA-exposed (81). 

Eight studies defined chorioamnionitis using a microbiological definition (25, 26, 44, 50, 55, 61, 128, 132, 

149). Finally, 16 studies did not define CA, and were considered to evaluate clinical CA for the purposes of 

analysis. 

Seventy-nine studies included infants who were 32 weeks GA or more preterm, 27 studies included infants 

who were at most 32-34 weeks GA, and 7 studies included infants who were less than 34-37 weeks GA. 

Eight studies included infants who had a BW of less than 1000g, 49 studies included infants had a BW of 

1500g or less, and two studies included infants who had a BW of 2000g or less. Sixty-five studies provided 

data on BPD28 and 108 studies provided data on BPD36. Fifteen studies provided data on the incidence of 

mild BPD, 7 studies provided data on the incidence of moderate BPD, and 8 studies provided data on the 

incidence of severe BPD.  

 

Quality assessment  

Studies received a quality score of 6 (k = 2), 7 (k = 21), 8 (k = 112) or 9 (k = 23) points, out of a possible 9. 

Studies were downgraded in quality most frequently for not adjusting the risk of BPD for confounders (k 

=133), and for not defining CA clearly (k = 16) and for not defining BPD clearly (k = 3).  

 

Analysis based on unadjusted data 

Meta-analysis found a positive association between exposure to CA and BPD28 (OR 2.10, 95% CI 1.76-

2.51, figure 2A). When subdividing by definition of CA, the association with BPD28 remained significant 

for histological CA (OR 2.35, 95% CI 1.89-2.91), for clinical CA (OR 1.54, 95% CI 1.11-2.15) and for 

microbiological CA (OR 3.04, 95% CI 1.19-7.78) (figure 2A). We also found a smaller but significant 

positive association between CA and BPD36 (OR 1.29, 95% CI 1.16-1.42, figure 2B). This association was 

also significant when only pooling studies of histological CA (OR 1.33, 95% CI 1.17-1.52) (figure 2B) and 

clinical CA (OR 1.24, 95% CI 1.03-1.49) (figure 2B).  

When further stratifying by grade of BPD, meta-analysis could not find a significant association between CA 

and mild BPD (11 studies, figure 2C), moderate BPD (7 studies, figure 2D), or severe BPD (8 studies, figure 

2E). 
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Twenty-three of the 158 included studies also reported on funisitis and risk of BPD. As shown in figure 3, 

meta-analysis could not find a difference between infants exposed to funisitis and infants exposed to 

chorioamnionitis without funisitis in risk of BPD28 (OR 1.26, 95% CI 0.61-2.59) or in risk of BPD36 (OR 

1.19, 95% CI 0.77-1.83).  

 

Publication bias 

Publication bias analyses found that there was significant risk of publication bias in meta-analysis of CA and 

BPD28 (figure 4, Egger’s: 1-tailed p = 0.032). Analysis of publication bias for CA and BPD36 found no 

significant effect (figure 5, Egger’s: 1 tailed p = 0.241). There were insufficient studies with other BPD 

definitions (i.e. mild, moderate, severe) to evaluate publication bias. 

 

Analysis of covariates and meta-regression 

We performed additional meta-analyses to explore the possible differences in baseline characteristics 

between the groups exposed and non-exposed to CA. As summarized in table 2, infants exposed to CA 

showed significantly lower GA and BW, and significantly lower rates of birth by cesarean delivery, SGA, 

preeclampsia and maternal diabetes. Moreover, infants exposed to CA showed significantly higher rates of 

exposure to antenatal corticosteroids, PROM, EOS, LOS, and mortality (table 2). 

We used meta-regression to analyze a possible effect of differences in covariates between CA-exposed and 

CA-unexposed infants. We found that GA (p = 0.014), but not BW (p = 0.246), significantly modified the 

risk of BPD28 (table 3). We also found that GA (p < 0.001), BW (p < 0.001) and RDS significantly modified 

the risk of BPD36 (table 3). Other covariates did not significantly affect the CA-associated risk of BPD 

(table 3). 

We carried out backward multiple meta-regression analysis for risk of BPD36 including all studies with 

complete data for the significant variables in the univariate regression analysis (k = 25). This analysis found 

that heterogeneity in BPD36 risk was significantly explained by MD in GA (95% CI -0.40 to -0.06, p = 

0.008) and risk of RDS (95% CI 0.09 to 0.54, p = 0.007).  

Figure 6 shows the regression plot of risk of BPD and MD in GA, and figure 7 shows the regression plot of 

risk of BPD and risk of RDS. Each week that infants with CA are born earlier than control infants resulted in 

an increase in BPD log OR of 0.23 (the equivalent of going from an OR of 1.00 to an OR of 1.70). Each 

point increase in the RDS log OR results in an increase in the BPD log OR of 0.31 (the equivalent of going 

from an OR of 1.00 to an OR of 2.04).  

