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Abstract
Introduction: Bronchopulmonary dysplasia (BPD) remains the most common late morbidity of preterm birth. Ongoing clinical
care and research have largely focused on the pathogenesis and prevention of BPD in preterm infants. However, preterm infants
who develop BPD have significant medical needs that persist throughout their neonatal intensive care unit course and continue
post-discharge, including those associated with growth and nutrition. The objective of this study was to systematically review
the available literature on nutrition and growth in infants with established BPD and to identify the knowledge and research
gaps to provide direction for future studies. Methods: We conducted a systematic literature search in accordance with PRISMA
guidelines using Ovid MEDLINE, CINAHL and Embase. Titles, abstracts, and full texts were independently reviewed by the
authors and selected based on predetermined inclusion/exclusion criteria. Results were summarized qualitatively. Results:
Excluding duplicates, 1,949 articles were identified. Of these, 36 articles were selected for inclusion. We identified the following
key components of nutrition support and clinical care: Energy Expenditure, Growth and Metabolism; Enteral Nutrition;
Supplements; Parenteral Nutrition; Respiratory Outcomes. Conclusions: Despite a large body of literature describing the
role of growth and nutrition in the prevention of BPD, research is lacking with respect to interventions and management in
the established BPD population. Thus, organized approaches for clinical interventions and trials with respect to growth and
nutrition in infants and young children with established BPD are needed. These studies should include multiple centers, due
to the small numbers of patients with BPD at each site.

Introduction
Due to advances in perinatal care, the survival of extremely preterm infants has dramatically improved in the
recent years1 . Preterm birth is associated with several adverse health consequences that contribute to neonatal morbidity and mortality, with respiratory complications being the primary source of poor outcomes2 .
Bronchopulmonary dysplasia (BPD) remains the most common late morbidity of preterm birth2,3 . Ongoing
clinical care and research have largely focused on issues regarding the pathogenesis and prevention of BPD
in preterm infants with the goal of reducing the incidence of BPD4 . However, preterm infants who develop
BPD have significant medical needs that persist throughout their neonatal intensive care unit (NICU) course
and continue post-discharge. Children with BPD have increased energy expenditure compared to preterm
infants without BPD5,6 . This is likely due to increased work of breathing7 , growth suppression from chronic
stress and inflammation8 , and chronic steroid or diuretic use. Moreover, feeding could be impaired by oral
aversion, intolerance, and gastroesophageal reflux disease.
Despite these identified issues and the known importance of growth and nutrition in other chronic lung
diseases9-11 , there is limited research focusing on nutrition in infants with established BPD. The objective
of this study was to systematically review the available literature on nutrition and growth in infants with
established BPD and to identify the knowledge and research gaps to provide direction for future studies.
Methods
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Literature Search
Ovid MEDLINE, CINAHL, and Embase were searched on September 3, 2020, using a comprehensive search
strategy in accordance with PRISMA guidelines12 . Search terms were developed through discussion among
the authors, based on search terms in previous studies, and through consultation with an experienced medical
librarian. The following search terms were used: “bronchopulmonary dysplasia” or “lung dysplasia” and
“nutrition” or “growth.”
Two authors (SEB, AIC) reviewed titles of all articles returned by the initial search, as well as the bibliographies of relevant review articles to identify which articles would be read in full. Once included studies were
identified, their bibliographies and citation indices were also reviewed to identify additional studies.
The initial screening of titles and abstracts was performed by two independent reviewers (SEB, AIC). Articles were excluded if they did not include patients with BPD. Full texts of the remaining articles were
independently reviewed (SEB, AIC, KAH, CPBV) to determine whether articles met the complete predetermined inclusion/exclusion criteria mentioned below, with disagreements between the reviewers settled after
discussion.
Eligibility
The PICO model was used to select inclusion criteria, which included: 1. Population: patients who were
born at < 32 weeks gestational age who were diagnosed with BPD; 2. Primary intervention: nutrition
assessment and intervention; 3. Comparison: infants without BPD; 4. Outcomes: growth, pulmonary
function, morbidity and mortality.
Studies were excluded if they met the following criteria: studies that did not include human subjects; studies
only reporting developmental measures and outcomes; any study involving prenatal exposures and maternal
interventions; studies that were not written in English; review articles; published abstracts without full text
publications or without the full text available; and case study reports containing < 5 participants.
Results
Results of the Search
After removing duplicates, 1,949 unique articles were identified through the electronic database searches.
Of these, 317 articles were identified for full text review. 281 articles did not meet the inclusion/exclusion
criteria and were subsequently excluded. Finally, 36 articles were selected for inclusion. (Figure 1) Based
on the selected literature, we used the identified key components of nutrition support and clinical care
within established BPD: Energy Expenditure, Growth, and Metabolism; Enteral Nutrition; Supplements;
Parenteral Nutrition; Respiratory Outcomes.
