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Abstract

Bronchopulmonary dysplasia (BPD) is a chronic lung disease of extreme prematurity and is

defined clinically by dependence on supplemental oxygen due to impaired gas exchange. Optimal

gas exchange is dependent on the development of a sufficient surface area for diffusion. In the

mammalian lung, rapid acquisition of distal lung surface area is accomplished in neonatal and

early adult life by means of vascularization and secondary septation of distal lung airspaces.

Extreme preterm birth interrupts secondary septation and pulmonary capillary development and

ultimately reduces the efficiency of the alveolar-capillary membrane. Although pulmonary health

in BPD infants rapidly improves over the first few years, persistent alveolar-capillary membrane

dysfunction continues into adolescence and adulthood. Preventative therapies have been largely

ineffective, and therapies aimed at promoting normal development of the air-blood barrier in

infants with established BPD remain largely unexplored. The purpose of this review will be: (1) to

summarize the histological evidence of aberrant alveolar-capillary membrane development

associated with extreme preterm birth and BPD, (2) to review the clinical evidence assessing the

long-term impact of BPD on alveolar-capillary membrane function, and (3) to discuss the need to

develop and incorporate direct measurements of functional gas exchange into clinically relevant

animal models of inhibited alveolar development.
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Introduction

Bronchopulmonary dysplasia (BPD), a chronic lung disease associated with extreme

prematurity (< 30 weeks gestation), affects 12,000 infants annually and results in chronically

impaired lung function (Aukland et al., 2009; Fawke et al., 2010; Stoll et al., 2010; Jobe,

2011; Gough et al., 2012; Cazzato et al., 2013; Gibson and Doyle, 2013). Clinically, it is

manifested by reduced gas exchange resulting in a dependence on supplemental oxygen
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(Jobe and Bancalari, 2001). Although necessary to sustain life following extreme preterm

birth, mechanical ventilation and supplemental oxygen can disrupt the intricate molecular

networks responsible for normal distal lung development; the result is inhibited subdivision

of distal airspaces, blunted pulmonary microvasculature growth, and attenuated expansion of

the alveolar-capillary membranes (Husain et al., 1998; Bhatt et al., 2001; Thibeault et al.,

2003, 2004). Despite minimization of the most overt signs of lung disease, BPD survivors

often exhibit reductions in exercise tolerance and diffusing capacity into adolescence

(Vrijlandt et al., 2006; Balinotti et al., 2010; Fakhoury et al., 2010; Fawke et al., 2010;

Hayes et al., 2011), suggesting persistent functional deficits of the alveolar-capillary

membrane. Moreover, in animal models that closely resemble the pathological features of

human BPD, brief exposure of the neonatal developing lung to hyperoxia is associated with

enduring impairment in alveolarization, reduced pulmonary arterial density, and premature

death (Roberts et al., 1983; Randell et al., 1989; Thibeault et al., 1990; Yee et al., 2009,

2011). Thus, even limited insults during critical periods of development are likely to have

subtle yet significant direct long-lasting effects on the ultimate function of the alveolar-

capillary membrane complex.

Although they have significantly advanced our understanding of BPD pathogenesis,

preventative therapies derived from animal models of inhibited alveolar development have

failed to translate into significant reductions in BPD incidence. While BPD is diagnosed

clinically as oxygen dependency resulting from reduced gas exchange, therapies tested in

animal models have been evaluated largely on their ability to restore alveolar structure

without assessing normalization of functional gas exchange; it is largely unknown if

improved lung structure equates to a functional recovery of gas exchange sufficient to

reduce dependence on supplemental oxygen. Additionally, the ability to therapeutically

promote normal alveolar-capillary growth once it has been inhibited has been under-

explored.

The purpose of this review is to summarize the effects of preterm birth and BPD on the

structural development of the alveolar-capillary membrane. Furthermore, it will discuss the

long-term functional deficits of the alveolar-capillary membrane observed in infants,

children, and adults with BPD. Finally, it will highlight the need for the design of clinically

relevant animal models of inhibited alveolar-capillary membrane development that

incorporate techniques to assess the capacity of the alveolar-capillary membrane to perform

functional gas exchange.

Inhibition of Alveolar-Capillary Membrane Development in BPD

Efficient functional gas exchange at birth requires the development of a sufficient

pulmonary alveolar-capillary membrane. In human lung development, the rudimentary

alveolar-capillary membrane is formed by the thinning of distal lung mesenchyme and rapid

expansion of intraacinar capillaries during the canalicular stage. The canalicular stage occurs

in human infants between 18 and 26 weeks gestation and results in the close apposition of

capillaries to the distal airspace lining (Burri, 2006; Kimura and Deutsch, 2007). Following

the canalicular stage, expansion of distal ventilatory units occurs from 24 to 38 weeks

gestation during the saccular stage. The saccular lung is characterized by further increases in
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gas-exchange surface area by means of the branching, lengthening, and widening of the

distal air sacs with additional thinning of the surrounding mesenchyme (Wert, 2004; Rutter

and Post, 2008). Further differentiation and thinning of the epithelial cells into maturing

Type-I epithelial cells further decreases the distance required for gas-exchange. The prenatal

development of the alveolar-capillary membrane in the human fetus has been described

(Thibeault et al., 2004), and reviewed by Hislop (Hislop, 2002). Examining the lungs of 30

infants that died of nonpulmonary causes between 22 and 40 weeks gestation, Thibeault et

al. quantified the development of the volume density of distal lung parenchymal vessels

contributing to the alveolar-capillary membrane (Thibeault et al., 2004). They found a rapid,

800% increase in alveolar-capillary membrane per surface area of distal lung, which

paralleled the increase in lung parenchyma volume and surface area, from 22 to 32 weeks

gestation. Thereafter, the rate slowed during saccular lung development resulting in a 30%

increase from 32 weeks to birth. Thus, a profound increase in the alveolar-capillary

membrane surface area prepares the infant for the transition to postnatal gas exchange.

