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Chronic lung disease of infancy (CLDI) represents the final common pathway of a heterogeneous group of pulmonary disorders
that start in the neonatal period. Often the inciting factor is bronchopulmonary dysplasia (BPD), a chronic condition that usually
evolves after premature birth and respiratory distress syndrome
due to surfactant deficiency. Myriad other conditions can also
cause airway and parenchymal inflammation that leads to chronic
airflow obstruction, increased work of breathing, and airway hyperreactivity. Usually the inciting factors are not only the underlying
disorders, but also the effects of the supportive treatment, including mechanical ventilation, barotrauma, and oxygen toxicity.
These aggressive interventions for serious neonatal and infant lung
diseases are often responsible for much of the chronic pulmonary
abnormalities that follow. There has been an evolution of the
etiologies of CLDI as well; most current CLDI is seen in infants
born increasingly prematurely, and represents a disorder of intrauterine inflammation and premature extrauterine lung development characterized by alveolar simplification. This is in contrast
to the early descriptions of BPD, in which postnatal inflammation
and fibrosis due to barotrauma and oxygen toxicity played more
of a role.
These early lung disorders have far-reaching consequences that
extend into childhood and beyond. In addition, they are often
accompanied by precipitating and complicating conditions that
are not relegated to the respiratory system; CLDI is truly a
multisystem disorder. This statement reviews more recent advances in our understanding of the pathophysiology of CLDI, not
only in the respiratory system but also in the multiple organ
systems involved in these children. The current approaches to
diagnostic evaluation of CLDI and its complications are reviewed,
and specific interventions based on understanding pathophysiologic mechanisms are discussed. Throughout, an interdisciplinary
approach to the care of these children is emphasized. Finally,
future directions for clinical research leading to better understanding and more effective prevention and treatment of CLDI are
suggested.

I. INTRODUCTION, DEFINITIONS, AND EPIDEMIOLOGY
A. Introduction

Chronic lung disease of infancy (CLDI) is a heterogeneous group
of respiratory diseases of infancy that usually evolves from an
acute respiratory disorder experienced by a newborn infant. CLDI
most commonly occurs in infants with birth weights less than
1,500 g, and especially in those with birth weights less than 1,000 g
and who are treated for respiratory distress syndrome (RDS).
However, any disorder that produces an acute lung injury and/or
requires treatment with positive-pressure mechanical ventilation
and high concentrations of inspired oxygen during the initial weeks
of life predisposes the infant to the development of CLDI. Therefore, in addition to RDS, conditions that have resulted in CLDI
include pneumonia/sepsis, meconium aspiration pneumonia, pul-
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treatment of the child with CLDI are based on review of the
more recent literature and the experience of the authors. These
are not clinical practice guidelines per se, which are best based
on formal evaluation of large, randomized, placebo-controlled,
blinded clinical trials, often including metaanalyses. Although
such trials, some of which are described in this statement, are
available in the neonatology literature, they deal primarily with
prenatal and postnatal prevention of BPD. Unfortunately, such
large clinical trials dealing with the care of established CLDI
and CLD in later childhood have not been performed. Until this
is the case, care for these children will have to be based on
critical evaluation of the literature and experience.
B. Definitions of Bronchopulmonary Dysplasia

Figure 1. Proposed nosology of chronic lung disease of infancy. The
term bronchopulmonary dysplasia (BPD) best describes chronic lung
disease subsequent to oxygen and/or ventilator therapy for respiratory
distress syndrome (RDS) in preterm newborns. Some full-term newborns
can have BPD subsequent to mechanical ventilation for other neonatal
respiratory conditions. Chronic lung disease of prematurity (CLDP) is
sometimes used interchangeably with BPD, but this term is best reserved
for other chronic lung diseases of the preterm infant that can arise after
an initial period without an oxygen or ventilatory requirement. All these
disorders are types of chronic lung disease of infancy (CLDI), which can
evolve after infancy into CLD of childhood and adolescence. FT ⫽ fullterm; p̄RDS ⫽ post–respiratory distress syndrome of prematurity.

monary hypoplasia, persistent pulmonary hypertension, apnea,
tracheoesophageal fistula, congenital diaphragmatic hernia, congenital heart disease, and congenital neuromuscular disorders
(1, 2).
The terminologies used to describe chronic lung disease arising from neonatal insults are confusing. The terms “bronchopulmonary dysplasia” (BPD) and “chronic lung disease of prematurity” (CLDP) are sometimes used interchangeably to describe
chronic respiratory disease following treatment for RDS in preterm infants. A National Institutes of Health (NIH, Bethesda,
MD) workshop report suggested that the term “bronchopulmonary dysplasia” be retained in preference to “chronic lung disease,” citing the lack of specificity of the latter term (3). However,
the term BPD has certain histologic and pathogenetic implications associated with oxygen toxicity and/or barotrauma, which
certain lung diseases of prematurity (e.g., Mikity–Wilson syndrome, or chronic pulmonary insufficiency of prematurity) do
not necessarily share. Conversely, BPD can occur in infants who
were born at term. Furthermore, it has been argued that BPD
today (the “new” BPD) is different from the BPD described 30
years ago, as the increased survival rate among more premature
infants has meant that barotrauma and oxygen toxicity are acting
on increasingly immature and possibly more susceptible lungs.
One proposed nosology suggests that both BPD and CLDP are
forms of CLDI. When infants with CLDI grow into childhood
and adolescence, it is probably more appropriate to call residual
pulmonary problems simply chronic lung disease (CLD) (Figure
1). In any event, the principles of the long-term management of
all these disorders are largely similar.
The purposes of this statement are to (1 ) discuss our understanding of the pathophysiology of CLDI as a rationale for
treatment principles, (2 ) review the scientific basis for the care
of these infants and children, and (3 ) suggest clinical research
avenues that will address unresolved issues in their care.
Most of the suggestions given for diagnostic evaluation and

A working definition of BPD is necessary, because it is from
BPD that the majority of cases of CLDI arise. Since BPD was
first described by Northway and coworkers in 1967 (4), there
has been considerable debate about the clinical and functional
characteristics (and the age at which to determine these characteristics) that should be used in its definition. In 1979, Bancalari
and coworkers (5) proposed three basic criteria to define BPD:
(1 ) supplemental oxygen requirement at 28 days of postnatal
life, (2 ) persistent abnormalities of the chest radiograph, and
(3 ) tachypnea in the presence of rales or retractions. In 1989, the
Maternal and Child Health Bureau (6) proposed the following
diagnostic criteria for BPD: (1 ) positive-pressure ventilation during the first 2 weeks of life for a minimum of 3 days, (2 ) clinical
signs of respiratory compromise persisting longer than 28 days
of age, (3 ) requirement for supplemental oxygen for more than
28 days to maintain a PaO2 above 50 mm Hg, and (4 ) chest
radiograph with findings characteristic of BPD.
The use of the above-defined criteria has been questioned
(7–10). With advances in treatment, many infants who still require oxygen at the age of 28 days either do not require prolonged
mechanical ventilation during the newborn period or do not
have the characteristic radiographic changes of BPD. It has thus
been suggested that simple oxygen requirement at 28 days in
infants with birth weights of 1,500 g or less be used as a criterion
to define BPD (7, 9).
Shennan and coworkers (8) disputed the definition of BPD
based on oxygen need beyond 28 days of age. They reasoned
that most BPD observed presently occurs in very low birth weight
infants with gestational ages of 30 weeks or less. They thus
proposed that the need for supplemental oxygen at 36 weeks
postconceptional age would be a more accurate estimate of the
pulmonary outcome. Other studies suggest, however, that oxygen dependence at 28 days of life remains a useful definition in
predicting subsequent respiratory morbidity (11).
A National Institute of Child Health and Human Development/National Heart, Lung, and Blood Institute/Office of Rare
Diseases workshop refined the definition of BPD to reflect differing criteria for infants born at gestational ages of greater or
less than 32 weeks. In addition, the new definition reflects differing
severities based on oxygen requirements of less than or greater
than 30% FiO2 and/or a need for positive-pressure ventilation (3).
C. Is the Prevalence of Chronic Lung Disease of
Infancy Changing?

1. Incidence of BPD. It is unclear whether the prevalence of
CLDI is increasing, decreasing, or staying constant. Changing
epidemiology and definitions of the disorder complicate the analysis. The increased survivability of infants with the lowest birth
weights, in whom the incidence of BPD is the highest (12–16),
would favor an increase in the overall prevalence of CLDI (17,
18). This increased survival can be attributed to the introduction
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TABLE 1. CONDITIONS UNRELATED BUT SIMILAR TO CHRONIC LUNG DISEASE OF INFANCY
Condition
Cardiovascular abnormalities

Cystic fibrosis
Upper airway obstruction
Immunodeficiency
Aspiration
Gastroesophageal reflux

Tracheomalacia

Clinical Indication(s)

Evaluation

Unusual course, poorly corrected
hypoxemia, abnormal heart sounds
or murmurs, edema
Recurrent LRI, GI disturbances,
hypochloremic alkalosis, family history
Weak cry, difficulty with extubation
(or reintubation)
Recurrent, unusual infections
Common in association with vocal cord
dysfunction, LRIs
Recurrent or unexplained LRI,
wheezing, etc.
Wheezing, cyanosis with crying

Echocardiogram, ECG, consultation

Sweat chloride, genetic testing
Radiographs, visualization
Immunologic work-up including HIV testing
Barium swallow, endoscopy
Barium swallow, endoscopy, pH probe, response
to Rx. If patient has a tracheostomy, color food
and observe secretions
Flexible bronchoscopy

Definition of abbreviations: GI ⫽ gastrointestinal; LRI ⫽ lower respiratory infection; Rx ⫽ treatment.

of the widespread use of antenatal steroids in the 1970s as well as
the more recent introduction of surfactant replacement therapy,
newer modes of mechanical ventilation that reduce barotrauma,
better nutritional interventions, and careful monitoring of oxygen therapy. The definition of BPD used may affect the estimation of incidence. Studies using a more stringent definition of
BPD (oxygen requirement at 36 weeks postconceptional age
rather than at 28 days postnatal age) will suggest lower incidence
rates. However, when either definition was used in a study comparing data between 1987 and 1997, the increasing percentage
of survivors born at less than 32 weeks postconception in the
latter period was reflected in an increased incidence of BPD in
those survivors (19). A study estimated 30% of preterm infants
with birth weights less than 1,000 g develop BPD (15).
2. “New” BPD versus “old” BPD. The increasing survival of
very low birth weight infants may affect not only the “quantity”
but also the “quality” of the subsequent lung disease. The differing pathogenesis of BPD based on postconceptional age at
birth is discussed below (Section II.A.1: Lungs). Rather than a
decrease in the incidence of BPD, we may be seeing a rising
incidence of “new” BPD as the incidence of “old” BPD declines.
It is currently unclear whether the long-term epidemiology and
outcomes of children with these different forms of CLDI will
differ.
D. Differential Diagnosis

There is a need to be vigilant for other conditions that are
unrelated to CLDI but may mimic it to various degrees (Table 1).
Usually the neonatal history will help distinguish CLDI from
these conditions. However, it is important to remember that
CLDI may also be complicated by these conditions, and the listed
diagnostic studies are often useful in ruling out concomitant
conditions.

II. PATHOPHYSIOLOGY AND PATHOGENESIS
A. Respiratory System

1. Lungs. The pathogenesis of CLDI is multifactorial. CLDI was
originally ascribed to oxygen toxicity (4) and certainly prolonged
exposure to high oxygen concentrations has complex biochemical, microscopic, and gross anatomic effects on lung tissues (20).
The premature infant has a poorly developed antioxidant system
and therefore is at risk of oxygen free radical damage (21).
Free radical-mediated oxidation of proteins is demonstrated in
tracheal aspirates on Days 1–6 (22) and lipid peroxidation
reaches a peak on Day 5 (23). Baro- or volutrauma is also

important (24), an inverse relationship being described between
hypocarbia and the subsequent development of CLDI (25). Several follow-up studies have demonstrated that the most severe
lung function abnormalities are found in children who required
neonatal ventilation (26, 27). Pulmonary interstitial emphysema
is a result of barotrauma (28) and is associated with a high
incidence of CLDI (29). The immature lung is usually exposed
concurrently to the dual insults of oxygen toxicity and barotrauma (30). The former, however, at least in the neonatal piglet,
causes the more significant physiological, inflammatory, and histologic changes (31). All of the above-described pulmonary insults occur at a time when most preterm infants have a relative
adrenocortical insufficiency, which may potentiate the inflammatory effects (32–34).
Although oxygen toxicity and barotrauma are frequently considered to be the major contributors to CLDI, other factors are
also important. Many studies have demonstrated an association
between patent ductus arteriosus (PDA) and CLDI, particularly
in infants of extremely low birth weight (35). Infection, especially
if temporally related, potentiates the effect of PDA on CLD
risk (36). Late episodes of PDA in association with nosocomial
infection are important in the development of CLDI in infants
who initially have no or mild respiratory distress (37). Interestingly, however, neither ductal ligation nor prophylactic use of
low-dose indomethacin initiated in the first 24 hours has been
shown to significantly reduce the incidence of CLDI (38, 39).
The relationship between fluid balance and CLDI is controversial. A delayed diuresis has been suggested to be more common in patients with CLDI (39). In addition, infants with CLDI
may receive more fluid in the first days of life (40) and it has
been suggested that early sodium supplementation may impact
unfavorably on CLDI because patients so treated tend to receive
higher levels of parenteral fluids (41). Nevertheless, attempting
to promote an early diuresis, either with diuretics (42) or albumin
infusion (43), does not improve respiratory status. In addition,
the data regarding fluid restriction and CLDI are conflicting
(44–46), but could be interpreted as demonstrating that only fluid
restriction from birth and maintained throughout the neonatal
period is effective (46).
A variety of infections, including cytomegalovirus (47) and
Ureaplasma urealyticum (48), have been associated with an increase in CLDI. A review of four cohort studies suggested the
latter may be important in infants of birth weight less than 1,250 g
(relative risk, 1.91; 95% confidence interval, 1.54–2.37) (49). In
addition to the role of postnatal infection, antenatal chorioamnionitis may play a key role in the production of a fetal inflamma-
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tory response that may lead to early pulmonary damage as a
substrate for the development of CLDI (50–52). The mediators
involved in this inflammatory response are discussed below.
Infants who develop CLDI can be characterized as having a
respiratory deterioration following an initial response to exogenous surfactant (53). In addition, persisting abnormalities of
surfactant have been described in infants who develop CLDI
and in animal models of this condition. These include delayed
appearance of phosphatidylglycerol (54) and deficiency of surfactant protein A (SP-A) mRNA (55). Compared with gestational age and birth weight-matched control subjects, infants
who develop CLDI may be further compromised by having
higher levels of SP-A–anti-SP-A antibody immune complexes
(56). In addition, activated neutrophils can mediate biochemical
alterations in SP-A, as well as detrimental biophysical changes
(57). Infants who develop CLDI have high alveolar capillary
permeability (58). Serum proteins leak into the airways and
inhibit surfactant function. There is a marked rank order of
proteins with regard to their potency in impairing surfactant
function (59). Analysis of airway specimens has demonstrated
that even at 4–7 days, infants who subsequently either die or
develop CLDI have lower levels of SP-A and higher protein
content than do control subjects (60). Other surfactant function
inhibitors are also present in the airways; levels of glycolipids,
particularly lactosylceramide and paragloboside, are increased
even in the first week (61).
Regardless of the etiologic pathway, which in most infants
will be multifactorial (62), there is an early inflammatory response that persists over the first weeks. This topic has been
excellently reviewed by Ozdemir and coworkers (63). During
the acute phase of lung injury, the insults described above initiate
a host response (63). Proinflammatory cytokines (interleukin
[IL]-1, IL-6, and soluble intercellular adhesion molecule) are
demonstrated in lung lavage fluid as early as Day 1 and reach
a peak toward the end of the second week (64, 65). During the
first week IL-1␤ antigen concentration and IL-1 activity increase
16- and 61-fold, respectively (66). IL-␤ plays a central role in
the inflammation, inducing release of inflammatory mediators,
activating inflammatory cells and up-regulating adhesion molecules on endothelial cells (67). In addition, there are high concentrations of another macrophage-derived cytokine, tumor necrosis factor (TNF)-␣ (68). Both TNF-␣ and IL-1 induce fibroblast
collagen production (69) and cause pulmonary fibrosis in animal
models. TNF-␣ tends to rise later, the highest levels occurring
from Days 14 to 28, when IL-6 activity has decreased (70).
There is also extensive release of chemokines. The ␣ chemokine IL-8 induces neutrophil chemotaxis, particularly in combination with either leukotriene B4 or platelet-activating factor
(PAF) (71). IL-8 is increased in the bronchoalveolar lavage fluid
of infants who develop CLDI (72). The ␤ chemokine macrophage inflammatory protein-1␣, which is chemotactic for monocytes/macrophages, is elevated from birth in lavage supernatants
from infants who develop CLDI compared with control subjects
(73).
Production of the proinflammatory cytokines TNF-␣, IL-1␤,
and IL-8 is regulated in part by the antiinflammatory cytokine
IL-10. Sequential bronchoalveolar lavage samples over the first
96 hours have demonstrated the expression of proinflammatory
cytokine mRNA and/or protein to be present, but IL-10 mRNA
was undetectable (74). This deficiency in the ability of lung
macrophages to express antiinflammatory cytokines may predispose to chronic lung inflammation (74).
Histologic and cytologic studies of infants with CLDI have
reported increased numbers of inflammatory cells known to produce lipid mediators such as PAF (75), leukotriene B4 (76), and
complement component C5-derived anaphylatoxin (76). Sulfi-
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dopeptide leukotrienes C4, D4, and E4 are 10- to 20-fold higher
in infants who develop CLDI compared with control subjects
with RDS (77). Preliminary evidence suggests that the cysteinyl
leukotrienes are also involved in the sequelae of CLDI (78).
These mediators attract and activate polymorphonuclear leukocytes, and break down pulmonary vascular endothelium with
subsequent leakage of proteins into small airways (76). The
levels of PAF correlate with the severity of CLDI (79). PAF is
one of the most potent phospholipid mediators; in nanogram
quantities it causes bronchoconstriction and vascular smooth
muscle constriction. As a consequence, it has been hypothesized
that the elevated levels of these leukotrienes may in part mediate
the pulmonary hypertension and bronchospasm seen in infants
with CLDI (80).
The increase in vascular permeability also leads to movement
of leukocytes, initially macrophages and then neutrophils and
subsequently monocytes and lymphocytes (81), from the pulmonary vascular compartment into the interstitial and alveolar
spaces (63). Direct contact between the activated cells leads
to further production of proinflammatory cytokines and other
mediators (63). In addition, the activated neutrophils release
reactive oxygen metabolites and elastase (82), which may damage the lung. Immunohistochemical analysis has demonstrated
that the inflammatory infiltration is associated with striking loss
of endothelial basement membrane and interstitial sulfated glycosaminoglycans (83). Glycosaminoglycans are important in restricting albumin and ion flux, inhibiting fibrosis in fetal animals,
and controlling cellular proliferation and differentiation (83).
The higher levels of elastase reported in certain studies (64, 84)
may be restricted to infants who had pneumonia or required
prolonged hyperoxic ventilation (85), but do occur in infants
who go on to develop pulmonary interstitial emphysema (86).
Raised levels of collagenase and phospholipase A2 (87) and
inactivation of ␣1-antiprotease by oxidative modification (88)
contribute further to the unfavorable protease–antiprotease balance of infants with CLDI (78). Interestingly, in a rat model of
hyperoxic lung damage, supplemental ␣1-antitrypsin prevented
the reduction in compliance seen in untreated control subjects
(89). The inflammatory cells and elastase activity remain elevated until 5 weeks of age (64, 84, 90).
In infants not destined to develop CLDI, after the initial
injury there is recovery and resolution of the inflammatory process, usually by the end of the first week (91). The infant with
CLDI, however, is exposed to ongoing insults resulting in chronic
inflammation with further accumulation of inflammatory cells
and production of mediators (63), and may also have an inability
to mount an appropriate cortisol response in a setting of ongoing
lung injury at the end of the perinatal period (92). The result is
lung destruction and fibrosis, the latter being a prominent feature
in infants with CLDI. The fibroblast is regulated by cytokines
produced by alveolar macrophages, including transforming
growth factor-␤ and platelet-derived growth factor. TGF-␤,
which increases the degradation of the existing extracellular
matrix, is increased in bronchoalveolar lavage fluid at 4 days of
age in infants who develop CLDI (93).
It has been advanced that the pathogenesis of BPD may be
heterogeneous, and that the above-described etiologic pathways
may be modified according to the postconceptional age at which
the infant is born (94). According to this thinking, insults that
take place early in the saccular phase of airspace growth (25–40
weeks postconception) have differing consequences from those
occurring in the later saccular or alveolar phase (40 weeks to
2–4 years). Classic “old” BPD, occurring in older preterm infants,
is characterized by varying degrees of pulmonary fibrosis involving proximal and distal portions of the airway, necrotizing bronchiolitis, peribronchial smooth muscle hypertrophy, squamous
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metaplasia, loss of ciliated epithelium and damaged ciliary apparatus, mucous gland hypertrophy with excessive mucus in the
airway, vascular changes including smooth muscle hypertrophy
and peripheral extension, and alveolar Type I cell injury, all
contributing to atelectasis, scarring, and variation in alveolar
size and shape. The alveolar destruction, reduced multiplication
rate, and scarring contribute to emphysema. This form of BPD
is characterized by late inflammation, more severe airway injury,
and consequent heterogeneity of alveolar damage and fibrosis.
There are regions of atelectasis alternating with emphysema.
The alveoli served by the most damaged and obstructed airways
are often the most spared, presumably having been protected
from barotrauma and oxygen toxicity by the obstruction of the
airways subtending them (95).
The increased survival of very preterm infants has led to the
development of the “new” BPD, characterized by less severe
cellular proliferation and fibrosis, but uniformly arrested alveolar
development. Several lines of evidence suggest that early inflammation caused by maternal chorioamnionitis may play a key
role in the development of this form of BPD. Epidemiologic
studies have shown a positive association between maternal
chorioamnionitis and BPD prevalence (despite a negative association with RDS) (52). Chorioamnionitis in the preterm sheep
model causes decreased alveolar septation in the fetal lamb (96),
an effect that can be traced to endotoxin (97). Other causes
of alveolar simplification in the early saccular phase of lung
development include mechanical ventilation (98), low Po2, elevated Po2, steroids (ante- or postnatal), cytokines, and malnutrition (99, 100).
2. Central and upper airways. Central airways include those
structures amenable to study via direct visualization with a standard pediatric (3.6-mm) fiberoptic bronchoscope: these would
include the airways extending from the glottis to lobar or segmental bronchi. Central airway obstruction in the infant with
CLDI has been associated with cyanotic or life-threatening episodes (“BPD or CLDI spells”), chronic wheezing unresponsive
to bronchodilator therapy, recurrent atelectasis or lobar emphysema, and failure to wean from mechanical ventilation or to
tolerate tracheal extubation.
2.1. Glottic and subglottic damage. Endotracheal intubation
has been associated with injury to supraglottic, glottic, subglottic,
and tracheal tissues in newborns (101–106). Some degree of
epithelial damage after endotracheal intubation is common (102,
103), ranging from focal epithelial necrosis over the arytenoid
or cricoid cartilages or vocal cords, to extensive mucosal necrosis
of the trachea. Early endoscopy after tracheal extubation overestimates the possibility of long-term damage. Because superficial
lesions seen at the time of extubation often resolve without
sequelae (105–107), the relationship between acute laryngeal
or subglottic damage and development of acquired subglottic
stenosis is unclear.
Acquired subglottic stenosis has been reported in 1.7 to 8%
of previously intubated neonates studied retrospectively (101,
104, 108, 109), and in 9.8 to 12.8% of infants studied prospectively
(107, 110). Clinical manifestations include postextubation stridor, hoarseness, apnea and bradycardia, failure to tolerate extubation, and cyanosis or pallor. Similar presentations can result
from vocal cord injuries, glottic or subglottic webs or cysts, laryngomalacia, or extrathoracic tracheomalacia. Fixed lesions of the
glottis or subglottis often produce biphasic stridor, whereas dynamic lesions usually cause only inspiratory stridor. Postextubation stridor is a significant marker for the presence of moderate
to severe subglottic stenosis (107, 110) or laryngeal injury (105).
Apnea can replace the usual sign of stridor in preterm infants,
because of their easy fatigability and paradoxical response to
hypoxemia (109).