Energy Expenditure, Growth, and Metabolism
Infants with BPD have significantly higher total energy expenditure compared to infants without BPD6,13 .
Total daily energy expenditure has been found to be 16% greater in infants with BPD compared to matched
controls13 . Additionally, among infants with established BPD, the energy expenditure is strongly associated
with respiratory rate and FiO213 . In their study, De Meer et al. found that infants with BPD require an
additional 7.5 kcal/kg/day for every additional 10 breaths/min greater than 60 breaths/min14 .
Bott et at. evaluated the use of prediction equations versus direct calorimetry in children 4-10 years of
age with BPD. They found that of the four prediction equations evaluated, all underestimated the resting
energy expenditure. However, this difference was not statistically significant. The authors suggest that the
prediction equations could be useful tools from a practical standpoint for predicting energy requirements in
children with BPD15 .
Infants with BPD tend to be of smaller stature compared to infants without BPD16 . A diagnosis of BPD
has been associated with increased risk of low length at 12 months corrected gestational age17 . In the same
article, Lehtinen et al. found that weight and BMI at 36 weeks corrected gestational age were significantly
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lower in infants with BPD compared to infants without BPD (p=0.058, p=0.018 respectively)17 . By 3
months corrected gestational age, the growth differences between BPD and non-BPD infants had faded17 .
While growth was not associated with energy or macronutrient intake, the duration of ventilator therapy
was found to be a risk factor for poor growth17 .
Greer et al. compared 16 very low birth weight infants with BPD to 16 very low birth weight infants without
BPD matched for gestational age and found no differences in energy, calcium, vitamin D, or phosphorous intake in the first 60 days of hospitalization nor any significant difference in weight, length, head circumference,
or bone mineral content at 12 months of age between the 2 groups18 .
Enteral Nutrition
There is limited and mixed data describing enteral nutrition in the setting of established BPD. Huysman et
al. noted infants with BPD had impaired growth and body composition compared to healthy term infants of
the same corrected gestational age19 . In this BPD cohort, no correlation was found between outcomes and
energy or protein intake. Theile et al. compared a current cohort of BPD patients to a cohort 10 years prior.
They noted the current BPD cohort had improved growth and less days of mechanical ventilation. The
difference between these cohorts correlated with earlier enteral feeds, increased protein intake, and decreased
time to full feeds20 .
In the setting of BPD, use of breast milk in relation to outcomes has shown further mixed results. Kim et
al. found an increased duration of breast milk intake was associated with decreased emergency department
visits and need for systemic steroids for patients 36 months of age and younger with BPD21 . In contrast,
Acuña-Cordero et al. found that breastfeeding was only associated with decreased hospitalizations in female
patients22 .
When studying formula supplementation and outcomes, various strategies have been investigated in the
setting of BPD. Puango et al. found that 30 kcal/oz ready-to-feed toddler formula or fortified preterm
formula were similarly tolerated with similar growth in older infants with BPD23 . Pereira et al. compared a
high-fat formula to a high-carbohydrate formula in patients with BPD24 . They found a lower carbon dioxide
(CO2) production rate in the high fat group, although there was no difference in other respiratory outcomes
and the high fat group had decreased weight gain. The authors suggest that some of this lack of weight
gain may be due to altered fat digestion and absorption observed in patients with BPD25 . Gianni et al.
showed that infants had improved weight gain with a change in fortification strategy an increase in calorie
intake26 . Fewtrell et al., however, compared infants receiving 24 kcal/oz formula at a goal of 180 ml/kg/d
versus 30 kcal/oz formula at 145 ml/kg/d. They noted an increase in energy and protein intake in the 30 kcal
group, but no difference in growth parameters27 . Brunton et al. investigated a standard formula compared
to formula fortified with protein and minerals in patients with BPD28 . They found an increased nitrogen and
mineral retention in the enriched formula group, associated with an increased length, bone mineral content,
and lean mass. Although the two groups had similar absorption of calcium, zinc, and nitrogen; the enriched
formula group had an increased absorption of phosphorus28 . Hicks et al. also showed that infants with BPD
had similar calcium absorption compared to infants without BPD29 .
Further considerations with regards to enteral intake and BPD include route and timing of feeding. Jensen
et al. studied transpyloric versus gastric feeding in infants with BPD30 . In their population they noted that
transpyloric feeds were associated with increased frequency of hypoxemia.
Supplements
There were a number of studies examining the role of various supplements, particularly the role of vitamin
A, in the development of BPD and its use as an intervention to prevent BPD. However, only two studies were
identified which focused on infants with established BPD. Both studies evaluated the role of zinc in infants
with established BPD. Vazquez-Gomis et al. found that serum zinc levels collected at 37-41 weeks corrected
gestation age where significantly lower in infants with BPD compared to infants without BPD (p 0.005)31 .
