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very-low-birth-weight infants but have not reduced the 
prevalence of chronic lung disease. The increased rates of 
prematurity being observed in the United States along 
with the increased survival makes the overall problem of 
treatment of infants with established disease expensive 
spanning neonatology, pediatric critical care and general 
pediatrics and involving a myriad of specialists over the 
life of the surviving infant. Several therapies have been 
developed and tried over the decades: thyrotropin-releas-
ing hormone  [1] , inositol  [2] , superoxide dismutase  [3] , 
postnatal systemic steroids  [4] , and inhaled corticoste-
roids  [5] , to name a few. However, none of these therapies 
have proven to be effective or have long-term adverse ef-
fects, nor have they been accepted as methods to prevent 
chronic lung disease. Although intuitively an appropriate 
nutritional therapy may be a useful adjunct in the care of 
the premature sick infant, perinatal malnutrition re-
mains a major problem. Perinatal malnutrition augments 
postnatal lung injury and delays lung repair  [6] .

  There is abundant evidence that premature infants, 
with and without respiratory disease, lag behind their in 
utero counterpart both in terms of nutritional quality 
and quantity leading to a nutritional deficit and growth 
restriction  [7] . A large trial from the NICHD demonstrat-
ed that premature infants growing at the lowest quartiles 
developed bronchopulmonary dysplasia (BPD) more of-
ten than infants growing at the highest growth quartile, 
and there was a strong association between growth and 
neurocognitive development in follow-up studies  [8]  un-
derscoring the importance of appropriate nutrition in the 
postnatal period. Nutrition is important to processes in-
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 Abstract 

 The use of surfactant replacement, ‘kinder gentler’ modes of 
ventilation combined with prenatal corticosteroids have all 
played a role in improved survival rates of very-low-birth-
weight infants but have not reduced the prevalence of 
chronic lung disease. The increased rates of prematurity be-
ing observed in the United States along with the increased 
survival makes the overall problem of treatment of infants 
with established disease expensive spanning neonatology, 
pediatric critical care and general pediatrics and involving
a myriad of specialists over the life of the surviving infant. 
However, none of the therapies used over the years have 
proven to be effective or have long-term adverse effects, nor 
have they been accepted as methods to prevent chronic 
lung disease. Although intuitively an appropriate nutritional 
therapy may be a useful adjunct in the care of the premature 
sick infant, perinatal malnutrition remains a major problem. 
The role of nutrition therapy in health and disease as it per-
tains to the lung will be reviewed. 

 Copyright © 2009 S. Karger AG, Basel 
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volved in normal lung development and maturation  [9, 
10] . Malnutrition can delay somatic growth and the de-
velopment of new alveoli in addition to decreasing mus-
cle strength, thereby prolonging the need for mechanical 
ventilation. In animal models, early malnutrition has 
been shown to alter surfactant lipid composition  [11] .

  Undernutrition and Lung Injury 

 Earlier studies have demonstrated that undernutrition 
influences oxygen-induced toxicity. Newborn mice 
nursed intermittently and therefore, undernourished, 
were more likely to die and had more microscopic evi-
dence of lung pathology when exposed to hyperoxia com-
pared to their counterparts who were nursed appropri-
ately  [12] . Similarly, fasted newborn rats demonstrated 
increased mortality when exposed to high concentra-
tions of oxygen  [13, 14] . Food deprivation as well as ca-
loric restriction led to a negative influence on lung pro-
tein synthesis  [15] , increased weight loss and decreased 
DNA synthesis in lungs of mice exposed to hyperoxia 
 [16] . The mechanisms involved in these processes includ-
ing reduced survival are not clear.

  The undernourished offspring with fetal growth re-
striction produced by limiting food intake of pregnant 
rats demonstrated evidence of abnormal lung maturation 
and reduced surfactant production. When exposed to hy-
peroxia, the newborn rats had decreased lung DNA and 
glutathione  [17] . Similarly, in the premature guinea pig, 
starvation increased mortality with hyperoxia and there 
was a decrease in lung and liver glutathione content  [18]  
suggesting the importance of glutathione reduction as-
sociated with undernutrition and its role in hyperoxia-
induced lung injury. Experiments increasing glutathione 
in lungs resulted in decreased susceptibility to oxygen-
induced lung injury. More specifically, protein-deficient 
rats had increased mortality with hyperoxia compared to 
protein-sufficient rats. Further, supplementation with 
cysteine, cystine or methionine as precursors of glutathi-
one prevented the increased susceptibility to lung injury 
 [19] . In vitro studies using cultured hamster fibroblasts 
where the medium was replaced every 24 h or withheld 
for the duration of the experiment demonstrated de-
creased evidence of hyperoxic injury in the cells where 
the medium was replaced. Although lack of medium re-
placement could have led to accumulation of toxic by-
products, it is also likely that it caused nutrient depletion 
and, therefore, injury. The cells provided with fresh me-
dium had increased resistance to 4-hydroxynonenal (by 