Risk factors for laryngeal injury include intubation for 7 days
or more, and three or more intubations (106). These same factors
are also associated with acquired subglottic stenosis (107, 110).
Efforts at reducing the length of tracheal intubation or avoiding
intubation altogether have been associated with prevention of
subglottic stenosis (111). No cases of subglottic stenosis were
found among 201 premature infants when nasal continuous positive airway pressure (CPAP) was used in place of endotracheal
intubation and mechanical ventilation or as an adjunct to shorten
the course of endotracheal intubation (111). Although route of
intubation is not itself a significant risk factor (107), numbers
of reintubations were fewer when infants were intubated nasotracheally compared with orotracheal intubation (109).
Use of inappropriately large endotracheal tubes has also been
shown to be an important risk factor for the development of
subglottic stenosis (101, 107, 110). A tube size-to-gestational
age (in weeks) ratio greater than 0.1 has been correlated with
acquired airway obstruction (107, 110). In contrast, selection of
appropriate-sized endotracheal tubes has been shown to decrease the incidence of subglottic stenosis as well (107, 112).
With careful attention to tube size, no differences in gestational
age or birth weight per se have been found between those infants
who developed subglottic stenosis and those who did not (104,
107, 110).
Concomitant infection in the setting of mucosal injury has
been proposed as a risk factor for subglottic stenosis (113). No
data exist, however, to suggest that prophylactic or suppressive
antibiotic use prevents or decreases the incidence of this complication. Preliminary data in animals suggest that use of aerosolized dexamethasone immediately after laryngeal injury may protect the airway and prevent subglottic scarring (114). How such
antiinflammatory therapy might be used in infants receiving prolonged mechanical ventilation is unclear.
2.2. Tracheal stenosis, bronchial stenosis, or granuloma formation. Acquired tracheal and bronchial stenosis or granuloma
formation has been reported in CLDI infants aged 3 weeks to
17 months (115–118). The incidence of this complication among
all infants with CLDI is unknown, as only those with acquired
lobar emphysema, persistent lobar atelectasis, or unexplained
medical failure have been studied (115–122). Within such groups,
however, bronchial stenosis or granuloma formation was reported in 1.2 to 36% of infants studied (115, 122).
Endoscopic findings consist of airway narrowing or occlusion
by thickened respiratory mucosa or circumferential nodular or
polypoid granulations in the distal trachea, often extending into
main bronchi (115–117, 120). Histologically, the masses of granulation tissue are accompanied by squamous metaplasia and ulceration of the overlying epithelium, and fibrosis in the mucosa and
submucosa (115, 116).
Stenosis and granulation formation may not be complications
of CLDP and CLDI per se but instead may be the result of
extended endotracheal intubation and vigorous suctioning techniques. Such speculation is based on the observation that lobar
emphysema resolved after removal of granulation tissue (115–
117, 122, 123). Similarly, because these lesions tend to occur in
the distal trachea and right-sided bronchi, repeated mucosal
injury from suction catheters has been implicated as the likely
mechanism. Acute mucosal injury to the carina and main bronchi
occurs from unrestricted or “deep” suctioning (124, 125). In
one nursery, the change in suctioning techniques from deep to
shallow resulted in qualitatively less severe airway damage, even
though the shallow-suctioned group was younger and received
a longer course of mechanical ventilation (126).
Both the design of the suction catheter and the pattern of
suctioning have been related to mucosal injury (115, 125, 127,
128). The size of the catheter should be small enough so as not
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to occlude the artificial airway totally, thus avoiding excessive
negative pressure (usually 5–6F in newborns) (128). Catheters
with multiple side holes on several planes are less likely to cause
invagination of airway mucosa into the catheter than those with
single side or end holes (125, 127, 128). Use of negative pressures
above 50–80 cm H2O increases the likelihood of mucosal damage
and does not increase efficiency of secretion removal (129). The
most important preventative measure, however, is to restrict
passage of the suction catheter to the distal tip of the artificial
airway, so that the airway mucosa is protected from injury (115,
125, 127, 128, 130).
2.3. Tracheobronchomalacia and acquired tracheomegaly.
Central airway collapse, or tracheobronchomalacia, has been
documented in patients with CLDI ranging in age from 9 weeks
to 35 months (117, 118, 131–134). Tracheomalacia was found
in 45% and bronchomalacia in 34% of 47 infants with CLDI
undergoing flexible bronchoscopy (122). As with other central
airway lesions, however, the actual incidence of this complication
is not known.
Infants with abnormal central airway collapse may be asymptomatic at rest, or demonstrate homophonous wheezing, often
unresponsive to bronchodilator therapy. Wheezing becomes
prominent with increased expiratory effort, and cyanotic spells
(“BPD spells”) may result. Acquired tracheobronchomalacia is
differentiated clinically from congenital tracheobronchomalacia
by a history of airway intubation and mechanical ventilation.
Other lesions that cause airway compression, such as vascular
rings, hypertensive enlarged pulmonary arteries, and emphysematous lobes, must be ruled out.
Acquired tracheobronchomalacia in CLDI has been attributed to barotrauma, chronic or recurrent infection, and local
effects of artificial airways. The immature airway is a highly
compliant structure that undergoes progressive stiffening with
age (135–138). In various animal models, specific tracheal compliance decreases as much as threefold between the last third
of gestation and birth (135, 138). These findings parallel changes
in the human neonate (136), and appear to correlate better with
changes in cartilage mechanics than with passive properties of
tracheal smooth muscle (139, 140). The maturational reduction
of compliance results in decreased tracheal collapsibility and
resistance to deformation during positive-pressure ventilation.
Nevertheless, significant and sustained airway deformation can
occur at pressures commonly used in supporting infants with
respiratory insufficiency. Doubling of tracheal volume and significant alterations in airway mechanics were described after
brief exposure of isolated tracheal segments to a CPAP of 10 cm
H2O or to a peak pressure of 25 cm H2O (141).
The magnitude of pressure-induced deformation is directly
related to the compliance of the airway and inversely related to
age. It would seem that strategies aimed at limiting peak pressures or minimizing mean airway pressures, such as rapid small
positive-pressure breaths, would help to prevent deformational
airway changes. It should be noted, however, that similar alterations in airway mechanics occur after exposure to high-frequency jet ventilation (142). Tracheomegaly acquired after extubation has been described in very preterm neonates (birth weight
less than 1,000 g) who required mechanical ventilatory support
(143).
3. Cardiorespiratory control during sleep.
3.1. Respiratory and cardiac function during sleep. Several
studies conducted starting in the late 1980s found that infants
with CLDI experienced episodes of hypoxemia during sleep
despite acceptable awake oxygen saturation (SaO2) (144–148).
Clinically unsuspected episodes of hypoxemia during sleep were
documented by Garg and coworkers (145) in infants with CLDI
tested at a mean postconceptional age (PCA) of 41.0 ⫾ 0.8
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weeks. Episodes of desaturation with SaO2 values of less than
90% were more common during rapid eye movement (REM)
sleep than during non-REM sleep. Although abnormal pneumographic findings did not predict abnormal desaturation episodes,
time spent with an SaO2 under 90% was correlated with airway
resistance (145). The possibility that desaturation may be linked
to impaired lung mechanics is of special importance, because
hypoxic episodes in infants with CLDI may be potentiated by
airway obstruction and by an inability to compensate for this
abnormality (149). Furthermore, it has been suggested that a
decrease in the inspired fraction of O2 may worsen airway obstruction (150). Therefore, episodes of hypoxemia may of themselves worsen lung mechanic abnormalities in infants with CLDI.
On the other hand, high levels of oxygenation have been shown
to decrease airway resistance in infants with CLDI (151).
Oxygen supplementation has been shown to be beneficial
in infants with CLDI. Early studies found that the pulmonary
vascular bed was responsive to oxygen in these patients (152,
153). Sekar and Duke (147) reported that supplemental oxygen
improved central respiratory stability in infants with CLDI, leading to decreases in central pauses and in periodic breathing
episodes. Unsuspected marginal oxygenation during sleep in infants with CLDI, together with a limitation in pulmonary reserves, may divert energy away from growth. Moyer-Mileur and
coworkers (154) showed that infants with CLDI with SaO2 values
between 88 and 91% during sleep exhibited decreased growth.
In contrast, infants with CLDI with SaO2 values greater than
92% during prolonged sleep showed better growth.
Hypoxemia during sleep can also occur in older infants and
young children with a history of severe CLDI. In a study of
CLDI patients aged 3 to 5 years, Loughlin and coworkers found
marked, prolonged episodes of desaturation during sleep despite
an awake SaO2 value greater than 93% (155). The most severe
desaturation episodes occurred during REM sleep. The same
finding was reported by Gaultier and coworkers, who also noted
REM sleep-related increases in transcutaneous partial pressure
of CO2 and thoracoabdominal asynchrony (156).
An abnormal sleep pattern with significantly reduced REM
sleep has been reported in infants with CLDI (157, 158). Harris
and Sullivan (157) reported sleep fragmentation and decreased
REM sleep in six infants with CLDI with baseline O2 values
greater than 90% during sleep. When supplemental oxygen was
given, all six infants had an increase in sleep duration due largely
to an increase in REM sleep.
The severity of abnormalities in lung mechanics correlated
with the degree of thoracoabdominal asynchrony in infants with
BPD as defined by Northway and coworkers (4) tested at a mean
PCA of 49 ⫾ 3.2 weeks during quiet sleep (159). Thoracoabdominal asynchrony, a well-known phenomenon during REM sleep
in infants, is due to loss of rib cage stabilization as a result of
inspiratory intercostal muscle inhibition (160, 161). Rome and
coworkers investigated whether residual CLDI affects this phenomenon (162). Infants with CLDI studied at a mean PCA
of 41 ⫾ 4 weeks experienced more asynchronous chest wall
movements than normal preterm infants during both sleep states.
The relationship between thoracoabdominal asynchrony and the
severity of lung mechanics abnormalities seems to override in
large part the effect of sleep states on chest wall movements. In
the group of infants with resolving CLDI studied by Rome and
coworkers (162), asynchronous chest wall movements throughout sleep were not associated with a significant difference in
oxygenation between sleep states. Asynchronous chest wall
movements during non-REM and REM sleep were extensively
studied in 14 young children (mean age, 32 months; range, 19–46
months) with severe CLDI (163). During non-REM sleep, thoracoabdominal asynchrony included paradoxical abdominal move-
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ment during early inspiration in the majority of these patients.
Expiratory muscle activity was suggested as a potential mechanism for the paradoxical abdominal movement. The severity of
paradoxical abdominal movement was significantly correlated
with age between 2 and 4 years of age, suggesting that the change
from the circular infant-type thorax with horizontal ribs to the
elliptical adult-type thorax with oblique ribs, which occurs
around 2 years of age in normal children (164), may result in
patterns of thoracoabdominal asynchrony similar to those observed in adults with chronic lung disease. During REM sleep,
the typical pattern of thoracoabdominal asynchrony included
paradoxical rib cage movement during inspiration in the study
of young children with severe CLDI (163).
The influence of sleep on cardiac function in severe CLDI
was assessed in five children aged 1.5 to 5 years (165). Left and
right ventricular ejection fractions were determined by equilibrium radionuclide ventriculography during the different states
of alertness assessed on the basis of neurophysiological criteria.
During sleep, marked decreases in both left and right ventricular
ejection fractions were seen in the two children with the lowest
nocturnal SaO2 levels and the most prolonged paradoxical rib
cage movements during inspiration. These data suggest that
sleep-related hypoxemia may lead to substantial impairment in
right ventricular function and to mild impairment in left ventricular function.
One study looked at heart rate variability during sleep in 10
oxygen-dependent patients with severe CLDI aged 7 to 29
months (166). The patients were studied at normal SaO2 levels
(greater than 95%) and at slightly decreased SaO2 levels (90 to
94%). Abnormalities in the autonomic control of heart rate
variability suggesting long-term changes in autonomic heart rate
control were found. The changes were more marked at slightly
decreased SaO2 levels than at normal SaO2 levels, indicating that
even mild hypoxemia occurring repeatedly may adversely affect
autonomic heart rate control.
3.2. Sudden infant death syndrome risk in infants with CLDI.
An increased risk of mortality during the first year of life has
been documented in infants with CLDI (167, 168). It has been
widely cited that infants with CLDI are at high risk for sudden
infant death syndrome (SIDS).
An association between CLDI and SIDS was suggested by
Werthammer and coworkers in the early 1980s (169). Home
pulse oximetry was unavailable and home oxygen therapy was
not often used at the time. Werthammer and coworkers found
that the incidence of SIDS was increased sevenfold in a group
of 54 outpatients with CLDI versus a group of 65 control infants
without CLDI. Infants with CLDI had Northway Stage IV radiographic changes (4). Histologic evidence of resolving CLDI was
found at autopsy in all the SIDS infants with CLDI. The diagnosis
of SIDS was based on the absence of any other cause of death
at autopsy. This higher incidence of SIDS in infants with CLDI
is at variance with a report by Sauve and Singhal (170). From
1975 through 1982, Sauve and Singhal studied the postdischarge
death rate in 179 infants with CLDI and in 112 control subjects.
Of the 20 deaths recorded in the study group, only 1 was ascribed
to SIDS (170).
During the early 1990s, two studies on the occurrence of
apparent life-threatening events (ALTEs) and/or SIDS in infants
with CLDI were published (171, 172). Iles and Edmunds monitored 35 infants with chronic lung disease of prematurity defined
as oxygen dependency at 28 days of postnatal age and 36 weeks
of PCA. There was no control group (172). ALTEs occurred in
seven cases, and one infant died unexpectedly. This infant was
not receiving supplementary oxygen at the time of death; changes
due to chronic lung disease were minimal and were not believed
to be a significant factor in the infant’s death. Gray and Rogers

(171) reported follow-up data from 78 preterm infants of 26
to 33 weeks gestational age, who were discharged after being
diagnosed with CLDI on the basis of the clinical criteria of
Bancalari and coworkers (5). Twenty infants received home oxygen therapy. The control group comprised 78 infants matched
with the study infants by birth weight categories. None of the
infants died during follow-up. Seven (8.9%) of the patients versus eight (10.5%) of the control subjects experienced an ALTE.
None of the infants receiving home oxygen therapy had an
ALTE. These findings suggest that infants with CLDI may not
be at increased risk for SIDS if they receive appropriate management including close attention to oxygenation. The treatment
of CLDI has changed considerably since the early 1980s, with
far greater emphasis being placed on ensuring adequate oxygenation not only at the hospital but also after discharge.
Infants with CLDI who die suddenly probably have clinically
unrecognized periods of hypoxemia (145, 169, 173). Abnormal
ventilatory and/or arousal responses during sleep may contribute
to their death. Garg and coworkers reported abnormal responses
to a hypoxic challenge in infants with CLDI with a mean PCA
of 41.4 ⫾ 1.3 weeks (174). Twelve infants with CLDI weaned
from supplemental oxygen breathed a hypoxic gas mixture (inspired partial pressure of O2 equal to 80 mm Hg) while asleep.
Although 11 infants showed arousal in response to the hypoxic
challenge, all the infants required vigorous stimulation and supplemental oxygen after this initial arousal response, suggesting
an inability to recover from the hypoxia.
Ventilatory and arousal responses to hypoxia depend on the
function of the peripheral chemoreceptors (175). These reset to
a higher Po2 level after birth (176). Hypoxia during the neonatal
period has been shown to delay peripheral chemoreceptor resetting in newborn animals (177). Studies have sought to determine
whether hypoxemic episodes in infants with CLDI result in altered responsiveness to chemoreceptor stimulation. Peripheral
chemoreceptor function can be tested in isolation, using either
the hyperoxic test (HT) (178) or the alternating breath test
(ABT) (179). The hyperoxic test induces “physiologic chemodenervation” of the peripheral chemoreceptors. The decrease in
minute ventilation occurring after a change in the inspired fraction of oxygen from normoxia to hyperoxia is believed to reflect
an acute reduction in peripheral chemoreceptor input and, therefore, the strength of the peripheral chemoreceptor drive. The
ABT delivers a rapid hypoxic stimulus to the peripheral chemoreceptors by means of breath-by-breath alternations between a
low and a normal inspired O2 fraction. Both tests are reproducible under standardized conditions (180, 181). Calder and coworkers (182) reported a reduced response to the ABT in eight
infants with CLDI as compared with age-matched control infants. Katz-Salamon and coworkers designed a more extensive
study involving an HT in 25 infants with CLDI and in 35 preterm
infants without CLDI (183). All infants were tested during the
40th week postconceptional age. Sixty percent of the infants with
CLDI lacked a hyperoxic ventilatory response. The intensity of
the hyperoxic response was negatively correlated with the time
spent on a ventilator and positively correlated with the time
spent without supplemental oxygen. The degree of chemoreceptor activity was closely related to the severity of CLDI, with
none of the infants in the most severe CLDI category (Grade
III [184]) showing a ventilatory response to hyperoxia. Thus,
infants with CLDI may have deficient peripheral chemoreceptor
function as a result of repeated and/or prolonged hypoxemia
responsible for impaired postnatal peripheral chemoreceptor
resetting.
The same group investigated whether peripheral chemoreceptor responsiveness returned to normal during recovery from
CLDI (185). Ten preterm infants with chronic lung disease and
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absence of a response to the HT were divided into subgroups
based on disease severity (184). Episodes of desaturation were
recorded during sleep despite supplemental oxygen therapy.
However, these episodes decreased in number with advancing
age. All the infants but two, who were in the category of maximal
disease severity, developed a response to the HT within the first
4 months, at a mean postnatal age of 13 weeks (range, 9–16
weeks). The two exceptions developed the response to hyperoxia
at a much later postnatal age (6 and 8 months). Thus, the most
severely affected infants lacked the HT response at the age of
peak occurrence of SIDS. Infants with CLDI who do not have
functional peripheral chemoreceptors are unable to mount a
protective response against hypoxemia and may be at risk for
ALTE and SIDS (186, 187).
Interestingly, whereas development of peripheral chemoreceptor sensitivity to hypoxia seems to be impaired in subjects
with CLDI who have had significant repeated or prolonged hypoxemia, the converse may also be true: hyperoxia during early life
may attenuate peripheral chemoreceptor function (188–190).
B. Cardiovascular System

1. Cor pulmonale. The pulmonary hypertension and resulting
cor pulmonale that is present in some patients with CLDI is
produced by both functional and structural changes in the lung.
In addition to acute vasoconstriction caused by alveolar hypoxia,
hypercarbia, or acidosis, patients with CLDI have altered pulmonary structure involving the airways and arteries. Most patients
with CLDI are born prematurely with birth weight less than
1,000 g, so that altered structure occurs in an immature lung.
Although studies of pulmonary structure have been limited to
fatal cases (4, 24, 95, 191–201), it is reasonable to assume that
similar although less severe anatomic changes occur in patients
with milder forms of CLDI. Alveolar development is impaired,
with a reduced number of alveoli forming with somatic growth.
Because arteries accompany the airways, there is a reduced number of intraacinar arteries; this is true of both “old” and “new”
BPD. The reduction in vascular number along with alveolar
hypoxia contribute to structural changes in the pulmonary arteries. The arteries that are present frequently are remodeled by
medial hypertrophy and abnormal extension of muscle to arteries in the periphery (those accompanying alveolar ducts and
alveoli); there can also be endothelial cell injury and intimal
proliferation and thickening of the adventitia that reduces the
cross-sectional area of the vascular bed and increases wall stiffness. Arteries coursing through scarred regions have further
reduction in external diameter. Vascular changes in more recent
studies have not been as severe as reported in earlier investigations, possibly because of improved methods of mechanical ventilation (196, 199). There is structural remodeling and an attempt
at normal adaptation in childhood with a trend toward decreased
medial hypertrophy with age (195).
Studies of the molecular basis for the vascular changes in
BPD have examined the role of vascular endothelial growth
factor. These studies have suggested that lung vascular endothelial growth factor expression is decreased in BPD, and that impaired vascular endothelial growth factor signaling can contribute to the disordered vascular growth and perhaps diminished
alveolarization as well (202–204).
2. Systemic hypertension. Infants with CLDI can develop systemic hypertension (195, 205–209). There is a higher incidence
of this complication in patients with CLDI compared with a
group of infants who had only respiratory distress syndrome
(208). Between 6 weeks and 1 year of age the upper limits of
normal (95th percentile) for blood pressure while awake (not
crying or feeding) is 113 mm Hg, and during sleep it is 106
mm Hg (210). The blood pressure should be recorded during the
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inpatient and outpatient follow-up period. When systemic hypertension occurs in patients with CLDI it is usually detected in
the first year of life, with a mean age of diagnosis of 4.8 months
(range, 2 weeks to 15 months) (208). In one report 43% of
patients developed this finding (208).
Hypotheses to explain the pathogenesis of systemic hypertension have included the potential effect of hypoxia or medications
on stimulating the renin–angiotensin or adrenergic system (207,
208). There may also be altered pulmonary endothelial function
as evidenced by decreased clearance or net production of norepinephrine by the lung in patients with CLDI (205). Although
many of these patients had umbilical artery catheters placed in
the neonatal period, the use of such monitoring is not significantly related to the occurrence of hypertension. Patients receiving steroids as part of a therapeutic program to improve pulmonary function can develop systemic hypertension (207, 211); in
such a circumstance decreasing the dose, changing the route of
administration (nebulized instead of oral), or discontinuation
of these agents should be considered. Systemic hypertension is
usually transient, lasting a mean of 3.7 months (range, 1 to 10
months) in patients not treated with antihypertensive agents
(208). Approximately half the reported patients have required
medical therapy, which produced normalization of the blood
pressure.
3. Left ventricular hypertrophy. Patients with CLDI can develop left ventricular hypertrophy (LVH), for often unclear reasons. The incidence of this feature in this patient group is difficult
to determine because LVH documented by echocardiography
or autopsy is frequently undetected by electrocardiographic
screening alone (167, 212). Doppler and M-mode echocardiography have shown that LV posterior wall thickness is directly
correlated, and transmitted flow velocities and early diastolic/
atrial contraction flow velocity are inversely correlated, with the
severity of BPD (213). The contribution of LVH to the clinical
course of CLDI has not been settled. If hypertrophy is severe
enough, it may cause an elevation in left atrial pressure, thereby
potentially contributing to pulmonary edema and the severity of
CLDI (212). In one retrospective series, patients with prolonged
mechanical ventilation (greater than 60 days) and late unexpected sudden death had a higher incidence of LVH than patients with a similar ventilatory course who survived (167). However, whether LVH represents an independent risk factor is
unclear because these patients also had prolonged use of multiple
pharmaceutical agents. The pathogenesis of LVH has been attributed to the metabolic effects of chronic hypoxemia, hypercarbia, and acidosis, which can increase cardiac output (207, 212);
stimulate the renin–angiotensin system, thereby elevating afterload (95); or produce scarring of the myocardium (198). In addition, the more negative intrathoracic pressure during inspiration
in these patients increases left ventricular afterload and can
contribute to hypertrophy (214). Although a single identifiable
cause is usually not found, patients with LVH should be screened
for systemic hypertension or, with the aid of echocardiography,
for left-to-right shunting via a patent ductus arteriosus or large
systemic-to-pulmonary collateral vessels. Serial echocardiograms
are necessary to monitor the degree of hypertrophy and the
level of myocardial function.
C. Feeding, Nutrition, and Gastrointestinal System

Infants with CLDI have difficulty maintaining a rate of growth,
weight gain, and development similar to that of a healthy infant
of the same age. The causes of growth failure and malnutrition in
affected infants include concomitant dysfunction of other organ
systems (producing congestive heart failure or renal insufficiency
in some infants), decreased nutrient intake (which is generally
a consequence of fluid restriction, swallowing dysfunction and
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fatigue during feeding, or dysphagia due to reflux esophagitis),
hypoxemia, and increased requirements for energy. Infants with
CLDI and tachypnea have poorer growth and increased growth
hormone secretion compared with control infants and infants
with CLDI and normal respiratory rates (215). In general, there
is no significant impairment of nutrient absorption or digestion
in these infants unless there is concomitant bowel disease or
there has been bowel resection due to necrotizing enterocolitis
(216).
1. Energy. An increase in oxygen consumption is present
early in the illness and correlates with severity of disease. This
may reflect an increased work of breathing and therefore increased energy expenditure and may lead to energy requirements
greater than those of healthy age-matched infants. However,
methodologic problems in investigating infants who require supplemental oxygen make the precise determination of energy
expenditure in these infants uncertain at this time. Indirect calorimetry, which has been the method by which energy expenditure
is measured in these infants, is inaccurate under conditions of
increased FiO2 (217). Nevertheless, investigators have demonstrated increased energy requirements in infants with CLDI and
growth failure compared with similar infants who were growing
well (218). The energy expended in the work of breathing only
partially accounts for the observed increases in oxygen consumption in infants with CLDI and growth failure. Resting metabolic
energy requirements are higher in those infants as well and also
contribute to their increased energy and nutrient needs (219).
Anemia of prematurity may cause increased heart rate, stroke
volume, cardiac output, and shortening fraction. Although transfusion can correct these problems, it has not been shown to
reduce oxygen consumption, carbon dioxide production, or energy expenditure (220). Frequent infections can increase energy
needs. Medications such as caffeine, theophylline, and ␤ agonists
may also increase energy expenditure (221). The decrease in
respiratory work effected by these medications may, however,
balance the increase in metabolic rate.
2. Water and electrolytes. Fluid retention may significantly
limit or restrict pulmonary function in infants with BPD. In the
early phase of the illness, increased levels of renin, angiotensin,
and aldosterone have been documented (222). In addition, humidification in the incubator, and through mechanical ventilation
to greater than 80% relative humidity, reduces or eliminates the
loss of water from evaporation through the respiratory tract,
leading to positive free water retention. Water collecting in respiratory tubing and running down into the infant may also be a
source of free water (223, 224). The water of oxidation increases
with the increased substrate utilization that accompanies the
increased energy requirements seen in some of these infants and
also contributes to a positive free water balance (219, 225).
3. Vitamins and minerals. Specific nutrients may play a role
in the protection of parenchymal tissue or in the healing of
injured tissue. Vitamin A deficiency has been associated with
abnormal secretions in the lung, interruption of normal water
homeostasis across tracheobronchial epithelium, absence of cilia,
and lack of airway distensibility. All of these changes appear to
be reversible with vitamin A supplementation. Premature infants
as a group have lower serum and cord blood levels of vitamin
A (226, 227). Vitamin A levels also appear to decline during the
first 4 months of life in infants who are not receiving vitamin
A-supplemented diets. This is often the case for infants with
BPD (228, 229).
Whereas early reports suggested that vitamin E supplementation may be of benefit in the treatment of BPD, a subsequent
study did not confirm any specific benefit for therapeutic
amounts of vitamin E (230). Finally, supplementation with inositol, a nonessential nutrient supplied at 80 mg/kg/day for 5 days,

increased the survival of a group of infants with respiratory
distress syndrome and lowered the subsequent incidence of BPD
(231).
Infants with CLDI are at great risk for delayed skeletal mineralization and osteopenia of prematurity. Low body calcium and
phosphorus stores are exacerbated by calciuretic effects of
chronic diuretic therapy (232).
4. Gastroesophageal reflux. Small, fragile infants with CLDI
are prone to gastroesophageal reflux, which, on occasion, may
complicate enteral feeding and worsen an already compromised
respiratory system by causing asymptomatic aspiration or triggering bronchospasm (118). Medications such as theophylline
and, to a lesser extent, ␤ agonists may also increase the risk
(233). Whereas it is clear that uncontrolled gastroesophageal
reflux can complicate the management of established CLDI, the
role that gastroesophageal reflux plays in the pathogenesis of
BPD lung disease is controversial.
D. Renal System

Multiple variables, including the degree of renal maturation (a
function of gestational age and postnatal age), the extent of
respiratory compromise, the amount and character of fluid administered, and other nonrenal obligate losses all play major
roles in determining the type of changes observed in the body
fluids and electrolytes.
When pulmonary insufficiency occurs, several pathophysiologic processes can indirectly or directly modify renal function
(234). Direct physical factors related to the pulmonary process,
such as increased thoracic pressure accompanying positive-pressure ventilation, that adversely affect cardiac output can limit
the excretion of extracellular fluid and sodium. Hormonal factors
appear to play a conflicting role in the regulation of salt and
water balance under conditions of pulmonary insufficiency.
Atrial natriuretic peptide and vasopressin are peptide hormones
commonly affected by changes in lung function. Vascular resistance in the pulmonary circuit may remain elevated, resulting
in a distended right atrium that, in turn, results in a chronic
increase in circulating atrial natriuretic peptide levels (235, 236).
Decreased glomerular filtration rate, tubular immaturity, and a
generalized decrease in renal blood flow may attenuate the effects of this natriuretic peptide. Vasopressin has also been shown
to be persistently elevated in infants with CLDI (237).
Drugs are capable of affecting renal salt and water handling
by the premature infant. Furosemide is perhaps the best studied
agent employed in the treatment of premature infants with CLDI
(238–240). Furosemide clearly has been shown to increase lung
compliance and decrease airway resistance in the short term,
but these effects do not consistently improve oxygenation (238,
239). The repeated administration of furosemide, however, has
been associated with potential side effects, including sodium,
chloride, and volume depletion (241). Infants with CLDI who
develop hyponatremia and hypochloremia exhibit a higher incidence of hypertension and lower growth rate including that of
head circumference (208, 241).
Renal calcifications were first described in premature infants
in 1982 (242). The pathogenesis of nephrocalcinosis in very low
birth weight infants appears to be multifactorial. The vulnerability of extreme immaturity and the underdevelopment of renal
function may be the most important variables. Hypercalciuria
is common in the very low birth weight infant, yet not all develop
nephrocalcinosis (242). Decreased glomerular filtration rate, low
citrate excretion, and frequently an alkaline urine are in part
due to the immaturity of renal function of these infants. The
development of CLDI frequently requires the administration of
diuretics that may cause phosphaturia and magnesium depletion,
increasing calcium excretion. Even transient insults to the kid-
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neys, such as hypoxia or hypotension or the use of nephrotoxic
drugs, provoke tubular injury.
E. Neurologic System and Development

Children with CLDI are developmentally vulnerable. Prematurity and low birth weight predispose them to all the risks of
preterm birth, including infection, poor growth, brain injury,
and disorganized behavioral interactions. In addition, they are
subject to developmental and behavioral effects of impaired
respiratory function.
Studies on the neurodevelopmental outcome of children with
CLDI are limited because CLDI rarely exists in isolation. Premature infants and children with CLDI frequently have other
medical problems that impact on behavior and development,
including intraventricular hemorrhage, sepsis, anemia, apnea,
parenteral feeding, ophthalmologic problems, and auditory deficits. Data generated about developmental sequelae must be interpreted cautiously in that the role of each risk factor in influencing outcome may be unclear. In addition, the causes or
predisposing risk factors for the prematurity may be important
in the assessment of developmental outcome. Maternal age, maternal substance abuse, absence of prenatal care, pregnancyinduced hypertension, maternal infection, or other maternal
medical disorders may cause prematurity and resultant CLDI.
These conditions may also directly impair fetal brain growth and
development during prenatal, perinatal, and postnatal development.
1. Neurodevelopmental outcome. Developmental outcome
studies of children with CLDI in the first 24–30 months of life
have shown that CLDI is associated with lower scores for motor
and cognitive function compared with premature control children matched for gestational age (243, 244). Most of these studies
used the Bayley Scales of Infant Development, which assess
psychomotor development and cognitive/mental development
(245). This standardized measurement reflects neurologic (especially motor) status and cognitive skills. These studies reveal
that at 24 months of age, children with CLDI have a frequency
of abnormal neurologic examinations that range from 0 to 38%.
The prevalence of cognitive developmental problems ranges
from 14 to 80% (170, 246–249). The range of deficits among the
studies reflects different definitions of CLDI during the past 20
years, exclusion criteria, and rates of case dropout over time.
Socioeconomic variables and different neonatal care practices
also account for some of the reported differences. In outcome
studies that assessed infants at 2 years of age, it appeared that
neurodevelopmental outcome reflected the duration of oxygen
supplementation and hence severity of pulmonary illness (8).
However, studies that assess developmental outcome into the
school age period show a lack of significant correlation between
outcome and duration of mechanical ventilation or oxygen therapy. The primary predictor in these late outcome studies has
been central nervous system injury, either intraventricular hemorrhage or infection (250).
The studies in early neurodevelopmental outcome suggest
that, between 24 and 36 months of age, many children with CLDI
who demonstrate abnormal motor or cognitive skills improve
dramatically compared with premature control children (250).
Studies have extended this observation into the school age period. An assessment of school performance and neurodevelopmental outcome among school age children with CLDI showed
that outcome scores were similar to those of premature control
subjects without CLDI matched for gestation and birth weight.
This finding held with both the older definition of CLDI (supplemental oxygen to a postnatal age of 28 days) and the newer
definition (supplemental oxygen until the equivalent of 36 weeks
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TABLE 2. EIGHT-YEAR PSYCHOEDUCATIONAL OUTCOME
VARIABLES, SCHOOL PERFORMANCE, AND HYPERACTIVITY
FOR NONDISABLED CHILDREN WITH CHRONIC LUNG
DISEASE OF INFANCY AND THEIR MATCHED PEER GROUP
Variable
IQ Score
Full scale
Verbal
Performance
Visual–motor integration
Receptive vocabulary
School performance‡
Reading level
Spelling level
Arithmetic level
Hyperactivity rating

BPD Group
(8 yr old; n ⫽ 36)