To further assess the effect of GA as a confounding factor, we carried out a meta-analysis of studies where 

the mean difference in GA was non-significant (p > 0.05). We observed no differences in BPD28 risk in 

studies with similar GA (6 studies). On the other hand, when a significant difference in GA was observed (p 

< 0.05), CA was significantly associated with BPD28 (20 studies, OR 1.91 95% CI 1.42 – 2.56). Meta-

analysis of the studies where the mean difference in GA was non-significant could not find an association 

between CA and BPD36, whereas meta-analysis of studies where the difference in GA was significant found 

a significant association between CA and BPD36 risk (32 studies, OR 1.40, 95% CI 1.21-1.63). 
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Analysis of adjusted data 

To further examine the effect of confounding factors, we pooled studies which provided adjusted data on the 

association between CA and BPD. Meta-analysis of adjusted data could not find a significant association 

between CA and BPD28 (11 studies) or CA and BPD36 (12 studies). When pooling the unadjusted data of 

these same studies, meta-analysis showed a significant association between CA and BPD28, but not between 

CA and BPD36. 

 

Discussion 

The present study is a substantial update to the systematic review of Hartling et al., including a larger 

number of studies (151 vs. 59), a larger number of infants (185,676 vs. 15,295), and wider range of analysis 

of covariates. Our study confirms the results of Hartling et al. and adds new information on topics, such as 

the role of funisitis and RDS, which have not been previously systematically reviewed.  

CA was a significant risk factor for BPD28 (all BPD) and for BPD36 (moderate/severe BPD) but a 

significant association with severe BPD could not be demonstrated. Exposure to funisitis was not 

significantly associated with a higher risk of BPD when compared to exposure to CA in the absence of 

funisitis. Meta-analysis could not demonstrate a significant association between CA and RDS. As in earlier 

meta-analyses of CA and morbidities (181-183), we found significant differences between CA-exposed and 

CA-unexposed infants in GA, BW, odds of SGA, exposure to ACS, early and late onset sepsis, and PDA. 

Multivariate meta-regression analysis revealed that a model combining difference in GA and odds of RDS 

explained 64% of the variance in the association between CA and BPD36 across studies. Analyses of 

adjusted data significantly reduced the effect size of the association between CA and BPD.  In conclusion 

our results confirm that preterm infants exposed to CA have a higher risk of developing BPD, but the 

pathogenic effect of CA on BPD may be modulated by the effect of CA on GA and risk of RDS.  

As discussed elsewhere (184), one important limitation inherent to any meta-analysis on BPD, is the 

heterogeneity of the definition of the condition (185-187). BPD was first described in 1967 by Northway et 

al as severe chronic lung injury resulting from mechanical ventilation and oxygen toxicity in an era when the 

mortality from RDS was very high (5, 185-187). As the survival rate of RDS increased, a clinical definition 

for BPD was adopted as “those infants requiring supplemental oxygen on postnatal day 28.” (5, 185). In 

1988, Shennan et al. refined the definition to oxygen use at 36 weeks of PMA (188). Two years later, a 

workshop sponsored by the National Heart, Lung and Blood Institute (NHLBI) proposed a categorization of 

BPD as mild, moderate or severe (2). Mild BPD included infants who received oxygen or respiratory support 

at the postnatal age of 28 days but were on room air at 36 weeks PMA. When infants required supplemental 

oxygen at 36 weeks PMA BPD was classified as moderate (need for < 30% oxygen) or severe (need  for < 

30% oxygen and/or positive pressure) (2). A further refinement in the NHLBI definition included a 

physiologic challenge of supplemental oxygen withdrawal to test for oxygen need at 36 weeks PMA (189).  

The majority of the studies included in our meta-analysis defined BPD using the 36 weeks of PMA criteria 

(BPD36), and only 7 studies provided separated data on severe BPD. As underscored by Abman et al., this 

combination fails to differentiate the infants with more severe BPD, who remain ventilator-dependent and 

more often have severe complications, including pulmonary hypertension, poor growth, and 

neurodevelopmental problems (6). Meta-analysis could not demonstrate a significant association between 



ANNEX I   

 
María Álvarez Fuente 116 

CA and severe BPD but the small number of studies is a main limitation of this sub-analysis. Moreover, the 

current BPD definitions does not include infants progressing toward a 36-week definition of BPD who die of 

their respiratory failure before 36 weeks, the most severe form of lethal BPD (5). 

Another  main difficulty when assessing CA as a risk factor for neonatal adverse outcomes is the absence of 

a ‘healthy’ control group. Etiology of very preterm birth (i.e. GA <32 weeks) can be divided into two main 

categories: infection/inflammation and dysfunctional placentation (190). CA is associated with the former 

pathology, and we and others have previously found that infants exposed to CA differ substantially from 

non-exposed infants in relevant clinical characteristics and outcomes (181-183). We replicated these findings 

in the current study and found that CA-exposed infants were born earlier (1.2 weeks) and were lighter (48 g) 

than infants without CA. In addition, they were more frequently exposed to ACS, they were less frequently 

SGA, and  they had higher rates of early and late onset sepsis, as well as a higher mortality. We performed 

meta-regression to analyze how these differences between the CA-exposed and the “control” infants affected 

the association between CA and BPD. Univariate meta-regression showed that differences GA and BW, and 

rate of RDS significantly modified the CA-associated risk of BPD36. As mentioned above, multivariate 

regression found that 64% of variance in CA-associated BPD risk was explained by the differences in GA 

and rate of RDS. 