product of lipid peroxidation) compared to similarly ex-
posed cells without medium replacement  [20] . Further-
more, the 4-hydroxynonenal was detoxified by glutathi-
one  [21] .

  There is considerable experimental evidence suggest-
ing that lipids rich in polyunsaturated fatty acids (PUFA) 
are related to tolerance to hyperoxia. Lung content of 
PUFA in the offspring of pregnant rats reflected the diets 
themselves  [22, 23] . Low-PUFA diets resulted in increased 
susceptibility to oxygen toxicity and early death and post-
natal dietary manipulation produced similar results. 
However, the mechanism by which tolerance to hyper-
oxia is induced by high PUFA intake is unclear. In the 
presence of protein deficiency, increased PUFA intake in-
duced lipid peroxidation in rats, and this was attributed 
to decreased antioxidant protection resulting from pro-
tein deficiency  [24] . It is speculated that the tolerance to 
hyperoxia afforded by high PUFA may be related to in-
creased pulmonary content of PUFA which might func-
tion as an antioxidant. However, there are conflicting 
studies (not reviewed here) that demonstrate that the un-
saturated fatty acids are vulnerable to lipid peroxidation 
and oxidant damage. Studies of premature infants sup-
plemented with PUFAs have not demonstrated a reduc-
tion in the incidence of chronic lung disease  [25] . How-
ever, in more recent epidemiologic studies, diets high in 
PUFA have been associated with better ‘respiratory 
health’ in early childhood  [26] .

  Despite the evidence of a protective effect of PUFA 
against oxidant injury, earlier studies with lipid adminis-
tration in human infants have also produced conflicting 
results. Hammerman and Aramburo  [27]  provided pre-
mature infants with parenteral lipid emulsion on postna-
tal day 3 and compared them to control infants who re-
ceived the emulsion later. The severity of chronic lung 
disease was greater in the early lipid group, whereas sur-
vival without chronic lung disease was similar in the two 
groups; the results may have been confounded in that the 
early lipid group had a 50% higher alveolar-arterial oxy-
gen difference on day 1 compared to controls. Subsequent 
studies did not demonstrate differences in respiratory 
morbidity by early lipid administration  [28, 29] . A meta-
analysis of five studies with early administration of lipids 
in premature infants failed to demonstrate statistically 
significant benefits or adverse effects on morbidity and 
mortality  [30] . More recent studies involving early ad-
ministration of lipids and amino acids have demonstrat-
ed safety and efficacy, but chronic lung disease was not a 
studied outcome measure  [31–35] .
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  Other Nutrients and Lung Disease 

 It is well established that ongoing malnutrition as oc-
curs in infants with chronic lung disease is associated 
with growth failure and delayed lung repair. The role of 
vitamin A, which is essential for growth and differentia-
tion of epithelial cells  [36–39] , has been described exten-
sively, but its use is not widespread because of reluctance 
to give repeated intramuscular injections to very small 
infants. In the NICHD trial of 5,000 IU of vitamin A in-
tramuscularly three times per week for 4 weeks, a modest 
decrease in oxygen requirement at 36 weeks’ postmen-
strual age without differences in home oxygen use, bron-
chodilator therapy or respiratory hospitalizations was re-
ported.

  Interest in vitamin E, an antioxidant that protects cell 
membranes from oxidative injury, is decades old  [40] , but 
in a large trial in the presurfactant era, no differences in 
early death, mortality from BPD, oxygen requirement at 
28 postnatal days, sepsis or necrotizing enterocolitis were 
demonstrated  [41] . Recent studies demonstrate a correla-
tion between low vitamin E and selenium levels in cord 
blood and on the third day of life with the development 
of chronic lung disease  [42] . Nonetheless, more evidence 
is required before vitamin E supplementation can be rec-
ommended in premature infants.