While prenatal distal airspace development provides a sufficient air-blood barrier for

neonatal life, normal growth and development from infancy to adulthood requires an

additional significant increase in the surface area for gas exchange. Continued parenchymal

growth and subdivision of primary distal lung saccules by secondary septation during the

alveolar stage of lung development begins as early as 29 to 30 weeks of gestation and results

in a 20-fold increase in alveolar-capillary membrane area (Hislop et al., 1986; Thibeault et

al., 2004). Secondary alveolar septation is largely a postnatal event, as alveolar number

increases from an estimated 20 million at birth (Dunnill, 1962), to nearly 500 million in the

adult (Ochs et al., 2004).

The limit of viability is dependent on the development of an air-blood barrier capable of

sufficient gas exchange. By accelerating the thinning of the mesenchyme prematurely,

antenatal steroid exposure promotes establishment of a minimally functional alveolar-

capillary membrane capable of supporting gas exchange and survival of infants as early as

22 to 23 weeks of gestation (Whitsett et al., 1987; Ballard, 1989; Roberts and Dalziel, 2006).

The result has been a significant increase in survival of infants born extremely preterm

(Fanaroff et al., 2003; Stoll et al., 2010). Because the majority of infants that survive

extreme preterm birth develop BPD (Stoll et al., 2010), the prevalence of BPD has

increased.

Histological examinations of extremely preterm infants that have died with BPD have

demonstrated an inhibition of normal alveolar-capillary membrane development. As

discussed above, the canalicular and saccular stages of lung development are characterized

by a rapid expansion of air-blood barrier by means of development of the distal airspaces

and vasculature. Infants at greatest risk for BPD are born before 28 weeks gestation (Stoll et

al., 2010), suggesting that interference with the canalicular and saccular stages of lung

development contribute to disease pathophysiology. Hislop et al. described a series of 33

infants born 25 to 38 weeks of gestation that were ventilated in the neonatal period (Hislop

et al., 1987). The infants died between 1 week and 14 months and their lung morphology

was compared with a control group of 68 infants matched for gestation age. Although all

infants displayed some growth of distal airspace surface area, ventilated preterm infants,
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especially the most premature, demonstrated generalized emphysematous changes due to an

inhibition of alveolar septation. Likewise, Hussain et al. reported on 14 surfactant-treated

extremely preterm infants that died of BPD at 6 to 7 months of age (one at 7 years) and

described homogenous emphysematous changes with reduced alveolar septation (Husain et

al., 1998). Thibeault et al. reviewed autopsy findings in 35 infants (mean gestational age 25–

26 weeks and birthweight <800 grams); the majority of infants were delivered following

antenatal steroids, received surfactant replacement therapy, and had been ventilated for the

majority of their postnatal life. Lungs of infants with severe chronic lung disease were

composed of enlarged alveoli with blunted secondary septa. Although increased from what

would be expected at gestational age at birth, compared with controls the rate at which the

density of distal lung parenchyma vessels increased was much slower. Additionally,

microvascular diameter and septal thickness were significantly increased; vessels were far

from the airspace surface resulting in a thickened alveolar-capillary membrane (Thibeault et

al., 2004). An additional report in five surfactant-era extremely preterm infants that died of

BPD from 28 to 44 weeks postconceptional age found similar results: an overall reduction in

number of pulmonary capillaries with the remaining vessels being dysmorphic and far from

the septal surface (Bhatt et al., 2001).

Persistently Limited Airflow and Impaired Alveolar-Capillary Function in

Survivors of BPD

Although the severity of respiratory symptoms improves rapidly over the first few years,

survivors of BPD have persistently reduced lung function. Compared with those born at

term, symptoms of asthma and airway obstruction are more prevalent in those born

extremely preterm, especially those with a history of BPD. At 11 years of age, extremely

preterm children with a history of BPD from the EPICure cohort (a prospective analysis of

all surviving infants born at ≤25 weeks gestation in Europe in 1995) were twice as likely (28

vs. 13%) to have a diagnosis of asthma and over 50% had abnormal baseline spirometry

