Bronchopulmonary dysplasia and postnatal growth following extremely preterm birth
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ABSTRACT 
Objectives: To report the current incidence of bronchopulmonary dysplasia (BPD) and to compare changes in weight and head circumference in infants who developed BPD compared to the infants who did not develop BPD.
Design: Retrospective whole-population study.
Setting: All neonatal units in England between 2014 and 2018.
Patients: All liveborn infants born <28 completed weeks of gestation.
Interventions: The change in weight z-score (ΔWz) was calculated by subtracting the birth weight z-score from the weight z-score at 36 weeks postmenstrual age (PMA) and at discharge and the change in head circumference z-score (ΔHz) was calculated by subtracting the birth head circumference z-score from the head circumference z-score at discharge. 

Main outcome measure: BPD was defined as the need for any respiratory support at 36 weeks PMA.
Results: Eleven thousand, eight hundred and six infants were included in the analysis. The incidence of BPD was 57.5%; 18.9% of the infants died before 36 weeks PMA. The median (IQR) ΔWz from birth to 36 weeks PMA was significantly smaller in infants that developed BPD [-0∙69 (-1∙28 to -0∙14), N=6,105] than in those who did not develop BPD [-0∙89 (-1∙40 to -0∙33), N=2,390, adjusted p<0∙001]. The median (IQR) ΔHz from birth to discharge was significantly smaller in infants that developed BPD [-0∙33 (-1∙69 to 0∙71)] than in those who did not develop BPD [-0∙61 (-1∙85 to 0∙35), adjusted p<0∙001].
Conclusions: Postnatal growth was better in infants diagnosed with BPD compared to infants without BPD possibly because of more aggressive nutrition strategies.

INTRODUCTION
Infants born extremely preterm often develop severe persistent respiratory disease. They progressively develop a chronic disorder, bronchopulmonary dysplasia (BPD), which is caused by the contribution of numerous interrelated injurious factors such as persistent inflammation, prolonged invasive ventilation and oxidative damage that are superimposed on the immature, surfactant-depleted lungs.[1-2] BPD constitutes a major health burden affecting 10-89% of infants born extremely preterm.[3-6] The incidence of BPD has remained stable or has even risen over the past years, as more extremely preterm infants survive to be diagnosed with the condition and the border of viability has been pushed further down.[7, 8] BPD has sequelae persisting into adolescence and young adulthood [9-11] with significant cost implications and a burden to the affected infants, their families and health systems.[12] Awareness of the current incidence of BPD can aid in counselling parents and caregivers of preterm infants and in the design of clinical studies and clinical guidelines. 
Poor growth has been commonly described in extremely preterm infants as they have poor nutritional reserves and high metabolic demands. Their care is often complicated by comorbidities that may necessitate discontinuation of enteral and parenteral nutrition such as systemic infection and necrotising enterocolitis or fluid restriction because of patent ductus arteriosus.[13, 14] Inadequate nutrition is detrimental in the long-term as it can lead to loss of neuronal cells, suboptimal brain growth and subsequent poor cognition in later life.[15] Delayed head circumference growth has been associated with a higher incidence of cerebral palsy and neurodevelopmental impairment.[16]  A large meta-analysis of 71 studies and 7,752 preterm infants demonstrated that BPD was associated with a reduction in intelligence quotient of 15 points at an individual level.[17] Furthermore, both under and overnutrition have been associated with lifelong metabolic consequences such as long-term programming of metabolic disease.[18] 
The relationship of postnatal growth with BPD and respiratory morbidity is not entirely understood,[19] yet experimental animal work has demonstrated a synergistic negative effect. Both starvation and hyperoxia have a detrimental effect on lung growth [20, 21] especially in the presence of agents that adversely affect lung growth such as systemic corticosteroids [22]. 
We hypothesized that quantified growth indices defined as the differences in weight and head circumference z-scores from birth to discharge would be worse in infants with BPD compared to their non-BPD counterparts. Using the whole population of extremely preterm infants born in England between 2014 and 2018 our aims were to: 

1. Report the current incidence of BPD in extremely preterm infants. 

2. Determine the change in weight z-scores from birth to 36 weeks PMA and in weight and head circumference z-scores to discharge.