  Selenium is a constituent of endogenous glutathione 
peroxidase and in experimental animals, selenium defi-
ciency is associated with increased susceptibility to oxi-
dative lung injury. A randomized control trial of seleni-
um supplementation in very-low-birth-weight infants 
from week 1 to 36 weeks’ postmenstrual age did not dem-
onstrate differences in oxygen requirement at either 28 
days or 36 weeks postmenstrual age  [43] . A recent Co-
chrane review of oral selenium supplementation did not 
demonstrate reduction in oxygen dependency at 28 days 
or total days  [44] . Thus, selenium supplementation in 
premature infants to prevent lung injury and chronic 
lung disease is not routinely recommended.

  Inositol, a naturally occurring lipid that is a precursor 
for the synthesis of pulmonary surfactant, functions as a 
cellular mediator of signal transduction, metabolic regu-
lation and growth. It is involved in the shift from the pro-
duction of phosphatidylinositol-rich surfactant in the 
immature lung to the production of phosphatidylgly-
cerol-rich surfactant in the mature lung. On the premise 
that premature infants had low levels of inositol, Hallman 
et al.  [2]  supplemented the infants with inositol and dem-
onstrated a reduction in the incidence of BPD. Meta-
analysis of infants supplemented with inositol also dem-

onstrated statistically significant reductions in death or 
BPD  [45] ; additional benefits of inositol supplementation 
have included a reduction in the incidence of retinopathy 
of prematurity and grade III and IV intraventricular 
hemorrhage  [2] . Larger multicentered trials are needed to 
determine the role of inositol in the prevention of chron-
ic lung disease.

  Glutamine supplementation of parenteral nutrition 
did not decrease the incidence of chronic lung disease, 
late-onset sepsis or death in very small preterm infants 
 [46] . Since glutamine is essential for glutathione and for 
rapidly dividing cells, it may have a role in cell prolifera-
tion especially in the presence of high levels of oxygen 
 [47] .

  The deleterious effects of lipids noted earlier may be 
due to protection only seen in animals and not humans, 
overabundance of PUFAs or toxic products in lipids in-
cluding products of lipid peroxidation. Trace elements 
such as copper, zinc and manganese may play a role in 
pulmonary antioxidant systems through synthesis of an-
tioxidant enzymes – copper zinc superoxide dismutase, 
manganese superoxide dismutase. A multicenter ran-
domized trial in infants  ̂  1,200 g given recombinant hu-
man copper zinc superoxide dismutase for the first 28 
days as long as the infant remained on mechanical venti-
lation found no differences in BPD at 28 days, BPD at 36 
weeks postmenstrual age, number of oxygen days or hos-
pital days. The incidence of BPD varied widely between 
centers from 10 to 61%. The treated infants showed im-
proved pulmonary status in the form of lower hospital 
admissions, emergency room visits and the use of medi-
cations for asthma-like symptoms measured at 1 year 
corrected age  [48] . A similar approach was taken in a 
strategy to replenish glutathione stores by providing a 
precursor of cysteine,  N- acetylcysteine, which is also
a free radical scavenger. A 6-day course of intravenous 
 N -acetylcysteine did not prevent death or BPD in very 
small preterm infants  [49] .

  Growth Failure in Lung Injury 

 The etiology of growth failure and malnutrition pre-
ceding and following the development of BPD is multi-
factorial ( table 1 ).

  The growth failure associated with preterm delivery is 
compounded by factors associated with the development 
of chronic lung disease as outlined in  table 1 . Factors as-
sociated with the initial growth failure in preterm infants 
and possible strategies to combat it are reviewed else-
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where  [50] . The growth deficit persists throughout the 
hospitalization period and growth failure rates in infants 
with BPD post discharge are estimated to be 30–67%  [51] . 
The poor growth of infants with lung injury manifested 
as BPD is also associated with deficits in fat-free body 
mass and total body fat  [52] .

  Overall goals of nutritional support for infants devel-
oping or who have developed lung injury and chronic dis-
ease remain similar to that of premature infants with spe-
cial attention to several comorbidities. These include in-
creased work of breathing thus requiring additional 
energy intakes to compensate; the generally used figure 
of an additional 25% is only an estimate. Growth rates 
need to be monitored and nutrition tailored to assure the 
best possible growth without adverse metabolic effects 
such as metabolic acidosis, azotemia, etc. Apart from the 
feeding difficulties mentioned above, these infants are 

also prone to develop pulmonary edema and often need 
fluid restriction which must be balanced with nutrient 
and energy needs. Routine use of diuretics as an adjunct 
to fluid management is not recommended since it has not 
shown to decrease the incidence of BPD and, in addition, 
has been associated with side effects including hypokale-
mia, hyponatremia, metabolic acidosis, hypercalciuria 
with nephrocalcinosis, and hypochloremia  [53] .