In a retrospective chart review, Shaikhkalil et al. found that enteral zinc supplementation for a minimum of
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14 days in extremely-low-birth-weight infants with BPD with a low rate of weight gain, despite optimization
of energy and protein intake, had statistically significant increases in both average weight gain and rate of
linear growth. Furthermore, 6 weeks after supplementation the increases in weight gain and linear growth
remained significant32 .
Parenteral Nutrition
Parenteral nutrition (PN) is typically a key component of early nutritional management in infants at risk
for BPD. Continued need for PN in infants with established BPD may coincide with a diagnosis of intestinal
failure. Pediatric intestinal failure (IF) is defined as the need for PN for more than 60 days secondary to
intestinal disease, dysfunction, or resection33 . The most common cause of pediatric IF is surgical short bowel
syndrome (SBS), including SBS caused by necrotizing enterocolitis34 . A diagnosis of BPD and IF may change
or affect the approach to various aspects of PN management including fluid volume, glucose infusion, and
intravenous lipid management.
The increased caloric needs of patients with established BPD are challenging to achieve with parenteral
nutrition. General principles regarding IV lipid provision in patients with established BPD include appropriate dosing of IV lipid to promote growth and avoidance of excess glucose infusion. However, concern exists
regarding the role of IV lipid and the development of cholestasis and liver injury in infants. The development
of cholestasis secondary to parenteral nutrition may be referred to as PNAC (parenteral nutrition associated
cholestasis) or IFALD (intestinal failure associated cholestasis) when associated with IF. In the setting of
prolonged PN administration or IF, IV lipid or dosing may be altered to prevent35 or reverse36 cholestasis.
This may include lipid dosing at lower levels typical for age or the use of non-soy-based lipid emulsions37
(Table 1).
Respiratory Outcomes
Several studies have shown that school children38,39 and adolescents40 with a history of BPD exhibit persistent
lung function abnormalities when compared with matched controls born at term. In addition, there was no
lung function catch-up during the first 2 years of life in infants born preterm41,42 .
A study of children with BPD by Bott et al.43 showed that undernutrition before the age of 2 years is
associated with hyperinflation (defined as Functional Residual Capacity> 120%) later in childhood. The
authors suggested that nutritional intervention should be performed before that age in order to prevent
lung sequelae later in childhood. Another study42 showed that infants with BPD who had better somatic
weight gain velocity had significantly greater improvements in forced vital capacity (FVC), forced expiratory
volume in 0.5 seconds (FEV0.5 ), total lung capacity(TLC) and residual volume/total lung capacity(RV/TLC)
z-scores; again suggesting a close relationship between the improved growth and lung function before 2 years
of age. Similarly, a recent study by Panagiotounakou et al.44 identified no significant difference in FEV1 and
FVC at 8 years of age between term and preterm neonates who received “aggressive” nutrition during the
NICU stay. This study also did not show any difference between comparison groups in lower respiratory tract
infections and re-hospitalization due to them. Another study showed that an increase in height velocity is
the main anthropometric measurement associated with the improvement of lung function but not an increase
in weight in grams per day45 .
Van Mastrigt E et al.46 studied 49 preterm infants born [?]32 weeks gestational age with severe BPD and
found that weight at 6 months corrected age was independently associated with more normal lung volumes
and less severe oxygen desaturations during sleep. Trzaski et al.47 performed a similar retrospective study to
identify factors associated with readiness to discontinue supplemental oxygen and to gain weight in infants
with BPD approaching NICU discharge. The researchers identified four challenge-day variables and one
factor from the medical history associated with the ability to consistently maintain oxygen saturations in
room air through different stages of rest, activity, and feeding while maintaining appropriate weight gain.
Increasing weight at time of challenge was associated with increased adjusted odds of passing the room air
challenge. Increasing capillary pCO2, nasal cannula flow rate, and pulmonary acuity score as well as history
of PDA ligation increased odds of challenge failure.
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Discussion
Nutrition and growth in early lung development are important. Animal studies have revealed that alveolar
formation is dysregulated by restricted nutrition48 . Malnutrition was shown to reduce lung weight, lung
weight-to-birth-weight ratio, lung volumes, as well as the number of alveoli and elastic fibers and collagen
deposition. Hyperoxia reduced alveolar number and led to increased values of septal thickness and mean
linear intercept. Combined, malnutrition and hyperoxia caused a more drastic reduction in alveolar number
and collagen deposition49 . In addition, postnatal growth restriction augmented oxygen-induced pulmonary
hypertension50 .