3. Compare the changes in weight and head circumference z-scores of infants who developed BPD compared to the infants who did not. 

METHODS
Study design and participants
A retrospective, whole-population study was conducted. A predefined dataset was acquired from the National Neonatal Research Database (NNRD), Imperial College London, UK. The NNRD is approved by the National Research Ethics Service (10/H0803/151), Confidentiality Advisory Group of the Health Research Authority (8-05[f]/2010) and the Caldicott Guardians and Lead Clinicians of contributing hospitals. As the study used data held in an existing database, participation did not require approval from individual Trusts, but only from the NHS Trust holding the database (Chelsea and Westminster NHS Foundation Trust) which was obtained. This study was approved by the West Midlands - Edgbaston Research Ethics Committee (REC reference: 19/WM/0172) and the UK Health Research Authority (HRA) (IRAS project ID: 259225).
The study population comprised of all live-born infants before 28 completed weeks of gestational age and admitted to neonatal units in England between 1st January 2014 and 31st December 2018. The following variables were extracted: maternal age (years), administration of antenatal steroids (yes/no), tertiary neonatal unit at hospital of birth (yes/no), gestational age at birth (weeks), birth weight (kg), head circumference at birth (cm), Apgar score at five minutes of age, sex (male/female), surfactant administration (yes/no), duration of invasive ventilation (days), respiratory support at 36 weeks of PMA (yes/no), death before 36 weeks PMA (yes/no), BPD development defined as any need for respiratory support at 36 weeks PMA,[23] administration of postnatal corticosteroids (defined as parenteral administration of dexamethasone or hydrocortisone for more than five consecutive days - yes/no), surgical intervention for necrotising enterocolitis (yes/no), surgical ligation of patent ductus arteriosus (PDA) (yes/no), intraventricular haemorrhage grade 3-4 (yes/no), periventricular leucomalacia (yes/no), duration of parenteral nutrition (days), breastfeeding at discharge (yes/no), death before discharge from neonatal care (yes/no), PMA at discharge (weeks), weight at discharge (kg), head circumference at discharge (cm), discharged home from tertiary unit (yes/no). 
We calculated the difference in weight z-score (ΔWz) from birth to 36 weeks PMA, the chronological point of diagnosis of BPD, the ΔWz from birth to discharge and the difference in head circumference z-score from birth to discharge (ΔHz) using the UK-World Health Organization (WHO) preterm reference chart [24] and the Microsoft Excel add-in LMS Growth (version 2.77; www.healthforchildren.co.uk). Z-scores at birth were not calculated for infants born <23 completed weeks of gestation, as there were no reference data. The difference in head circumference z-score from birth to 36 weeks PMA was not calculated due to a high percentage of missing data. The z-scores at discharge were only calculated for infants that were alive at discharge from neonatal care. 
Statistical analysis
The data were tested for normality with visual inspection of their distribution curves, were found to be non-normally distributed and thus presented as median (interquartile range). Differences in ΔWz, ΔHz and demographic parameters between infants with and without BPD were assessed for statistical significance using the Mann Whitney U test or χ2 test. A multivariable, binary logistic regression model with diagnosis of BPD as the outcome variable was constructed to examine the independent associations of ΔWz and ΔHz from birth to discharge to BPD after correcting for potential confounding parameters that were present at birth and were different (p<0.05) between infants with and without BPD.  Variables without normal distribution were logarithmically transformed. Multi‐collinearity among the independent variables in the regression analysis was assessed by examining a correlation matrix for the independent variables. 
Statistical analysis was performed using SPSS software, version 23∙0 (IBM, Armonk, NY, USA).
RESULTS 
During the study period, 11,806 infants were born alive below 28 completed weeks of gestational age and admitted to a neonatal unit in England. They had a median (IQR) GA of 26∙0 (24∙9-27∙1) weeks, a birth weight of 0∙81 (0∙67-0∙96) kg corresponding to birth weight z-score of -0∙38 (-0∙88 to 0∙01) and head circumference of 25 (23-27) cm (head circumference z-score of -0∙43 (-1∙11 to 0∙45)) (table 1). The incidence of BPD was 57∙5% and 18∙9% of the infants died before 36 weeks of PMA; the combined incidence of death or BPD at 36 weeks PMA was 76∙4%. The rates of BPD and death before 36 weeks PMA per completed week of gestational age are presented in figure 1. 