Control-matched Peers*
(8 yr old; n ⫽ 36)

101
101
100
7.5
97

(13)
(13)
(12)
(1.9)
(12)

114
111
115
9.5
105

(110)†
(11)†
(10)†
(2.4)†
(12)†

⫺0.8
⫺0.6
⫺0.7
21

(1.3)
(0.9)
(0.8)
(5)

⫹0.3
⫹0.0
⫺0.1
13

(1.1)†
(0.6)†
(0.6)†
(4)†

Definition of abbreviations: BPD ⫽ bronchopulmonary dysplasia; IQ ⫽ intelligence quotient.
Modified from Robertson and coworkers (250).
* Children matched by socioeconomic group, attendance in regular school, and
with birth weight greater than 2,500 g and gestational age greater than 37
weeks.
†
p ⬍ 0.001.
‡
School performance is expressed as grade level above (⫹) or below (–) grade
level expected for age.

of gestation in preterm infants with a birth gestation of 31 weeks
or less) (250–252).
There were no significant differences in neurologic findings
at 8 years of age among the children with CLDI and premature
control subjects. This included assessments of cerebral palsy,
visual impairment, deafness, and severe mental retardation.
However, those with CLDI who required oxygen supplementation until the equivalent of 36 weeks of gestation had the highest
percentage of multiple disabilities (38%). When school age children with CLDI, but without a major neurologic disability, were
compared with term-matched peers on a variety of learning tests,
lower scores were seen (Table 2) (250). This observation held
for full-scale IQ scores; visual–motor integration; receptive vocabulary; achievement tests in reading, spelling, and arithmetic
levels; and hyperactivity. Not surprisingly, premature subjects
at 8 years of age, with and without CLDI, performed at lower
levels on all these tests compared with full-term control children.
The lower scores of children with CLDI thus appeared to be
related more to prematurity than to CLDI per se (250, 253).
Measurable delays in tests for learning disabilities in the visual–motor perceptual and receptive language domains reflect
lower achievement scores in school performance. Hyperactivity
is often associated with the attention deficit–hyperactivity disorder. Both learning disorders and problems with attention/hyperactivity become apparent when these children are challenged to
learn in regular classrooms in the first or second grade (252).
In the past decade there has been further neurodevelopmental follow-up of children with CLDI that may be more indicative
of the “new” BPD. These studies raise concerns regarding both
the role of BPD and its treatment with corticosteroids (254–256).
While verbal and performance IQ scores do not seem to differ
between children who had CLDI and preterm control subjects,
children who had CLDI did have a higher prevalence of abnormal “soft” neurologic signs, including visual–spatial defects, impaired gross and fine motor coordination, and integration (243,
244, 253, 257).
2. Behavioral outcome. Behavior of infants with CLDI has
been assessed infrequently. Infants with CLDI have been compared with a control group of premature infants without respira-
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tory disease, using the Preterm Infant Behavior Scale at 8 weeks
of age. Infants with CLDI were less socially responsive to animate and inanimate stimuli, were not as cuddly, were more easily
upset with sensory stimuli, had less skill in self-quieting, were
less consolable, and had higher tone and lower hand-to-mouth
ability than control subjects. Infants with CLDI have been characterized as having poorer self-organization and, in general, are
not as “robust” as other premature babies (251). These behavioral observations have led to individualized neurobehavioral
assessments of premature infants with CLDI. Nursing interventions have been designed to encourage state regulation, preserve
energy by sensitive assessment of sleep–wake patterns, planning
interventions consistent with the infant’s behavioral state, and
organizing the physical environment in a manner that supports
preservation of energy and social interaction (258).
For a number of conditions associated with prematurity, it
has become increasingly apparent that socioeconomic factors
play a significant role in developmental outcome studies. Since
the pioneering work of Werner, Escalona, and Sameroff and
coworkers (259–261), neurodevelopmental outcome studies of
premature infants have supported the “double hazard” of biological and social risk. Because many preterm infants with CLDI
are born into poverty, social risk factors in this group of babies
are significant. A low level of maternal education, low potential
income status, and unemployment are major prenatal social risk
factors associated with poorer outcomes (250, 262). That these
problems do not disappear when the baby leaves the neonatal
intensive care unit (NICU) is apparent. In addition, referral to
child protective services by a health professional after discharge
from the nursery was an additional significant risk factor that
influenced long-term development. Most of the referrals were
a result of neglect or mild physical abuse (263).
F. Ophthalmology

There is no known direct causal link between retinopathy of
prematurity (ROP) and CLDI; however, both disorders share
the single most important risk factor, extreme prematurity. For
both disorders, the incidence and severity of disease increase as
gestation at birth decreases. In animal models, the toxicity of
exogenous oxygen can cause disorders resembling CLDI and
ROP (264–266). In the later management of these established
diseases, maintaining good arterial oxygenation to prevent cor
pulmonale in CLDI can potentially conflict with the need to
carefully manage arterial oxygen levels when the retina is not
fully vascularized.
Vision loss from ROP is a consequence of excessive overgrowth of new vessels in the retina and vitreous cavity of the
premature infant. This neovascularization is the recovery phase
following an injury to the growing vessels, much as the fibrosis
seen in CLDI follows the initial pulmonary injury. In Figure 2,
the proportion of retina vascularized is depicted over time in
both the normal infant (upper line) and in the premature infant
who is born long before the retinal vessels (that start growing
at about 16 weeks of gestation) reach the edge of the retina (ora
serrata).
The incomplete vessels are highly susceptible to injury, which
may include prolonged (days) elevated arterial oxygen (267), as
well as other severe physiologic stressors (268, 269). Once injured, there is a delay (indicated by the lack of increase in
percent vascularization on the ROP line in Figure 2) before
vascularization resumes. When the vessels are able to continue
to grow, they do so in excess and most likely in response to
large amounts of vascular growth factors produced by the avascular retina, now increasingly mature and metabolically demanding.
This neovascularization is what is observed in the eye as ROP.
Fortunately, the vessels in most infants’ eyes are able to progress

Figure 2. Diagram illustrating the progression of retinal vessels from
the disk to the ora in the normal in utero fetus (upper line) and in the
infant born prematurely who develops retinopathy of prematurity (ROP)
(lower line). Normal vascularization begins at about 16 weeks and is
completed around term. If initial injury to the growing vessels occurs
around the time of premature birth, the rate of vascularization is slowed.
The shaded area indicates the timing of active ROP, which can be
observed by an ophthalmologist. Reprinted by permission from Ross
Laboratories (The micropremie: the next frontier. Report of the 99th
Ross Conference on Pediatric Research. Columbus, OH: Ross Laboratories; 1990. pp. 145–153).

through the neovascularization to completion. This regression
is the healing phase of ROP, and can be prolonged for weeks.
Animal data demonstrate that high arterial oxygen levels will
slow the process of normal vascularization (266), and marginally
low arterial oxygen will aggravate the amount of neovascularization following initial injury (265). (The clinical correlate of this
may be the increased progression to threshold ROP in infants
with established ROP treated with lower oxygen saturation targets, as discussed in Section IV.B.9: Ophthalmology.) In
Figure 2, two areas are of particular interest: the time of initial
injury just preceding the delay in vascularization, and the time of
active ROP that includes both neovascularization and regression.
These two events are separated in time. It is important to understand the differences in physiology ongoing at the two times
because interventions that prevent ROP, and those that would
affect the regression, are likely also to differ.
G. CLDI as a Multisystem Disease

CLDI is a multisystem disease. It is clear that there are many
interactions between the pathophysiology of the various organ
systems. Figure 3 summarizes the more important interactions
between organ systems that have been reported in the literature
and that have been outlined in this section. Figure 3 serves as
a useful guide when performing an initial evaluation of the infant
with CLDI.

III. EVALUATION AND DIAGNOSTIC STUDIES
A. Respiratory

1. Pulmonary. Until more recently, assessment of lung function in
infants was performed only rarely. In the past 15 years, however,
there have been numerous studies of developmental lung function in normal infants and comparative studies in infants with
CLDI.
1.1. Lung volumes. Lung volumes in infants with CLDI and
less than 6 months of age have been reported as both lower
(270–272) and higher (273–275) than those of normal control
infants. This discrepancy may be due to methodologic differences: studies reporting low values used helium dilution, which
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Figure 3. Interactions between organ systems in infants with CLDI. Each
arrow represents an interaction that has been shown to be of significance
in the pathophysiology of CLDI. For details see Section II (PATHOPHYSIOLOGY AND PATHOGENESIS). Pulmonary → Cardiac: Hypoxemia leads to pulmonary artery hypertension and possible vascular remodeling, which
presents the right ventricle with an increased afterload against which
to pump. Left ventricular dysfunction can also occur as a result of (1 )
decreased left ventricular filling due to rightward septal shift and (2 )
increased negative pleural pressure during inspiration due to decreased
pulmonary compliance and resistance, leading to increased left ventricular transmural pressure. Pulmonary → Renal: ; Syndrome of inappropriate
antidiuretic hormone secretion (SIADH) in infants with CLDI can reduce
renal excretion of water. Pulmonary → Neurologic: Chronic hypoxemia
can affect neurologic growth and development independent of the
effects of prematurity. Pulmonary → Musculoskeletal: Abnormal lung
mechanics can lead to diaphragmatic remodeling to more fatigue-resistant Type I fibers; respiratory muscle fatigue and chronic respiratory
pump failure are seen in severe CLDI. Pulmonary → Nutrition: Chronic
hypoxemia is one cause of failure to thrive in infants with BPD. Increased
work of breathing, decreased efficiency of breathing, and chronic inflammation can all divert calories that otherwise might be used for
growth. Pulmonary → GI: Pulmonary hyperinflation may affect diaphragmatic configuration and lower esophageal sphincter function, leading
to gastroesophageal reflux. Tachypnea can lead to swallowing dysfunction. Central airways → Pulmonary: Excessive central airway collapsibility
can lead to abnormalities in forced expiratory flow, air trapping, and
hypoxemia. Abnormal lung mechanics can in turn affect airway collapsibility by increasing pleural pressure swings to which the airways are
exposed. Renal → Pulmonary: Decreased renal excretion of water can
cause increased lung water, decreased lung compliance, and increased
airway resistance. Renal → Nutrition: Decreased renal function is associated with failure to thrive. Renal → Cardiac: Decreased renal excretion
of water can pose an increased preload on the left ventricle. Neurologicdevelopmental → musculoskeletal: Developmental delay commonly affects muscle tone, and motor skills. Neurologic-developmental → GI:
Swallowing dysfunction has been described in infants with CLDI, probably due to adverse oromotor stimulation combined with central nervous
system dyscoordination of the swallow reflex. Neurologic-developmental
→ Pulmonary: Control of breathing may be affected in infants with
CLDI, possibly because of a reset respiratory control center secondary
to chronic respiratory muscle fatigue. These effects may be more marked
during sleep. There may be a predisposition to SIDS. Neurologic-developmental → Central airways: Poor control of the upper airway and pharyngeal musculature can lead to upper airway obstruction, especially during
sleep. Musculoskeletal → Pulmonary: Respiratory muscle weakness and
fatigue can lead to chronic respiratory failure. Nutrition → Pulmonary:
Poor nutrition as a consequence of decreased caloric intake and excessive caloric expenditure can lead to delayed lung, chest wall, and alveolar
growth, delaying pulmonary healing. Nutrition → Neurologic-develop-
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can underestimate lung volumes in the presence of airway obstruction, whereas studies reporting increased lung volumes have
used body plethysmography. One study directly comparing the
two techniques in 36-week postconceptional infants showed that
FRC in infants with CLDP was lower than normal when measured by nitrogen washout, but higher than in control subjects
when measured by body plethysmography (276).
FRC in infants with CLDI and older than 6 months has been
reported as normal (270, 277) or as increased by up to 60%
(272). Longitudinal studies have demonstrated a shift from low
to relatively high FRC between the ages of 1 and 3 years (278).
In summary, most studies show that lung volumes are low
early in infancy and become normal or elevated later in infancy.
Methodologic differences probably do not account for this
change. Over time, pulmonary fibrosis may become less important relative to airway disease and, therefore, lung volumes may
increase disproportionately with growth (2).
1.2. Pulmonary and respiratory system compliance. Because
compliance is dependent on lung volume, the results of most
studies are expressed as “specific compliance” (corrected for
body weight, lung volume at FRC, or body length). Normal lung
compliance is 1.2 to 2.0 ml/cm H2O per kilogram body weight
(270, 278, 279). Studies of infants with CLDI report dynamic
specific compliance to be 30 to 50% of control values for infants
2 to 4 months of age (270, 272, 278, 279). Static compliance of
the respiratory system in young (10 months postconceptional
age) infants with CLDI, determined by the weighted spirometer
technique, has been reported as 60% of control values (280).
That static and dynamic compliance measurements yield similar
values suggests that changes in parenchymal elastic properties
alone can explain the low compliance seen in these infants, rather
than altered airway properties leading to frequency dependence
of compliance due to uneven parallel pathway time constants.
Measurement of respiratory system compliance after the acute
phase of RDS may have predictive value (281): the compliance
of infants who later developed CLDI was half that of those who
did not. In addition, respiratory system compliance at age 10–20
days is reduced in infants who have low maximal flows at age
2 years, and thus may be a marker of CLDI (282). As babies
with CLDI grow, specific compliance improves to values of 80
to 90% of control subjects between the ages of 2 and 3 years
(270, 278).
1.3. Airway function. Pulmonary resistance in infants with
CLDI and less than 3 months of age, determined by the esophageal balloon technique, is more than twice that of control subjects

mental: Malnutrition leads to decreased central nervous system growth
and skeletal muscle weakness, which in turn adversely impacts gross
motor development. Nutrition → Musculoskeletal: Malnutrition can
cause respiratory muscle weakness and susceptibility to diaphragmatic
fatigue. GI → Pulmonary: Aspiration due to GE reflux and/or swallowing
dysfunction is a common cause for failure of the pulmonary status to
improve in infants with CLDI, leading to pulmonary inflammation and
bronchospasm. GI → Central airways: Aspiration can also lead to central
airway inflammation, with subsequent homophonous wheezing, and
excessive collapsibility. Cardiac → Pulmonary: Left ventricular dysfunction causes increases in lung water, leading to increased airway resistance and decreased lung compliance. Cardiac → Central airways: Left
atrial enlargement can compress the left main bronchus leading to
atelectasis. Airway malacia may develop in the compressed airway segment. Cardiac → Renal: Decreased cardiac output causes decreased
effective renal blood flow, leading to renal sodium and water retention.
Cardiac → Nutrition: Heart failure can cause failure to thrive. GE ⫽
gastroesophageal; GI ⫽ gastrointestinal.
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(270, 278, 279). Similarly, respiratory system resistance as determined by the passive occlusion technique is elevated (283). With
growth, airflow resistance decreases. Gerhardt and coworkers
found that mean pulmonary resistance decreased from 160 to
33 cm H2O/L per second between the ages of 1 and 36 months
(278). Size-corrected evaluation of airway function, such as specific conductance (defined as the reciprocal of resistance divided
by lung volume at FRC), is more useful than resistance measurements, as it corrects for the normal decrease in resistance that
occurs with growth. Specific conductance in 10-month-old infants
with CLDI is about 60% predicted (277). In the study by Gerhardt and coworkers, although resistance fell dramatically in the
first 3 years of life, specific conductance rose from 60% of the
predicted value to only 70% predicted over the same time period
(278). Similarly, size-corrected maximal flow rates at FRC in
infants with CLDI are 50% of control values at a mean postnatal
age of 2 months and do not increase by the age of 10 months
(271). Other studies confirm that maximal flows remain persistently low through the first (284), second (282, 285), and third
(286) years of life. Furthermore, those children over 2 years of
age who continue to require supplemental oxygen have volumecorrected forced flow values that are less than half those of
children who wean from supplemental oxygen before 2 years of
age (287). The introduction of the raised volume rapid thoracic
compression technique raises the possibility that airway function
will be able to be monitored serially and continuously from
infancy through childhood and adolescence to adulthood (288,
289).
1.4. Work of breathing. Work of breathing (WOB) is elevated
in infants with CLDI. Wolfson and coworkers (290) reported
that the WOB averaged 5.4 kg cm/min/kg body weight, roughly
10 times that of normal newborn infants (291). Assuming a 4%
mechanical efficiency of breathing (292), this would require 5
kcal/kg body weight per day to perform. Weinstein and Oh
measured oxygen uptake, and calculated that approximately an
additional 10 kcal/kg per day was spent on WOB by infants with
CLDI compared with control subjects (225). Thus, in an infant
in whom 25 kcal/kg per day of total caloric intake is allotted for
growth (293), it would appear that the WOB in an infant with
CLDI may “steal” 20 to 40% of that amount. Studies that have
simultaneously measured work of breathing and oxygen uptake
in infants with CLDI have failed to show a relationship between
these two parameters (219, 294). Thus, the increased metabolic
expenditure of infants with CLDI may not be due to the elevated
work of breathing alone.
1.5. Airway reactivity. Infants with CLDI have airway smooth
muscle hypertrophy (295), and therefore might be expected to
be more bronchodilator responsive than normal infants. Since
the 1980s, 20 to 30% decreases in airway, lung, and total respiratory system resistance have been reported in response to a variety of agents, including subcutaneous terbutaline (296), nebulized metaproterenol (297), salbutamol and ipratropium bromide
(283), and isoproterenol (273). These findings have been confirmed by subsequent studies (298, 299). Bronchodilator responsiveness has been demonstrated in infants with CLDI as young
as 3 days of age and with gestational ages as low as 26 weeks
(295, 300). Other agents have been shown to improve lung mechanics in infants with CLDI; these include theophylline (301),
dexamethasone (302, 303), and intravenous, oral, and inhaled
diuretics (238, 274, 279, 304, 305), although the response to
inhaled diuretics has been disputed (306). There is also evidence
that diuretics and bronchodilators may have a synergistic effect
in improving lung mechanics (275). The effects of diuretics on
airway function in CLDI may be dissociated from their diuretic
effect, suggesting another mechanism of action (305).
Airway constriction due to cold air exposure has been re-

ported in infants with CLDI (307). Hypoxic airway constriction
has also been described (150, 151).
1.6. Long-term studies. Follow-up studies exist for children
6–15 years of age who had RDS and CLD as infants (262, 277,
308–328). Airway obstruction and airway hyperreactivity persist
in these older children. In general, there are reductions in the
average vital capacity and forced expiratory volume in 1 second
compared with normal children, with an average FEV1 about
80% of control subjects (262, 309–327). The pattern is obstructive, with a low FEV1/VC ratio, and high ratio of residual volume
to total lung capacity averaging about 130% of control subjects
(262, 311–322, 324–327). There may be gradual improvement of
these abnormalities over time (321). Forty to 50% of children
in these studies demonstrate airway hyperreactivity to histamine,
methacholine, or exercise (262, 309, 310, 321). Interestingly, infants born prematurely with and without a history of RDS, but
who do not develop CLDI, also have an increased prevalence of
airway hyperreactivity compared with full-term control subjects
(309, 310, 328). Studies indicate that airway obstruction and
airway hyperreactivity can persist into early adult life (329).
Whereas it has been proposed that the low VC and FEV1
and the elevated RV/TLC ratio seen in children with CLD could
be a consequence of premature birth itself and not of CLDI per
se (312), Wheeler and coworkers (330) reported that FVC and
FEV1 were low and RV/TLC was high in children with a history
of CLDI compared with premature height-matched control
groups both with and without a history of hyaline membrane
disease. Subsequent studies have confirmed this pattern, and it
thus appears that CLDI predisposes to abnormal lung function
in childhood independently from premature birth (310, 313, 314,
316, 317, 319, 320, 323, 324, 326, 329, 331).
There are few reports of lung function during exercise in
children with CLD. Maximal workloads and V̇o2max are normal
or slightly reduced (262, 311, 313, 317, 318, 324). However, limited ventilatory reserve is suggested by a low V̇emax and a high
ratio of V̇emax to maximal voluntary ventilation (317, 324).
Oxyhemoglobin desaturation during exercise has been reported
(324, 327), and may be related to reduced gas transfer secondary
to reduced alveolar surface area (327).
1.7. Clinical utility of pulmonary function testing. Pulmonary
function testing during infancy can aid in assessing severity,
response to bronchodilators and diuretics, and longitudinal improvement of lung function. Relatively few centers can perform
infant pulmonary function tests, however. They require expertise
in performance and familiarity with maintenance and calibration
of sophisticated equipment. Short-term intrasubject variability
can be high: 30% for maximal flow at functional residual capacity
(V̇maxFRC), 20–30% for pulmonary resistance measurements,
and 25% for pulmonary compliance measurements (332). They
require interpretation by someone familiar with not only their
uses but also their limitations. Standardization of many of the
techniques for assessing lung function in infants is still evolving
(333–336). Finally, they usually require sedation and are expensive. Thus, although they are desirable and can add an important
dimension to patient management, they will not be available at
all centers.
Pulmonary function testing in older children, adolescents,
and adults helps track changes in lung function with time, assess
response to therapy and bronchodilators, and assess severity of
pulmonary dysfunction in adulthood. Pulmonary function testing
is relatively inexpensive, simple to perform, and widely available.
This is especially true of simple spirometry. Spirometry should
be performed in every patient with CLD who can perform the
test. Studies suggest that spirometry can be reliably performed
in children as young as 3 years of age (337). Pre- and postinhaled
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bronchodilator administration spirometry is frequently useful,
as are measurements of lung volumes and diffusion capacity.
2. Airway. Laryngeal lesions may not be clinically distinguishable from each other, and symptoms of all will be exacerbated
by upper respiratory infections. Thus, any infant with a history
of intubation who develops stridor should be evaluated. Direct
visualization of the airways is the single best method for assessing
airway problems. Flexible fiberoptic laryngoscopy permits definition of normal and abnormal laryngeal anatomy, as well as
assessment of vocal cord function and dynamic events of the
supraglottic airway. It can be used to approximate the degree
of subglottic narrowing; the relationship between vocal cord
length and the transsubglottic opening has been used to quantitate narrowing (107, 110). For detailed examination of the subglottis, however, examination under anesthesia with an operating
microscope and rigid optical telescope is necessary.
Both flexible fiberoptic bronchoscopy and open tube (“rigid”)
bronchoscopy can be used to evaluate the trachea and other
intrathoracic airways. When stenosis or granulation is suspected,
rigid bronchoscopy offers the advantage of a surgical approach
through the open tube. Thus, resection of tissue or balloon dilatation can be performed at the time of evaluation. In contrast,
flexible bronchoscopy with conscious sedation is superior to rigid
bronchoscopy under general anesthesia for the evaluation of
dynamic airway events. Tracheal collapse associated with “BPD
spells” can be evaluated (133), although increased expiratory
effort resulting from inadequate sedation or underlying small
airway disease can exaggerate airway collapse.
Radiographic techniques have also been used to diagnose
central airway collapse in infants with CLDI. Sotomayor and
coworkers used fluoroscopy in anteroposterior, oblique, and lateral views to document obstruction (338). Because similar radiographic findings can be induced in normal airways by creating
peripheral airway obstruction (339), it is not possible to know
whether these observations reflected truly collapsible central
airways or secondary effects of severe small airway disease. Both
diffuse and short segment airway collapse in infants with CLDI
have been determined by cine-computed tomography (CT) evaluation during quiet breathing (131). Both cine-CT and highresolution CT can be used to diagnose collapse or segmental
airway narrowing, although lesions can be missed or incorrectly
diagnosed by either method (340). The diagnostic accuracy of
these techniques is enhanced when a combination of both is
used (340).
Computer-assisted reconstruction of airway endoscopic images has enabled investigators to create three-dimensional models of airways and airway abnormalities (341). This approach,
however, requires that an endoscope be passed through an airway narrowing if complete modeling is to be accomplished.
When airway narrowing precludes the passage of an endoscope,
radiographic imaging studies can provide information about the
site and extent of the stenotic segment. The lateral neck radiograph can help to define subglottic stenosis. Tracheobronchography, using water-soluble contrast medium, has been safely used
to identify the length of tracheal or bronchial stenoses while
providing some information about the airways distal to the narrowed segment (342). Magnetic resonance imaging of the airway
can disclose narrowing, although both fluoroscopy and CT provide more accurate information (343).
Several investigators have used tidal flow–volume loop analysis or partial expiratory flow–volume curves to detect abnormal
central airway collapsibility (132, 133, 344–347). Flow limitation
during tidal breathing, a reduced midexpiratory to midinspiratory tidal flow ratio, a forced-to-tidal flow at midexpiration ratio
of 1 or less, and an increase in forced expiratory flow after
administration of bronchoconstrictor agents all are suggestive,
but not diagnostic, of central airway collapse.

369

3. Oxygenation during sleep and peripheral chemoreceptor
function. Awake SaO2 levels do not accurately predict hypoxemia
during sleep (145, 154). When assessing the need for supplemental oxygen during sleep, it is therefore best to measure SaO2
during an extended period of sleep. Short-term SaO2 measurements during sleep are not sensitive indicators of SaO2 in patients
breathing room air (154). SaO2 recordings including at least 8
hours of sleep are more reliable for predicting an infant’s ability
to maintain a normal SaO2 value while breathing room air during
sleep (154). Recording the plethysmographic waveform or the
pulse amplitude modulation signals in addition to SaO2 is recommended to distinguish true drops in saturation from apparent
drops due to movement artifacts or a weak pulse signal (348).
As stated by the American Thoracic Society’s consensus panel
(349), infants with CLDI who have been taken off supplemental
O2 should be continuously monitored during sleep if they develop polycythemia, cor pulmonale, failure to thrive, or sleep
pattern disruption. A full polysomnography study is indicated
in infants with CLDI with symptoms suggestive of upper airway
obstruction during sleep (e.g., snoring) (349).
Preventing hypoxemic episodes in infants with CLDI is probably the most effective means of preventing SIDS (145, 171).
Therefore, it may be appropriate to test peripheral chemoreceptor function in infants with CLDI at discharge and when cessation of supplemental oxygen therapy during sleep is considered
(178–181). Infants with CLDI with impaired peripheral chemoreceptor function should be monitored closely. Routine cardiorespiratory monitoring of infants with CLDI is not recommended,
however (350).
B. Cardiologic

1. Pulmonary hypertension. The diagnosis of pulmonary hypertension in patients with CLDI requires clinical judgment and
suspicion because the signs and symptoms of this complication
can be masked by the respiratory disease. Palpation of a right
ventricular heave or auscultation of an accentuated P2 or murmur
of tricuspid regurgitation or pulmonary regurgitation can be
limited by hyperinflation and abnormal breath sounds. The detection of pulmonary hypertension can be aided by the use of
noninvasive tests. Although the specificity and sensitivity of the
electrocardiogram in this setting have not been established, it
can be a useful method to screen for changes consistent with cor
pulmonale (right axis deviation for age, right atrial enlargement,
right ventricular hypertrophy). If this test is positive, serial electrocardiograms can monitor resolution of these changes, which
correlate with improvement in clinical condition and degree of
pulmonary hypertension (351–354). Two-dimensional and Doppler echocardiographic evaluations are useful to screen for structural congenital cardiac defects that can be overlooked in patients with respiratory disease and that can contribute to
pulmonary hypertension. Patients with atrial septal defects (355,
356), patent ductus arteriosus not accompanied by a murmur
(356), and hypertrophic cardiomyopathy (205) have been detected by such testing. Many infants with CLDI have had ultrasound testing in the neonatal nursery and these exams can suffice
if they were thorough. Repeat studies can be considered in patients whose clinical course is atypical, including prolonged slow
growth rate or extended period of oxygen dependency. The level
of pulmonary artery hypertension can be assessed by the use of
Doppler echocardiography if there is any degree of tricuspid
regurgitation. In the absence of pulmonary stenosis, the peak
velocity of flow in the regurgitant jet can be used to calculate
the pressure difference between the ventricle and atrium; by
then assuming a right atrial pressure of 5 mm Hg, the pulmonary
systolic pressure can be determined (354, 357). In a predominantly adult study of 127 patients who underwent catheterization
and echocardiography, an analyzable Doppler tracing was present in 80% of patients with elevated right ventricular pressure
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(greater than 35 mm Hg) and in 57% with normal pressure.
The mean difference between Doppler-estimated and cathetermeasured values was 9 mm Hg (357). Serial studies are useful
to assess the change in pulmonary pressure with growth or with
therapy. Right-sided systolic time intervals (the ratio of right
ventricular preejection period to ejection time) measured by
M-mode echocardiography do not correlate with pulmonary systolic pressure or pulmonary vascular resistance (358–362). Although this interval is often prolonged in patients with pulmonary hypertension, it is also lengthened in patients with right
bundle branch block or right ventricular myocardial dysfunction
and is therefore not a specific indicator. Cardiac catheterization
is indicated if oral, intravenous, or inhalational vasodilators other
than oxygen are being tested or to screen for large systemic-topulmonary collateral vessels in a patient with a prolonged ventilatory course (see following section). However, cardiac anatomy
and function as well as assessment of pulmonary pressure in
ambient air and supplemental oxygen can usually be obtained
noninvasively with echocardiography (354).
2. Systemic-to-pulmonary collateral vessels. Some patients
with CLDI have been found by cardiac catheterization to have
systemic-to-pulmonary collateral vessels arising from the internal mammary artery, subclavian artery, or descending aorta.
These vessels range from small to large in diameter, are usually
multiple when present, and occur in patients with normal or
elevated pulmonary pressure (358, 363). Such acquired collateral
vessels are known to occur in other forms of chronic pulmonary
disease. Their growth may be stimulated by hypoxia, chronic
inflammation with neovascularization of granulation tissue, or
trauma associated with chest tube insertion (358, 363). Because
the presence of a patent ductus arteriosus increases the incidence
of CLDI (364–366), the presence of significant collateral vessels
joining the systemic and pulmonary circulations may have a
similar effect. In several patients, ligation of the collateral has
improved the clinical condition, permitting weaning from mechanical ventilation (207, 363).
Patients with a prolonged ventilatory course should have a
Doppler echocardiogram to assess whether there is retrograde
flow of blood in the descending aorta in the absence of known
runoff lesions (patent ductus arteriosus, aortic regurgitation, Blalock–Taussig shunt, aortic valve atresia) (367). Such a pattern
is sensitive for collateral vessels. If there is evidence of left-toright shunting by the Doppler study or radionuclide imaging,
cardiac catheterization may be considered for precise delineation
of the size and number of the collateral vessels and the degree
of shunting. The contribution of these collateral vessels to the
pathophysiology of CLDI has not been definitely determined.
There is limited experience in closing these collateral vessels.
During catheterization a large collateral vessel can be temporarily closed with a balloon-inflated catheter. If oxygenation does
not deteriorate and if the vessel is judged to be contributing a
volume or pressure burden to the lung, the vessel can be closed
by placement of a transcatheter coil or referral for surgery can
be made.
C. Nutritional