The so-called “Waterberg effect” or “early-protection, late- damage effect” suggests that CA may reduce 

RDS but increase BPD (4, 12, 14). In order to test this hypothesis, we analyzed the association between CA 

and RDS in the included studies. In contrast to BPD, meta-analysis of unadjusted data did not show a 

significant effect of CA on RDS development. Prematurity is the most important risk factor for RDS. 

Interestingly, the CA -exposed infants were born ~1.2 weeks earlier (see above) but did not show a higher 

rate of RDS. This may suggest some degree of protection against RDS compatible with the “Waterberg 

effect”. In contrast, meta-regression showed a significant positive correlation between the effect size of the 

CA-RDS association and the effect size of the CA-BPD association (figure 7). In other words, the studies 

showing a higher risk of RDS in the CA-group also showed a higher risk of BPD. Nevertheless, our results 

should be interpreted with caution because the criteria for definition of RDS varied substantially among the 

different studies. As underscored by Jobe and Kallapur “It is unlikely that very preterm infants have just one 

lung disease at birth, although RDS is the diagnosis assigned to most of them”(191).   

Clinical presentation and severity of conditions such as BPD and RDS may vary across the different 

etiologies of very preterm birth and may depend on the nature, severity, and duration of the intrauterine 

insult (191). It remains unclear whether the most severe grades of CA with a fetal inflammatory response 

further increase the risk for developing BPD and/or RDS. Funisitis is considered the histologic counterpart of 

the fetal inflammatory response syndrome (192, 193). Interestingly Been et al. that showed that funisitis 

categorizes infants at risk for severe RDS that is less responsive to surfactant treatment (194). In contrast, 

infants exposed to CA without funisitis had less severe RDS than did infants without the CA exposure. 

Therefore, exposure to CA and/or funisitis may have more influence on the severity than on the incidence of 

respiratory complications. Our meta-analysis could not demonstrate that the presence of funisitis 

significantly increased BPD or RDS risk when compared with CA in the absence of funisitis (figure 3). In 

addition, infants with funisitis also presented differences in basal characteristics (including lower GA) when 

compared with infants with CA without funisitis (181-183).  
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Limitations 

Hartling et al. noted two problems which made the interpretation of their results difficult: significant 

publication bias and substantial heterogeneity. Our larger study finds a similarly high degree of 

heterogeneity among results, also we found some evidence of publication bias for studies reporting on 

BPD28, but not for studies that reported BPD36 or studies reporting adjusted results. 

Some additional limitations of our systematic review and meta-analysis deserve comment. First, the 

published literature showed great heterogeneity in definition of CA, and in assessment of confounders. 

Particularly, criteria for the use of the term clinical CA are highly variable, and recent recommendations 

propose to restrict the term CA to pathologic diagnosis (195). Second, only a limited number of studies 

evaluated the association between CA and BPD as their main objective. Third, adjusted data were available 

only from 8 of the 50 studies included in the meta-analysis. In addition, we had to rely on the adjusted 

analyses as presented in the published reports and the variables for which they adjusted, which were not 

consistent across studies.  

On the other hand, the main strengths of the present study are the large number of included studies and the 

use of rigorous methods, including an extensive and comprehensive search; duplicate screening, inclusion, 

and data extraction to reduce bias; meta-analysis of baseline and secondary characteristics; and the use of 

meta-regression to control for potential confounders. 

 

Concluding remarks 

Our data suggest that BPD remains a persistent problem in part because advances in neonatal care have 

improved the survival of the youngest and smallest infants who are more prone to develop BPD (5). Our data 

show that CA is frequently the cause of prematurity among these youngest and smallest infants and this 

higher prematurity significantly affects the association between CA and BPD. In addition, CA may initiate 

the pathogenic sequence leading to BPD but also may alter the rate of exposure to other anti- or pro-

inflammatory stimuli such as ACS, RDS, PDA, mechanical ventilation, oxygen, and sepsis. Nevertheless, 

either CA, RDS, or BPD are imprecise diagnoses, making difficult the analysis of their associations and 

correlations.  
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Table 1. Characteristics of all included studies 
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/Retrospective 
Cohort 

/Case-control 

Pe

rs

pe

cti

ve 

Total 

infants 

(centers) 

Max GA 
Max 

BW 
Definition CA Definition BPD 

N

O

S

 

S

c

o

r

e 

Abele-Horn 1997 Germany Prospective Cohort CA 170 (1) N/A N/A Microbiological BPD28 8 

Abele-Horn 1998 Germany Prospective Cohort CA 97 (2) N/A 1499 Microbiological BPD28 & BPD36 9 

Ahn 2012 South Korea Prospective Cohort CA 257 (1) 33 6/7 N/A Histological BPD36 9 

Alshehri 2014 Saudi Arabia Retrospective Cohort BPD 942 (1) 31 6/7 1499 Unspecified BPD28 & BPD36 7 

Ameenudeen 2007 Malaysia Prospective Cohort BPD 236 (1)  1499 Clinical BPD36 9 

Arayici 2014 Turkey Retrospective Cohort CA 281 (1) 32 1500 Histological BPD36 8 

Bagchi 1994 USA Prospective Case-control BPD 40 (1) 32 6/7 N/A Unspecified BPD28 6 