Several studies demonstrated early postnatal growth restriction in preterm infants, especially in those with
BPD16,51 . Growth restriction has an effect on both total body fat and fat free mass52 . DeRegnier et al.
found that by 2-4 weeks of age infants with BPD had lower weight, length, and head circumference z-scores,
as well as arm muscle area and arm fat area measurements, compared to infants without BPD matched for
gestational age and birth weight16 . Furthermore, infants with BPD at 12 months post-term age, compared
to healthy term infants, had a significantly lower weight, length, fat free mass, and total body fat, despite
having energy and protein intake at or above the recommended daily intake for healthy term infants during
the first six months after correcting to term52 .
Pulmonary function is altered in all preterm infants, but infants with BPD have lower lung functions than
those without BPD at two different time points 1 year apart45 . A systematic review and meta-analysis53
concluded that FEV1 is diminished in both ex-preterm subjects with and without BPD at the age of 5-23
years. It is also widely shown that the nutritional status of these children at two years of age influences
nutrition and respiratory outcomes later on during childhood43,54 . In addition, increase in length is closely
associated with an increase in lung function55 . Clinical symptoms of infants with BPD often improve gradually with advancing age during childhood (ages 1 to 12 years)56 . However, longitudinal measures of infant
lung function showed little change with growth, with abnormalities in forced expiratory flow, lung volume,
and compliance persisting over time42,57 . Similarly, recent studies in school age children demonstrated persistent abnormalities in small airway function in children with BPD58-60 . Long-term changes in pulmonary
function, specifically airway obstruction, have also been described in young adults with a history of BPD61 .
Consistent with American Academy of Pediatrics (AAP) recommendations62 , mother’s breast milk should be
used through the first 6 months of life. Adequate protein intake is necessary to promote linear growth, lung
growth, and repair of damaged tissue63 . At present, there are no specific protein intake recommendations for
infants with BPD. However, the AAP recommends 3.2 to 4.5 g/kg/d of enteral protein for preterm infants64 .
Although excessive calories may increase CO2 production, past studies implicate a dietary imbalance of
high carbohydrate to low fat that is particularly problematic in children and adults with chronic respiratory
failure. With respect to parental nutrition, care providers should monitor total fluid administration closely in
patients with BPD on parenteral nutrition to avoid both fluid depletion and fluid excess. Fluid calculations
should include both parenteral fluid and oral/enteral fluid. Oral and enteral fluid is typically comprised by
feedings and water flushes. Patients require fluid administration to meet maintenance needs, which may
need adjustment based on patient output (urine, stool), weight, and laboratory data (blood urea nitrogen,
urinalysis) if available.
Few resources have focused on intravenous (IV) lipid strategies in infants with established BPD. The majority
of literature has focused on the potential role of various IV lipid formulations and risk of BPD development.
A mixed lipid emulsion containing soy, medium-chain triglycerides, olive, and fish oils has been associated
with a reduced risk of BPD development65 . However, studies have also shown only reduced severity of
BPD66 or no change in risk of BPD development67 with this lipid mix use. The exact role of non-soy-based
lipid emulsions in the modulation of BPD risk is unclear. This may be related to differences in experimental
design and patient populations of studies evaluating this topic. If lipid dosing is reduced below typical dosing
of 2.5-3 gm/kg/day, infants may require an increase in parenteral nutrition glucose infusion rate (GIR) to
provide sufficient caloric intake. This may pose a risk for increased CO2 production should GIR become
excessive. CO2 is a byproduct of aerobic oxidation produced during the metabolism of glucose. Due to this,
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high GIRs above standard 10-14 mg/kg/min should be avoided if possible in infants with BPD at risk for
CO2 retention68 . However, children should still receive appropriate GIR for calorie needs and glucose should
not be limited.
Overall, these various studies show that differences exist between patients with BPD and other neonates,
and that nutrition can influence some of these outcome differences. Many of the studies included in this
section had small sample sizes, at times limiting the findings or interpretation of the data. The available
data, however, leads to noticeable gaps in our understanding, including the ideal approach to nutrition for
patients with BPD. Frequent weight measurements as well as accurate length measurements are needed.
In addition, once the infant is able to tolerate enteral feeds, evaluation for aspiration is needed to assure
intact swallow mechanisms. If swallow dysfunction is identified, then alternative routes of enteral feeding
should be considered, such as nasogastric tubes or transcutaneous gastrostomy. Given these complexities,
recommendations are for an interdisciplinary approach for the care of patients with established BPD63 .
In conclusion, while there exists a large body of literature related to the role of growth and nutrition in
the prevention of BPD, research is lacking with respect to interventions and management in the established
BPD population. Thus, organized approaches for clinical interventions and trials with respect to growth
and nutrition in infants and young children with established BPD are needed. These studies should include
multiple centers, due to the small numbers of patients with BPD at each site.
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