A complete nutritional history given by parents and/or caregivers
is especially important. Questions should include the following:
types of early and later feedings, current diet, nutritional supplements, vitamin and mineral supplements, food allergies/intolerance, appetite, chewing and swallowing problems, vomiting, diarrhea or constipation, gagging, gastroesophageal reflux, behavior
related to eating, including grazing, and current and past medications. A measured 3-day diet record to assess current intake is
needed with a 24-hour diet recall as a less desirable alternative.
Diet analysis can be done with a computerized diet program,
comparing energy, macronutrient intake, and micronutrient in-

take with the Recommended Dietary Allowances (368). In the
acute phase, when the infant is often receiving parenteral nutrition alone, calorie needs may vary considerably and must be
individualized according to weight gain. Parenteral nutrition
guidelines for premature infants can be used as a reference (369,
370). In the infant with CLDI, the percentage of calories derived
from carbohydrates should be ascertained to assess possible implications for CO2 production (see Section IV.B.7.1: Formulas).
As the infant improves clinically and begins a transition to enteral feeds, a “catch-up growth” energy equation can be used
(see Section IV.B.7.1: Formulas).
The anthropometric measurements of length, weight, and
head circumference are routinely monitored as related to gestational age-adjusted normative data. Curves exist for assessment
of postnatal growth of very low birth weight children (371, 372).
Although correction for preterm birth is usually made to the
age of 2 or 3 years, correction for gestational age can continue
to affect the growth percentiles up to age 7 years, as catch-up
growth can occur to this age and beyond (373–377).
Apart from growth curves, the best ways to assess nutritional
status are not known. Measures of midarm circumference, the
derived midarm muscle circumference, and triceps skinfold are
sometimes necessary when nutritional status is unclear (378).
Standard values are available (379, 380). Assessment of wasting,
stunting, and growth failure, that is, weight and height percentiles
decreasing over time, is necessary. Percentage of ideal body
weight based on Waterlow or similar criteria can be used for
assessment (381, 382).
There are few studies on the utility of routine blood tests.
Laboratory values may include albumin and prealbumin to assess
energy and protein intake, reflecting that of 1 month prior and
1 week prior, respectively. Electrolytes, complete blood count
with serum ferritin for iron status, alkaline phosphatase, and
specific vitamin and mineral tests such as vitamin A, calcium,
phosphorus, magnesium, and zinc may also be appropriate. Medications and the nutrients that may be affected should also be
examined in case nutrient supplementation is required, based
on current laboratory values (383).
Bone mineral content measurement by dual photon absorptiometry for diagnosis of osteopenia of prematurity, and measurement of lean body mass by total body electrical conductance
and total body potassium measurements, are presently research
tools only.
Few studies have accurately assessed body composition in
these infants. Thus, when instruments are available to measure
bone mineral density, body fat content, and lean body mass, this
should be done as part of a rigorous controlled study design.
The early recognition and management of swallowing dysfunction, oral aversion, and gastroesophageal reflux is important
to both feeding and growth. In infants with suspected swallowing
dysfunction, video studies of the swallowing function should be
performed by a radiologist and an occupational therapist who
is equipped to evaluate swallowing function using different food
textures. Oral aversion related to endotracheal and suctioning
stimuli are common and also need to be evaluated by a feeding
specialist. In symptomatic infants (and asymptomatic infants
with unexplained failure to thrive) appropriate testing to rule
out gastroesophageal reflux including barium swallow, gastric
scintiscan, extended (24 hours) esophageal pH monitoring, and
endoscopy should be performed. Evaluation for gastroesophageal reflux should also be considered in asymptomatic infants
with an unexplained prolonged supplemental oxygen requirement.
D. Renal

Renal assessment is largely dependent on the child’s general
nutritional status, presence or absence of systemic hypertension,
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and degree of diuretic usage. In general, urinalysis, electrolyte,
blood urea nitrogen, creatinine, calcium, and phosphorus metabolism are monitored. When systemic hypertension is documented, an echocardiogram may be helpful to assess baseline
left ventricular mass (384) and to confirm the absence of a coarctation of the aorta. Additional evaluation may include renal
ultrasonography to evaluate for renal calcifications, renal radionuclide studies, intravenous pyelography, aortography, computed tomography of the kidneys or adrenal glands, or plasma
and urine hormonal studies based on the clinical situation (384).
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TABLE 3. AREAS OF FAMILY ASSESSMENT
Area
Family structure

Patterns of daily living
Family dynamics

E. Neurodevelopmental

A neurodevelopmental examination by a primary care clinician
should include an assessment of motor, social, language, and
cognitive functions. A standard neurologic examination will detect cerebral palsy (hypertonia, hypotonia, and or weakness with
increased deep tendon reflexes), strabismus, visual and hearing
impairment, hemiparesis, microcephaly, and macrocephaly. A
formal assessment of hearing (brainstem auditory evoked potential response) should be performed. Primary care physicians can
monitor development in the office guided by standard developmental milestones, corrected for gestational age in the first 2
years. Screening tests that assess neurodevelopmental tasks (e.g.,
Denver II, Child Development Inventories, Ages and Stages
Questionnaire), temperament (Carey Temperament Scales), and
behavior (e.g., Pediatric Symptom Checklist) can be performed
in primary care pediatric offices (385). Those children in whom
a developmental delay is suspected should be referred for a
standardized developmental assessment by a behavioral pediatrician, a clinical psychologist, or a child psychomotrist.
F. Ophthalmologic

An ophthalmologist experienced in the evaluation of ROP in
premature infants should evaluate these infants according to
the guidelines set forth jointly by the American Academy of
Pediatrics, the American Academy of Ophthalmology, and the
American Association for Pediatric Ophthalmology and Strabismus (386). The first examination should be done at the latter
time period of either 31–33 weeks postmenstrual age, or 4 weeks
chronological age. Subsequent examinations are based on the
findings at the first screening. Infants with more than 37 weeks
of gestation at birth need not be screened, nor those between
29 and 37 weeks if they had a “medically stable” course (i.e.,
no supplemental oxygen requirement). It is rare, however, that
an infant with CLDI has been medically stable during the initial
hospital weeks. A more conservative approach is to screen all
infants with less than 32 weeks of gestation at birth, even if
stable.

IV. TREATMENT
A. Transitioning the Child with CLDI from Hospital to Home

1. Discharge and home care planning.
1.1. Rationale and goal. Advances in perinatal care, changes in
health care economics, and research suggesting a negative impact
of prolonged hospitalization on development of the preterm
newborn have influenced discharge practices for infants with
CLDI (387). The home environment has increasingly been recognized as the optimal setting for medically stable, technologyassisted infants to receive the complex and demanding care they
require (388).
Studies have documented that early discharge from the NICU
with proper home follow-up is not only less costly, but also safe
and beneficial for the infant and family (389–394). Rarely, the
costs for infants requiring very complex care at home may exceed
the costs for similar institutional services. In such cases, the other

Cultural beliefs and practices

Proximity to health care services

Responsiveness to infant’s needs

Description
Single- or two-parent household
Number and ages of siblings
Presence of extended family
Careers and job-related activities
Social and recreational activities
Primary caretaker
Parents’ level of involvement
Identification of secondary care providers
Communication patterns among family
members
Coping patterns and response to stress
Language(s) spoken
Religious beliefs
Child-rearing techniques
Method of transportation
Distance from health care providers
Distance to closest hospital
Performance of simple care activities
Performance of complex care and
assessments

Modified from Reference 410.

benefits of home care may still outweigh the cost differences,
and this option should not be eliminated from consideration
(395).
Combining the benefits of home care with optimal medical
treatment and support is a challenge requiring collaboration
among parents, care providers, hospitals, payers, and communities. The overriding goal of home care is the provision of comprehensive, cost-effective health care within a nurturing environment that maximizes the capabilities of the infant and family
and minimizes the effects of the disabilities (396).
1.2. Assessing the potential for home discharge. Eligibility
for home care should be based on a comprehensive analysis of
the infant’s therapeutic needs, family considerations, and available resources. Potential benefits must be carefully weighed
against risks. Parents should not be pressured to accept home
care if this option would be detrimental to the infant or family.
The following factors should be assessed to determine appropriate candidates for home care (396).
Patient Factors. Physiologic stability and resolution of acute
illnesses are imperative before discharge. Medical criteria for
discharge generally include adequate weight gain and adequate
fluid and caloric intake by mouth, nasogastric, or gastrostomy
tube feedings. If the need for nasogastric feedings is judged
as likely to be prolonged, placement of a gastrostomy tube is
preferable to avoid the potential risks of repeated passing of
nasogastric tubes and the possibly adverse effects of a nasogastric
tube on the development of normal swallowing function. The
infant must be able to maintain thermal stability in an open
crib. Respiratory stability must be demonstrated by a stable
requirement for supplemental oxygen to maintain appropriate
saturation levels during sleep, at rest, and with activity (including
feeding). Apnea must be resolved or controlled. Medication
levels must be at therapeutic range and side effects documented
(397). Plans should be made to explore home care as an option
as soon as the infant’s condition begins to stabilize.
Family Factors. Assessment of the family’s potential home
care capability is an ongoing process that should begin on admission. A family assessment provides information about the family
constellation, functions, and roles and examines the family’s
specific stressors and support systems (387). Important areas of
family assessment are outlined in Table 3.
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While certain family characteristics are essentially static,
some, such as employment schedules, can be altered. Exploring
these areas will assist the family in anticipating the needs of
their infant as well prepare them for potential life style changes
following discharge (398).
Financial Factors. Careful assessment of the family’s financial circumstances is critical. Health insurance policies vary
widely in type and scope, and limits of inpatient and ambulatory
benefits must be identified. Income, debts, and other financial
obligations of the family must also be considered. Costs of care
including equipment, supplies, nursing, physician fees, and psychosocial services require careful estimation. Hidden costs such
as utilities, home renovation, and time lost from work should
also be considered. The health care team must evaluate the
projected cost of home-based care and the available methods
of financial support. The family should be assisted with required
applications for financial assistance and funding problems should
be resolved before discharge. Creative financing arrangements
often involve a combination of public, private, and personal
financing. Because funding is a common delaying factor in the
discharge process, financial planning should begin as early as
possible (387, 395, 396, 399). Sources of financial aid for care
of high-risk infants should be contacted and applications for
assistance should be made as early as possible in the discharge
process (395, 397).
Home Factors. The home environment should be assessed
to determine its appropriateness and safety. The location should
be considered for its proximity to medical services and emergency care. It must be accessible, with enough room for the
required equipment and supplies. The electrical capability should
be assessed for adequacy and potential need for a generator
identified. Utilities, including heat and telephone, must be operational. The home should be equipped with smoke detectors and
assessed for the presence of environmental hazards including
cigarette smoke. The family should be helped to correct any
deficiencies before discharge (388, 398).
Community Factors. Community resources must be available
to support the family in caring for the infant at home. The health
care team should assist the family to identify and access the
appropriate resources. The following resources should be considered:
• Pediatric primary care provider : This individual should be
an integral part of the discharge planning process, be
knowledgeable about the home care plan, and willing to
participate by providing primary care services (396).
• Nursing services: Many infants require in-home nursing
services for 8 to 24 hours/day, depending on the severity
of illness and the degree of home technology required. In
addition, community health nurses are often necessary for
supervision and coordination of care. The extent of pediatric experience and quality of services provided should be
carefully evaluated when selecting nursing agencies.
• Equipment vendors: Optimally, a vendor can be identified
to supply not only the oxygen but also all of the required
supplies. Factors to consider in selecting vendors include
extent of pediatric experience, specialized equipment for
infants, 24-hour availability with reasonable response time,
home visits for periodic evaluation, and equitable cost.
Some insurance plans designate preferred vendors that
must be utilized to ensure payment of services (400). These
vendors must have pediatric equipment and expertise, for
example, low-flow oxygen regulators.
• Developmental screening and early intervention services:
Many tertiary centers offer periodic developmental screening and necessary intervention for high-risk infants. In the

United States, some states also provide comprehensive services. Funding for such services may be provided through
Public Law 99-457 legislation. Additional services may be
solicited through local community service organizations
(388, 395).
• Educational services: Early intervention and educational
services should be provided in the least restrictive environment to promote socialization with peers and age-appropriate activities. The educational setting may require modifications to incorporate the equipment, therapeutic care,
and nursing support required by the child (396, 401).
• Respite care: Alternatives for short-term temporary care
should be identified to enable the family to meet emergency
needs, obtain reprieve, or provide an alternative to institutionalization. In the United States, respite services are often
provided through state departments of mental health, social
services, or public health (397, 402).
• Psychological support services: Parents should be provided
with information about support groups or individual counselors who may help them cope with the stress of caring for
a medically fragile infant at home. Religious communities,
clergy, other family members, or neighbors may also be
able to provide social support and practical assistance as
necessary (387).
1.3. The discharge process. A comprehensive, coordinated
discharge process is required to facilitate transition of care from
the hospital to home and arrange transfer of ongoing case management to the family and community services. This process
transcends the hospital boundaries and fosters parent–professional collaboration with the interdisciplinary health care
team in developing plans for care, follow-up, monitoring, and
evaluation (403). Active participation by the family creates a
plan that meets their individualized needs. Flexibility should be
built in because the infant or family’s needs or circumstances
may change quickly (404).
Caregiver Training. Education for the family and other caregivers including professional and paraprofessional health care
providers, and school and emergency personnel, is a critical
component of the discharge process. Table 4 lists general topics
for discharge teaching. The teaching plan must be individualized
to meet the specific needs of the family and other care providers.
As much as possible, teaching should be done in a quiet area.
Learners should be instructed in performing simple tasks before
complex ones, and should have the opportunity to practice each
task as often as possible. Teaching strategies should be varied
and suited to the subject matter. Techniques include one-onone teaching, printed material, audio–visual aids, demonstration,
and return demonstration. The learners must demonstrate competence in all technical skills by performing the tasks. Condensing documentation of teaching onto one form expedites assessment of the teaching/learning process.
As discharge approaches, parents should assume more of the
caregiving responsibilities for their infant. They should have an
opportunity to assume primary responsibility for their infant’s
care during a 24-hour period with hospital staff nearby for support. Passes out of the unit and “field trips” out of the hospital
for a few hours also help to increase parental confidence and
decrease anxiety (387).
Planning and Coordination of Discharge. In addition to
caregiver education, other aspects of the discharge plan require
coordination. Several discharge planning meetings involving hospital care providers, the primary care physician, family and community agencies may be required to complete all aspects of the
discharge plan. The following tasks should be completed before
discharge:
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TABLE 4. TOPICS FOR DISCHARGE TEACHING
Topic
CLDI
Assessment

Well-child care

Nutrition

Medications

Oxygen

Pulmonary treatments

Infection control

Tracheostomy care
(Refs. 502, 567, 568)

Mechanical ventilation
(Refs. 516, 569–572)

Emergency management

Anticipatory guidance

Travel

Teaching Components
Disease Process, Sequelae, Management
Vital signs (temperature, pulse, respirations)
Evaluation of color
Breathing pattern
Lung auscultation
Fluid balance, skin turgor
Neurologic status
Changes in appetite, behavior
Use of cardiorespiratory monitor (if needed)
Bathing, diapering, skin care
Immunizations
Development and stimulation
Car, home safety
Feeding schedule, importance of weight gain
Formula preparation
Methods of feeding
Techniques to maximize oral feeding
Nasogastric/gastrostomy tube feedings
Use of enteral feeding pumps
Antireflux measures
Name, purpose
Dosage, route, frequency
Method of administration
Side effects
Omitting or repeating a dose
Storage, safety
Indications for PRN medications
Purpose, flow rate
Method of administration
Reading the flow meter
Maintenance and cleaning of equipment
Weaning procedure
Oximetry technique and interpretation
Safety considerations
Purpose, frequency of treatments
Methods to clear secretions, bulb syringe, suction
Nebulizer technique
Chest physical therapy
Minimize exposure, day care issues
Handwashing technique
Care providers to receive influenza vaccine
Suctioning technique
Humidification
Changing the tracheostomy tube
Skin care
Techniques to facilitate speech
Care, cleaning of the tracheostomy tube
Safety considerations, emergency management
Principles of operation
Settings
Operation, maintenance, cleaning of equipment
Troubleshooting equipment
Schedule for ventilation, weaning
Response to alarms
Safety considerations, emergency management
When and who to call for symptoms
Procedure for emergency assistance
CPR technique
Telephone numbers posted near phone
Emotional and social needs of family
Sibling rivalry
Rehospitalization
Alternatives to home care
Transport bag with emergency supplies
Portable suction machine
Air travel with oxygen (Ref. 573)

Definition of abbreviations: CLDI ⫽ chronic lung disease of infancy; CPR ⫽
cardiopulmonary resuscitation; PRN ⫽ pro re nata (take as needed).
From Baker and coworkers (387), Colangelo and coworkers (397), and McCarthy (399).

373

• Organization of the infant’s daily schedule for convenience
• Completion of all teaching with documentation of caregiver
response
• Completion of all necessary referrals to community agencies and follow-up services
• Securing of necessary equipment and supplies
• Coordination of timing of postdischarge visits to specialists
and primary care provider
• Verification that medications are available at the local pharmacy
• Notification of rescue squad and utilities of high-priority
household
• Development and compilation of written discharge instructions and materials for the family
• Completion of a comprehensive discharge summary
A written care plan and supplemental materials regarding
key aspects of the infant’s care should be provided to the family
to help organize the care at home. The family should be advised
to post emergency numbers with their own address, phone number, and cross streets near their telephone. Telephone numbers
of the pediatrician, equipment company, specialists, and nursing
agencies should also be readily available. A comprehensive discharge summary including pertinent history, hospital course and
recent laboratory results, growth parameters, and immunizations
should be provided to the family, primary care provider, and
involved agencies. The family should also be provided with a
copy of the most recent chest radiograph (388).
Evaluation and Follow-up. Evaluation is a crucial component of the discharge planning process. Frequent telephone contact after discharge can determine whether the family has been
able to adapt to the new routine, if equipment vendors and
nursing agencies have provided the referred services, if the family
has kept follow-up appointments, and if the family has questions
about the infant’s care. Telephone contact or home visits can
be utilized to reinforce teaching, provide emotional support,
direct the family to appropriate resources, and assist them to
make necessary adjustments to the home care regimen. Communication with community care providers and agencies should
solicit their feedback about the effectiveness of the discharge
process. Any rehospitalizations should be analyzed for problems
related to teaching or with the discharge plan (387, 388).
2. Family impact. Home care generally creates a mix of positive and negative emotions for the parents. The unity of the
family unit is reestablished with the infant’s discharge. Timeconsuming hospital visitations are eliminated and parents have
an opportunity to watch their infant develop and thrive in the
home environment. Siblings can participate in social and caregiving activities with the infant. Parents gain a sense of accomplishment in their caregiving activities. They come to realize
that they can best respond to their infant’s needs, and begin to
feel more in control of their situation (398).
Potential negative effects have been well documented, including caregiver fatigue, social isolation, marital conflict, anxiety
regarding potential problems, sibling difficulties, and financial
demands (394, 398, 405). Stress may result from issues of privacy,
confidentiality, and conflict with professional care providers in
the home (406). Studies have suggested that home care for medically fragile children carries a high emotional cost for parents
unless adequate social and financial support is provided (394,
407).
Anticipatory guidance should be provided about the potential
impact of home care on family dynamics, activities, and schedules, including work-related activities. Through discussions of
these issues, families can identify possible approaches before
discharge and appropriate community resources can be accessed.
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Open lines of communication between both parents and the
professional care providers are essential to clarify roles and
expectations and facilitate successful adaptation. Peer support
through participation in a parent group or network is helpful
for many parents. Continued psychosocial assessment is required
throughout the duration of home care as the condition of the
infant and family dynamics change.
3. Case management. Case management services are being
used increasingly as a means to ensure comprehensive, familycentered, community-based programming for medically fragile
children and their families. The primary goal is to ensure continuity for the child and family across hospital, home, educational,
therapeutic, and other settings. Case management should ensure
that the health needs of the child are met and that financial
issues, psychosocial concerns, and educational needs of the child
and family are addressed. Case management is most effective if
a single individual is designated to manage the coordinated care
over time (408).
Key elements of the case manager role include the following:
(1 ) assessment of the needs of the child and family for resources
and support, (2 ) accessing and development of necessary resources, (3 ) coordination of services, (4 ) monitoring and evaluation of service provision and cost, and (5 ) family advocacy.
Clinical expertise, community awareness, expert communication, and problem-solving skills are required in the case manager
role (408, 409). Case management should promote the family’s
role as primary decision maker. Families may choose to be involved to varying degrees in case management activities. Many
parents take on increasing responsibility for care coordination
over time, and they should be encouraged and supported in this
role (404, 409, 410).
3.1. Medical case management. Comprehensive case management should not be confused with medical case management,
which is essential for the safe management of medically fragile
infants at home. Medical case management requires a designated
coordinator of the health care team who is knowledgeable and
available to make timely evaluations and decisions about
changes in the patient’s medical status. Medical case management includes the following: (1 ) monitoring and revision of the
medical care plan, (2 ) revision and certification of the continued
need for medical equipment, (3 ) reassessment of the required
levels of care and frequency of medical tests, (4 ) adjustment of
ventilatory support, drug therapy, nutrition, and other care, (5 )
referral for specialized services and medical consultation, and
(6 ) decisions regarding hospital readmission (404).
4. Alternatives to home care. Alternatives to home care may
require consideration based on a through evaluation of the needs
and wishes of the family and the expected course of the illness.
Examples of alternative settings include rehabilitation centers,
chronic care facilities, specialized foster care, and hospice programs. These alternative settings should be considered if the
assessment areas in Table 3 reveal any factors prohibitive to the
child’s care in their current home environment, or if the family
is unable to demonstrate adequate competency in the areas of
learning outlined in Table 4. Furthermore, as the level of intensity of home care increases, some families may not be able to
cope with the burdens imposed. While most families are able
to accommodate certain levels of home technology such as nebulizers, supplemental oxygen, and pulse oximeters, home mechanical ventilation can impose another level of commitment. As
home medical care becomes more complex, additional psychosocial stressors (two working parents, additional siblings, etc.) take
on added significance, and should be accounted for when deciding whether the child is best placed at home or in an alternative
setting. These settings should be carefully chosen with consider-

ation given to whether the goals are subacute, rehabilitative, or
chronic care.
B. Specific Interventions