(even if clinically asymptomatic) (Fawke et al., 2010). Children with a history of BPD had

obstruction to airflow at the level of the small airways, as evidenced by lower (80%

predicted) forced expiratory volume in one second (FEV1, a measure of airflow obstruction)

combined with significantly reduced (58% predicted) FEF25–75 (the average forced

expiratory flow during exhalation of the mid (25–75%) portion of the forced vital capacity, a

measure of airflow through the small conducting airways). Analysis to control for the effect

of age, sex, and body size confirmed that 66% of children with BPD had abnormally low

lung function at baseline (indicated by FEV1 or FEF25–75 z-scores ≤ −1.96) versus only 9%

of controls. Despite significant improvement of airway obstruction following bronchodilator

therapy in 32% of children with BPD, spirometry remained abnormal and significantly

decreased. Multiple reports in children and adolescents cared for in the pre- and

postsurfactant era have found similar evidence of persistent airways disease. A meta-

analysis of 18 observational studies that measured pulmonary function at 7 to 18 years of

age consistently found that those with a history of BPD had persistent, significant

impairment in FEV1 (Gibson and Doyle, 2013). Finally, high resolution chest CT (HRCT)

has been used to evaluate BPD survivors for persistent parenchymal abnormalities. HRCT

was obtained in 74 subjects 10 to 18 years of age that were born at < 28 weeks gestation,
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weighed <1000 grams at birth, and were cared for between 1982 and 1991. The results were

correlated with measures of pulmonary function (FEV1, FEF25–75, and total lung capacity

[TLC]) (Aukland et al., 2009). Of the entire cohort, 28% had a diagnosis of moderate-severe

BPD. Abnormal HRCT findings, consisting of minor linear and subpleural opacities, were

common: 86% of the cohort had abnormalities suggestive of persistent structural lung injury.

Those with moderate-severe BPD were significantly more likely to have an abnormal scan,

and there was a significant correlation between abnormal HRCT and previous duration of

supplemental oxygen and mechanical ventilation. HRCT scores were able to predict

presence of airflow obstruction, as evidenced by significant reductions FEV1. Similar

associations have been observed in other cohorts of young adult survivors of BPD,

predominately in the presurfactant era, and have encountered up to a 50% incidence of

emphysematous changes on HRCT (Howling et al., 2000; Wong et al., 2008, 2011).

Utility of the Carbon Monoxide Diffusing Capacity (DLco) in Evaluating

Pulmonary Gas Exchange

Although symptoms of airway obstruction are prevalent in BPD survivors, BPD is defined

by dysfunction of the alveolar-capillary membrane resulting in the need for supplemental

oxygen (Jobe and Bancalari, 2001; Ehrenkranz et al., 2005). Clinical measures of pulmonary

gas exchange are, therefore, useful for determining the long-term consequences of impaired

alveolar septal and vascular development on alveolar-capillary function. The carbon

monoxide diffusing capacity (DLco) is the most sensitive measure of alveolar-capillary gas

transfer. The majority of parenchymal lung diseases are associated with a diminished

diffusing capacity. Reductions in the DLco reliably predict exercise-induced hypoxemia in

chronic obstructive pulmonary disease (COPD) and interstitial lung disease (Owens et al.,

1984; Risk et al., 1984; Ries et al., 1988). DLco has been measured in several cohorts of

children and young adults born extremely preterm and, as discussed below, those with a

history of BPD have consistently lower diffusing capacity. Several basic principles that

contribute to derivation of the reported values associated with measurements of DLco must

be understood for proper clinical interpretation. Excellent reviews for performing and

interpreting DLco have recently been published (Macintyre et al., 2005; Hughes and Pride,

2012;), and the key concepts required to interpret DLco in BPD pathophysiology will be

discussed here.

KEY CONCEPTS IN CLINICAL INTERPRETATION OF THE DLco

The measured difference in the inhaled and exhaled concentrations of a carbon monoxide

(CO) -containing test gas is used to determine DLco. During a single breath hold near TLC,

the rate at which CO is removed from the alveolar space is exponential and directly

proportional to the breath-holding time. The slope at which CO concentration declines over

the breath hold is known as the rate constant for carbon monoxide uptake from alveolar gas

(Kco). The DLco is the product of Kco and the alveolar volume accessible to gas exchange

(VA). Because the VA represents the available alveolar volume (and, therefore, alveolar-

capillary surface area) for CO uptake, the DLco is directly proportional to VA. After

correcting for the partial pressure of CO in the test gas, DLco is expressed as the alveolar

CO uptake per minute per mmHg Pco (ml/min/mmHg). The sum of CO transfer occurs in
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two phases (Fig. 1), expressed as the equation 1/DL = 1/DM + 1/τ·Vc (Roughton and Forster,

1957; Hughes and Pride, 2012). The first phase of CO transfer is across the alveolar-

capillary membrane (DM, membrane diffusing capacity). The second phase is determined by

the rate at which CO undergoes reaction with hemoglobin on the red blood cell in a given

pulmonary capillary volume (τ·Vc). Total alveolar surface area and the thickness of the

alveolar-capillary membrane determine DM, while the density of pulmonary capillaries, the

cardiac output, the alveolar PO2, and the hemoglobin concentration affect τ·Vc.

The VA is determined by measuring the difference between the inhaled and exhaled

concentrations of an inert, nonabsorbable gas (usually Helium or Neon) that is diluted in the

alveolar gas during a single breath hold near TLC. The VA increases with TLC and both

values are directly proportional to sex and body length. Normally, the VA underestimates the

TLC secondary to anatomical dead space and incomplete homogenization of the test and

alveolar gases. Incomplete alveolar expansion due to sub-optimal inspiratory effort will also

reduce VA. Localized or diffuse loss of alveolar units (bulla, atelectasis, and interstitial

fibrosis-all of which can be seen in BPD) will also result in a lower than predicted VA.