Baier  2003 USA Prospective Cohort BPD 24 (1) N/A 1499 Unspecified BPD28 & BPD36 7 

Baker 2012 USA Prospective Cohort BPD 62 (1) 35 6/7 N/A Clinical BPD36 8 

Barrera-Reyes 2011 Mexico Prospective Cohort CA 104 (1) 34 1500 Clinical BPD28 & BPD36 8 
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Baud 2000 France Prospective Cohort CA 685 (1) 32 6/7 N/A Clinical BPD36 9 

Been 2010 Netherlands Prospective Cohort CA 301 (1) 32 N/A Histological BPD28 & BPD36 8 

Bordigato 2011 Italy Prospective Cohort CA 29 (1) 27 6/7 999 Histological BPD28 & BPD36 8 

Bose 2011 USA Prospective Cohort BPD 932 (14) 27 6/7 N/A Histological BPD28 & BPD36 8 

Botet 2011 Spain Prospective Case-control CA 328 (12) N/A 1499 Clinical BPD36 8 

Brener Dick 2017 Argentina Retrospective Cohort BPD 115 (1) N/A 1499 Unspecified BPD36 7 

Bry 2015 Sweden Prospective Cohort CA 21 (1) 28 6/7 N/A Histological BPD28 8 

Cederqvist 2003 Finland Prospective Cohort BPD 32 (1) N/A N/A Clinical BPD28 7 

Chisholm 2016 USA Prospective Cohort CA 102 (1) 34 2000 Histological BPD36 8 

Choi 2005 South Korea Prospective Cohort BPD 115 (1) N/A 1499 Histological BPD28 7 
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Choi 2006 South Korea Prospective Cohort BPD 75 (1) 32 N/A Histological BPD28 8 

Choi 2008 South Korea Prospective Cohort CA 63 (2) 33 6/7 N/A Histological BPD36 9 

Colaizy 2007 USA Prospective Cohort BPD 121 (1) N/A 1499 Clinical BPD36 8 

Curley  2003 UK Prospective Cohort CA 79 (1) 32 6/7 N/A Histological BPD36 8 

De Felice 2004 Italy Retrospective Case-control BPD 30 (1) N/A N/A Histological BPD28 8 

De Felice 2005 Italy Prospective Cohort CA 103 (1) N/A 1499 Histological BPD28 8 

Demirel  2009 Turkey Retrospective Case-control BPD 106 (1) N/A 1500 Unspecified BPD36 7 

Dempsey 2005 Canada Retrospective Cohort CA 330 (1) 29 6/7 N/A Histological N/A 7 

Dessardo 2014 Croatia) Prospective Cohort CA 262 (1) 31 6/7 N/A Histological BPD36 7 

Dexter 1999 USA Retrospective Cohort CA 317 (1) N/A 1249 Clinical BPD28 8 
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Dexter 2000 Turkey Prospective Cohort CA 275 (1) N/A 1249 Histological BPD28 8 

Durrmeyer 2012 France Prospective Cohort BPD 258 (1) 26 6/7 N/A Histological BPD36 8 

Ecevit 2014 Turkey Retrospective Cohort CA 19 (1) 36 6/7 N/A Histological BPD28 8 

Erdemir 2013 Turkey Prospective Cohort CA 57 (1) 34 6/7 N/A Histological BPD36 8 

Eriksson 2014 Sweden Retrospective Cohort BPD 
106339 

(N/A) 
36 6/7 N/A Unspecified BPD28 8 

EXPRESS group 

2010 
Sweden Prospective Cohort BPD 638 (N/A) 26 6/7 N/A Clinical BPD36 8 

Fujioka 2014 Japan Retrospective Cohort BPD 92 (1) 31 6/7 N/A Histological BPD28 8 

Fukunaga 2009 Medicine Retrospective Cohort BPD 29 (1) 29 6/7 N/A Histological BPD36 8 

Fung 2003 Hong Kong Both Cohort CA 62 (1) 27 6/7 999 Microbiological BPD28 & BPD36 8 

Gagliardi 2014 Italy Prospective Cohort CA 3606 (82) 29 6/7 1500 Clinical BPD36 8 
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Garcia-Munoz 

Rodrigo 2014 
Spain Prospective Cohort CA 8330 (53) 32 1499 Clinical BPD36 9 

Ghezzi 1998 USA Prospective Cohort BPD 47 (1) 27 6/7 N/A Histological BPD28 & BPD36 8 

Gonzáles-Luis 2002 Spain Retrospective Case-control CA 135 (1) N/A 1499 Clinical BPD36 8 

Gray 1997 Australia Both Cohort CA 158 (1) 29 6/7 N/A Clinical BPD28 8 

Guimaraes 2010 Portugal Prospective Cohort BPD 256 (5) 29 6/7 1249 Clinical BPD36 8 

Guo 2015 Turkey Retrospective Cohort BPD 75 (1) 31 6/7 1499 Unspecified BPD28 & BPD36 7 