At discharge they had a weight of 2∙68(2∙26-3∙25)kg, weight z-score of -1∙48 (-2∙25 to -0∙79) and a head circumference of 34(32-35)cm (head circumference z-score of -0∙90(-1∙76 to -0∙04)). The median (IQR) ΔWz from birth to 36 weeks PMA was -0∙75 (-1∙33 to -0∙19). The median (IQR) ΔWz from birth to discharge was -1∙10(-1∙78 to -0∙47) and ΔHz from birth to discharge was -0∙6(-1∙73 to 0∙50). Table 2 summarises the results in all infants and separately per completed week of GA. 

The median (IQR) GA at birth of the infants that developed BPD was lower [26∙0(24∙9-27∙0) weeks] compared to the infants that did not develop BPD [26∙9(26∙0-27∙4) weeks, p<0.001, table 3]. A lower proportion of infants with BPD (40∙0%) were breastfed at discharge compared to infants without BPD (54∙8%, p<0∙001, table 3). The median (IQR) ΔWz from birth to 36 weeks PMA was significantly smaller in infants that developed BPD [-0∙69 (-1∙28 to -0∙14), N=6,105] compared to the infants that did not develop BPD [-0∙89 (-1∙40 to -0∙33), N= 2,389, p<0∙001, table 3]. The median (IQR) ΔWz from birth to discharge was also significantly smaller in infants that developed BPD [-1∙03 (-1∙74 to -0∙34), N=6,105] compared to the infants that did not develop BPD [-1∙34 (-1∙96 to -0∙75), N= 2,389, p<0∙001, table 3, figure 2]. The median (IQR) ΔHz from birth to discharge was significantly smaller in infants that developed BPD [-0∙33 (-1∙69 to 0∙71)] compared to the infants that did not develop BPD [-0∙61 (-1∙85 to 0∙35), p<0∙001, table 3, figure 2].  
Multivariable linear regression analysis demonstrated that ΔWz (adjusted p<0∙001) and ΔHz (adjusted p<0∙001) from birth to discharge were independently associated with a diagnosis of BPD after correcting for differences in gestational age, maternal age, birth weight z-score, tertiary NICU at birth, gender, duration of ventilation, Apgar score and treatment of PDA. 
DISCUSSION
We have reported the current incidence of BPD in infants born extremely prematurely in England in a recent five-year period. Our reported rates of BPD and mortality are similar to the ones reported in continental Europe and North America at a population level.[6] Of note, there are large differences in the incidence of BPD globally and within countries reflecting differences in diagnostic criteria and care practices. We report an incidence of BPD of 57∙5% compared to 68% of a previous population study in England of infants born in 2006,[4] that cohort however included births up to 26 weeks of gestation compared to our cohort which extended to 28 weeks. 