Additionally, severe intrapulmonary airflow obstruction or significant heterogeneity of

alveolar ventilation results in incomplete dilution of test gas and underestimation of VA

(Verbanck et al., 2008). A reduction in the ratio of VA to TLC (measured by independent

means) can signify if a reduction in VA is secondary to misdistribution of test gas.

To assess the efficiency of the alveolar-capillary membrane for CO transfer, the DLco is

often expressed as the carbon monoxide diffusing capacity per unit of alveolar volume, or

DLco/VA. DLco/VA (herein referred to as Kco, expressed as ml/min/mmHg/L) directly

reflects the quality of alveolar-capillary gas transfer. It is important to determine both the

DLco (the total capacity for CO transfer) and the Kco (the efficiency of CO transfer for a

given VA) to fully understand the clinical implications of an altered diffusing capacity. For

example, a decrease in DLco can result from a decrease in Kco (the rate of CO uptake from

the alveoli, determined by DM and τ·Vc) or a decrease in VA (the volume “accessible” for

CO transfer). As the lung volume (and, therefore, VA) falls, the DLco is reduced due to the

decrease in alveolar volume accessible for gas exchange. However, the same reduction in

VA results in an even greater increase in the Kco, because a constant Vc will result in a rise

in Vc/VA (Stam et al., 1991; Johnson, 2000). Physiologically, this is explained by the

consistency of the pulmonary blood flow over a range of lung volumes. Because the DM is

constant, the stability of the Vc results in the same degree of gas transfer at lower VA. Thus,

the efficiency of gas transfer (the Kco) improves.

Determination of Kco, VA and TLC are required for one to correctly interpret the clinical

etiology of a reduced DLco (Table 1). In the case of BPD, the described pathology includes

some degree of mild interstitial fibrosis, reduced alveolar surface area due to inhibited

secondary alveolar septation, and decreased capillary volume secondary to diminished

pulmonary vascular development (Hislop et al., 1987; Husain et al., 1998; Bhatt et al., 2001;

Thibeault et al., 2004). Thus, one would anticipate that a reduced DLco would be

accompanied by a normal VA and VA/TLC ratio, normal TLC, and low Kco (secondary to

impairments in both DM and Vc components).
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IMPAIRED DIFFUSING CAPACITY IN BPD SURVIVORS

DLco has been measured in infants, children, and young adults born extremely premature in

the postsurfactant era to determine the impact that BPD has on alveolar-capillary membrane

function (Table 2). In a single center study, DLco, VA and DLco/VA in 39 infants diagnosed

with BPD (mean gestational age ~26 weeks and mean birthweight ~800 grams) were

compared with 61 age-matched term controls at an average of 11 months postconceptional

age (Balinotti et al., 2010). BPD infants were on supplemental oxygen for an average of 82

days following birth but were clinically stable off oxygen at the time of examination. Infants

with BPD had similar VA compared with controls, but despite being clinically well, had

significantly lower DLco and DLco/VA. Given that VA was similar in both groups, the fall

in DLco/VA would be indicative of a deficit in membrane surface area (DM), alveolar

capillary volume (τ·Vc), or both. Thus, the results corroborated the histopathological

findings reported in postsurfactant BPD (Husain et al., 1998). Likewise, in 62 children 7 to

10 years of age born extremely premature and diagnosed with BPD, two separate studies

reported significant reductions of ~10 to 15% in DLco and DLco/VA (Korhonen et al., 2004;

Kaplan et al., 2012). In an additional cohort of 22 extremely preterm children (8-9 years old)

with a history of BPD, DLco and DLco/VA were significantly reduced, and DLco/VA fell

proportionately with the length of exposure to supplemental oxygen (Cazzato et al., 2013).

Finally, 11-year pulmonary outcomes of children from the EPICure cohort reported similar

VA but reduced DLco and DLco/VA as well as diminished exercise capacity in children with

a history of BPD (Welsh et al., 2010; Lum et al., 2011). It is important to note that the

severity of BPD represented by these reports was predominately mild-moderate which may

explain the small reductions observed. However, the fact that impaired diffusing capacity

was measurable in “healthy” survivors speaks to the chronic, insidious nature of BPD.

Several case series of adolescents and adults born extremely premature in the presurfactant

era have also investigated diffusing capacity in survivors of BPD. In 21 adults (17–33 years

of age) born between 1980 and 1987 with mean gestational age of 27 weeks and mean

birthweight 895 grams that required supplemental oxygen at 36 weeks postconceptional age,

DLco was compared with abnormality on HRCT (Wong et al., 2008). Radiological evidence

of emphysema was present in 84% of those with a history of BPD. The DLco was also

abnormal in 84% of subjects and was significantly reduced from expected (z-score −5.04).