Hansen  2010 USA Prospective Cohort BPD 107 (1) 31 6/7 N/A Clinical BPD36 8 

Hendson  2011 Canada Prospective Cohort CA 507 (1) 32 1250 Histological BPD28 8 

Hikino  2012 Japan Prospective Cohort BPD 26 (1) 33 6/7 N/A Histological BPD28 8 

Hitti 2001 Sweden Prospective Cohort CA 140 (3) 34 N/A Microbiological BPD36 8 
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Honma  2007 Japan Retrospective Cohort CA 105 (1) 31 6/7 N/A Histological BPD28 8 

Hyodynmaa 2012 Finland Prospective Cohort BPD 82 (1) N/A 1500 Unspecified BPD28 7 

Ikeda 2015 Japan Prospective Cohort BPD 290 (1) 31 6/7 N/A Histological BPD28 & BPD36 8 

Iwatani 2013 Japan Retrospective Cohort BPD 51 (1) 27 6/7 N/A Histological BPD28 8 

Jones 2013 Brazil Prospective Cohort CA 95 (1) 36 6/7 N/A Histological BPD28 8 

Jonsson 1998 Sweden. Prospective Cohort CA (1) 29 6/7 N/A Clinical BPD28 & BPD36 9 

Kalra 2014 USA Prospective Case-control BPD 60 (2) 32 N/A Histological BPD36 8 

Kandasamy (h) 2015 USA Prospective Cohort BPD 152 (1) N/A 999 Both defined BPD36 8 

Karagianni 2011 Greece Prospective Cohort BPD 219 (1) 32 1500 Unspecified BPD28 & BPD36 7 

Karagianni 2013 Greece Prospective Case-control BPD 61 (1) 31 6/7 N/A Unspecified BPD28 7 
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Kaukola 2009 Finland Prospective Cohort CA 82 (1) 31 6/7 N/A Histological BPD36 8 

Kazzi 2004 USA Prospective Cohort BPD 120 (1) N/A 1250 Unspecified BPD36 7 

Kent 2004 Australia Prospective Cohort CA 241 (1) 29 6/7 N/A Histological BPD28 & BPD36 9 

Kewitz 2008 Germany Retrospective Cohort 
CA-

BPD 
115 (1) 27 6/7 N/A Histological BPD36 7 

Khan 2006 USA Retrospective Cohort BPD 306 (2) 29 6/7 N/A Microbiological BPD36 8 

Kim 2004 South Korea Retrospective Cohort 
CA-

BPD 
478 (1) 34 N/A Histological BPD36 8 

Kim 2008 South Korea Prospective Case-control BPD 74 (1) 31 6/7 N/A Histological BPD36 8 

Kim 2015 South Korea Retrospective Cohort CA 234 (1) N/A 1499 Histological BPD36 9 

Kirchner 2007 Austria Retrospective Cohort CA 44 (1) N/A 1449 Microbiological BPD36 8 

Klinger 2013 Israel Prospective Cohort BPD 
12139 

(30) 
N/A 1500 Clinical BPD36 8 
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Koroglu 2013 Turkey Prospective Case-control BPD 41 (1) 31 6/7 N/A Clinical BPD28 8 

Lahra 2009 Australia Prospective Cohort BPD 761 (1) 29 6/7 N/A Histological BPD36 8 

Lamboley-Gilmert 

2003 
France Prospective Cohort BPD 648 (33) 32 6/7 N/A Microbiological BPD28 & BPD36 8 

Lapcharoensap 2015 USA Retrospective Cohort BPD 15052 () 29 6/7 1500 Clinical BPD36 8 

Lardon-Fernandez 

2017 
Spain Retrospective Cohort BPD 129 (1) N/A 1499 Clinical BPD36 8 

Lau 2005 Turkey Prospective Cohort CA 1296 (1) N/A N/A Histological BPD36 8 

Lee Hyun Ju 2011 South Korea Retrospective Cohort CA 147 (2) N/A 999 Histological BPD28 & BPD36 8 

Lee Yeri 2015 South Korea Retrospective Cohort CA 339 (1) 33 6/7 N/A Histological BPD28 8 

Leroy 2018 Canada Prospective Cohort BPD 62 (1) 30 N/A Histological BPD36 8 

Li 2015 China Retrospective Cohort BPD 47 (N/A) N/A N/A Unspecified BPD28 & BPD36 6 
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Lin 2005 China Prospective Case-control BPD 224 (1) 29 6/7 N/A Clinical BPD36 8 

Liu 2014 China Prospective Cohort CA 216 (1) 33 6/7 N/A Histological BPD36 8 

Lodha 2014 Canada Prospective Cohort BPD 1030 (1) N/A 1250 Unspecified BPD36 7 

Lohmann 2014 USA Prospective Cohort BPD 22 (1) 32 N/A Histological BPD36 8 

Mahlman 2017 Finland Prospective Cohort BPD 174 (5) 30 6/7 N/A Clinical BPD28 & BPD36 8 

Mailaparambil 2010 Germany Prospective Cohort BPD 155 (1) 28 N/A Histological BPD28 8 

May 2011 UK Prospective Cohort BPD 44 (1) 32 6/7 N/A Histological BPD28 8 

McGowan (h) 2009 Turkey Retrospective Case-control BPD 96 (1) N/A 1250 Both defined N/A 8 