  Principles of Nutritional Support 

 The principles of nutritional support are as follows:
  (1) Aggressive parenteral nutrition initiation and ad-

vancement. This practice has been shown to allow in-
fants to achieve positive nitrogen balance from the 
first day of life, improve amino acid profiles and dem-
onstrate improved growth during hospitalization. 

 (2) Early initiation of enteral nutrition, when feasible. 
 (3) Protein and energy intakes to support best growth 

possible. Very preterm infants are often catabolic ear-
ly in life. While the traditional focus is respiratory and 
cardiac support, full nutritional support is often de-
layed and glucose is the only nutrient provided to sup-
port normoglycemia. Rats provided decreased energy 
intake in the first few weeks of life have been shown to 
have lower lung weights, reduced number of alveoli 
and lower stores of pulmonary surfactant as adults 
 [56] . Lipids are often held or provided in small quanti-
ties in the first few days of life because of unsubstanti-
ated concerns regarding hyperbilirubinemia and the 
risk of kernicterus. In infants receiving fat-free intra-
venous nutrition, there is a correlation between glu-
cose intake and CO 2  production. Providing excessive 
intravenous glucose beyond the neonatal glucose oxi-
dative capacity of about 12 mg/kg/min can potentially 
result in increased oxygen consumption, energy ex-
penditure and CO 2  production. Infants with BPD have 
higher basal oxygen consumption, increased energy 
expenditure and basal CO 2  production. Yunis and Oh 
 [55]  demonstrated that subjecting these infants to glu-
cose infusions of 12 mg/kg/min causes a rise in energy 
expenditure, oxygen consumption and CO 2  produc-
tion. High-fat formulas have not demonstrated signif-
icant changes in pCO 2  or respiratory outcomes. 

 (4) Careful attention to fluid balance and adjunctive strat-
egies to minimize lung injury such as surfactant re-
placement, avoidance/minimize volutrauma and/or 
barotrauma, and minimize oxygen use to maintain 
oxygen saturations appropriate for gestational age. 

Table 1. Growth failure associated with preterm delivery is com-
pounded by factors associated with the development of chronic 
lung disease

Issue Cause

Premature delivery Disruption of placental 
nutrient delivery

‘Metabolic’ shock Delay in initiation of 
parenteral nutrition

Decreased nutrient intake Delay in initiation and 
advancement of enteral 
nutrition

Decreased nutrient intake Fluid and, therefore,
energy restriction

Feeding difficulty, oral aversion Suck-swallow dysfunc-
tion

Malabsorption, lack of feeding,
gastroesophageal reflux

Gastrointestinal
dysfunction/failure

Altered energy metabolism Acute and chronic
hypoxia and acidosis

Increased energy expenditure Symptomatic anemia

Increased energy expenditure Methylxanthines

Nitrogen loss, poor growth, ? protein
restriction secondary to high BUN
(decreased protein degradation)

Postnatal steroids

Increased infections, delay lung repair, 
decreased muscle strength; increased 
energy expenditure

Undernutrition
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 (5) Feeding formulas appropriate for premature infants or 
fortified human milk. 

 (6) Attention to feeding difficulties and involvement of 
lactation consultants and speech therapists as appro-
priate. 

 (7) Diagnosis and management of gastroesophageal re-
flux and gastroesophageal reflux disease. 

 (8) Careful follow-up and appropriate nutritional man-
agement post discharge. This includes attention to the 
development of metabolic bone disease (use of diuret-
ics, unfortified human milk, and decreased vitamin D 
intake). Aggressive treatment of ‘pulmonary’ infec-
tions, reactive airway disease and appropriate respira-
tory syncytial virus vaccination. 

 In summary, the nutritional support of the preterm 
infant susceptible to lung injury and development of 
chronic lung injury should begin before delivery to pre-
vent growth restriction and continue throughout the pe-
riod of hospitalization and beyond  [56] . The use of nutri-
ents to enhance protection against oxidative injury has 
not provided the benefits expected and needs more study. 
Vitamin A supplementation has been demonstrated to 
provide modest benefit. Nutritional therapy providing 
adequate protein, energy and micronutrients, including 
calcium, phosphorus and vitamin D, is of paramount im-
portance to promote optimal postnatal growth and long-
term development, both pulmonary and neurocogni-
tive.
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