There was no significant correlation between abnormalities on CT and impairment in DLco,

underscoring the independent utility of DLco to adequately assess gas transfer function. In

10 children born at an average gestational age of 30 weeks and average birth weight of 1350

grams between 1985 and 1987 with a history of BPD, DLco and DLco/VA were

significantly reduced at baseline (Mitchell and Teague, 1998). Importantly, DLco failed to

increase as expected during exercise and fell below pre-exercise levels during the immediate

rest period. Children with BPD also experienced significantly more desaturation events

during exercise. The authors speculated that the findings were suggestive of inadequate

increases in right ventricular output and/or long-term deficits in alveolar-capillary

development. Diminished maximal exercise capacity associated with reductions of DLco

have been observed in several additional cohorts of adolescents and adults cared for in the

presurfactant era, although often with a normal DLco/VA at rest (Hakulinen et al., 1996;

Vrijlandt et al., 2006; Lovering et al., 2013). It is difficult to interpret the clinical implication
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of the discrepancy, however, as VA was infrequently reported. Additionally, these cohorts,

including the 18-year follow-up study of the infants that comprised Northway’s originally

description of BPD (Northway et al., 1990), likely represent the classical form of BPD

typified by thickened interstitium, alveolar destruction, and patchy areas of bullous

emphysema (Stocker, 1986; Husain et al., 1998). It is plausible that the low DLco/VA may

be secondary to reduced VA from non-homogenous gas mixing or inadequate alveolar

expansion, or there may have been a compensatory increase in pulmonary capillary volume,

as has been described in two autopsy reports (Thibeault et al., 2004; De Paepe et al., 2006).

Evidence for Potential for Catch-up Alveolarization in Established BPD

Given that survivors of BPD have significant, persistent small airways disease, impaired

exercise capacity, and reduced diffusing capacity, there is a need for novel therapies that

promote development of alveolar-capillary surface area. Additionally, although they

experience the anticipated incremental development of lung function during childhood and

adolescence, survivors of BPD continue to follow a trajectory parallel but consistently below

that of term-born peers (Vollsaeter et al., 2013). Indeed, some have associated BPD with an

accelerated decline in lung function by late adolescence (Doyle et al., 2006). If extremely

preterm infants with BPD never obtain peak lung function, the natural loss of lung function

that occurs with age may result in premature disability. Preventative strategies have been

largely disappointing and have failed to lessen the burden of BPD (Laughon et al., 2009b;

Jobe, 2011) and, therefore, alternative strategies should be explored to encourage optimal

“catch-up” growth in those with established BPD.

An improved understanding of the timeline of human alveolar development has broadened

the potential window for “catch-up” alveolarization. Early investigations of alveolar

development in the 1960s described a rapid increase in alveolar number over the first 2

years, resulting in ~50% of the adult number (Dunnill, 1962). Based on data obtained from

two additional children and compared with historic adult estimates, the author proposed that

the alveolar number of ~300 million was attained by 8 years of age. A subsequent study of

two children (5 and 11 years of age) estimated similar alveolar numbers of ~303 to 336

million and supported the theory that adult alveolar numbers were present by late childhood

(Davies and Reid, 1970). Additional reports presented evidence that continued to compress

the window of significant alveolar development; by the 1980s it was accepted that by 2 to 3

years of age alveolarization was essentially complete (Thurlbeck, 1982; Hislop et al., 1986;

Zeltner and Burri, 1987; Zeltner et al., 1987). However, these conclusions were based on

relatively small numbers of infants, potentially biased morphometric methods, and an

assumption that adult alveolar number was ~300 million. It was also noted that total alveolar

number correlated with length and displayed significant inter-individual variability (Angus

and Thurlbeck, 1972). More recently, unbiased methods of alveolar counting have increased

the estimated adult alveolar number to ~480 million (Ochs et al., 2004). Evidence of late

alveolarization in rodents (equivalent to late adolescence in humans) has questioned the

requirement for a double-capillary microvasculature for septation by demonstrating

emergence of new septa well after microvascular maturation (Mund et al., 2008; Schittny et

al., 2008). Using helium-3 (3He) MRI to assess alveolar size noninvasively in 109 healthy

subjects from 7 to 21 years of age, Narayanan et al. calculated at least a twofold increase in
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alveolar number from childhood to early adulthood (Narayanan et al., 2012). Given that

adult alveolar size is relatively constant (Ochs et al., 2004) and that lung volume increases

three- to four-fold from 7 years to adulthood, they reasoned that if no additional alveoli were

formed, increased lung volume could only occur by means of similar increases in individual

alveolar size. However, 3He-MRI analysis revealed a significantly smaller than expected

increase in alveolar size, suggesting that neoalveolarization must have occurred. The sum of

these studies suggests that a wider window of postnatal alveolar development exists during

which one could promote optimal alveolar-capillary development.

Infants at greatest risk for BPD (those <28 weeks gestation at birth) are born with a saccular

lung (Kimura and Deutsch, 2007; Stoll et al., 2010). Acute lung injury secondary to

hyperoxia, mechanical ventilation, and pre/postnatal infections are encountered in the first

several days of life. It is hypothesized that these early insults imposed by extreme preterm

birth can initiate, within hours to days, the processes that ultimately lead to development of

BPD (Jobe, 2011). Indeed, by 14 to 21 days the clinical condition can be used to reliably

predict an infant’s likelihood to fulfill diagnostic criteria at 36 weeks postconceptional age

for moderate-severe BPD (Laughon et al., 2009a, 2011; Bose et al., 2011). Although highly

variable, many infants that develop BPD slowly recover from their initial illness and show

significant clinical improvement by 40 weeks postconceptional age. The EPICure study has

provided valuable insight into the natural course of respiratory health during the first 6 years

following hospital discharge with a diagnosis of BPD (Hennessy et al., 2008). Of the 308

infants that survived to 30 months of age, 74% had a diagnosis of moderate-severe BPD and

36% of those required supplemental oxygen at discharge. The need for supplemental oxygen

decreased rapidly over the first year of age, and by 12 months corrected age over 75% no

longer required oxygen. Length of home oxygen therapy correlated with the degree of

prematurity: the most immature infants required supplemental oxygen significantly longer.