We have demonstrated the novel finding that faltering growth was less marked in infants who were diagnosed with BPD compared to infants who were not. This was an unexpected finding and the opposite of our hypothesis. Infants with BPD, as expected, were born earlier and more frequently had severe complications such as necrotising enterocolitis, retinopathy of prematurity and intraventricular haemorrhage. They were also discharged later compared to infants without BPD (approximately 41 weeks PMA compared to 38 weeks PMA) and potentially may have benefited from a period of convalescence and catch up growth in the last weeks before discharge. Infants with BPD were less often breastfed at discharge compared to the ones without BPD, received longer courses of parenteral nutrition and more often were born in a tertiary unit compared to their non-BPD counterparts. The better growth in BPD compared to non-BPD might thus be explained by infants diagnosed with BPD being discharged later, were less often breastfed and thus commonly on preterm formula milk, which has a higher caloric content compared to breast milk. 
The better growth in BPD infants was not entirely due to them having a longer hospital stay. There was a significant difference in ΔWz from birth to 36 weeks PMA between infants that developed BPD compared to the ones that didn’t, suggesting that the longer stay alone could not explain the better growth. The better nutritional outcomes in BPD infants could also be explained by the nationwide implementation of aggressive PN and enteral feeding strategies targeted at infants at risk of BPD. The National Confidential Enquiry into Patient Outcome and Death (NCEPOD) undertook a study into the care of hospital patients receiving PN in 2010. This identified significant variation in practice with 735 cases having ‘less than good practice’.[25] Subsequently the paediatric chief pharmacist’s report in 2011 on improving practice in the provision of PN for neonates and children also identified widespread variation in practice and suggested the benefits and need for PN standardisation.[26] This was followed by the production of a Framework for Practice on neonatal PN by the British Association of Perinatal Medicine.[27] This gave clear guidance on national requirements as well as again recommended standardisation. Many neonatal networks in the United Kingdom now use standardised PN with shared guidelines and practice which may have given rise to significant improvement in the early nutrition of extremely preterm infants. Standardised enteral feeding guidelines have also become common practice across the UK in the same time period. 
The better weight gain in BPD infants might also be explained by the smaller proportion of those breastfeeding in the BPD group. The relationship though of breastfeeding to BPD is not straightforward; breast milk appears to be a protective factor for BPD but is also associated with decreased weight gain. In a cohort of 254 very low birth weight infants born at mean gestational age of 27∙8 weeks, for every 10% increase in administration of mother’s own milk there was an associated 9.5% reduction in the odds of BPD.[28] The German Neonatal Network reported that in a cohort of 1,433 very low birth weight infants, exclusive breastmilk feeding was associated with a lower risk of BPD, but lower postnatal growth rates compared with formula-fed infants.[29]   
The finding of impaired growth in extremely preterm infants irrespective of BPD status identifies nutrition as a potential therapeutic intervention as it is theoretically a modifiable parameter. This is important as a higher rate of weight gain has been associated with decreased incidence of cerebral palsy, Bayley II mental developmental index <70 and neurodevelopmental impairment.[16] It has also been reported that BPD is crucial for later cognitive outcomes which have remained deficient in preterm infants in the past decades despite advances in neonatal care and survival of the most premature infants.[17]     

Our study has strengths and some limitations. Our population was relatively homogeneous as all infants were cared by the same National Health System despite some potential differences in networks and levels of care. We utilised a uniform definition of BPD which was collected via a central software. We also used a relatively tight chronological period of five years that gave us a large population without large changes in clinical practice. In our growth assessment we included the measurement of head circumference which as highlighted above is associated with later cognitive outcomes. We should acknowledge as a limitation the high proportion of missing data for ΔHz, however given the importance of head growth for later cognition we chose to present these data. We acknowledge that weight accretion alone is not the optimal way to assess growth in preterm infants as it cannot differentiate qualitative differences in body composition between fat, muscle mass and body water. Indeed, preterm infants with BPD have been reported to have a lower fat-free mass and total body fat measured by total body electrical conductivity.[30] Whole-body MRI, bioelectrical impedance or dual x-ray absorptiometry would be superior methods in assessing somatic growth but they cannot be applied at a population level. Precise and reproducible measurements of length would also be challenging at a population level. Unfortunately, the software that was used to prospectively collect the data did not allow for more detailed data entry such as caloric intake or drug utilisation. This information, however, would also be prone to local variation and incomplete data entry.  As it is not routine clinical practice to perform an oxygen reduction test, a limitation is that it is possible different oxygen target levels were used. Following the publication of large oxygen targeting studies [31], however, it is likely that the oxygen targets applied in the UK are fairly uniform.

In conclusion, we have demonstrated that postnatal growth as indicated by weight at both 36 weeks PMA and discharge was better in infants diagnosed with BPD compared to infants without BPD. 
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 What is already known on this topic 
· The diagnosis of BPD has been associated with impaired growth and poorer neurodevelopmental outcomes. 

· The relationship of respiratory disease and poor nutrition is not fully understood. 

· Inadequate growth might aggravate the severity of respiratory disease, Severe respiratory disease might also contribute to a failure to meet nutritional demands.  

What this study adds 

· There is an overall reduction in weight and head circumference z-score from birth to discharge, but the reduction is less in infants diagnosed with BPD. 