Mehta 2006 USA Retrospective Cohort CA 164 (1) 33 6/7 N/A Histological BPD36 8 

Mestan 2010 USA Prospective Case-control CA 202 (1) 36 6/7 N/A Histological BPD36 8 
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Miralles 2008 UK Prospective Cohort CA 31 (1) 31 6/7 N/A Microbiological BPD28 & BPD36 8 

Misra 2015 USA Retrospective Cohort CA 40 (1) 32 N/A Histological BPD36 8 

Mittendorf 2005 USA Prospective Cohort BPD 123 (1) 33 6/7 N/A Histological BPD28 8 

Miyazaki 2016 Japan Retrospective Cohort CA 
4078 

(N/A) 
33 6/7 N/A Histological BPD36 9 

Morrow 2017 USA Prospective Cohort BPD 587 (5) 34 1250 Unspecified BPD36 7 

Mu 2008 Taiwan Prospective Cohort CA 119 (1) N/A 1499 Histological N/A 8 

Nasef (h) 2013 Turkey Retrospective Cohort CA 241 (1) 29 5/7 N/A Both defined BPD36 8 

Natarajan 2008 USA Prospective Cohort CA 48 (1) N/A 1499 Histological BPD36 8 

Nicaise 2002 France Prospective Cohort CA 112 (1) N/A N/A Histological BPD36 7 

Nishimaki 2003 Japan Prospective Cohort CA 69 (1) 32 N/A Histological BPD28 8 
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Novitsky 2015 Usa Retrospective Cohort BPD 906 (1) N/A 1499 Clinical BPD36 8 

Ogunyemi 2003 Usa Retrospective Cohort CA 774 (1) 31 6/7 N/A Histological BPD36 8 

Oh 2015 South Korea Prospective Cohort CA 175 (1) N/A 999 Histological BPD36 8 

Ohyama 2002 Japan Retrospective Cohort CA 143 (1) 31 6/7 N/A Histological BPD36 9 

O'shea 1998 USA Prospective Cohort CA 70 (1) N/A 1499 Histological BPD28 & BPD36 8 

Paananen 2009 Finland Prospective Cohort 
CA-

BPD 
123 (1) N/A 1499 Histological BPD36 9 

Pappas (h) 2014 USA Prospective Cohort CA 1924 (16) 26 6/7 N/A Both defined BPD36 8 

Perrone 2012 Italy Prospective Cohort CA 92 (1) 31 6/7 N/A Histological BPD36 8 

Plakkal 2013 Canada Retrospective Cohort CA 444 (1) 28 6/7 N/A Histological BPD36 9 

Polam 2005 USA Prospective Cohort CA 177 (1) 28 6/7 N/A Histological BPD36 8 
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Prendergast 2011 UK Retrospective Cohort CA 120 (1) 32 N/A Histological BPD36 8 

Redline (h) 2002 USA Prospective Cohort CA 371 (1) 31 6/7 1499 Both defined BPD36 9 

Richardson 2006 Turkey Prospective Cohort CA 660 (1) 33 6/7 N/A Histological BPD28 8 

Rindfleisch 1996 USA Prospective Cohort BPD 36 (1) 32 6/7 N/A Clinical BPD28 8 

Rocha 2006 Portugal Retrospective Cohort CA 452 (3) 33 6/7 N/A Histological BPD28 9 

Rocha 2010 Portugal. Retrospective Cohort BPD 205 (1) 31 6/7 1249 Histological BPD36 9 

Rocha 2011 Portugal Prospective Cohort BPD 156 (2) 31 6/7 N/A Histological BPD36 8 

Rojas 2012 Colombia Retrospective Case-control BPD 212 (8) 30 6/7 N/A Microbiological BPD28 & BPD36 8 

Sampath 2015 USA Prospective Cohort BPD 659 (5) N/A 1500 Clinical BPD36 8 

Sato 2011 Japan Retrospective Cohort CA 302 (1) 29 6/7 N/A Histological BPD28 8 
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Schena 2015 Italy Retrospective Cohort BPD 242 (1) 28 N/A Clinical BPD28 8 

Schlapbach 2010 Switzerland Prospective Case-control CA 99 (1) 31 6/7 N/A Both BPD36 8 

Seliga-Sizecka 2013 Poland Prospective Cohort CA 383 (1) 31 6/7 N/A Histological BPD36 8 

Serenius 2004 Sweden Retrospective Cohort BPD (2) 25 6/7 N/A Unspecified BPD36 7 

Shima 2011 Japan Retrospective Cohort BPD 306 (1) 31 6/7 N/A Histological BPD28 & BPD36 8 

Shima 2013 Japan Prospective Cohort BPD 96 (1) 27 6/7 N/A Histological BPD36 8 

Smit 2015 Netherlands Prospective Cohort CA 300 (1) 32 N/A Histological BPD36 8 

Soliman 2017 Canada Prospective Cohort BPD 319 (1) 31 6/7 N/A Histological BPD36 8 

Soraisham 2009 Canada Prospective Cohort CA 3094 (24) 32 6/7 N/A Histological BPD36 9 

Soraisham 2013 Canada Retrospective Cohort CA 384 (1) 28 6/7 N/A Histological BPD28 & BPD36 8 
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Stepan 2016 
Czech 