For the entire cohort of extremely preterm children, 64% required re-hospitalization in the

first 30 months of age and one third required ≥ 3 hospitalizations for respiratory illnesses.

Infants requiring supplemental oxygen at discharge were nearly 3 times more likely to

require multiple re-admissions. However, by 6 years of age, hospitalization was infrequent

and comparable to children born at term. Thus, the clinical course of BPD is typified by

significant, acute lung injury over the first several weeks or months followed by a period of

persistent clinical improvement over the first few years of age. Although biologically

plausible, it is speculated that clinical improvement is due to continued development of the

alveolar-capillary membrane. Therefore, strategies that promote secondary alveolar

septation and normal capillary development (and, thereby, speed or optimize recovery of

functional gas exchange) during this window of rapid alveolar development could

potentially reduce dependence on supplemental oxygen, increase pulmonary reserve, and

decrease hospitalization re-admission rates. However, studies to evaluate therapies aimed at

improving alveolar-capillary development and function in established BPD are lacking.
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Optimizing the Clinical Relevance of Animal Models of Inhibited Alveolar-

Capillary Membrane Development

To test strategies that promote optimal alveolar-capillary membrane structural and

functional development, animal models must be carefully designed to recapitulate the timing

of injury and recovery in a manner that is clinically relevant. While no perfect animal model

exists, because rodents are naturally born with saccular lungs, continuous exposure of

neonates to hyperoxia can inhibit alveolar septal and vascular development and reliably

recapitulate many of the features of human BPD (Warner et al., 1998; Husain et al., 1998;

Bhatt et al., 2001; Thibeault et al., 2004; van Haaften et al., 2009; Buczynski et al., 2013a).

We have used this strategy to effectively inhibit murine secondary alveolar septation. When

newborn pups are exposed to hyperoxia continuously from birth onward, we observe

evidence of inhibited septal development as early as postnatal day (P) 4 to P7 (Fig. 2).

Additionally, from birth to full adult growth, the human and rodent lung undergoes similar

fold-change increases in lung volume and alveolar-capillary surface area for gas exchange

(Zeltner et al., 1987). Starting on P4, the rodent lung experiences rapid secondary alveolar

septation and contains roughly half the number of adult alveoli by P14 to P21 (Mund et al.,

2008; Schittny et al., 2008). A similar period of rapid alveolar development in the human

lung is estimated to occur within 18 to 24 months after birth (Dunnill, 1962). Given that the

majority of initial injury and clinical symptomatology associated with human BPD is

observed during saccular and bulk alveolar lung development, a developmentally

appropriate rodent model would be one that limits injury to the periods of saccular and early

bulk alveolar development (P0 through P7–14), and then allows for a period of repair and

attempted compensatory expansion of alveolar-capillary surface area.

A developmentally appropriate model of BPD, consisting of acute hyperoxic injury during

initial alveolar septation followed by a period of recovery in room air, has been well-

described in neonatal rodents (Roberts et al., 1983; Shaffer et al., 1987; Randell et al., 1989,

1990; Thibeault et al., 1990; Lin et al., 2005). Whereas room air control animals experienced

a 16-fold increase in alveolar number from birth to P7, exposure of neonatal rats to 100%

oxygen from birth through P7 resulted in an acute arrest of alveolar septal and microvascular

vascular development (Roberts et al., 1983; Randell et al., 1989). Upon return to the room

air environment there was resumption of alveolar development, but at P21 oxygen-exposed

animals had 25% fewer alveoli resulting in significantly reduced alveolar surface area

(Randell et al., 1989). Although there was an initial, step-wise reduction in pulmonary

microvasculature that correlated with the oxygen concentration, at 21 to 40 days animals

recovered in room air had markedly increased alveolar capillary density suggestive of a

compensatory angiogenic response (Roberts et al., 1983; Randell et al., 1990). This response

may be short-lived, however, because in animals recovered out to 40 to 60 days, reductions

in alveolar-capillary surface area and total alveolar number persisted (Shaffer et al., 1987;

Thibeault et al., 1990). Additionally, oxygen-exposed lungs displayed distal extension of the

muscular coat into the microvasculature and right ventricular hypertrophy (RVH) indicative

of pulmonary hypertension (Shaffer et al., 1987; Thibeault et al., 1990).
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O’Reilly et al. have extensively investigated the long-term effects of hyperoxic lung injury

limited to the murine postnatal saccular lung. Neonatal mice exposed to increasing oxygen

concentrations (40 to 100%) from birth to P4, followed by a return to room air until 8 weeks

of age, displayed inhibition of alveolar development that was proportionate to the level of

oxygen (Yee et al., 2009). Recovered mice exhibited several of the features observed in

human BPD, including excessive inflammatory response to Influenza infection, decreased

pulmonary elastance, increased tissue compliance, and enlarged, simplified distal airspaces

due to reduced secondary septation (O’Reilly et al., 2008, 2012; Yee et al., 2009; Buczynski

et al., 2012, 2013b). Although no measurable changes in alveolar microvascular

development were present at 8 weeks, a separate cohort allowed to recover for up to 67

weeks of age had striking loss of pulmonary microvasculature, muscularization of

pulmonary arterioles, development of RVH, and shortened life span (Yee et al., 2011).