· This is the first whole-population study to report better growth in infants with BPD compared to their non-BPD counterparts. 
· This finding might represent a significant achievement of modern neonatal care.
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FIGURE LEGENDS
Figure 1: Incidence of BPD and mortality before discharge from neonatal care by completed week of gestational age

Figure 2: Difference in weight and head circumference z-scores in infants diagnosed with BPD compared to infants without BPD. The horizontal lines represent the 10th, 25th, 50th, 75th and 90th centile. 
Table 1: Characteristics of the included infants (N=11,806) and completeness of data 

	
	Median (IQR) or N (%).
	Range
	Available data, N (%)

	Maternal age (years)
	31 (26 – 35)
	13 - 62
	11,707 (99)

	Antenatal corticosteroids 
	10,409 (88∙2)
	N/A
	11,670 (99)

	Tertiary neonatal unit at birth
	8,275 (70∙1)
	N/A
	11,803 (100)

	Gestational age (weeks)
	26.0 (24∙9 – 27∙1)
	22∙0 – 27∙86
	11,806 (100)

	Apgar score at 5 minutes
	8 (6 – 9)
	0 - 10
	11,462 (97)

	Male sex 
	6,371(54∙0)
	N/A
	11,805 (100)

	Surfactant administration 
	10,558 (89∙7)
	N/A
	11,722 (99)

	Duration of invasive ventilation (days)
	10 (3 – 26)
	0 - 281
	11,766 (100)

	Duration of parenteral nutrition (days)
	15 (9 – 25)
	0 - 269
	11,781 (100)

	BPD at 36 weeks postmenstrual age
	6,264 (57∙5)
	N/A
	10,898 (92)

	Death before 36 weeks postmenstrual age
	2,235 (18∙9)
	N/A
	Recorded only if positive

	Postnatal corticosteroids
	2,350 (19∙9)
	N/A
	Recorded only if positive

	Operated for necrotising enterocolitis
	674 (5∙7)
	N/A
	Recorded only if positive

	Surgical ligation of patent ductus arteriosus
	464 (3∙9)
	N/A
	Recorded only if positive

	Intraventricular haemorrhage grade 3-4
	1,864 (25∙9)
	N/A
	7,198 (61)

	Periventricular leukomalacia 
	445 (7∙4)
	N/A
	5,980 (53)

	Treated for retinopathy of prematurity 
	1,368 (11∙7)
	N/A
	11,682 (99)

	Breastfeeding at discharge 
	4,258 (44∙8)
	N/A
	9,494 (80)

	Death before discharge from neonatal care
	2,391 (20∙3)
	N/A
	11,806 (100)

	Discharged on home oxygen 
	3,477 (29∙4)
	N/A
	10,618 (90)

	Postmenstrual age at discharge (weeks)*
	39∙5 (37∙6 – 42∙1)
	33∙7 - 77∙6
	9,408 (98)

	Discharged home from tertiary unit* 
	3,689 (39∙2)
	N/A
	9,415 (98)

	Growth parameters at birth

	Birthweight (kg)
	0∙81 (0∙67 – 0∙96)
	0∙33 – 1∙78
	11,805 (100)

	Birth weight z-score
	-0∙38 (-0∙88 - 0∙01)
	-3∙90 – 3∙97
	11,744 (99)

	Birth weight centile 
	35 (19 – 53)
	0 - 99
	11,744 (99)

	Head circumference at birth (cm)
	25 (23 – 27)
	18 - 33
	3,835 (32)

	Head circumference at birth z-score 
	-0∙43 (-1∙11 – 0∙45)
	-3∙94 – 3∙99
	3,765 (32)

	Head circumference at birth centile 
	33 (13 - 67)
	0 - 100
	3,765 (32)

	Growth parameters at discharge

	Weight at discharge (kg)*
	2∙68 (2∙26 – 3∙25)
	 1∙62 - 8∙76 
	9,403 (98)

	Weight at discharge z-score*
	-1∙48 (-2∙25 - -0 ∙79)
	-6∙87 - 2∙84  
	9,398 (98)

	Weight at discharge centile* 
	7 (1 - 21)
	0 - 99
	9,398 (98)

	Head circumference at discharge (cm)*
	34 (32 – 35)
	24 - 55
	6,181 (65)

	Head circumference at discharge z-score*
	-0∙90 (-1∙76 - -0∙05)
	-6∙56 – 6∙67
	5,789 (60)

	Head circumference at discharge centile*
	18 (4 – 48)
	0 - 100
	5,789 (60)


*Data for the alive at discharge only (N=9,571)

Table 2: ΔWz and ΔHz from birth to discharge by week of completed gestation (N=9,398). Excluding infants that died before discharge from neonatal care, and infants born at 22 weeks of gestation.