Republic 
Prospective Cohort CA 122 (1) 34 N/A Histological BPD36 8 

Stichel 2011 Sweden Prospective Cohort BPD 51 (1) 28 6/7 N/A Clinical BPD36 8 

Stimac 2014 Croatia Retrospective Cohort CA 395 (1) N/A 1499 Histological BPD28 8 

Streubel 2008 USA Retrospective Cohort BPD 133 (1) 30 6/7 999 Histological BPD36 8 

Strunk 2012 Australia Retrospective Cohort CA 838 (1) 29 6/7 N/A Histological BPD28 8 

Suppiej 2009 Italy Prospective Cohort CA 104 (1) 31 6/7 N/A Histological  7 

Thomas 2009 Poland Prospective Cohort CA 42 (1) 29 6/7 1499 Histological BPD28 & BPD36 8 

Tokuriki 2015 Japan Prospective Cohort BPD 25 (1) 32 6/7 1499 Unspecified BPD28 7 

Torchin 2017 France Prospective Cohort 
CA-

BPD 
1731 31 N/A Histological BPD36 9 

Trevisanuto 2013 Italy Prospective Case-control CA 98 (1) 31 6/7 N/A Histological BPD36 8 
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First author, Year Country 
Prospective 

/Retrospective 
Cohort 

/Case-control 

Pe

rs

pe

cti

ve 

Total 

infants 

(centers) 

Max GA 
Max 

BW 
Definition CA Definition BPD 

N

O

S

 

S

c

o

r

e 

Tsiartas 2013 
Czech 

Republic 
Both Cohort CA 231 (1) 36 6/7 N/A Histological BPD28 & BPD36 8 

Van Marter 2002 USA Prospective Case-control CA 257 (3) N/A 1500 Histological BPD36 9 

van Vliet 2012 Netherlands Prospective RCT CA 72 (1) 31 6/7 1499 Histological BPD28 9 

Viscardi 2004 Turkey Prospective Cohort BPD (2) 32 6/7 1500 Histological BPD28 & BPD36 9 

Wang 2014 China Prospective Cohort BPD 73 (1) 32 1500 Clinical BPD28 8 

Watterberg 1996 Turkey Prospective Cohort CA 30 (1) N/A 1999 Histological BPD28 & BPD36 8 

Watterberg 1999 USA Prospective RCT CA 40 (2) N/A 999 Histological BPD28 8 

Watterberg 2004 USA Prospective RCT BPD 360 (>3) N/A 999 Histological BPD36 9 

Wirbelauer 2011 Germany Prospective Cohort CA 71 (1) N/A 1499 Histological BPD28 8 

Xie 2015 China Retrospective Cohort CA 371 (1) 33 6/7 N/A Histological N/A 7 
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First author, Year Country 
Prospective 

/Retrospective 
Cohort 

/Case-control 

Pe

rs

pe

cti

ve 

Total 

infants 

(centers) 

Max GA 
Max 

BW 
Definition CA Definition BPD 

N

O

S

 

S

c

o

r

e 

Xie 2016 China Prospective Cohort BPD 35 (1) 29 6/7 1500 Histological BPD28 8 

Yoon 1999 South Korea Prospective Cohort BPD 171 (1) 33 6/7 N/A Histological BPD28 8 

Young  2005 Turkey Retrospective Cohort CA 308 (1) 31 6/7 999 Histological BPD28 & BPD36 8 

Zanardo 2002 Italy Retrospective Case-control BPD 100 (1) 31 N/A Histological BPD28 8 

Zanardo 2008 Italy Prospective Cohort CA 287 (1) 31 6/7 N/A Histological BPD36 8 

Zhang 2011 China Retrospective Cohort BPD 116 (1) N/A 1500 Histological BPD28 8 

Gantar 2011 Slovenia Prospective Cohort BPD 65 29 6/7 N/A Both defined BPD36 8 

Metcalfe 2017 USA Retrospective Cohort 
CA-

BPD 
53906 36 N/A Clinical BPD28 9 

Torchin 2017 France Prospective Cohort 
CA-

BPD 
1035 30 6/7 N/A Histological BPD36 9 

 
GA: gestational age; BW: birth weight; CA: chorioamnionitis; BPD: bronchopulmonary dysplasia; BPD28: bronchopulmonary dysplasia defined as oxygen dependency at 28 

days of life; BPD36: bronchopulmonary dysplasia defined as oxygen dependency at 36 weeks post-menstrual age; RCT: randomized controlled trial.
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Table 2. Difference in baseline characteristics and outcomes of infants with and without CA. 