Interestingly, the defects in alveolar development were no longer apparent, as evidenced by

normalization of alveolar airspace size. Thus, even hyperoxia limited to relatively short

periods of saccular-alveolar lung development are capable of durably inhibiting alveolar-

capillary structure.

From the rodent studies discussed above, it is clear that even brief hyperoxia during saccular

and early alveolar development can persistently impair adult lung structure and airway

function. During the acute hyperoxia exposure, there is essentially complete arrest of further

saccular and alveolar development. Upon returning to room air, alveolar septal and capillary

development resumes and there are compensatory gains in alveolar-capillary structure.

However, even with prolonged recovery in a normal environment, alveolar-capillary

membrane structure is abnormal. BPD following extreme preterm birth follows a similar

pattern. Extremely preterm infants are born with saccular lungs and exposed to hyperoxia

(relative to the normally hypoxic in utero environment) while they adapt to the ex utero

environment. While highly variable, the most intense respiratory support often is required

during the first few postnatal months, which normally overlap with the onset of early

alveolar septation. Many infants with BPD have clinically improved by 40 weeks

postconceptional age; infants with moderate to severe BPD that require further oxygen

support at home experience significant clinical improvement over the first 2 postnatal years

(Hennessy et al., 2008). Because recovery occurs during the normal period of bulk

alveolarization, it is assumed that improved lung growth and development allows the rapid

addition of new alveolar-capillary units. Although clinically improved, however, BPD

survivors have persistent functional and, most likely, structural defects through adulthood.

Thus, by restricting neonatal hyperoxia to saccular and early alveolar development and then

allowing for a period of recovery in normoxia, rodent models have recapitulated several of

the clinical aspects of human BPD.

Assessing Alveolar-Capillary Membrane Function in Animal Models of

Inhibited Alveolarization

Although rodent models have significantly improved our understanding of BPD

pathogenesis, functional analysis of the structural improvements has unfortunately lagged

behind and translation into effective therapeutic strategies has generally been disappointing.
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The most notable example would be the recent experience with inhaled nitric oxide (iNO).

Well-designed, thoughtful studies done predominately by Abman et al. demonstrated that

vascular endothelial growth factor (VEGF) pathway signaling was required for the alveolar-

capillary membrane to develop normally: inhibiting VEGF signaling in neonatal rodents by

means of VEGF receptor blockade or down-regulating VEGF protein expression by means

of hyperoxic exposure resulted in significantly inhibited alveolar-capillary development

reminiscent of human BPD (Jakkula et al., 2000; Le Cras et al., 2002; Kunig et al., 2005;

Balasubramaniam et al., 2007). Further studies suggested that iNO was a down-stream

mediator of VEGF signaling and served a vital role in alveolar-capillary development (Tang

et al., 2004). Ultimately, it was shown that supplemental iNO provided during or

immediately following acute neonatal lung injury was capable of restoring normal alveolar-

capillary development in rodents (Tang et al., 2004; Lin et al., 2005; ter Horst et al., 2007),

baboons (McCurnin et al., 2005), and lambs (Bland et al., 2005). These novel discoveries

were rapidly translated into several clinical trials to test the ability of iNO to prevent BPD

following extremely preterm birth (Van Meurs et al., 2005; Ballard et al., 2006; Kinsella et

al., 2006). Despite several well-designed trials, the results were disappointing: iNO failed to

reduce significantly and consistently the rate of BPD (Barrington and Finer, 2010).

Consequently, an expert panel has recommended against the routine use of iNO as a strategy

to prevent BPD (Cole et al., 2011).

The discordance between the apparent effectiveness in animal studies and the measurable

utility of iNO to prevent BPD raises important questions concerning the applicability of

animal models to the human disease. Significantly, although rodent models rely on

improved alveolar-capillary structure to test effectiveness of a therapy, interventional trials

rely on improved alveolar-capillary function. Although one would expect them to be highly

correlated, there is a dearth of evidence in animal models that improved alveolar-capillary

structure correlates to improved alveolar-capillary function. Despite improvement in

morphometric indices of alveolar-capillary membrane development, closer inspection of

alveolar histology often suggests incomplete, albeit improved, preservation. Although there

may be many reasons why iNO failed to reduce the incidence BPD, it is possible that the

measured improvement in alveolar-capillary structure in the animal model did not equate to

a fully functional alveolar-capillary membrane. Because BPD is a clinical rather than

structural diagnosis, it is unknown whether infants exposed to iNO experienced improved

lung structure. Therefore, to adequately assess the effectiveness of a potential intervention,

application of techniques to measure alveolar-capillary membrane function in preclinical

models is needed.

A simple, reproducible method that measures alveolar-capillary membrane function has

recently been described and applied to rodent models of pulmonary disease (Fallica et al.,

2011). Mitzner and colleagues used the diffusing properties of carbon monoxide (CO) and

neon (Ne) gases to directly measure pulmonary alveolar-capillary membrane functional

capacity. The technique involves inflating the rodent lung to TLC with a test gas containing

known concentrations of CO (which is highly diffusible across the alveolar capillary

membrane) and Ne (which cannot permeate the alveolar-capillary membrane and is merely

diluted). Following a specified hold time, the gas is withdrawn and concentrations of CO

and Ne are determined using a bench-top gas chromatographer. The ratio of CO uptake to
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Ne dilution is used to calculate the diffusing factor of carbon monoxide (DFco), a

dimensionless variable that is similar to the clinically measured DLco. Although

significantly reduced in bleomycin-induced pulmonary fibrotic disease and elastase-induced

emphysema, DFco has not been used to determine the functional outcomes in preclinical

rodent models of BPD.