1. Bronchodilators. Bronchodilators have become part of the
standard therapeutic regimen for infants with moderate to severe
CLDI because improvements in pulmonary function have been
demonstrated after treatment with bronchodilators belonging to
methylxanthine, ␤-sympathomimetic, and anticholinergic families.
Several groups have demonstrated that ␤ agonists can cause
short-term improvements in lung function (283, 297, 411) and
blood gases (412) in ventilator-dependent infants with early
CLDI. Aerosolized ␤ sympathomimetics, including isoproterenol, terbutaline, albuterol, and salbutamol, appear to improve
pulmonary function by reducing bronchospasm; improvements
in pulmonary function measurements have included increased
dynamic compliance, increased specific airway conductance, increased forced vital capacity, and decreased airway resistance
(273, 283, 296, 298, 411). Theophylline has been shown to relieve
bronchospasm and therefore decrease airway resistance and increase compliance (275, 301). Caffeine, another methylxanthine,
has also been shown to improve pulmonary function in infants
with CLDI (413), and is commonly used in the NICU for the
treatment of apnea of prematurity. In addition, the methylxanthines can improve diaphragmatic contractility (414). Orally administered theophylline and caffeine can have significant side
effects (tachycardia, gastroesophageal reflux, altered sleep and
behavior patterns), and thus, in general, the use of inhaled bronchodilators is preferred, especially after NICU discharge, once
the risk of apnea of prematurity is past. If methylxanthines are
used, strict attention should be paid to dose, and serum levels
should be monitored (5–15 mg/L for theophylline, 5–20 mg/L
for caffeine), as the therapeutic window can be quite narrow for
these agents. Anticholinergic agents (e.g., atropine, ipratroprium) can affect bronchodilation in this population (283, 298,
415), with synergism noted between ipratropium bromide and
salbutamol (416). Bronchodilator responsiveness, however, is
not universal and in one study no relationship was noted between
a positive response to a ␤ agonist and either postnatal age or
postconceptional age (417). Drug dose is one possible explanation for the apparent treatment failure seen in certain infants;
whereas 200 g of salbutamol given via a metered dose inhaler
(MDI) and spacer improved compliance and resistance in all
patients in one study, a universal effect was not seen if a lower
dose of 100 g was used (418). Many studies have examined
only the acute effect on lung function of a single dose of bronchodilator. Repeated doses of salbutamol given to ventilatordependent infants from as early as the first week have also been
associated with improvements in static compliance; the effect
was independent of postnatal age (411). Nevertheless, trials to
date have not demonstrated that in ventilated infants regular
bronchodilator therapy improves long-term outcome (419). Until such evidence is available, a reasonable course of action might
be to restrict such therapy to symptomatic patients, for example,
those with obvious bronchospasm that is interfering with effective ventilation, displaying such symptoms of increased work of
breathing as prolonged expiratory phase or use of accessory
muscles of respiration. Although ␤-agonist drugs have been reported to increase mucociliary clearance, there are no studies
demonstrating this effect in infants with CLDI.
In non–ventilator-dependent patients (300) and in infants
seen at follow-up (273, 298, 420), bronchodilators can result
in acute improvements in lung function: a reduction in airway
resistance and an increase in specific conductance, but not
changes in thoracic gas volume or dynamic compliance (273).
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No synergic effect on airway resistance or maximal expiratory
flow at functional residual capacity, however, has been noted
between inhaled metaproterenol and atropine (298). In prematurely born infants, with or without CLDI, the acute effect of
nebulized bronchodilator therapy at follow-up is variable. Although there may be an influence of postnatal age (421), more
consistent relationships with a response to therapy are positive
symptom status and lung function abnormalities (420, 422, 423).
In symptomatic, prematurely born young children regular terbutaline (424) or ipratropium bromide (425) via an MDI and spacer
improves lung function and reduces the occurrence of symptoms
at follow-up.
When using bronchodilators in infants with CLDI, the
method of administration is an important consideration. Although intravenous salbutamol causes rapid improvements in
lung function, this is associated with tachycardia (426). In both
ventilated and nonventilated infants (427), there is a low deposition of bronchodilator drug regardless of whether this is given
via a nebulizer or MDI and spacer. In addition, the deposition
is variable and favors central lung regions (427). Delivery from
an MDI has several advantages over nebulization; it takes a
shorter time, does not require adjustment of the ventilator flow,
or cause cooling of gases (427). In addition, in symptomatic
premature infants studied at follow-up, although via both delivery techniques similar levels of bronchodilation were achieved
after 15 minutes, delivery by an MDI and spacer avoided the
paradoxical deterioration in airway resistance seen 5 minutes
after nebulization (428). The paradoxical response is not consistently seen and, as the infants likely to be so affected are not
predictable (429), use of an MDI and spacer may be preferable.
Whether inhaled drugs are given by MDI and spacer or nebulizer, a face mask helps ensure optimal drug delivery.
Because the response to bronchodilators in infants with CLDI
is variable, infant lung function testing may be a useful way to
identify bronchodilator-responsive infants likely to benefit from
chronic bronchodilator treatment (417, 430).
2. Antiinflammatory drugs. Corticosteroids given postnatally,
specifically dexamethasone, facilitate weaning from mechanical
ventilation and extubation in most infants with BPD and have
become the most common pharmacologic agents used to treat
infants with evolving BPD and established CLDI. Although initial studies enrolled infants with BPD defined by oxygen dependence at 28 days of age and an abnormal chest radiograph, more
recent studies have initiated steroid treatment as an interdictive
therapy for infants who were considered to be at high risk of
developing BPD.
2.1. Corticosteroids in evolving BPD. Corticosteroids administered systemically in the first weeks of life to infants at risk of
or with CLDI improve respiratory status, and result in faster
weaning from the ventilator (302, 431–433). The most appropriate timing of commencement of such treatment, particularly
very early administration (less than 48 hours of age), remains
controversial (433–436) and under investigation. It has been
proposed that the results of corticosteroid treatment vary with
the age at which treatment is initiated. Steroids started within
the first 96 hours of life (early therapy) or between 7 and 14
days of age (moderately early therapy) facilitate weaning from
the ventilator, can decrease death or BPD at 28 days postnatal
age and 36 weeks postconceptional age, and decrease a later
need for “rescue” steroids for BPD (437–439). Early steroid
administration also reduces the incidence of BPD in very low
birth weight infants who received surfactant (436). However,
such early and moderately early therapy has been associated
with an increased incidence of hyperglycemia, hypertension, gastrointestinal bleeding, isolated intestinal perforation, decreased
growth, and nosocomial infection. Late therapy (treatment after
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3 weeks of age) facilitates extubation by 28 days after initiation
of treatment, but is associated with hypertension and poor
growth. The risks vary with the treatment plan. Adrenal and
hypothalamic–pituitary axis suppression have also been described (440, 441). There are also concerns regarding the delayed
side effects of prolonged corticosteroid use in infancy. There are
data that early treatment with steroids may result in decreased
alveolar number (442). Adverse neurologic outcomes have been
described, including abnormal neurologic examinations, cerebral
palsy, and developmental delay (254–256). Cardiac complications, including fatal cardiomyopathy and interventricular septal
hypertrophy, have also been described (443). Metaanalyses have
reviewed the effectiveness of postnatal corticosteroids in the
prevention of BPD (444–446). The National Institute of Child
Health and Human Development multicenter trial suggests that,
in view of the associated side effects and lack of long-term
benefit, routine use of oral corticosteroids is discouraged (447).
As a consequence of concern regarding the side effects of
systemic steroids, attention has turned to examining the efficacy
of steroids given topically. Nebulized beclomethasone given over
4 weeks improved lung function (448); but such solutions are
acidic and their administration has, in certain infants, been associated with a paradoxical reduction in lung function (449). Beclomethasone has also been given via an MDI as 1 mg/kg per day
in three divided doses. Using such a regimen for 7 days resulted
in, compared with placebo, a significantly greater proportion
of infants being extubated during the study period (450). This
advantageous effect was not, however, replicated with budesonide, although significant improvements in oxygenation and a
reduction in ventilatory requirements were noted (451). Although topical treatment may avoid the side effects associated
with systemic administration, a randomized trial (452) has demonstrated that any beneficial effect may occur more slowly. Improvements in lung function were seen only after 7 days and
not 36 hours, as with systemic treatment (452).
Inhaled steroids begun before 2 weeks of age and given for
4 weeks to ventilator-dependent preterm infants can reduce the
need for mechanical ventilation and “rescue” systemic glucocorticosteroids, but have not been shown to reduce the incidence
of BPD (453, 454). A Cochrane database analysis concluded that
1–4 weeks of inhaled steroids facilitates extubation in intubated
infants with BPD without increasing the risk of sepsis (455).
2.2. Corticosteroids in established CLDI. Antiinflammatory
drugs have been used to ameliorate asthma-like symptoms in
infants with CLDI. There are few studies documenting their
efficacy, however. Antiinflammatory agents given regularly to
prematurely born infants symptomatic at follow-up with CLDI
reduce symptoms, improve lung function, and lessen the need
for bronchodilator therapy. Corticosteroids (456) given via an
MDI and spacer have been used successfully, even in patients
aged less than 1 year. This is the preferred route for preventing
side effects of systemic corticosteroids. The more recent approval
in the United States of nebulized budesonide for use in infants
has made this an option as well. As in infants with asthma,
infants and children with CLDI treated with inhaled corticosteroids should be monitored for potential steroid side effects, including delayed growth, increased blood pressure, osteoporosis,
adrenal suppression, and cataracts. These side effects are seen
much less frequently than with systemic corticosteroids. Oral
candidiasis is a problem, however, and can be easily avoided by
rinsing the child’s mouth after inhaled corticosteroid use. This
is most readily accomplished by timing the use of inhaled corticosteroids to occur just before tooth brushing twice a day.
2.3. Other antiinflammatory agents. Limited experience with
cromolyn has been reported. A prospective randomized controlled trial found that initiation of cromolyn in intubated infants
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with RDS did not reduce the incidence or severity of BPD
defined as oxygen dependence at 30 days of life (457). A retrospective study that treated infants with established CLDI reported that cromolyn improved pulmonary function and reduced
ventilatory requirements in some patients (458). Nedocromil
sodium (459) and sodium cromoglycate (460) have also been
administered by MDI, spacer, and face mask.
Although leukotrienes have been implicated in the pathogenesis of CLDI and increased levels have been reported in bronchoalveolar lavage fluid from these infants (see Section II.A.1:
Lungs), there have been no studies to date on the use of leukotriene modifiers in infants with CLDI. It is, however, reasonable
to consider their use in children over 2 years of age with a
prominent asthmatic component.
3. Oxygen therapy. Young patients with CLDI often have
oxygen desaturation in room air. Physiologic consequences include bronchospasm (150, 151) and pulmonary hypertension
with secondary right-to-left shunting at the atrial level. Hypoxemic infants lack energy to feed, learn, and they sleep more
than their peers. Furthermore, infants with CLDI are known to
function at an increased metabolic rate that is not ameliorated
solely by improving pulmonary mechanics (461).
Although a compelling body of evidence supports the use of
chronic supplemental oxygen (391, 462), it is administered for
this group of infants somewhat reluctantly. This is largely a result
of perceived consequences of oxygen toxicity to the eye and the
lung. In addition, some have difficulty seeing the child as “oxygen
dependent” and are therefore reluctant to provide the needed
supplementation. Data from a study assessing the effects of differing levels of oxygen supplementation (targets of 89–94 and
96–99% oxygen saturation) on retinal development suggested
that pulmonary exacerbations of chronic lung disease were
greater in the group with the higher saturation target (463).
Increasingly, however, oxygen is viewed as a safe and relatively
convenient means for maximizing growth and development.
3.1. Physiologic effects of enhancing oxygenation. Convincing
data support normalization of arterial oxygen levels utilizing
supplemental oxygen in adult patients with chronic pulmonary
disease for both survival and function (464, 465). In infants,
direct measurement of pulmonary arterial pressure, pulmonary
arterial resistance, and oxygen saturation clearly demonstrates
that physiologic levels of oxygen saturation significantly lessen
the risk of pulmonary hypertension (152, 358). Longer term
clinical observations support this view, albeit controlled studies
have not been performed. In addition, long-term observations
support an enhanced nutritional and behavioral state in the welloxygenated child (466).
Alveolar hypoxia produces not only pulmonary vasoconstriction but also airway constriction that can contribute to hypoxemic episodes (150, 151). Oxygen reduces the level of pulmonary
artery pressure, occasionally to the normal range (358, 359).
However, pulmonary pressure in patients with severe CLDI may
not normalize because of structural remodeling of the vascular
bed (152, 206, 354, 355, 359, 467). Oxygen can acutely reverse
the functional hypoxic vasoconstrictive component but not the
restrictive, structural aspect of pulmonary hypertension. The
goal of oxygen therapy is threefold: to promote growth and
therefore repair of the developing lung, to provide adequate
exercise tolerance, and to diminish pulmonary artery hypertension and right ventricular work load. The ideal oxygen saturation
satisfying these criteria is located on the flat portion of the
oxygen–hemoglobin dissociation curve, so that a small decrease
in the partial pressure of oxygen does not produce a large reduction in oxygen saturation, and is not too elevated to reduce the
hypoxic respiratory drive in patients who retain carbon dioxide.
An oxygen saturation between 90 and 95% fulfills these require-

ments (468); values in the higher portion of this range provide
more of a safeguard against transient decreases in oxygenation.
Catheterization studies in patients with CLDI have documented
an inverse relationship between oxygenation level and both pulmonary pressure and pulmonary vascular resistance (152, 196,
206, 351, 354–356, 358, 359, 362, 467). The pulmonary pressure
reaches its lowest value when the systemic oxygen saturation
exceeds 95% (152, 358). Oxygen saturations in this range can
be achieved in some patients with nasal cannula oxygen (flow
rate, 0.25 to 3 L/min) with pulmonary artery pressure reductions
similar to that observed with the use of oxygen administered via
a hood with FiO2 greater than 0.80 (152, 359). Delivering oxygen
via a nasal cannula instead of a mask or hood, especially during
feeding and handling, provides more consistent oxygenation and
improved growth (391, 466, 469, 470). Maintaining systemic oxygen saturation greater than 90% also reduces the frequency of
central apnea (147) and the transient elevations in pulmonary
artery pressure associated with alveolar hypoxia. In addition,
because patients with CLDI have an abnormal response to hypoxia following arousal that can lead to prolonged apnea and
bradycardia, maintaining the oxygen saturation between 90 and
95% may decrease the higher incidence of sudden infant death
in this patient group (169, 174). Oxygenation varies with activity
and decreases with feeding (145, 471) or during sleep (145, 147,
148) so that monitoring during awake, feeding, and sleeping
periods is important before weaning a patient from supplemental
oxygen. Persistent use of night-time oxygen is often necessary
after day-time use has been discontinued because of altered lung
mechanics and irregular breathing during sleep (145, 148). The
mean corrected age when supplemental oxygen was discontinued
in a study from Denver was 7.9 months (353). The mean duration
of low-flow oxygen therapy in studies at sea level (Toronto,
Baltimore) was 3.5 to 4.5 months (391, 472). If there is persistent
right ventricular hypertrophy or a slow wean from supplemental
oxygen, patients should be screened for undertreatment (especially during sleep) or poor compliance with oxygen (207, 466),
and other conditions such as unsuspected congenital cardiac
defects (355, 356), upper airway obstruction from enlarged tonsils and adenoids or subglottic cyst (356), and chronic aspiration
with gastroesophageal reflux (207, 473). In this situation repeat
echocardiography, bronchoscopy, monitoring of respiratory pattern and degree of oxygenation during sleep, or esophageal pH
probe may be necessary.
3.2. Assessment of oxygen level. Sufficient evidence exists to
accept oxygen saturation measurement as determined by pulse
oximetry as the primary guideline (474, 475), even in the presence
of carbon dioxide retention (476, 477). Multiple determinations
are made in various states including rest, sleep, feeding, and
high activity, and in various positions. Furthermore, arterial
blood gas, end-tidal CO2, or bicarbonate determination can be
helpful in infants with suspected carbon dioxide retention, although the latter two are more useful when done serially. An
echocardiogram and ECG are helpful when relatively severe
pulmonary hypertension is suspected. Continuous oxygen saturation monitoring at home, monitoring oximetry during activity
or during feeding, and, if necessary, polysomnography are helpful, particularly for infants who are not doing well (349).
3.3. Recommendations for saturation level. (See flow sheet,
Figure 4, and Section IV.B.9: Ophthalmology.) Higher oxygen
saturation levels prevent most desaturation (146). Cardiac catheterization in relatively few and severely affected infants has demonstrated that pulmonary arterial pressure is lower at high levels
of saturation (152, 358). Unfortunately, longitudinal, controlled
studies comparing progress at various levels are not available. On
the basis of observations regarding pulmonary hypertension,
prevention of intermittent hypoxemia, and the knowledge that
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Figure 4. Oxygen supplementation and ventilator support decision tree
for infants with CLDI. FTT ⫽ failure to thrive; GER ⫽ gastroesophageal
reflux; RAD ⫽ reactive airway disease; ROP ⫽ retinopathy of prematurity;
SpO2 ⫽ oxygen saturation of arterial blood as determined from a pulse
oximeter.
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95–100% represents the physiologic range of oxygen saturation
for this age (478, 479), we recommend the provision of supplemental oxygen sufficient to achieve a saturation of 95% or more
once passed the age of oxygen-induced retinopathy (480, 481).
This provides a “buffer” zone against oxygen desaturation that
targets of 90% or more do not. Bearing in mind the cautionary
notes sounded by the STOP-ROP (Supplemental Therapeutic
Oxygen for Prethreshold Retinopathy of Prematurity) trial (463)
and the preliminary report of the BOOST (Benefits of Oxygen
Saturation Targeting) trial (482) on the increased number of
exacerbations of CLDI seen in the infants targeted for saturations of 95% or more, compared with the 89–94% range, it might
be best to aim for the lower end of the 95–99% range while
awaiting the result of further studies. However, it is important
to remember that these trials compared saturation targets applied to very preterm infants early in their course. Higher targets
applied to postterm, postconceptional age infants after the nursery course are likely safe and effective in promoting growth and
preventing pulmonary artery hypertension. These recommendations are similar to others (483). Recommendations for targeted
oxygen saturation while still in the age range of potential oxygeninduced retinopathy are more controversial (see Section IV.B.9:
Ophthalmology). Figure 4 presents a suggested approach.
3.4. Techniques for long-term oxygen administration.
Nasal Cannula. The nasal cannula is the most widely used
device for the delivery of enhanced FiO2, particularly in the ambulatory setting. It is convenient, safe, and well tolerated. Many
nurseries utilize a system to blend oxygen with room air in an
attempt to provide a relatively precise FiO2 because relatively
small changes in flow rates may produce unpredictable changes
in FiO2 (484). Refined calculations have been suggested to lend
a further degree of precision to the determination of FiO2 (485).
Although calculations for determining FiO2 have been suggested
as a practical matter these are not needed. In the ambulatory
setting most clinicians provide low-flow 100% oxygen to reach
a predetermined oxygen saturation reading. This is easily adjusted by the parents to match specific levels of activity. Feedback
devices that automatically adjust to variations of saturation are
under investigation (486, 487). Nasal anatomy, presence of mucus, and the like contribute to the flow of oxygen required to
maintain a specific level of saturation. In some cases, nasopharyngeal oxygen administration can be used, but its potential adverse
effects on swallowing function make its use less optimal than
nasal cannulas. Most centers advocate humidification of oxygen
(488) although studies of the efficacy of nonheated humidification are lacking.
Oxygen via Tracheotomy. The tracheostomy collar is most
widely used. Some have proposed a modification to keep the
size and appearance minimal (489). Most advocate enhanced
humidification. There is limited experience with transtracheal
oxygen administration in childhood (490).
Face Tents and Head Hoods. Although an acceptable
method of delivery of enhanced oxygen and humidity, they present several problems that complicate widespread usage. They
limit mobility and visibility of the patient. Carbon dioxide can
build up in the face of insufficient flow rates. Temperature and
moisture buildup can be a problem.
Oxygen Delivery Systems. The selection of an appropriate
delivery system depends on the flow and concentration of oxygen
needed (491). Consideration of equipment availability on the
part of local vendors and insurance coverage is considered. Options include compressed gas, liquid oxygen, and concentrators.
3.5. Traveling with oxygen. At sea level, considerations relate
to convenience, portability, and reliability. Both gas and liquid
tanks are suitable for the task. The major considerations relate
to safely securing the oxygen source, assuring a sufficient supply,
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and confirming the ability to observe and monitor the infant
during travel.
Vacationing at altitude and airline travel raise the added
consideration of a decreased inspired oxygen concentration.
Commercial aircraft generally maintain cabin altitudes between
6,000 and 8,000 ft, with the newest generation of aircraft utilizing
the higher altitudes. Furthermore, brief excursions to somewhat
higher levels are allowed during special circumstances. Without
supplemental oxygen, an altitude of 8,000 ft produces an inspired
Po2 of 118 mm Hg as opposed to 159 mm Hg at sea level (492).
Therefore, a patient with marginal pulmonary reserves or who
is maintained on supplemental oxygen will require an enhanced
FiO2. One method to estimate this is as follows (493):
FiO2 ⫻ (BP – 47) [ground level] ⫽ FiO2 ⫻ (BP – 47) [altitude]
where BP is barometric pressure in millimeters of mercury and
FiO2 is fractional inspired concentration of oxygen. It will be
necessary to estimate the FiO2 from the flow rate. Hypoxic challenges in the pulmonary function laboratory can also be performed to predict the effect of airline travel on SaO2 in a given
patient. An inspired oxygen concentration of 15–16% will mimic
the inspired Po2 in a commercial aircraft.
It is best to have the family contact the airline well in advance
of the flight to explain the child’s oxygen requirements. An
attempt should be made to utilize direct flights. If not, arrangements should be made to have oxygen available between flights
for oxygen-dependent infants. The physician will then have to
prescribe the amount and duration of oxygen therapy and will
most likely be requested to certify that the patient may fly safely.
Generally the airlines provide useful information.
3.6. Monitoring the oxygen-dependent infant in the home.
Vigilance for an empty oxygen supply, dislodged cannula, or
blocked valve is paramount. Knowing the pulmonary reserve on
room air is helpful, especially during sleep when the supplemental oxygen requirement may increase. In general, potentially
unstable patients are provided with an alarm system usually
consisting of a cardiopulmonary monitor. Oximetry has the advantage of providing an earlier warning but movement artifact
remains a problem. However, an oximeter in the home has the
additional advantage of providing the caretaker with useful information, thus saving on the expense and time for office or
hospital visits. This is particularly true during times of illness,
when home oximetry reports from the parents can help determine whether the supplemental oxygen flow rate or concentration should be increased, or whether the child needs to be further
evaluated in the office or emergency room. Insurance providers
may support use of these devices in the home. In addition, home
care providers also will take readings in the field.
3.7. Weaning from supplemental oxygen. (See flow chart,
Figure 4.) Weaning is accomplished by obtaining oxygen saturation measurements on progressively decreasing oxygen levels.
This is best done by continuous oxygen saturation monitoring
during sleep. With current technology and qualified home observers, it is now possible to do such studies in the home (494–
498), but this should be done only in children without concomitant signs of obstructive sleep apnea. Making decisions about
weaning based on short (20–30 minutes) awake oximetry studies
is not advisable; such studies can be misleading. One- to 2-hour
studies perform better as predictors of ability to wean (499, 500).
If high saturation targets (greater than 97%) are maintained
while awake, this is a good indication of the ability to maintain
oxygen saturations of greater than 92% while asleep (499). Finally, one must be cognizant of the differing requirements during
activity and sleep. In addition, an initially excellent reading does
not ensure that saturations will not drop several hours and even
days later. Therefore, it may be helpful to perform block weaning

(hours off) toward the end of the weaning process. The families
should be counseled that respiratory infections often result in
the infant being administered supplemental oxygen once again.
3.8. The child who is not doing well while receiving supplemental oxygen. The following should be considered if a patient
is not doing well during oxygen supplementation (see flow sheet,
Figure 4):
•
•
•
•
•
•

Another or an additional medical diagnosis
Not getting the oxygen—nonadherence
Supply has run out
Blocked tube or valve
Unnoticed dislodgment of cannula
Condition increasing in severity—frequently after a respiratory illness
• Pulmonary hypertension with atrial level right-to-left
shunting
4. Airway problems and tracheostomy care. Surgical treatment
of laryngeal or glottic webs, cysts, or granulation tissue is often
curative. When subglottic stenosis is severe, an anterior cricoid
split may allow for widening of the subglottic space and allow
for healing without the need for tracheostomy tube placement
(501). If the anterior cricoid split fails to relieve obstruction, or
if the infant does not meet criteria for the procedure, tracheotomy is necessary to bypass the obstruction. Tracheostomy tube
placement should be undertaken when other means of correcting
the obstruction have been ruled out, because speech development will be delayed and the need for specialized care and
monitoring will be increased. A tracheostomy allows for gradual
surgical correction of subglottic stenosis by a variety of techniques, including laryngotracheal reconstruction. Guidelines on
the care of the child with chronic tracheostomy have been published (502).
Tracheostomy tube placement alone or in conjunction with
prolonged continuous positive airway pressure has also been
advocated for the treatment of tracheomalacia (119, 134, 503–
507). Presumably, the collapsible airway segment should reside
within the length of tracheostomy tube for this approach to be
effective without the concomitant use of distending pressure.
The use of elongated tracheostomy tubes has been advocated
to allow for stenting of the distal trachea (503).
Relief of fixed airway obstruction can be achieved by open
tube resection of granulation tissue (115–117, 119, 120). Distal
tracheal and bronchial stenoses have been corrected by balloon
dilation under direct visualization (117, 119, 508) or fluoroscopic
guidance (509), or by electroresection (119).
Use of ␣-adrenergic agents such as racemic epinephrine may
afford temporary relief for patients with mild to moderate subglottic stenosis who experience acute exacerbation of symptoms
with upper respiratory tract infections. In this setting, pharmacotherapy is aimed at reducing any edema superimposed on the
already narrowed airway and unloading the nasal airway to minimize the resistive pressure losses leading to excessively negative
pressures at the level of the glottis. Systemic corticosteroids have
been used early in the course of subglottic stenosis, but their
effectiveness has not been formally assessed.
Several case reports of infants and children with intrathoracic
tracheomalacia describe relief of symptoms after aortopexy or
application of external tracheal splints (119, 510). More recently,
distal tracheomalacia and bronchomalacia have been successfully treated by implantation of expandable intralumenal metallic stents (511). Most of these series involve children with congenital airway problems, so that data regarding efficacy of these
procedures in children with CLDI are extremely limited. The
need to resort to their use is extremely rare.
Airways can be made stiffer by increasing airway smooth
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muscle tone (512–515). When the major cause of obstruction
results from a collapsible trachea, use of bronchoconstrictor
agents can relieve obstruction and improve forced expiratory
flows (346). Conversely, if dynamic airway collapse occurs because of reversible small airway obstruction, bronchodilator administration will relieve small airway obstruction and lessen expiratory pressure effort. This in turn can decrease dynamic
airway collapse. However, if bronchodilator drugs are administered in the setting of fixed small airway obstruction, they cause
relaxation of central airway smooth muscle without decreasing
expiratory pressure effort. This can exacerbate dynamic airway
collapse and worsen obstruction (346). Often, the only way to
tell whether bronchodilators will improve or worsen airflow obstruction in the clinical setting is to perform pulmonary function
testing before and after their administration.
5. Long-term ventilator care. Chronic mechanical ventilation
in a long-term facility or home setting is occasionally required
in infants with severe CLDI. This usually occurs under two
circumstances: (1 ) infants with severe lung disease and chronic
respiratory failure who have never been able to be weaned from
the ventilator in the NICU, and (2 ) infants who have been
weaned from the ventilator, but have suffered a setback severe
enough to warrant reinstitution of mechanical ventilation. Home
mechanical ventilation requires a major commitment of time,
money, and resources by health care workers and family members alike, but it can be life saving. Guidelines for the accomplishment of home mechanical ventilation have been published (516–
518).
6. Diuretics, afterload reducers, and other cardiac pharmacology. Diuretics are often used to treat infants with CLDI. Treatment with furosemide (238, 239, 519) or with chlorothiazide
and spironolactone (274, 275, 520) has been shown to improve
pulmonary function by increasing dynamic pulmonary compliance, increasing specific airway conductance, and decreasing airway resistance. The most commonly used diuretics in infants
with CLDI are chlorothiazide, furosemide, and spironolactone
(521). The sites of action differ, and therefore they are often
used in combination. Chlorothiazide inhibits sodium and chloride reabsorption in the distal tubule, furosemide inhibits sodium
and chloride reabsorption in the ascending limb of the loop of
Henle, and spironolactone decreases the activity of the sodium
potassium pump in the distal tubule, decreasing sodium resorption and potassium excretion. Thiazide absorption from the gastrointestinal tract is efficient, onset of action is within 1–2 hours,
and drug is cleared within 3–6 hours. Furosemide is also efficiently absorbed, with an oral onset of action of 1 hour and an
intravenous onset within minutes. Pharmacokinetic differences
between adults and children, such as reduced clearance and
prolonged half-life, exist for furosemide, and little is known
about the timetable of maturation of these differences (522).
Clinical toxicity of chlorothiazide is rare. Side effects of furosemide include hypercalciuria, and this has led to nephrocalcinosis (523). Transient deafness is rare, but it is best to avoid
furosemide when using other ototoxic drugs such as aminoglycosides. The thiazide and loop diuretics can cause hypokalemia
and metabolic alkalosis, which in turn can exacerbate CO2 retention in patients with CLDI. This is best prevented, and treated
if present, with adequate KCl supplementation. On the other
hand, spironolactone can cause hyperkalemia, especially when
not used in combination with other diuretics or when used concomitantly with potassium supplementation. Periodic monitoring of serum electrolytes is therefore essential in infants and
children treated with chronic diuretic therapy.
Despite their widespread use, little is known about the effects
of long-term use of diuretic therapy in infants with developing or
established CLDI with regard to survival, duration of ventilatory
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support or oxygen administration, potential complications, and
long-term outcome (524–526). Although inhaled diuretics may
transiently improve lung function, they have not been shown to
have a role in the chronic management of CLDI (527, 528).
The use of intravenous, oral, or inhalational vasodilators
other than oxygen should be considered experimental and limited to research protocols. The testing of these agents requires
careful hemodynamic monitoring with intravascular catheters in
a hospital setting. The basis for considering the use of such
agents is the relaxation of vasomotor tone associated with medial
hypertrophy of the pulmonary arteries and the possibility of
reducing the amount of supplemental oxygen that is necessary to
lower pulmonary pressure (196). There are a limited number
of reports on the use of nifedipine (206, 529), diltiazem (530),
hydralazine (358, 531), or prostacyclin (196) that have been largely
limited to acute drug testing. All these agents are nonselective
vasodilators and can cause systemic hypotension, tachycardia, and
hypoxemia due to ventilation–perfusion mismatching. In patients
with large systemic-to-pulmonary collateral vessels hypoxemia
can also result from decreased perfusion to the lung caused by
a reduction in systemic vascular resistance (358). The calcium
channel-blocking agents also can have a negative inotropic effect.
There is limited information about the pharmacokinetics of these
agents in infants, the short- and long-term effects in this age group,
and the persistence of beneficial effects with oral use. There
have been preliminary reports on the use of inhaled nitric oxide
as adjuvant therapy in children with CLDI who have severe
hypoxemic respiratory failure (532, 533). This agent is a selective
pulmonary vasodilator that improves oxygenation and lowers
pulmonary vascular resistance without systemic hemodynamic
effects. Additional studies are necessary to monitor potential
side effects, determine the minimum effective acute dose, and
the role of prolonged low-dose nitric oxide therapy.
Although most infants with CLDI outgrow systemic hypertension, sustained elevations of blood pressure should be treated.
Acute elevations in blood pressure can occur with rare reports of
cerebrovascular accidents (208). Electrocardiographic evidence
for left ventricular hypertrophy is present in approximately onefourth of the hypertensive infants (208). If systemic steroids are
being administered, such medication should be tapered because
this can result in resolution of hypertrophy (211). Pharmacologic
agents used have included hydrochlorothiazide, spironolactone,
furosemide, propranolol, or hydralazine (208). The mean duration of therapy for systemic hypertension is 7.7 months (range,
2 to 11 months).
7. Nutrition. Optimizing growth and development remains
the principal goal of nutritional support of infants with CLDI
(534). Initially many of these patients will be supported by parenteral nutrition or by a combination of parenteral and enteral
nutrition, particularly while they are supported by mechanical
ventilation. The optimal techniques and composition of enteral
feedings remain the subject of research studies. However, in
general the infants will require (1 ) increased energy compared
with the needs of healthy age-matched infants; (2 ) special attention to suck and swallowing coordination and gastroesophageal
reflux; (3 ) oxygen supplementation to meet their needs for oxygen that result from increased metabolic rates, in a setting of
diminished ability to transfer oxygen from the atmosphere to
the circulation. Anecdotal experience suggests that maintaining
oxygen saturation above 95% helps keep pulmonary vascular
resistance low, which diminishes right heart “strain,” thereby
decreasing energy requirements; and (4 ) fluid restriction in infants in whom diuretic therapy is insufficient to avoid pulmonary
edema.
7.1. Formulas. Specially designed formulas are available to
meet the extra calorie, protein, calcium, phosphorus, vitamin,
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and mineral needs of the acutely ill and chronically ill infant
with CLDI. Nutrient requirements are often complicated by fluid
restriction and the use of diuretics and other medications, which
cause nutrient loss or catabolism. Breast milk alone and standard
infant formulas are unable to meet the increased needs. These
higher nutrient requirements can be met through the use of
breast milk combined with breast milk fortifier, preterm formulas, and preterm follow-up formulas as the infant grows older.
Because of high caloric needs, 24 kcal/oz for newly born
infants is usually suggested with a change to 30 kcal/oz or more
for infants nearing 1 year of age and toddlers. Slow transition
to these calorically dense formulas should improve tolerance.
Because of the higher energy requirements of these infants,
an initial start with 120 kcal/kg per day often will result in “catchup” weight gain. If weight does not respond, the following equation will provide guidelines for calories for “catch-up” weight
gain: kcal/kg per day ⫽ (Recommended Dietary Allowance for
chronological age in kcal/kg multiplied by ideal weight for
height) divided by actual weight (535).
To increase formulas above 24 kcal/oz for the infant less than
1 year of age, modules in the form of fat or carbohydrate may
be used. Fat, as long- or medium-chain triglygerides, and carbohydrate, as glucose polymers, can be added as modules to the
formulas to increase the caloric density beyond 24 kcal/oz and
meet energy needs of 150 kcal/kg/day or more (536). Providing
more energy from fat may help to reduce the CO2 production
rate, although the benefits of increased dietary fat over the long
term remain to be demonstrated. Adding extra fat may decrease
gastric emptying, thus contributing to gastroesophageal reflux
and may lead to ketosis. Stools can be tested qualitatively and
quantitatively for fat in an infant with loose, greasy stools and
poor growth. Stools from infants receiving formulas with added
carbohydrate should be observed and if frequent and watery
should be tested for reducing substances. If abnormal stools
occur, then the amount of fat or carbohydrate added to the
formula should be reduced. When concentrating formula and
adding modules to increase calories, macronutrients should be
well balanced: 8–12% protein, 40–50% carbohydrate, and 40–
50% fat (383). Caloric density of formula may also be increased
by adding rice cereal: 1 teaspoon of rice cereal per ounce of
formula increases caloric density by 5 kcal/oz. Blended avocado,
which also adds potassium to the diet, may also be used to
increase the caloric density.
The use of fat or glucose to support the energy needs of
infants with CLDI also remains the subject of investigation. The
increased CO2 production from metabolism of carbohydrates
compared with fats has led some to increase the amount of fat
in infant formula or intravenous solutions, such that the majority
of calories delivered are from fat (537, 538). Infants with CLDI
fed a formula in which fat contributed 67% of calories had lower
rates of CO2 production and lower respiratory quotients than
those fed a formula with a lower fat, higher carbohydrate content. However, pulmonary function test results were equivalent
in both groups of infants and both formulas promoted adequate
growth and weight gain over the short-term study (539).
Protein intake should be at a level similar to that of a healthy,
growing infant of a similar age. It should be recognized that
protein catabolism induced by corticosteroid medications can
be significant. However, it is uncertain how much “extra” protein
should be provided to compensate for losses when corticosteroids are used or even if it is possible to overcome the catabolic
process (540). These requirements range from 3 g/kg/day in early
infancy to a rate of about 1.2 g/kg/day in early childhood. The
young infant should receive no more than 4 g/kg/day because
of the risk of acidosis related to immature kidneys.
Assessment of micronutrients, in addition to macronutrient