Meta-analysis k Effect size 95% CI p Heterogeneity 

     I
2 

p 

Gestational age 

(weeks) 
65 MD -1.20 -1.48 to -0.92 <0.001 98% <0.001 

Birth weight (g) 64 MD -48 -66 to -30 <0.001 94% <0.001 

Antenatal 

corticosteroids 
53 OR 1.39 0.98 to 1.97 <0.001 97% <0.001 

Cesarean section 42 OR 0.35 0.28 to 0.43 <0.001 92% <0.001 

SGA 24 OR 0.34 0.26 to 0.44 <0.001 77% <0.001 

Preeclampsia 19 OR 0.16 0.11 to 0.23 <0.001 78% <0.001 

PROM 37 OR 3.66 3.02 to 4.44 <0.001 86% <0.001 

Maternal 

diabetes 
10 OR 0.85 0.68 to 1.05 0.134 3% 0.411 

Maternal age 26 OR 0.95 0.85 to 1.06 0.386 61% <0.001 

EOS 34 OR 3.18 2.41 to 4.19 <0.001 79% <0.001 

LOS 33 OR 1.32 1.10 to 1.58 0.003 75% <0.001 

RDS 47 OR 1.14 0.94 to 1.39 0.189 90% <0.001 

Mortality 42 OR 1.48 1.28 to 1.71 <0.001 61% <0.001 
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Table 3. Meta-regression analyses of risk of BPD and covariates 

BPD 

def. 
 Meta-regression k CC 95% CI Z P R

2 

B

P

D

28 

Gestational age (MD, weeks) 26 -0.50 -0.75 to 0.25 -3.88 <0.001 0.71 

Birth weight (MD, per 100 g) 26 -0.07 -0.21 to 0.07 -1.01 0.313 0.00 

CA type (histological/clinical)  62 -0.38 -0.84 to 0.09 -1.58 0.114 0.00 

ACS (log OR) 20 0.21 -0.11 to 0.53 1.28 0.201 0.35 

Cesarean section (log OR) 16 -0.07 -0.44 to 0.30 -0.37 0.708 0.00 

Maternal age (MD, years) 11 -0.06 -0.49 to 0.38 -0.26 0.796 0.12 

SGA (log OR) 10 -0.13 -1.01 to 0.75 -0.29 0.770 0.00 

PROM (log OR) 14 -0.46 -1.12 to 0.20 -1.37 0.172 0.00 

Mortality (log OR) 18 0.09 -0.13 to 0.31 0.81 0.416 0.00 

Early onset sepsis (log OR) 12 0.05 -0.31 to 0.42 0.28 0.781 0.00 

Late onset sepsis (log OR) 12 0.05 -0.15 to 0.25 0.45 0.654 0.00 

RDS (log OR)  24 0.10 -0.02 to 0.23 1.64 0.100 0.11 

B

P

D

36 

Gestational age (MD, weeks) 48 -0.22 -0.33 to -0.12 -4.07 <0.001 0.39 

Birth weight (MD, per 100 g) 44 -0.32 -0.45 to -0.20 -5.03 <0.001 0.41 

CA type (histological/clinical)  99 -0.07 -0.29 to 0.15 -0.64 0.521 0.00 

ACS (log OR) 38 0.02 -0.27 to 0.30 0.10 0.918 0.00 

Cesarean section (log OR) 26 0.00 -0.18 to 0.18 0.04 0.969 0.00 

Maternal age (MD) 17 -0.26 -0.56 to 0.05 -1.65 0.098 0.00 

SGA (log OR) 14 0.12 -0.22 to 0.45 0.69 0.493 0.00 

PROM (log OR) 28 -0.07 -0.15 to 0.01 -1.76 0.079 0.00 

Preeclampsia (log OR) 16 0.09 -0.11 to 0.29 0.88 0.379 0.00 

Mortality (log OR) 27 0.07 -0.20 to 0.33 0.50 0.614 0.00 

Early onset sepsis (log OR) 24 -0.02 -0.13 to 0.09 -0.35 0.724 0.03 

Late onset sepsis (log OR) 26 0.25 -0.09 to 0.58 1.46 0.145 0.00 

RDS (log OR) 29 0.36 0.19 to 0.53 4.16 <0.001 0.47 

 
BPD28: bronchopulmonary dysplasia defined as oxygen dependency at 28 days of life; BPD36: 

bronchopulmonary dysplasia defined as oxygen dependency at 36 weeks post-menstrual age; CC: coefficient; 

CI: confidence interval; MD: mean difference; CA: chorioamnionitis; OR: odds ratio; ACS: antenatal 

corticosteroids; SGA: small for gestational age; RDS: respiratory distress syndrome. Values marked in bold: p 

<0.05. 
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Figure 1. PRISMA search diagram of included studies. 
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Figure 2. Meta-analysis of the association between chorioamnionitis (CA) and bronchopulmonary 

dysplasia (BPD), grouped by definition of CA. 



ANNEX I 

 

 
María Álvarez Fuente 146 

 

 

 
 

 

Figure 3. Meta-analysis of the association between funisitis and bronchopulmonary dysplasia (BPD). 
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Figure 4. Funnel plot assessing publication bias for the association between chorioamnionitis (CA) 

and BPD defined as supplemental oxygen requirement  on postnatal day 28 (BPD28). 

 

 

 

Figure 5. Funnel plot assessing publication bias for the association between chorioamnionitis (CA) 

and BPD defined as supplemental oxygen requirement at the postmenstrual age of 36 weeks (BPD 

36). 
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Figure 6. Meta-regression plot of association between chorioamnionitis and BPD36 controlling for 

difference in GA between exposed and non-exposed groups. 

 

 
Figure 7. Meta-regression plot of association between chorioamnionitis and BPD36 controlling for 

risk of RDS between exposed and non-exposed groups. 
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