Conclusions

Despite technological advances in neonatal intensive care resulting in improved survival,

BPD continues to affect the majority of infants born extremely preterm. Survivors of BPD

experience relatively rapid improvements in their clinical condition during the first few

years of life. However, persistent limitations in airflow, exercise capacity, and alveolar-

capillary membrane diffusing capacity suggest that survivors of BPD have life-long

impairments. Thus, there is potential that as survivors of BPD experience the natural decline

in lung function with age, they could prematurely reach debilitating levels of lung

dysfunction. Animal models of inhibited alveolar septation have revolutionized our

understanding of BPD pathogenesis but translation into clinically effective therapies has

been disappointing. While BPD is defined clinically by the need for supplemental oxygen

due to abnormal alveolar-capillary function, animal models of inhibited alveolar

development are defined by abnormal alveolar-capillary structure. Because assessments of

functional gas exchange are lacking in preclinical models, one could speculate that

promising BPD therapies may have improved alveolar-capillary structure without

adequately restoring alveolar-capillary function. Novel techniques that measure alveolar-

capillary membrane function should, therefore, be incorporated into clinically relevant

animal models of BPD to determine if indices of alveolar-capillary structural development

adequately correlate with restoration of functional gas exchange. Finally, recent evidence

points to an expanded window of alveolar-capillary development beyond infancy and into

early adulthood. Therapies aimed at promoting recovery of optimal alveolar-capillary

development during this normal period of rapid alveolarization may prove more effective

than previous strategies to prevent BPD. Developmentally appropriate animal models that

test a therapy’s ability to restore both alveolar-capillary structural and functional

development following limited, acute lung injury are, therefore, greatly needed.
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FIGURE 1.
Determination of alveolar volume and the carbon monoxide diffusing capacity by single breath hold. A: Inhalation of test gas

containing a mixture of nondiffusible helium (closed circles) and highly diffusible carbon monoxide (open circles). B: During

the single breath hold near total lung capacity, the test gas is rapidly diluted in the alveolar gas. Nonabsorbable helium remains

within the alveolus, and its fractional dilution measured at exhalation determines the alveolar volume (VA). C,D: The rate of

carbon monoxide uptake is determined by diffusion across the alveolar membrane (DM, C), as well as diffusion into the

available pulmonary capillary volume and the reaction with hemoglobin (τ·Vc, D).
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FIGURE 2.
Neonatal hyperoxia exposure inhibits murine alveolar development and mimics human BPD. Representative confocal

micrographs of fixed, unprocessed lung in 4-day-old neonatal mice continuously exposed to room air (A) or 85% hyperoxia (B)

from birth. Even at this early stage, the oxygen-exposed lungs show enlarged, simplified airspaces compared with room air. By

7 days of age, continued hyperoxia exposure has arrested secondary alveolar septation, resulting in room air-exposed lungs (C)

that are significantly more complex that those exposed to oxygen (D). Scale bars = 50 μm.
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TABLE 1
Potential Etiology of Low VA and Its Effect on Kco

Condition DLco Kco VA

Inadequate inspiration ↓ ↑ ↓

Diffuse interstitial lung disease
  (alveolar-capillary deficit) ↓ ↓ ↓

Emphysema (alveolar-capillary deficit) ↓ ↓ ↓ ↔

Bronchopulmonary dysplasia
  (alveolar-capillary deficit) ↓ ↓ ↔

Pulmonary hypertension
  (effectively reduced Vc) ↓ ↓ ↔

DLco, single-breath diffusing capacity for carbon monoxide; DLco/VA, carbon monoxide diffusing capacity per unit alveolar volume; VA,

alveolar volume; Vc, pulmonary capillary volume; ↓, decreased; ↓↓, significantly decreased; ↑, increased; ↔, no change.
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TABLE 2
Carbon Monoxide Diffusing Capacity in Post-Surfactant-Era Survivors of BPD

Study Age N(BPD) GA(wk) BW(g) N(Con) DLco Kco VA

Balinotti et al. 11.6 mo 39 26 870 61 −20.6% −10.2% ND

Korhonen et al. 7 yr 34 27 951 34 −14.9% −10.8% NR

Cazzato et al. 8–9 yr 22 26 840 46 −1.17 (z-score) −1.17 (z-score) NR

Kaplan et al. 10 yr 28 26.2 821 23 − 13.6% − 7.2% NR

Welsh et al. 11 yr 38 25 740 38 −0.94 (z-score) −0.73 (z-score) NR

Results reported are for BPD vs. term control.

BPD, bronchopulmonary dysplasia; BW, birthweight; Con, controls (term); DLco, single-breath diffusing capacity for carbon monoxide; g, grams;
GA, gestational age; Kco, rate constant for carbon monoxide uptake per unit barometric pressure; mo, month; N, number of subjects; ND, no
significant difference; NR, not reported; VA, alveolar volume; yr, year. Values reported are mean values.
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