balance, is necessary. Oral and enteral feed intake may be low
in vitamins and minerals, and supplementation should be considered if they are less than 100% of the Recommended Dietary
Allowance. A standard multivitamin (0.5–1.0 cm3) should be
adequate.
Vitamin A supplementation to the level of 1,500 to 2,800 IU/
kg/day or 450 to 840 g/kg/day in infants appears to be safe and
has led to a decreased incidence of bronchopulmonary dysplasia
in infants who are vitamin A deficient with respiratory distress
syndrome, a decreased number of days during which these infants were provided with mechanical ventilation and supplemental oxygen, and a decreased number of days in an intensive care
unit setting (541). In contrast, others have found no beneficial
effect of vitamin A supplementation if the infant is vitamin A
sufficient at the time of diagnosis (542). It may be that the
inconsistent results are a result of dosing regimens. One trial
showed a modest effect of high-dose vitamin A in preventing
CLDI (543).
Fluid intake may need to be restricted. In practice, it is often
difficult to reconcile the need to provide adequate calories for
growth and at the same time severely restrict fluid intake.
Smaller, immature infants receiving 24–28 kcal/oz formula may
need to start with 75–90 cm3 fluid/kg/day. From 95 to 150 cm3
fluid/kg/day may be well tolerated later as lung health improves
(534).
Renal solute load and osmolality should be considered when
concentrating formula and adding modules. Providing enough
free water is important and should be frequently monitored.
The American Academy of Pediatrics recommends that infant
formulas have an osmolality of less than 450 mOsm/L. Medications and carbohydrate modules can increase osmolality.
7.2. Feeding techniques. Continuous naso- or orogastric tube
feedings lower resting energy expenditure and are almost universally necessary in young, immature infants with CLDI. As respiratory status improves bolus feedings may be initiated; however,
additional supplemental oxygen may be required. If adequate
calories for growth cannot be taken during the day, the use of
continuous nighttime gavage feedings may greatly supplement
caloric intake, but the infant must be monitored for evidence
of aspiration. Suck and swallowing dyscoordination or weak
swallowing limits the use of bottle or breast feeding initially
(471). Concomitant stimulation of oral–motor skills should occur
in all tube-fed patients to prepare them for eventual feeding by
mouth when there is no longer a risk of oral–pharyngeal aspiration and swallowing functions have matured (544).
Whether feeding by gavage, nippling formula, or expressed
human milk, or feeding directly at breast, the infant’s behavioral
state and neuroregulatory system should be taken into account.
These babies are easily overwhelmed by tactile, visual, auditory,
and kinesthetic stimuli. When gavage fed, they should remain
in their shielded isolette, supported gently and given the opportunity to suck on a pacifier. Feeding should be timed to coordinate
with the baby’s natural sleep cycle to encourage a natural pattern
between sleep, awake time, and feeding. Excessive crying periods
should not occur because of a predetermined feeding schedule.
Oral–motor dysfunction during feeding should be recognized
as soon as possible. A skilled nurse or occupational therapist
may be helpful in the diagnosis and management of this condition. Parents should be informed about appropriate maneuvers
to improve neuromuscular coordination during feeding such as
thickened feeds. Supervised practice before discharge is useful.
Parents of an infant with CLDI are usually anxious about
weight gain as a marker of the baby’s improving health. Because
weight gain is often slow and setbacks are common, it is important to provide parents with realistic expectations about growth.
This is especially critical when the baby is taken home and the
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parents now have primary responsibility for feeding and weight
gain.
7.3. Electrolytes and mineral homeostasis. Electrolyte requirements from the end of the first month of life onward are
in the range of 4 to 7 mEq/kg/day (sodium) and 2–4 mEq/kg/
day (potassium), but must be monitored and provided to support
the actual clinical conditions of each infant (545). The use of
diuretics to manage fluid requirements and dexamethasone to
accelerate lung maturation may often complicate the management of appropriate electrolyte and mineral homeostasis in these
infants. Calcium and phosphorus intakes for parenterally fed
preterm infants with a body weight of 1–3 kg are as follows:
calcium, 60–90 mg/kg/day (1.5–2.25 mmol/kg/day); phosphorus,
47–70 mg/kg/day (1.5–2.25 mmol/kg/day); and magnesium, 4.3–
7.2 mg/kg/day (0.18–0.30 mmol/kg/day). Enteral intakes are as
follows: calcium, 120–230 mg/kg/day (3.0–5.63 mmol/kg/day);
phosphorus, 60–140 mg/kg/day (1.94–4.52 mmol/kg/day); and
magnesium, 7.9–15 mg/kg/day (0.33–0.63 mmol/kg/day). A randomized blinded nutrition study of 60 infants with CLDI showed
greater “catch-up” linear growth and improved lean body and
bone mass when the infants were fed a formula that had a high
protein, calcium, phosphorus, and zinc content (546). After a
weight of 3.0 kg is achieved mineral intakes similar to that of
term infants are recommended. Vitamin D intakes range from
40–160 IU/kg per day for preterm infants to 150–400 IU/kg/day
to a maximum of 800 IU/kg/day for term infants with adequate
mineral intake (547).
The infant who is receiving human milk or fortified human
milk may need iron supplementation of 2–3 mg/kg per day.
Premature infant formulas contain iron and additional iron
should not be given unless iron deficiency is diagnosed (536).
Infants should be monitored by repeated assessment of their
micro- and macronutrient intakes and adjustments made to meet
their requirements. Minimal supplements may be necessary, particularly if fluid is severely restricted or the patient is receiving
diuretics. Weight, length (or height), and head circumference
should be measured serially as well to determine the adequacy
of nutritional support.
7.4. Gastroesophageal reflux. Pathologic gastroesophageal reflux is a significant problem for infants and young children with
CLDI (118). When diagnosed, medical management with antacids, H-2 receptor antagonists, or proton pump inhibitors and/or
prokinetic agents is often successful in reversing the pathologic
symptoms. When symptoms are life-threatening or persistent
then a fundoplication may be indicated.
8. Developmental intervention. On the basis of sound neurodevelopmental principles, recommendations for care in the nursery
and afterward can be made to enhance outcome.
8.1. Procedures. Procedures such as bathing, change of clothes,
venipuncture, suctioning, and lumbar puncture can be coordinated with the goal to prevent overstimulation and excessive
energy consumption. Nursing personnel can plan procedures at
moments when a baby shows behaviors that indicate a readiness
to interact.
Sponge bathing may initiate a tactile overload in these fragile
babies. Alternatively, immersion in a warm bath has a soothing
effect. An opportunity for sucking and holding onto the caregiver’s finger during a procedure encourages a relaxed state.
Limiting unnecessary stimulation such as stroking, talking, and
position shifts should be encouraged. Sleep cycles should be
monitored and the interruption of deep sleep prevented whenever possible. The maintenance of a calm environment and
schedule with gradual transitions when initiating a procedure will
preserve energy for the critical time of feeding and interpersonal
interactions (548).
8.2. Attachment. To maximize interpersonal experiences and
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encourage attachment behaviors, NICU caregivers should be
consistent from shift to shift. When feasible, a small cluster of
caregivers will not only enhance the baby’s development but
also will be helpful to the family.
Social interchange with an infant with CLDI should be modulated and carefully titrated. Facial expressions that are not overly
animated but quiet looking, and firm containment of the limbs
and trunk set the stage for the optimal maintenance of an alert
state. Talking should be limited while looking at the baby so
that all the infant’s reserve can be used to visually engage the
caretaker.
8.3. Physical environment. In the NICU and at home, the
physical environment that surrounds a child with CLDI can be
organized in a way to minimize the negative effects of the disease
process. The infant’s crib or isolette can be placed away from
sinks, telephones, and radios to avoid excessive auditory stimulation. Where possible, excessive activities of NICU personnel
near the infant should be limited. Lighting can be adjusted by
dimming when critical observation and monitoring are no longer
necessary. The infant’s clothing can aid in state regulation and
encourage sleep or a quiet alert state by swaddling and a hat.
The maintenance of a safe, quiet environment that limits sensory
overload prepares the child for social interaction and preserves
its energy for feeding.
By mentoring parents on the behavioral interventions that
will encourage growth and development while in the NICU,
parents are given a head start when they bring the baby home.
Discharge planning that considers all the behavioral implications
of procedures, feeding, sleep–wake cycles, and the physical environment at home is critical to ongoing care.
8.4. Vulnerability. A prolonged hospitalization in an NICU,
combined with wires, tubes, and monitors necessary for survival,
creates a sense of fragility and vulnerability. The “vulnerable
child syndrome” that is a result of a neonatal intervention may
occur with benign, self-limited conditions such as hyperbilirubinemia with phototherapy in some families, as well as after a
serious medical condition (549, 550).
Infants with severe CLDI, in fact, are quite fragile. Their life
hinges on assisted ventilation, a prolonged course of oxygen
therapy, and adequate caloric intake to allow pulmonary maturation and somatic growth. Added to this burden is the prolonged
NICU hospitalization, which often creates for the parents a sense
of dependency on medical personnel and technology. Even for
those infants for whom the home oxygen requirement and
cardiopulmonary monitoring are relatively brief and adequate
somatic growth is established, some parents may continue to
perceive their child as vulnerable to illness and psychological
problems for many years. The long-term outcome of these children, who continue to be perceived by their parents as excessively vulnerable, can be marked by excessive parental concerns
about the health and development of the child, medical visits for
minor symptoms, underestimation of the child’s developmental
potential, separation problems, sleep problems, and resistance
to limit setting.
To prevent an exaggerated sense of vulnerability, a variety
of interventions in the NICU can be planned as part of the care
for all infants with CLDI (Table 5). These prevention measures
should be continued after discharge, during office visits, and by
home care health workers.
9. Ophthalmology. On the basis of the resiliency of the retinal
vasculature once growth to the ora is complete, the retina of the
fully vascularized former premature infant may be considered
“safe” from mildly elevated arterial oxygen levels. This is assumed also to be true for the retinas of premature infants who
have undergone peripheral retinal ablation (cryotherapy or laser
therapy) of severe ROP, as these infants have no residual avascu-
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TABLE 5. PREVENTION OF VULNERABLE CHILD SYNDROME–CHRONIC LUNG DISEASE OF INFANCY
Prevention (in NICU)
Keep parents informed about medical issues
Encourage parents to express concerns
Support parents’ appropriate perspective, attitudes, and plans
Work with parents when distorted perceptions or unsuitable plans are apparent
Do not use terms that suggest a diagnostic entity when there is no real evidence supporting it, e.g., “allergy,” “colitis”
Mobilize family support when needed
Management (in office)
A detailed physical examination (while narrating findings) to emphasize child’s physical, developmental, and behavioral strengths
Discuss events in NICU and parental responses to them
Assist parents to establish relationship between reactions in NICU and present problem or perception of a problem
Encourage parents to perceive and handle child in an appropriate manner—physically and developmentally
Teach and role model appropriate limit setting
Refer for psychiatric evaluation and treatment if necessary
Definition of abbreviation: NICU ⫽ neonatal intensive care unit.
Modified from Levine and coworkers (574).

lar retina, nor any remaining immature retinal growing capillaries. The problems arise in those oxygen-dependent infants with
peripheral avascular retina, with or without active ROP. These
infants clearly remain at risk for ROP progression, and the best
information we have, albeit weak, requires physicians to administer oxygen to these infants with care, with monitoring to avoid
sustained hyperoxemia.
Until more recently, PaO2 levels of 95–100 mm Hg were considered unsafe for the retinal vessels of the premature infant’s
eyes, and values of 50–80 mm Hg were targeted instead, approximating oxygen saturations of 90–95%. This recommendation
was accepted practice in the early days after birth, despite little
evidence to document its safety and efficacy. It was considered a
rational compromise between fetal arterial PaO2 (about 25–45
mm Hg) and the level a healthy preterm infant would have while
breathing room air (90–95 mm Hg). New evidence about the
safety of higher saturations targets has appeared (551). In the
United States, a multicenter trial among oxygen-dependent premature infants with moderately severe ROP (STOP-ROP study)
determined the effect on ROP of two different oxygen saturation targets, either 89–94 or 96–99% (463). In contrast to earlier
opinion, this study found no adverse effects in infants with prethreshold ROP on progression to threshold ROP with the higher
oxygen saturation targets. Thus, although unrestricted supplemental oxygen is to be avoided, saturation targets of 95–99%
do not appear to increase, and in some cases may even decrease,
risk of progression of ROP. This is reflected in the flow diagram
of Figure 4. A multicenter trial being conducted in Australia
(the BOOST study) (482) is studying the effects on growth,
health, and development among infants with CLDI (irrespective
of their ROP status) randomized to the same two target saturation ranges as used in the STOP-ROP trial.
Two issues arise in the home care of infants with unresolved
ROP and CLDI, one with oxygen control, and the other with
completion of follow-up care. Parents cannot usually be expected
to provide close oxygen control and pulse oximetry at home
without extensive support. To the extent that poor control of
oxygenation may lead to worsening of the ROP, or occurrence of
ROP in the incompletely vascularized eye, this poses a potential
threat.
At least as important, however, is the stress placed on these
families and how this can lead to missed follow-up appointments
to the ophthalmologist. When an infant still at risk for ROP
progression to threshold goes home, the chances decrease that
detection and treatment of the threshold ROP (if it develops)
will be timely and effective. Peripheral ablation for threshold
ROP has proved effective (552, 553) in reducing blindness from

ROP, and it is a tragedy for an infant to successfully transition
to home, only to go blind without the opportunity for treatment
because of missed follow-up appointments. In general, ROP that
is regressing with vessels that have passed into Zone 3 on at least
two sequential examinations is extremely unlikely to progress to
threshold ROP or any vision loss (554). Infants whose vessels
and/or ROP are still in Zone 1 or Zone 2 are at a higher risk
for progression to threshold (555) and are a special challenge for
the discharge planner and family. In such infants, ophthalmology
visits should be scheduled every 1–2 weeks to monitor for progression, depending on the severity of the ROP. The incidence
and severity of ROP are decreasing in some centers, possibly
because of scrupulous monitoring of oxygen levels early in life
as well as early aggressive ophthalmologic intervention (481). It
may be decreasing for other unrecognized reasons as well, such
as decreased incidence of intraventricular hemorrhage.
10. Well-child care. In addition to their specialized needs,
infants with CLDI have all the usual requirements for wellchild care. Indeed, the vulnerability of infants with CLD toward
complications of lower respiratory infections during the first year
or two of life makes prevention paramount. Counseling about
smoking and allergens/irritants in the home assumes special significance. Avoidance of multichild day care settings is recommended along with the proven protective effects of hand washing.
The introduction of respiratory syncytial virus passive immunization with polyclonal and monoclonal antibody preparations
provides a significant degree of protection against severe disease
requiring hospitalization, but not against infection (556, 557). In
addition, influenza immunization of the child (when old enough)
and the care takers is also recommended.
It is important to counsel parents that infants with CLD
affected by a lower respiratory infection frequently require an
escalation in care. The child in whom supplemental oxygen has
been discontinued may require its reinstitution for a length of
time. The child receiving oxygen may require ventilator support.
Such a pattern is common and usually reversible, but causes
considerable anxiety for all involved.
11. Ethical issues. Ethical concerns tend to arise at certain
nodal points in the care of children with chronic lung disease.
Ethical decisions regarding the lower limits of viability in very
preterm infants have been discussed extensively elsewhere (558).
Another major ethical decision point occurs for children who
are unable to be weaned from mechanical ventilation, or who
require institution of mechanical ventilation without any likelihood of weaning any time soon. The decision-making process
involved has been discussed in several thoughtful articles (559,
560). Guidelines for helping with decisions regarding long-term
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mechanical ventilation were proposed by Farrell and Fost (560).
They suggested (1) obtaining the correct facts on prognosis (good
ethics start with good facts); (2 ) avoiding irreversible decisions
under uncertainty; this in general argues in favor of instituting
ventilation in patients with severe CLDI, because it often improves over time, but of course concomitant medical conditions
must be considered as well; (3 ) remembering that withdrawing
treatment is ethically preferable to withholding it; (4 ) resolving
disagreements with the use of outside consultation, for example,
ethics committees; (5 ) including the entire family in the decisionmaking process; (6 ) remembering that consent is a process, not
an event; and (7 ) identifying one primary health care provider
who assumes responsibility for the key discussions regarding
major medical decisions.
Discharge planning from the neonatal intensive care unit
brings its own set of ethical concerns, as discussed in Section
IV.A (Transitioning the Child with CLDI from Hospital to
Home). Difficult decisions must be made in addressing the degree
of technology necessary to enable a child with chronic respiratory
failure, and growth and developmental problems, to be discharged from hospital. The relative roles of family and society
in the care of these children vary from one country to another,
and in many cases depends on differences in health care system
structure and insurance coverage.
In very ill children with CLDI, two other areas that require
ethical considerations are lung transplantation and terminal care.
11.1. Lung transplantation. In rare instances, all of the abovedescribed means of supporting the infant with CLDI fail. In such
instances, consideration can be given to lung transplantation.
Lung transplantation has been attempted in a handful of infants
with CLDI (561, 562); living related lobar donor procedures
have been performed. There is not enough long-term experience
with this procedure to be able to predict ultimate outcome and
whether the transplanted lung will have the growth potential
necessary to sustain the patient for his or her lifetime.
11.2. Terminal care. On occasion a child with CLD will be
at the stage where terminal care is warranted. The same experience and approaches for home death and bereavement that have
been successfully applied to children with terminal oncologic
problems or late-stage cystic fibrosis can be utilized (563–566).
Fortunately, with improvements in care this is rarely warranted.

V. CONCLUSIONS AND CLINICAL
RESEARCH QUESTIONS
In summary, CLDI is a multisystem disorder that affects more
than just the lungs, and is likely to remain a lifelong condition,
albeit decreasing in severity with growth. Whether severity decreases or increases with further aging is unknown. Although
there are several good randomized clinical trials that have investigated the effects of various treatments on the development of
CLDI, there is little information from controlled clinical trials
on treatment of established CLDI throughout childhood and
adulthood.
The following is a compilation of some of the important areas
that should be addressed in the next decade of research into the
care of children with CLDI. There are many questions worthy of
exploration; the following list is neither exhaustive nor exclusive.
Most importantly, many of these questions would require large,
well-designed, multicenter prospective studies to answer. Mechanisms for funding such studies should include support for coordinating centers, modeled after such studies as the Primary Pulmonary Hypertension Registry supported by the NIH or the
Therapeutic Development Center Network supported by the
Cystic Fibrosis Foundation.

383

A. Epidemiology

1. What is the best definition of BPD? How does supplemental oxygen requirement at 36 weeks postconceptional age
differ from than an oxygen requirement at 28 days of life
as a predictor of subsequent CLDI?
2. Is the incidence of BPD increasing or decreasing? Surfactant therapy would be expected to have competing effects:
higher survival rates of lower birth weight infants in whom
RDS and BPD are more prevalent versus possible reduction in incidence of RDS/BPD in a given cohort of birth
weights. Are we saving more premature, higher risk infants? Are there clinically important differences between
the “new” BPD and “old” BPD as these infants grow into
children with CLD?
3. As newer therapies are introduced (e.g., antioxidant and
antiinflammatory agents), will they affect the prevalence
of CLDI? Will newer ventilatory strategies aimed at decreasing barotrauma (e.g., high-frequency oscillatory ventilation and liquid ventilation) decrease the incidence of
CLDI?
4. What is the natural history of lung function changes in
CLDI? Do children with CLDI become adults with COPD?
B. Pulmonary and Airway Injury

1. Pathophysiology.
a. What is the relative importance of barotrauma and oxygen
toxicity in causing CLDP and CLDI? Further work is
needed to elucidate the roles of inflammatory mediators
in CLDP and CLDI pathogenesis.
b. Do high-frequency ventilation, liquid ventilation, nitric oxide therapy, extracorporeal membrane oxygenation, and
antioxidant and antiinflammatory therapies interrupt the
pathogenetic process?
c. Is early diuresis important in the ultimate development of
CLDP and CLDI?
d. What are the mechanisms of central airway injury? Are
they similar to those for pulmonary parenchymal injury?
What additional role does the presence of an artificial airway play? How do various modes of ventilatory strategy
(intermittent mandatory ventilation, synchronized intermittent mandatory ventilation, assist control, liquid ventilation) or alternative patient–ventilator interfaces (nose
mask, nasal prongs, negative pressure body ventilators)
affect the development of central airway injury?
e. What is the role of intrinsic factors such as initial lung
size, airway size, and atopy in determining the outcome of
CLDI? Do the genotype/phenotype correlations currently
being investigated for asthma have a role in determining
“susceptibility” to developing CLDI and its long-term consequences? Are there other genetic risk factors for CLDI,
for example, polymorphisms in surfactant protein genes?
f. What is the role of airway remodeling in the development
of CLDI? Does the airway hyperreactivity in infancy and
childhood predispose to fixed airway obstruction in adulthood apart from the structural airway abnormalities present at birth?
g. How does smoking (passive or active) interact with CLDI
to affect adult lung function?
2. Diagnostics.
a. What is the relationship between bronchoalveolar lavage
fluid inflammatory markers of lung injury and alterations
in lung function?
b. What are the advantages of following lung function tests
in infants with CLDI? Are the benefits worth the costs?
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c. What role does respiratory muscle fatigue play in the development of chronic respiratory failure in infants and
children with CLDI? What are the best tests for assessing
respiratory muscle fatigue?
d. What is the natural history of the alterations in lung function, central airway function, airway hyperreactivity, exercise function, and lung function decline in adult life?
3. Therapeutics.
a. How can animal models that explore BPD pathogenesis
be used to explore preventative and treatment strategies
for BPD and CLDI?
b. What is optimal pharmacotherapy of CLDI? What are the
effects of antiinflammatory and bronchodilator agents on
pulmonary function and improvement in lung function
with time? For example, a number of substantial questions
remain about the use of systemic and nebulized corticosteroids: Who should be treated? When should treatment be
started? What is the best therapeutic regimen? How long
should treatment be continued? What is the risk-to-benefit
ratio? Is it possible to identify infants at high risk of developing BPD and initiate steroid therapy earlier in those
infants? What is the role of cromolyn sodium? What is
the role, if any, of leukotriene receptor antagonists? Can
chronic antiinflammatory therapy prevent airway remodeling in patients with CLDI as they age? All studies investigating pharmacotherapy of CLDI should be controlled,
blinded, and prospective to provide information suitable
for the practice of evidence-based medicine.
c. What are the best pharmacologic treatments and ventilatory strategies for treating abnormally high central airway
compliance?
d. What are the risk-to-benefit ratios of maintaining oxygen
saturation vis à vis risk of cor pulmonale versus risk of
ROP?
e. What is the minimal oxygen saturation necessary for adequate growth?
f. What are the indications for, referral criteria for, and longterm pulmonary outcome of lung transplant for CLDI?
C. Respiratory Control during Sleep: Relationship between
Chronic Lung Disease of Infancy and Sudden Infant Death
Syndrome

1. Does cardiorespiratory monitoring enhance the safety of
infants with CLDI? Which infants?
2. What are the indications for performing tests of control
of breathing in infants with CLDI? Which tests should be
performed?
3. Does supplemental oxygen decrease the incidence of sudden infant death syndrome (SIDS) in infants with CLDI?
D. Cardiac Complications

1. What is the best way to monitor for the development of
pulmonary hypertension and cor pulmonale? What is the
sensitivity and specificity of the ECG in this patient group
for the diagnosis of cor pulmonale? Of the echocardiogram? In what percentage of patients can pulmonary pressure be estimated by Doppler echocardiography?
2. It is necessary to further define the role of inhalational
nitric oxide for patients during acute pulmonary exacerbations. What is the ideal dose of NO? What is the frequency
of complications? What impact does such adjuvant therapy
have on outcome and length of admission?
3. What is the role of cardiac contractility studies in this
patient population? What are the relative roles of quantitating left ventricular and right ventricular contractility

with dP/dT echocardiographic studies and radionuclide
scans?
4. Is there a role for CPAP in increasing left ventricular
function by increasing pleural pressure, thereby decreasing
left ventricular afterload?
5. Is there a role for magnetic resonance angiography in
defining cardiovascular complications of BPD?
E. Nutrition and Gastrointestinal Complications

1. What are the relationships between somatic growth and
lung growth?
2. What is the role and what are the indications for mechanical ventilation in promoting somatic growth by decreasing
the caloric expenditure of the work of breathing?
3. What are the relative roles of the work of breathing versus
metabolic cost of pulmonary inflammation in the excessive
caloric expenditure of infants with CLDI?
4. What are the best ways to assess nutritional status? What
is the clinical utility of skinfold thickness measurement
and bone densitometry?
5. What is the role of aspiration lung diseases in perpetuating
the lung damage of CLDI, and what is the role of treatment
of aspiration in resolving CLDI?
6. Do techniques of feeding and stimulating development of
oral–motor function allow infants with CLDI to progress
more rapidly to full oral feeding?
7. Development of postnatal premature growth curves against
which to plot the growth of infants with comparable degrees of prematurity and CLDI.
F. Renal Complications

1. What are the best ways to prevent and treat renal stones
and disordered calcium metabolism due to diuretic use?
2. What is the pathophysiology of systemic hypertension in
infants with CLDI, and what are the best ways to treat it?
3. What is the natural history of renal function into adolescence and adulthood? Is there an increased prevalence of
chronic renal disease/renal failure in adults with a history
of CLDI? Is there an accelerated loss of renal function
with aging?
G. Neurodevelopmental Complications

1. What are the relative roles of CLDI versus prematurity
per se in neurodevelopmental outcome?
2. What are the effects on neurodevelopmental outcome of
newer developments in therapy of CLDP, for example,
ventilator management strategies, surfactant therapy, and
antiinflammatory and antioxidant therapy?
3. What is the natural history of childhood developmental
disabilities associated with CLDI, for example, attention
deficit–hyperactivity disorder/pervasive developmental disorder, vulnerable child syndrome?
H. Ophthalmologic Complications

1. At what postconceptional age and stage of retinal development is it safe to liberalize supplemental oxygen to maintain a saturation of greater than 95%?
2. What is the natural history of ROP into adolescence and
adulthood? What are the best therapies to halt progression
to blindness?
I. Home Care of the Child with Chronic Lung Disease of Infancy

1. What are the effects of specific interventions (e.g., home
cardiorespiratory or oximetry monitoring, home nursing,
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case management), on long-term outcomes for infants and
families?
2. What is the effectiveness of specific teaching strategies in
preparing families for discharge from acute care settings?
3. What are the optimal techniques for tracheostomy care (e.g.,
suctioning, cleaning of tubes, frequency of tube changes)?
4. What are ethical aspects of home care (e.g., defining relative risks and benefits, scope of parental and professional
responsibility)?
J. Well-Child Care of the Child with CLDI

Better definition is needed of the risk factors for severe lower
respiratory illness in infants with CLDI and also infected with
respiratory syncytial virus.
This official statement was prepared by an ad hoc subcommittee
of the Assembly on Pediatrics. Members of the subcommittee
are:
JULIAN ALLEN, M.D., ATS Co-Chair
ROBERT ZWERDLING, M.D., ATS Co-Chair
RICHARD EHRENKRANZ, M.D.
CLAUDE GAULTIER, M.D., ERS Representative
ROBERT GEGGEL, M.D.
ANNE GREENOUGH, M.D., ERS Representative
RONALD KLEINMAN, M.D.
ANNE KLIJANOWICZ, M.S.
FERNANDO MARTINEZ, M.D.
ALI OZDEMIR, M.D.
HOWARD B. PANITCH, M.D.*
DALE PHELPS, M.D.
BRUCE G. NICKERSON, M.D.
MARTIN T. STEIN, M.D.
JEAN TOMEZSKO, PH.D., R.D.
JOHN VAN DEN ANKER, M.D., PH.D.
*The committee would like to acknowledge the editorial expertise of Dr. Howard Panitch in the preparation of this document.
References
1. Ehrenkranz R, Warshaw J. Chronic lung disease in the newborn. In:
Stern L, editor. Diagnosis and management of respiratory disorders
in the newborn. Menlo Park, CA: Addison-Wesley; 1983. p. 84–109.
2. O’Brodovich HM, Mellins RB. Bronchopulmonary dysplasia: unresolved neonatal acute lung injury. Am Rev Respir Dis 1985;132:694–
709.
3. Jobe AH, Bancalari E. Bronchopulmonary dysplasia. Am J Respir Crit
Care Med 2001;163:1723–1729.
4. Northway W Jr, Rosan R, Porter D. Pulmonary disease following respirator therapy of hyaline-membrane disease: bronchopulmonary dysplasia. N Engl J Med 1967;276:357–368.
5. Bancalari E, Abdenour GE, Feller R, Gannon J. Bronchopulmonary
dysplasia: clinical presentation. J Pediatr 1979;95:819–823.
6. Bureau of Maternal and Child Health Resources. Guidelines for the care
of children with chronic lung disease. Pediatr Pulmonol 1989;6(Suppl
3):3–4.
7. Avery ME, Tooley WH, Keller JB, Hurd SS, Bryan MH, Cotton RB,
Epstein MF, Fitzhardinge PM, Hansen CB, Hansen TN, et al. Is
chronic lung disease in low birth weight infants preventable? A survey
of eight centers. Pediatrics 1987;79:26–30.
8. Shennan AT, Dunn MS, Ohlsson A, Lennox K, Hoskins EM. Abnormal
pulmonary outcomes in premature infants: prediction from oxygen
requirement in the neonatal period. Pediatrics 1988;82:527–532.
9. Sinkin RA, Cox C, Phelps DL. Predicting risk for bronchopulmonary
dysplasia: selection criteria for clinical trials. Pediatrics 1990;86:728–
736.
10. Dunn MS. Predicting risk for bronchopulmonary dysplasia. Pediatrics
1990;86:788–790.
11. Kinali M, Greenough A, Dimitriou G, Yuksel B, Hooper R. Chronic
respiratory morbidity following premature delivery–prediction by
prolonged respiratory support requirement? Eur J Pediatr 1999;158:
493–496.