	
	ΔWz
	ΔHz

	Available data (N, %) 
	9,383 (100)
	1,921 (20)

	All infants 23-27 weeks
	-1∙10 (-1∙78 - -0∙47)
	-0∙46 (-1∙73 – 0∙50)

	23 weeks (N=506/58 for ΔWz/ΔHz)
	-1∙30 (-2∙17 - -0∙56)
	-0∙49 (-1∙64 – 0∙88)

	24 weeks (N=1,331/193)
	-1∙09 (-1∙91 - -0∙34)
	-1∙04 (-2∙44 – 0∙24)

	25 weeks (N=1,868/336)
	-1∙15 (-1∙89 - -0∙48)
	-0∙93 (-2∙43 – 0∙20)

	26 weeks (N=2,424/494)
	-1∙07 (-1∙71 - -0∙45)
	-0∙47 (-1∙80 – 0∙47)

	27 weeks (N=3,254/840)
	-1∙09 (-1∙67 - -0∙52)
	-0∙26 (-1∙27 – 0∙63)


Table 3: ΔWz, ΔHz and characteristics in BPD and no-BPD. Median (IQR) or N (%). 

N= 8,494. Data excluding infants that died before discharge from neonatal care.  
	
	BPD

N=6,105
	No BPD

N=2,389
	P value

	Parameters at birth 

	Maternal age
	31 (26 – 35)
	31 (27 – 35)
	<0∙001

	Antenatal steroids
	5,477 (89∙7)
	2,170 (90∙8)
	0∙15

	Tertiary neonatal unit at birth
	4,451 (72∙9)
	1,571 (65∙8)
	<0∙001

	Gestational age (weeks)
	26∙0 (24∙9 – 27∙0)
	26∙9 (26∙0 – 27∙4)
	<0∙001

	Birth weight z-score
	-0∙44 (-0∙95 – 0∙01)
	-0∙23 (-0∙68 – 0∙19)
	<0∙001

	Apgar at 5 minutes
	8 (6 – 9)
	8 (7 – 9)
	<0∙001

	Male sex
	3,390 (55∙5)
	1,140 (47∙7)
	<0∙001

	Surfactant administration
	5,610 (91∙9)
	2,026 (84∙8)
	<0∙001

	Parameters during neonatal stay

	Duration of ventilation (days)
	18 (7 – 35)
	4 (2 – 10)
	<0∙001

	Postnatal corticosteroids
	1,726 (28∙3)
	145 (6∙1)
	<0∙001

	Operated for necrotising enterocolitis
	387 (6∙3)
	87 (3∙6)
	<0∙001

	Surgical ligation of patent ductus
	402 (6∙6)
	17 (0∙7)
	<0∙001

	Treatment for retinopathy of prematurity
	1,147 (18∙8)
	136 (5∙7)
	<0∙001

	Intraventricular haemorrhage grade 3-4
	855 (14∙0)
	229 (9∙6)
	<0∙001

	Periventricular leucomalacia
	281 (4∙6)
	80 (3∙3)
	0∙004

	Breastfeeding at discharge 
	2,444 (40∙0)
	1,309 (54∙8)
	<0∙001

	Parenteral nutrition (days)
	18 (12 – 30)
	13 (10 – 21)
	<0∙001

	Postmenstrual age at discharge
	40∙8 (39∙0 – 43∙4)
	37∙8 (36∙8 – 39∙2)
	<0∙001

	Discharged home from tertiary unit
	2468 (40∙4)
	916 (38∙3)
	0∙08

	Changes in z-scores
	
	
	

	ΔWz birth to 36 PMA
	-0∙69 (-1∙28 to -0∙14)
	-0∙89 (-1∙40 to -0∙33)
	<0∙001

	ΔWz birth to discharge
	-1∙03 (-1∙74 to -0∙34)
	-1∙34 (-1∙96 to -0∙75)
	<0∙001

	ΔHz birth to discharge
	-0∙33 (-1∙69 to 0∙71)
	-0∙61 (-1∙85 to 0∙35)
	0∙001
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