385
12. Fenton AC, Annich G, Mason E, Solimano A, Field DJ. Chronic lung
disease following neonatal ventilation. I. Incidence in two geographically defined populations. Pediatr Pulmonol 1996;21:20–23.
13. Fanaroff AA, Wright LL, Stevenson DK, Shankaran S, Donovan EF,
Ehrenkranz RA, Younes N, Korones SB, Stoll BJ, Tyson JE, et al.
Very-low-birth-weight outcomes of the National Institute of Child
Health and Human Development Neonatal Research Network, May
1991 through December 1992. Am J Obstet Gynecol 1995;173:1423–
1431.
14. Ogawa Y, Fujimura M, Goto A, Kawano T, Kondo T, Nakae N, Nishida
A, Ohno T, Takeuchi Y, Togari H, et al. Epidemiology of neonatal
chronic lung disease in Japan. Acta Paediatr Jpn 1992;34:663–667.
15. Stevenson DK, Wright LL, Lemons JA, Oh W, Korones SB, Papile
LA, Bauer CR, Stoll BJ, Tyson JE, Shankaran S, et al. Very low birth
weight outcomes of the National Institute of Child Health and Human
Development Neonatal Research Network, January 1993 through
December 1994. Am J Obstet Gynecol 1998;179:1632–1639.
16. Horbar JD, Badger GJ, Lewit EM, Rogowski J, Shiono PH. Hospital
and patient characteristics associated with variation in 28-day mortality rates for very low birth weight infants. Vermont–Oxford Network.
Pediatrics 1997;99:149–156.
17. Northway WH Jr. Bronchopulmonary dysplasia: 30 years later. In: 4th
International Conference on Pediatric Pulmonology, February 21–24,
2000. Nice, France: Editions E.D.K.; 2000. p. 5.
18. Wright K. Death postponement and increased chronic lung disease: the
hidden costs of mortality reduction in the post-surfactant era. J Assoc
Acad Minor Phys 1999;10:82–87.
19. Manktelow BN, Draper ES, Annamalai S, Field D. Factors affecting
the incidence of chronic lung disease of prematurity in 1987, 1992,
and 1997. Arch Dis Child Fetal Neonatal Ed 2001;85:F33–F35.
20. Escobedo MB, Hilliard JL, Smith F, Meredith K, Walsh W, Johnson
D, Coalson JJ, Kuehl TJ, Null DM Jr, Robotham JL. A baboon
model of bronchopulmonary dysplasia. I. Clinical features. Exp Mol
Pathol 1982;37:323–334.
21. Frank L. Antioxidants, nutrition, and bronchopulmonary dysplasia. Clin
Perinatol 1992;19:541–562.
22. Varsila E, Pesonen E, Andersson S. Early protein oxidation in the
neonatal lung is related to development of chronic lung disease. Acta
Paediatr 1995;84:1296–1299.
23. Varsila E, Pitkanen O, Hallman M, Andersson S. Immaturity-dependent
free radical activity in premature infants. Pediatr Res 1994;36:55–59.
24. Taghizadeh A, Reynolds EO. Pathogenesis of bronchopulmonary dysplasia following hyaline membrane disease. Am J Pathol 1976;82:241–
264.
25. Garland JS, Buck RK, Allred EN, Leviton A. Hypocarbia before surfactant therapy appears to increase bronchopulmonary dysplasia risk in
infants with respiratory distress syndrome. Arch Pediatr Adolesc Med
1995;149:617–622.
26. Yuksel B, Greenough A. Neonatal respiratory support and lung function
abnormalities at follow-up. Respir Med 1992;86:97–100.
27. Stahlman M, Hedvall G, Lindstrom D, Snell J. Role of hyaline membrane disease in production of later childhood lung abnormalities.
Pediatrics 1982;69:572–576.
28. Greenough A, Dixon AK, Roberton NR. Pulmonary interstitial emphysema. Arch Dis Child 1984;59:1046–1051.
29. Cochran DP, Pilling DW, Shaw NJ. The relationship of pulmonary
interstitial emphysema to subsequent type of chronic lung disease.
Br J Radiol 1994;67:1155–1157.
30. Albertine KH, Jones GP, Starcher BC, Bohnsack JF, Davis PL, Cho
SC, Carlton DP, Bland RD. Chronic lung injury in preterm lambs:
disordered respiratory tract development. Am J Respir Crit Care Med
1999;159:945–958.
31. Davis JM, Dickerson B, Metlay L, Penney DP. Differential effects of
oxygen and barotrauma on lung injury in the neonatal piglet. Pediatr
Pulmonol 1991;10:157–163.
32. Watterberg KL, Scott SM, Backstrom C, Gifford KL, Cook KL. Links
between early adrenal function and respiratory outcome in preterm
infants: airway inflammation and patent ductus arteriosus. Pediatrics
2000;105:320–324.
33. Huysman MW, Hokken-Koelega AC, De Ridder MA, Sauer PJ. Adrenal function in sick very preterm infants. Pediatr Res 2000;48:629–633.
34. Banks BA, Stouffer N, Cnaan A, Ning Y, Merrill JD, Ballard RA,
Ballard PL, North American Thyrotropin-Releasing Hormone Trial
Collaborators. Association of plasma cortisol and chronic lung disease
in preterm infants. Pediatrics 2001;107:494–498.
35. Brown ER. Increased risk of bronchopulmonary dysplasia in infants
with patent ductus arteriosus. J Pediatr 1979;95:865–866.
36. Gonzalez A, Sosenko IR, Chandar J, Hummler H, Claure N, Bancalari

386

37.

38.

39.
40.

41.

42.
43.

44.

45.

46.
47.

48.

49.

50.

51.
52.

53.
54.

55.

56.

57.

58.

59.

60.

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 168 2003
E. Influence of infection on patent ductus arteriosus and chronic lung
disease in premature infants weighing 1000 grams or less. J Pediatr
1996;128:470–478.
Rojas MA, Gonzalez A, Bancalari E, Claure N, Poole C, Silva-Neto
G. Changing trends in the epidemiology and pathogenesis of neonatal
chronic lung disease. J Pediatr 1995;126:605–610.
Couser RJ, Ferrara TB, Wright GB, Cabalka AK, Schilling CG, Hoekstra RE, Payne NR. Prophylactic indomethacin therapy in the first
twenty-four hours of life for the prevention of patent ductus arteriosus
in preterm infants treated prophylactically with surfactant in the delivery room. J Pediatr 1996;128:631–637.
Fowlie PW. Prophylactic indomethacin: systematic review and metaanalysis. Arch Dis Child Fetal Neonatal Ed 1996;74:F81–F87.
Spitzer AR, Fox WW, Delivoria-Papadopoulos M. Maximum diuresis:
a factor in predicting recovery from respiratory distress syndrome
and the development of bronchopulmonary dysplasia. J Pediatr
1981;98:476–479.
Costarino AT Jr, Gruskay JA, Corcoran L, Polin RA, Baumgart S.
Sodium restriction versus daily maintenance replacement in very low
birth weight premature neonates: a randomized, blind therapeutic
trial. J Pediatr 1992;120:99–106.
Savage MO, Wilkinson AR, Baum JD, Roberton NR. Frusemide in
respiratory distress syndrome. Arch Dis Child 1975;50:709–713.
Greenough A, Emery E, Hird MF, Gamsu HR. Randomised controlled
trial of albumin infusion in ill preterm infants. Eur J Pediatr 1993;
152:157–159.
Bell EF, Warburton D, Stonestreet BS, Oh W. Effect of fluid administration on the development of symptomatic patent ductus arteriosus and
congestive heart failure in premature infants. N Engl J Med 1980;
302:598–604.
Lorenz JM, Kleinman LI, Kotagal UR, Reller MD. Water balance in
very low-birth-weight infants: relationship to water and sodium intake
and effect on outcome. J Pediatr 1982;101:423–432.
Tammela OK. Appropriate fluid regimens to prevent bronchopulmonary dysplasia. Eur J Pediatr 1995;154:S15–S18.
Sawyer MH, Edwards DK, Spector SA. Cytomegalovirus infection and
bronchopulmonary dysplasia in premature infants. Am J Dis Child
1987;141:303–305.
Cassell GH, Waites KB, Crouse DT, Rudd PT, Canupp KC, Stagno S,
Cutter GR. Association of Ureaplasma urealyticum infection of the
lower respiratory tract with chronic lung disease and death in verylow-birth-weight infants. Lancet 1988;2:240–245.
Wang EE, Cassell GH, Sanchez PJ, Regan JA, Payne NR, Liu PP.
Ureaplasma urealyticum and chronic lung disease of prematurity:
critical appraisal of the literature on causation. Clin Infect Dis 1993;17:
S112–S116.
Kramer BW, Ikegami M, Jobe AH. Intratracheal endotoxin causes
systemic inflammation in ventilated preterm lambs. Am J Respir Crit
Care Med 2002;165:463–469.
Jobe AH, Ikegami M. Mechanisms initiating lung injury in the preterm.
Early Hum Dev 1998;53:81–94.
Watterberg KL, Demers LM, Scott SM, Murphy S. Chorioamnionitis
and early lung inflammation in infants in whom bronchopulmonary
dysplasia develops. Pediatrics 1996;97:210–215.
Sobel DB, Carroll A. Postsurfactant slump: early prediction of neonatal
chronic lung disease? J Perinatol 1994;14:268–274.
Hallman M, Pitkanen, Rauvala H, Merritt TA. Glycolipid accumulation
in lung effluent in bronchopulmonary dysplasia. Pediatr Res 1987;21:
454A.
Coalson JJ, King RJ, Yang F, Winter V, Whitsett JA, Delemos RA,
Seidner SR. SP-A deficiency in primate model of bronchopulmonary
dysplasia with infection: in situ mRNA and immunostains. Am J
Respir Crit Care Med 1995;151:854–866.
Strayer DS, Merritt TA, Hallman M. Levels of SP-A–anti-SP-A immune
complexes in neonatal respiratory distress syndrome correlate with
subsequent development of bronchopulmonary dysplasia. Acta Paediatr 1995;84:128–131.
Ryan SF, Ghassibi Y, Liau DF. Effects of activated polymorphonuclear
leukocytes upon pulmonary surfactant in vitro. Am J Respir Cell Mol
Biol 1991;4:33–41.
Jefferies AL, Coates G, O’Brodovich H. Pulmonary epithelial permeability in hyaline-membrane disease. N Engl J Med 1984;311:1075–
1080.
Seeger W, Grube C, Gunther A, Schmidt R. Surfactant inhibition by
plasma proteins: differential sensitivity of various surfactant preparations. Eur Respir J 1993;6:971–977.
Hallman M, Merritt TA, Akino T, Bry K. Surfactant protein A, phosphatidylcholine, and surfactant inhibitors in epithelial lining fluid: correla-

61.
62.

63.

64.

65.
66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.
82.

83.

tion with surface activity, severity of respiratory distress syndrome,
and outcome in small premature infants. Am Rev Respir Dis 1991;144:
1376–1384.
Ikegami M, Jacobs H, Jobe A. Surfactant function in respiratory distress
syndrome. J Pediatr 1983;102:443–447.
Gorenflo M, Vogel M, Herbst L, Bassir C, Kattner E, Obladen M.
Influence of clinical and ventilatory parameters on morphology of
bronchopulmonary dysplasia. Pediatr Pulmonol 1995;19:214–220.
Ozdemir A, Brown MA, Morgan WJ. Markers and mediators of inflammation in neonatal lung disease. Pediatr Pulmonol 1997;23:292–
306.
Merritt TA, Cochrane CG, Holcomb K, Bohl B, Hallman M, Strayer
D, Edwards DK III, Gluck L. Elastase and ␣1-proteinase inhibitor
activity in tracheal aspirates during respiratory distress syndrome: role
of inflammation in the pathogenesis of bronchopulmonary dysplasia. J
Clin Invest 1983;72:656–666.
Rozycki HJ. Bronchoalveolar interleukin-1␤ in infants on day 1 of life.
South Med J 1994;87:991–996.
Rindfleisch MS, Hasday JD, Taciak V, Broderick K, Viscardi RM.
Potential role of interleukin-1 in the development of bronchopulmonary dysplasia. J Interferon Cytokine Res 1996;16:365–373.
Dinarello CA, Wolff SM. The role of interleukin-1 in disease. N Engl
J Med 1993;328:106–113. [published erratum appears in N Engl J Med
1993;328:744.]
Murch SH, MacDonald TT, Wood CB, Costeloe KL. Tumour necrosis
factor in the bronchoalveolar secretions of infants with the respiratory
distress syndrome and the effect of dexamethasone treatment. Thorax
1992;47:44–47.
Kovacs EJ, DiPietro LA. Fibrogenic cytokines and connective tissue
production. FASEB J 1994;8:854–861.
Bagchi A, Viscardi RM, Taciak V, Ensor JE, McCrea KA, Hasday JD.
Increased activity of interleukin-6 but not tumor necrosis factor-␣ in
lung lavage of premature infants is associated with the development
of bronchopulmonary dysplasia. Pediatr Res 1994;36:244–252.
Tan ND, Davidson D. Comparative differences and combined effects
of interleukin-8, leukotriene B4, and platelet-activating factor on neutrophil chemotaxis of the newborn. Pediatr Res 1995;38:11–16.
Kotecha S, Chan B, Azam N, Silverman M, Shaw RJ. Increase in
interleukin-8 and soluble intercellular adhesion molecule-1 in bronchoalveolar lavage fluid from premature infants who develop chronic
lung disease. Arch Dis Child Fetal Neonatal Ed 1995;72:F90–F96.
Murch SH, Costeloe K, Klein NJ, MacDonald TT. Early production of
macrophage inflammatory protein-1␣ occurs in respiratory distress
syndrome and is associated with poor outcome. Pediatr Res 1996;40:
490–497.
Jones CA, Cayabyab RG, Kwong KY, Stotts C, Wong B, Hamdan
H, Minoo P, deLemos RA. Undetectable interleukin (IL)-10 and
persistent IL-8 expression early in hyaline membrane disease: a possible developmental basis for the predisposition to chronic lung inflammation in preterm newborns. Pediatr Res 1996;39:966–975.
Stenmark KR, Eyzaguirre M, Westcott JY, Henson PM, Murphy RC.
Potential role of eicosanoids and PAF in the pathophysiology of
bronchopulmonary dysplasia. Am Rev Respir Dis 1987;136:770–772.
Groneck P, Gotze-Speer B, Oppermann M, Eiffert H, Speer CP. Association of pulmonary inflammation and increased microvascular permeability during the development of bronchopulmonary dysplasia: a
sequential analysis of inflammatory mediators in respiratory fluids of
high-risk preterm neonates. Pediatrics 1994;93:712–718.
Mirro R, Armstead W, Leffler C. Increased airway leukotriene levels
in infants with severe bronchopulmonary dysplasia. Am J Dis Child
1990;144:160–161.
Cook AJ, Yuksel B, Sampson AP, Greenough A, Price JF. Cysteinyl
leukotriene involvement in chronic lung disease in premature infants.
Eur Respir J 1996;9:1907–1912.
Gaylord MS, Smith ZL, Lorch V, Blank ML, Snyder F. Altered plateletactivating factor levels and acetylhydrolase activities are associated
with increasing severity of bronchopulmonary dysplasia. Am J Med
Sci 1996;312:149–154.
Zimmerman JJ. Bronchoalveolar inflammatory pathophysiology of
bronchopulmonary dysplasia. Clin Perinatol 1995;22:429–456.
Strieter RM, Kunkel SL. Acute lung injury: the role of cytokines in the
elicitation of neutrophils. J Investig Med 1994;42:640–651.
Brus F, van Oeveren W, Okken A, Bambang SO. Activation of circulating polymorphonuclear leukocytes in preterm infants with severe
idiopathic respiratory distress syndrome. Pediatr Res 1996;39:456–463.
Murch SH, Costeloe K, Klein NJ, Rees H, McIntosh N, Keeling JW,
MacDonald TT. Mucosal tumor necrosis factor-␣ production and
extensive disruption of sulfated glycosaminoglycans begin within

American Thoracic Society Documents

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

101.
102.
103.

104.
105.

106.
107.
108.
109.
110.

hours of birth in neonatal respiratory distress syndrome. Pediatr Res
1996;40:484–489.
Watterberg KL, Carmichael DF, Gerdes JS, Werner S, Backstrom C,
Murphy S. Secretory leukocyte protease inhibitor and lung inflammation in developing bronchopulmonary dysplasia. J Pediatr 1994;125:
264–269.
Bruce MC, Schuyler M, Martin RJ, Starcher BC, Tomashefski JF Jr,
Wedig KE. Risk factors for the degradation of lung elastic fibers in
the ventilated neonate: implications for impaired lung development in
bronchopulmonary dysplasia. Am Rev Respir Dis 1992;146:204–212.
Speer CP, Ruess D, Harms K, Herting E, Gefeller O. Neutrophil elastase
and acute pulmonary damage in neonates with severe respiratory
distress syndrome. Pediatrics 1993;91:794–799.
Hallman M, Spragg R, Harrell JH, Moser KM, Gluck L. Evidence of
lung surfactant abnormality in respiratory failure: study of bronchoalveolar lavage phospholipids, surface activity, phospholipase activity,
and plasma myoinositol. J Clin Invest 1982;70:673–683.
Aruoma OI, Halliwell B. Inactivation of ␣1-antiproteinase by hydroxyl
radicals: the effect of uric acid. FEBS Lett 1989;244:76–80.
Koppel R, Han RN, Cox D, Tanswell AK, Rabinovitch M. ␣1-Antitrypsin protects neonatal rats from pulmonary vascular and parenchymal
effects of oxygen toxicity. Pediatr Res 1994;36:763–770.
Ogden BE, Murphy SA, Saunders GC, Pathak D, Johnson JD. Neonatal
lung neutrophils and elastase/proteinase inhibitor imbalance. Am Rev
Respir Dis 1984;130:817–821.
Finkelstein JN, Horowitz S, Sinkin RA, Ryan RM. Cellular and molecular responses to lung injury in relation to induction of tissue repair
and fibrosis. Clin Perinatol 1992;19:603–620.
Scott SM, Watterberg KL. Effect of gestational age, postnatal age, and
illness on plasma cortisol concentrations in premature infants. Pediatr
Res 1995;37:112–116.
Kotecha S, Wangoo A, Silverman M, Shaw RJ. Increase in the concentration of transforming growth factor ␤1 in bronchoalveolar lavage
fluid before development of chronic lung disease of prematurity. J
Pediatr 1996;128:464–469.
Jobe AH, Ikegami M. Prevention of bronchopulmonary dysplasia. Curr
Opin Pediatr 2001;13:124–129.
Stocker JT. Pathologic features of long-standing “healed” bronchopulmonary dysplasia: a study of 28 3- to 40-month-old infants. Hum
Pathol 1986;17:943–961.
Moss TJ, Davey MG, Harding R, Newnham JP. Effects of intra-amniotic
endotoxin on lung structure and function two months after term birth
in sheep. J Soc Gynecol Investig 2002;9:220–225.
Moss TJ, Newnham JP, Willett KE, Kramer BW, Jobe AH, Ikegami M.
Early gestational intra-amniotic endotoxin: lung function, surfactant,
and morphometry. Am J Respir Crit Care Med 2002;165:805–811.
Coalson JJ. Pathology of chronic lung disease of early infancy. In: Bland
RD, Coalson JJ, editors. Chronic lung disease in early infancy. New
York: Marcel Dekker; 2000. p. 85–124.
Husain AN, Siddiqui NH, Stocker JT. Pathology of arrested acinar
development in postsurfactant bronchopulmonary dysplasia. Hum
Pathol 1998;29:710–717.
Thibeault DW, Mabry SM, Ekekezie II, Truog WE. Lung elastic tissue
maturation and perturbations during the evolution of chronic lung
disease. Pediatrics 2000;106:1452–1459.
Strong RM, Passy V. Endotracheal intubation: complications in neonates. Arch Otolaryngol 1977;103:329–335.
Rasche RH, Kuhns LR. Histopathologic changes in airway mucosa of
infants after endotracheal intubation. Pediatrics 1972;50:632–637.
Joshi VV, Mandavia SG, Stern L, Wiglesworth FW. Acute lesions induced by endotracheal intubation: occurrence in the upper respiratory
tract of newborn infants with respiratory distress syndrome. Am J
Dis Child 1972;124:646–649.
Jones R, Bodnar A, Roan Y, Johnson D. Subglottic stenosis in newborn
intensive care unit graduates. Am J Dis Child 1981;135:367–368.
Fan LL, Flynn JW, Pathak DR, Madden WA. Predictive value of stridor
in detecting laryngeal injury in extubated neonates. Crit Care Med
1982;10:453–455.
Fan LL, Flynn JW, Pathak DR. Risk factors predicting laryngeal injury
in intubated neonates. Crit Care Med 1983;11:431–433.
Sherman JM, Lowitt S, Stephenson C, Ironson G. Factors influencing
acquired subglottic stenosis in infants. J Pediatr 1986;109:322–327.
Parkin JL, Stevens MH, Jung AL. Acquired and congenital subglottic
stenosis in the infant. Ann Otol 1976;85:573–581.
Ratner I, Whitfield J. Acquired subglottic stenosis in the very-low-birthweight infant. Am J Dis Child 1983;137:40–43.
Downing GJ, Kilbride HW. Evaluation of airway complications in high-

387

111.

112.

113.
114.

115.

116.

117.

118.
119.
120.

121.
122.

123.

124.

125.

126.

127.
128.
129.
130.
131.
132.

133.

134.

135.

136.
137.

138.

139.

risk preterm infants: application of flexible fiberoptic airway endoscopy. Pediatrics 1995;95:567–572.
Gaynor EB, Danoff SJ. The role of gentle ventilation in prevention
of subglottic stenosis in the newborn. Otolaryngol Head Neck Surg
1993;109:701–706.
Sherman JM, Nelson H. Decreased incidence of subglottic stenosis using
an “appropriate-sized” endotracheal tube in neonates. Pediatr Pulmonol 1989;6:183–185.
Squire R, Brodsky L, Rossman J. The role of infection in the pathogenesis of acquired tracheal stenosis. Laryngoscope 1990;100:765–770.
Kryzer TC Jr, Gonzalez C, Burgess LP. Effects of aerosolized dexamethasone on acute subglottic injury. Ann Otol Rhinol Laryngol 1992;101:
95–99.
Nagaraj HS, Shott R, Fellows R, Yacoub U. Recurrent lobar atelectasis
due to acquired bronchial stenosis in neonates. J Pediatr Surg 1980;15:
411–415.
Miller KE, Edwards DK, Hilton S, Collins D, Lynch F, Williams R.
Acquired lobar emphysema in premature infants with bronchopulmonary dysplasia: an iatrogenic disease? Radiology 1981;138:589–592.
Miller RW, Woo P, Kellman RK, Slagle TS. Tracheobronchial abnormalities in infants with bronchopulmonary dysplasia. J Pediatr 1987;
111:779–782.
Radford PJ, Stillwell PC, Blue B, Hertel G. Aspiration complicating
bronchopulmonary dysplasia. Chest 1995;107:185–188.
Greenholz SK, Hall RJ, Lilly JR, Shikes RH. Surgical implications of
bronchopulmonary dysplasia. J Pediatr Surg 1987;22:1132–1136.
Grylack LJ, Anderson KD. Diagnosis and treatment of traumatic granuloma in tracheobronchial tree of newborn with history of chronic
intubation. J Pediatr Surg 1984;19:200–201.
Hauft SM, Perlman JM, Siegel MJ, Muntz HR. Tracheal stenosis in the
sick premature infant. Am J Dis Child 1988;142:206–209.
Cohn RC, Kercsmar C, Dearborn D. Safety and efficacy of flexible
endoscopy in chilren with bronchopulmonary dysplasia. Am J Dis
Child 1988;142:1225–1228.
Cooney DR, Menke JA, Allen JE. “Acquired” lobar emphysema: a
complication of respiratory distress in premature infants. J Pediatr
Surg 1977;12:897–904.
Fisk GC, de Baker W. Mucosal changes in the trachea and main bronchi
of newborn infants after naso-tracheal intubation. Anaesth Intensive
Care 1975;3:209–217.
Bailey C, Kattwinkel J, Teja K, Buckley T. Shallow versus deep endotracheal suctioning in young rabbits: pathologic effects on the tracheobronchial wall. Pediatrics 1988;82:746–751.
Brodsky L, Reidy M, Stanievich JF. The effects of suctioning techniques
on the distal tracheal mucosa in intubated low birth weight infants.
Int J Pediatr Otorhinolaryngol 1987;14:1–14.
Landa JF, Kwoka Ma, Chapman GA, Brito M, Sackner MA. Effects
of suctioning on mucociliary transport. Chest 1980;77:202–207.
Hodge D. Endotracheal suctioning and the infant: a nursing care protocol to decrease complications. Neonatal Netw 1991;9:7–14.
Kuzenski BM. Effect of negative pressure on tracheobronchial trauma.
Nurs Res 1978;27:260–263.
Runton N. Suctioning artificial airways in children: appropriate technique. Pediatr Nurs 1992;18:115–118.
McCubbin M, Frey EE, Wagener JS, Tribby R, Smith WL. Large airway
collapse in bronchopulmonary dysplasia. J Pediatr 1989;114:304–307.
Panitch HB, Allen JL, Alpert BE, Schidlow DV. Effects of CPAP on
lung mechanics in infants with acquired tracheobronchomalacia. Am
J Respir Crit Care Med 1994;150:1341–1346.
McCoy KS, Bagwell CE, Wagner M, Sallent J, O’Keefe M, Kosch PC.
Spirometric and endoscopic evaluation of airway collapse in infants
with bronchopulmonary dysplasia. Pediatr Pulmonol 1992;14:23–27.
Jacobs IN, Wetmore RF, Tom LWC, Handler SD, Potsic WP. Tracheobronchomalacia in children. Arch Otolaryngol Head Neck Surg 1994;
120:154–158.
Bhutani VK, Rubenstein SD, Shaffer TH. Pressure–volume relationships of tracheae in fetal newborn and adult rabbits. Respir Physiol
1981;43:221–231.
Burnard ED, Grattan-Smith P, Picton-Warlow CG, Grauaug A. Pulmonary insufficiency in prematurity. Aust Paediatr J 1965;1:12–38.
Croteau JR, Cook CD. Volume–pressure and length–tension measurements in human tracheal and bronchial segments. J Appl Physiol
1961;16:170–172.
Shaffer TH, Bhutani VK, Wolfson MR, Penn RB, Tran NN. In vivo
mechanical properties of the developing airway. Pediatr Res 1989;25:
143–146.
Penn RB, Wolfson MR, Shaffer TH. Developmental differences in tracheal cartilage mechanics. Pediatr Res 1989;26:429–433.

388

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 168 2003

140. Panitch HB, Deoras KS, Wolfson MR, Shaffer TH. Maturational
changes in airway smooth muscle structure–function relationships.
Pediatr Res 1992;31:151–156.
141. Bhutani VK, Rubenstein D, Shaffer TH. Pressure-induced deformation
in immature airways. Pediatr Res 1981;15:829–832.
142. Bhutani VK, Shaffer TH, Abbasi S, Spitzer AR, Fox WW. Effect of highfrequency jet ventilation on preterm and rabbit tracheal mechanics.
Pediatr Pulmonol 1986;2:327–331.
143. Bhutani VK, Ritchie WG, Shaffer TH. Acquired tracheomegaly in very
preterm neonates. Am J Dis Child 1986;140:449–452.
144. Durand M, McEvoy C, MacDonald K. Spontaneous desaturations in
intubated very low birth weight infants with acute and chronic lung
disease. Pediatr Pulmonol 1992;13:136–142.
145. Garg M, Kurzner SI, Bautista DB, Keens TG. Clinically unsuspected
hypoxia during sleep and feeding in infants with bronchopulmonary
dysplasia. Pediatrics 1988;81:635–642.
146. McEvoy C, Durand M, Hewlett V. Episodes of spontaneous desaturations in infants with chronic lung disease at two different levels of
oxygenation. Pediatr Pulmonol 1993;15:140–144.
147. Sekar KC, Duke JC. Sleep apnea and hypoxemia in recently weaned
premature infants with and without bronchopulmonary dysplasia.
Pediatr Pulmonol 1991;10:112–116.
148. Zinman R, Blanchard PW, Vachon F. Oxygen saturation during sleep
in patients with bronchopulmonary dysplasia. Biol Neonate 1992;61:
69–75.
149. Greenspan JS, Wolfson MR, Locke RG, Allen JL, Shaffer TH. Increased
respiratory drive and limited adaptation to loaded breathing in bronchopulmonary dysplasia. Pediatr Res 1992;32:356–359.
150. Teague WG, Pian MS, Heldt GP, Tooley WH. An acute reduction in
the fraction of inspired oxygen increases airway constriction in infants
with chronic lung disease. Am Rev Respir Dis 1988;137:861–865.
151. Tay-Uyboco JS, Kwiatkowski K, Cates DB, Kavanagh L, Rigatto H.
Hypoxic airway constriction in infants of very low birth weight recovering from moderate to severe bronchopulmonary dysplasia. J Pediatr
1989;115:456–459.
152. Abman SH, Wolfe RR, Accurso FJ, Koops BL, Bowman CM, Wiggins
JW Jr. Pulmonary vascular response to oxygen in infants with severe
bronchopulmonary dysplasia. Pediatrics 1985;75:80–84.
153. Halliday HL, Dumpit FM, Brady JP. Effects of inspired oxygen on
echocardiographic assessment of pulmonary vascular resistance and
myocardial contractility in bronchopulmonary dysplasia. Pediatrics
1980;65:536–540.
154. Moyer-Mileur LJ, Nielson DW, Pfeffer KD, Witte MK, Chapman DL.
Eliminating sleep-associated hypoxemia improves growth in infants
with bronchopulmonary dysplasia. Pediatrics 1996;98:779–783.
155. Loughlin GM, Allen RP, Pyzik P. Sleep-related hypoxemia in children
with bronchopulmonary dysplasia (BPD) and adequate oxygen saturation awake [abstract]. Sleep 1987;16:486.
156. Gaultier C, Praud JP, Clement A, D’Allest AM, Khiati M, Tournier
G, Girard F. Respiration during sleep in children with COPD. Chest
1985;87:168–173.
157. Harris MA, Sullivan CE. Sleep pattern and supplementary oxygen requirements in infants with chronic neonatal lung disease. Lancet 1995;
345:831–832.
158. Scher MS, Richardson GA, Salerno DG, Day NL, Guthrie RD. Sleep
architecture and continuity measures of neonates with chronic lung
disease. Sleep 1992;15:195–201.
159. Allen JL, Greenspan JS, Deoras KS, Keklikian E, Wolfson MR, Shaffer
TH. Interaction between chest wall motion and lung mechanics in
normal infants and infants with bronchopulmonary dysplasia. Pediatr
Pulmonol 1991;11:37–43.
160. Gaultier C, Praud JP, Canet E, Delaperche MF, D’Allest AM. Paradoxical inward rib cage motion during rapid eye movement sleep in infants
and young children. J Dev Physiol 1987;9:391–397.
161. Gaultier C. Cardiorespiratory adaptation during sleep in infants and
children. Pediatr Pulmonol 1995;19:105–117.
162. Rome ES, Miller MJ, Goldthwait DA, Osorio IO, Fanaroff AA, Martin
RJ. Effect of sleep state on chest wall movements and gas exchange in
infants with resolving bronchopulmonary dysplasia. Pediatr Pulmonol
1987;3:259–263.
163. Goldman MD, Pagani M, Trang HT, Praud JP, Sartene R, Gaultier C.
Asynchronous chest wall movements during non-rapid eye movement
and rapid eye movement sleep in children with bronchopulmonary
dysplasia. Am Rev Respir Dis 1993;147:1175–1184.
164. Openshaw P, Edwards S, Helms P. Changes in rib cage geometry during
childhood. Thorax 1984;39:624–627.
165. Praud JP, Cavailloles F, Boulhadour K, DeRecondo M, Guilleminault
C, Gaultier C. Radionuclide evaluation of cardiac function during

166.

167.

168.
169.

170.
171.
172.

173.
174.
175.

176.

177.

178.
179.

180.

181.

182.

183.

184.

185.

186.
187.

188.

189.

190.

191.
192.

sleep in children with bronchopulmonary dysplasia. Chest 1991;100:
721–725.
Filtchev SI, Curzi-Dascalova L, Spassov L, Kauffmann F, Trang HT,
Gaultier C. Heart rate variability during sleep in infants with bronchopulmonary dysplasia: effects of mild decrease in oxygen saturation.
Chest 1994;106:1711–1716.
Abman SH, Burchell MF, Schaffer MS, Rosenberg AA. Late sudden
unexpected deaths in hospitalized infants with bronchopulmonary
dysplasia. Am J Dis Child 1989;143:815–819.
Bhutani VK, Abbasi S. Long-term pulmonary consequences in survivors
with bronchopulmonary dysplasia. Clin Perinatol 1992;19:649–671.
Werthammer J, Brown ER, Neff RK, Taeusch HW Jr. Sudden infant
death syndrome in infants with bronchopulmonary dysplasia. Pediatrics 1982;69:301–304.
Sauve RS, Singhal N. Long-term morbidity of infants with bronchopulmonary dysplasia. Pediatrics 1985;76:725–733.
Gray PH, Rogers Y. Are infants with bronchopulmonary dysplasia at
risk for sudden infant death syndrome? Pediatrics 1994;93:774–777.
Iles R, Edmunds AT. Prediction of early outcome in resolving chronic
lung disease of prematurity after discharge from hospital. Arch Dis
Child 1996;74:304–308.
Grether JK, Schulman J. Sudden infant death syndrome and birth
weight. J Pediatr 1989;114:561–567.
Garg M, Kurzner SI, Bautista D, Keens TG. Hypoxic arousal responses
in infants with bronchopulmonary dysplasia. Pediatrics 1988;82:59–63.
Fewell JE, Kondo CS, Dascalu V, Filyk SC. Influence of carotid denervation on the arousal and cardiopulmonary response to rapidly developing hypoxemia in lambs. Pediatr Res 1989;25:473–477.
Hertzberg T, Hellstrom S, Lagercrantz H, Pequignot JM. Development
of the arterial chemoreflex and turnover of carotid body catecholamines in the newborn rat. J Physiol (Lond) 1990;425:211–225.
Hanson MA, Kumar P, Williams BA. The effect of chronic hypoxia
upon the development of respiratory chemoreflexes in the newborn
kitten. J Physiol (Lond) 1989;411:563–574.
Hertzberg T, Lagercrantz H. Postnatal sensitivity of the peripheral chemoreceptors in newborn infants. Arch Dis Child 1987;62:1238–1241.
Calder NA, Williams BA, Kumar P, Hanson MA. The respiratory response of healthy term infants to breath-by-breath alternations in
inspired oxygen at two postnatal ages. Pediatr Res 1994;35:321–324.
Bouferrache B, Krim G, Marbaix-Li Q, Freville M, Gaultier C. Reproducibility of the alternating breath test of fractional inspired O2 in
infants. Pediatr Res 1998;44:239–246.
Bouferrache B, Filtchev S, Leke A, Marbaix-Li Q, Freville M, Gaultier
C. The hyperoxic test in infants reinvestigated. Am J Respir Crit Care
Med 2000;161:160–165.
Calder NA, Williams BA, Smyth J, Boon AW, Kumar P, Hanson MA.
Absence of ventilatory responses to alternating breaths of mild hypoxia and air in infants who have had bronchopulmonary dysplasia:
implications for the risk of sudden infant death. Pediatr Res 1994;35:
677–681.
Katz-Salamon M, Jonsson B, Lagercrantz H. Blunted peripheral chemoreceptor response to hyperoxia in a group of infants with bronchopulmonary dysplasia. Pediatr Pulmonol 1995;20:101–106.
Toce SS, Farrell PM, Leavitt LA, Samuels DP, Edwards DK. Clinical
and roentgenographic scoring systems for assessing bronchopulmonary dysplasia. Am J Dis Child 1984;138:581–585.
Katz-Salamon M, Eriksson M, Jonsson B. Development of peripheral
chemoreceptor function in infants with chronic lung disease and initially lacking hyperoxic response. Arch Dis Child Fetal Neonatal Ed
1996;75:F4–F9.
Hanson M, Calder N, Watanabe T, Kumar P. The drive to breathe and
sudden infant death syndrome. Acta Paediatr Suppl 1993;82:47–49.
Hunt CE, McCulloch K, Brouillette RT. Diminished hypoxic ventilatory
responses in near-miss sudden infant death syndrome. J Appl Physiol
1981;50:1313–1317.
Ling L, Olson EB Jr, Vidruk EH, Mitchell GS. Slow recovery of impaired phrenic responses to hypoxia following perinatal hyperoxia in
rats. J Physiol 1998;511:599–603.
Ling L, Olson EB Jr, Vidruk EH, Mitchell GS. Phrenic responses to
isocapnic hypoxia in adult rats following perinatal hyperoxia. Respir
Physiol 1997;109:107–116.
Katz-Salamon M, Lagercrantz H. Hypoxic ventilatory defence in very
preterm infants: attenuation after long term oxygen treatment. Arch
Dis Child Fetal Neonatal Ed 1994;70:F90–F95.
Reid L. Bronchopulmonary dysplasia: pathology. J Pediatr 1979;95:836–
841.
Sobonya RE, Logvinoff MM, Taussig LM, Theriault A. Morphometric

American Thoracic Society Documents

193.

194.

195.

196.

197.

198.
199.

200.

201.

202.
203.

204.

205.

206.

207.

208.
209.

210.

211.

212.

213.

214.

215.

216.

analysis of the lung in prolonged bronchopulmonary dysplasia. Pediatr
Res 1982;16:969–972.
Hislop AA, Wigglesworth JS, Desai R, Aber V. The effects of preterm
delivery and mechanical ventilation on human lung growth. Early
Hum Dev 1987;15:147–164.
Bonikos DS, Bensch KG, Northway WH Jr, Edwards DK. Bronchopulmonary dysplasia: the pulmonary pathologic sequel of necrotizing
bronchiolitis and pulmonary fibrosis. Hum Pathol 1976;7:643–666.
Tomashefski JF, Jr., Oppermann HC, Vawter GF, Reid LM. Bronchopulmonary dysplasia: a morphometric study with emphasis on the
pulmonary vasculature. Pediatr Pathol 1984;2:469–487.
Bush A, Busst CM, Knight WB, Hislop AA, Haworth SG, Shinebourne
EA. Changes in pulmonary circulation in severe bronchopulmonary
dysplasia. Arch Dis Child 1990;65:739–745.
Rendas A, Brown ER, Avery ME, Reid LM. Prematurity, hypoplasia
of the pulmonary vascular bed, and hypertension: fatal outcome in
a ten-month-old infant. Am Rev Respir Dis 1980;121:873–880.
deSa DJ. Myocardial changes in immature infants requiring prolonged
ventilation. Arch Dis Child 1977;52:138–147.
Hislop AA, Haworth SG. Pulmonary vascular damage and the development of cor pulmonale following hyaline membrane disease. Pediatr
Pulmonol 1990;9:152–161.
Margraf LR, Tomashefski JF Jr, Bruce MC, Dahms BB. Morphometric
analysis of the lung in bronchopulmonary dysplasia. Am Rev Respir
Dis 1991;143:391–400.
Anderson WR, Engel RR. Cardiopulmonary sequelae of reparative
stages of bronchopulmonary dysplasia. Arch Pathol Lab Med 1983;107:
603–608.
Abman SH. Bronchopulmonary dysplasia: a “vascular hypothesis.” Am
J Respir Crit Care Med 2001;164:1755–1756.
Lassus P, Turanlahti M, Heikkila P, Andersson LC, Nupponen I, Sarnesto A, Andersson S. Pulmonary vascular endothelial growth factor
and Flt-1 in fetuses, in acute and chronic lung disease, and in persistent
pulmonary hypertension of the newborn. Am J Respir Crit Care Med
2001;164:1981–1987.
Bhatt AJ, Pryhuber GS, Huyck H, Watkins RH, Metlay LA, Maniscalco
WM. Disrupted pulmonary vasculature and decreased vascular endothelial growth factor, Flt-1, and TIE-2 in human infants dying with
bronchopulmonary dysplasia. Am J Respir Crit Care Med 2001;164:
1971–1980.
Abman SH, Schaffer MS, Wiggins J, Washington R, Manco-Johnson
M, Wolfe RR. Pulmonary vascular extraction of circulating norepinephrine in infants with bronchopulmonary dysplasia. Pediatr Pulmonol 1987;3:386–391.
Brownlee JR, Beekman RH, Rosenthal A. Acute hemodynamic effects
of nifedipine in infants with bronchopulmonary dysplasia and pulmonary hypertension. Pediatr Res 1988;24:186–190.
Abman SH, Groothius JR. Pathophysiology and treatment of bronchopulmonary dysplasia: current issues. Pediatr Clin North Am 1994;41:
277–315.
Abman SH, Warady BA, Lum GM, Koops BL. Systemic hypertension in
infants with bronchopulmonary dysplasia. J Pediatr 1984;104:928–931.
Alagappan A, Malloy MH. Systemic hypertension in very low-birth
weight infants with bronchopulmonary dysplasia: incidence and risk
factors. Am J Perinatol 1998;15:3–8.
de Swiet M, Fayers P, Shinebourne EA. Systolic blood pressure in a
population of infants in the first year of life: the Brompton Study.
Pediatrics 1980;65:1028–1035.
Werner JC, Sicard RE, Hansen TW, Solomon E, Cowett RM, Oh W.
Hypertrophic cardiomyopathy associated with dexamethasone therapy for bronchopulmonary dysplasia. J Pediatr 1992;120:286–291.
Malnick G, Pickoff AS, Ferrer PL, Peyser J, Bancalari E, Gelband H.
Normal pulmonary vascular resistance and left ventricular hypertrophy in young infants with bronchopulmonary dysplasia: an echocardiographic and pathologic study. Pediatrics 1980;66:589–596.
Shekhawat PS, Fong LV, Mitvalsky J, Yu VY. Spectrum of clinical and
cardiac dysfunction in bronchopulmonary dysplasia: early prediction
of long-term morbidity. J Perinatol 1997;17:95–100.
Buda AJ, Pinsky MR, Ingels NB Jr, Daughters GTD, Stinson EB,
Alderman EL. Effect of intrathoracic pressure on left ventricular
performance. N Engl J Med 1979;301:453–459.
Fitzgerald D, Van Asperen P, O’Leary P, Feddema P, Leslie G, Arnold
J, Sullivan C. Sleep, respiratory rate, and growth hormone in chronic
neonatal lung disease. Pediatr Pulmonol 1998;26:241–249.
Yeh TF, McClenan DA, Ajayi OA, Pildes RS. Metabolic rate and
energy balance in infants with bronchopulmonary dysplasia. J Pediatr
1989;114:448–451.

389
217. Kalhan SC, Denne SC. Energy consumption in infants with bronchopulmonary dysplasia. J Pediatr 1990;116:662–664.
218. Kurzner SI, Garg M, Bautista DB, Bader D, Merritt RJ, Warburton D,
Keens TG. Growth failure in infants with bronchopulmonary dysplasia: nutrition and elevated resting metabolic expenditure. Pediatrics
1988;81:379–384.
219. Kurzner SI, Garg M, Bautista DB, Sargent CW, Bowman CM, Keens
TG. Growth failure in bronchopulmonary dysplasia: elevated metabolic rates and pulmonary mechanics. J Pediatr 1988;112:73–80.
220. Bard H, Fouron JC, Chessex P, Widness JA. Myocardial, erythropoietic,
and metabolic adaptations to anemia of prematurity in infants with
bronchopulmonary dysplasia. J Pediatr 1998;132:630–634.
221. Grunow J, Pencharz P. Enteral nutrition in BPD. In: Baker SB, Baker
RD, Davis A, editors. Pediatric enteral nutrition. New York: Chapman & Hall; 1994. p. 238–247.
222. Mattioli L, Zakheim RM, Mullis K, Molteni A. Angiotensin-I-converting enzyme activity in idiopathic respiratory distress syndrome
of the newborn infant and in experimental alveolar hypoxia in mice.
J Pediatr 1975;87:97–101.
223. Sosulski R, Polin RA, Baumgart S. Respiratory water loss and heat
balance in intubated infants receiving humidified air. J Pediatr 1983;
103:307–310.
224. Rosenfeld WN, Linshaw M, Fox HA. Water intoxication: a complication
of nebulization with nasal CPAP. J Pediatr 1976;89:113–114.
225. Weinstein MR, Oh W. Oxygen consumption in infants with bronchopulmonary dysplasia. J Pediatr 1981;99:958–961.
226. Shenai JP, Chytil F, Jhaveri A, Stahlman MT. Plasma vitamin A and
retinol-binding protein in premature and term neonates. J Pediatr
1981;99:302–305.
227. Robbins ST, Fletcher AB. Early vs delayed vitamin A supplementation
in very-low-birth-weight infants. JPEN J Parenter Enteral Nutr
1993;17:220–225.
228. Shenai JP, Chytil F, Stahlman MT. Vitamin A status of neonates with
bronchopulmonary dysplasia. Pediatr Res 1985;19:185–188.
229. Hustead VA, Gutcher GR, Anderson SA, Zachman RD. Relationship
of vitamin A (retinol) status to lung disease in the preterm infant. J
Pediatr 1984;105:610–615.
230. Bell EF, editor. Prevention of bronchopulmonary dysplasia: vitamin E
and other antioxidants. Columbus, OH: Ross Laboratories; 1986.
231. Hallman M, Bry K, Hoppu K, Lappi M, Pohjavuori M. Inositol supplementation in premature infants with respiratory distress syndrome.
N Engl J Med 1992;326:1233–1239.
232. Committee on Nutrition, American Academy of Pediatrics. Pediatric
nutrition handbook. Elk Grove Village, IL: American Academy of
Pediatrics; 1998.
233. Blanchard PW, Brown TM, Coates AL. Pharmacotherapy in bronchopulmonary dysplasia. Clin Perinatol 1987;14:881–910.
234. Leslie GI, Philips JBD, Work J, Ram S, Cassady G. The effect of
assisted ventilation on creatinine clearance and hormonal control
of electrolyte balance in very low birth weight infants. Pediatr Res
1986;20:447–452.
235. Bierd TM, Kattwinkel J, Chevalier RL, Rheuban KS, Smith DJ, Teague
WG, Carey RM, Linden J. Interrelationship of atrial natriuretic peptide, atrial volume, and renal function in premature infants. J Pediatr
1990;116:753–759.
236. Kojima T, Fukuda Y, Hirata Y, Matsuzaki S, Kobayashi Y. Changes in
vasopressin, atrial natriuretic factor, and water homeostasis in the
early stage of bronchopulmonary dysplasia. Pediatr Res 1990;27:260–
263.
237. Hazinski TA, Blalock WA, Engelhardt B. Control of water balance in
infants with bronchopulmonary dysplasia: role of endogenous vasopressin. Pediatr Res 1988;23:86–88.
238. Engelhardt B, Elliott S, Hazinski TA. Short- and long-term effects
of furosemide on lung function in infants with bronchopulmonary
dysplasia. J Pediatr 1986;109:1034–1039.
239. McCann EM, Lewis K, Deming DD, Donovan MJ, Brady JP. Controlled
trial of furosemide therapy in infants with chronic lung disease. J
Pediatr 1985;106:957–962.
240. Vileisis RA. Furosemide effect on mineral status of parenterally nourished premature neonates with chronic lung disease. Pediatrics
1990;85:316–322.
241. Perlman JM, Moore V, Siegel MJ, Dawson J. Is chloride depletion an
important contributing cause of death in infants with bronchopulmonary dysplasia? Pediatrics 1986;77:212–216.
242. Hufnagle KG, Khan SN, Penn D, Cacciarelli A, Williams P. Renal
calcifications: a complication of long-term furosemide therapy in preterm infants. Pediatrics 1982;70:360–363.
243. Vohr BR, Wright LL, Dusick AM, Mele L, Verter J, Steichen JJ, Simon

390

244.

245.
246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.
257.

258.

259.

260.
261.

262.

263.

264.

265.

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 168 2003
NP, Wilson DC, Broyles S, Bauer CR, Delaney-Black V, Yolton
KA, Fleisher BE, Papile LA, Kaplan MD. Neurodevelopmental and
functional outcomes of extremely low birth weight infants in the
National Institute of Child Health and Human Development Neonatal Research Network, 1993–1994. Pediatrics 2000;105:1216–1226.
Wood NS, Marlow N, Costeloe K, Gibson AT, Wilkinson AR. Neurologic and developmental disability after extremely preterm birth. EPICure Study Group. N Engl J Med 2000;343:378–384.
Bayley N. Bayley Scales of Infant Development. New York: Psychological Corporation; 1969.
Markestad T, Fitzhardinge MD. Growth and development in children
recovering from bronchopulmonary dysplasia. J Pediatr 1981;98:597–
602.
Vohr BR, Coll CG, Lobato D, Yunis KA, O’Dea C, Oh W. Neurodevelopmental and medical status of low-birthweight survivors of bronchopulmonary dysplasia at 10 to 12 years of age. Dev Med Child Neurol
1991;33:690–697.
Goldson E. Severe bronchopulmonary dysplasia in the very low birth
weight infant: its relationship to developmental outcome. J Dev Behav
Pediatr 1984;5:165–168.
Meisels SJ, Plunkett JW, Roloff DW, Pasick PL, Stiefel GS. Growth
and development of preterm infants with respiratory distress syndrome and bronchopulmonary dysplasia. Pediatrics 1986;77:345–352.
Robertson CM, Etches PC, Goldson E, Kyle JM. Eight-year school
performance, neurodevelopmental, and growth outcomes of neonates
with bronchopulmonary dysplasia: a comparative study. Pediatrics
1992;89:365–372.
Sell EJ, Vaucher YE. Growth and neurodevelopmental outcome in
infants who had bronchopulmonary dysplasia. In: Merritt TA, Northway WH, Boynton BR, editors. Bronchopulmonary dysplasia. Boston:
Blackwell Scientific Publications; 1988. p. 403–420.
Robertson CM, Etches PC, Kyle JM. Eight-year school performance
and growth of preterm, small for gestational age infants: a comparative study with subjects matched for birth weight or for gestational
age. J Pediatr 1990;116:19–26.
Gross SJ, Mettelman BB, Dye TD, Slagle TA. Impact of family structure
and stability on academic outcome in preterm children at 10 years
of age. J Pediatr 2001;138:169–175.
Yeh TF, Lin YJ, Huang CC, Chen YJ, Lin CH, Lin HC, Hsieh WS,
Lien YJ. Early dexamethasone therapy in preterm infants: a followup study. Pediatrics 1998;101:E7.
O’Shea TM, Kothadia JM, Klinepeter KL, Goldstein DJ, Jackson BG,
Weaver RG III, Dillard RG. Randomized placebo-controlled trial of
a 42-day tapering course of dexamethasone to reduce the duration
of ventilator dependency in very low birth weight infants: outcome
of study participants at 1-year adjusted age. Pediatrics 1999;104:15–21.
Finer NN, Craft A, Vaucher YE, Clark RH, Sola A. Postnatal steroids:
short-term gain, long-term pain? J Pediatr 2000;137:9–13.
Saigal S, Hoult LA, Streiner DL, Stoskopf BL, Rosenbaum PL. School
difficulties at adolescence in a regional cohort of children who were
extremely low birth weight. Pediatrics 2000;105:325–331.
Als H, Lawhon G, Brown E, Gibes R, Duffy FH, McAnulty G, Blickman
JG. Individualized behavioral and environmental care for the very
low birth weight preterm infant at high risk for bronchopulmonary
dysplasia: neonatal intensive care unit and developmental outcome.
Pediatrics 1986;78:1123–1132.
Werner E, Simonian K, Bierman JM, French FE. Cumulative effect
of perinatal complications and deprived environment on physical,
intellectual, and social development of preschool children. Pediatrics
1967;39:490–505.
Escalona SK. Babies at double hazard: early development of infants at
biologic and social risk. Pediatrics 1982;70:670–676.
Sameroff AJ, Seifer R, Barocas R, Zax M, Greenspan S. Intelligence
quotient scores of 4-year-old children: social–environmental risk factors. Pediatrics 1987;79:343–350.
Gross SJ, Iannuzzi DM, Kveselis DA, Anbar RD. Effect of preterm
birth on pulmonary function at school age: a prospective controlled
study. J Pediatr 1998;133:188–192.
Leonard CH, Clyman RI, Piecuch RE, Juster RP, Ballard RA, Behle
MB. Effect of medical and social risk factors on outcome of prematurity and very low birth weight. J Pediatr 1990;116:620–626.
D’Angio CT, Finkelstein JN, Lomonaco MB, Paxhia A, Wright SA,
Baggs RB, Notter RH, Ryan RM. Changes in surfactant protein gene
expression in a neonatal rabbit model of hyperoxia-induced fibrosis.
Am J Physiol 1997;272:L720–L730.
Phelps DL, Rosenbaum AL. Effects of marginal hypoxemia on recovery
from oxygen-induced retinopathy in the kitten model. Pediatrics
1984;73:1–6.

266. Phelps DL. Oxygen and developmental retinal capillary remodeling in
the kitten. Invest Ophthalmol Vis Sci 1990;31:2194–2200.
267. Kinsey V, Jacobus J, Hemphill F. Retrolental fibroplasia: cooperative
study of retrolental fibroplasia and the use of oxygen. Arch Ophthalmol 1956;56:481–547.
268. Gunn TR, Easdown J, Outerbridge EW, Aranda JV. Risk factors in
retrolental fibroplasia. Pediatrics 1980;65:1096–1100.
269. Shohat M, Reisner SH, Krikler R, Nissenkorn I, Yassur Y, Ben-Sira I.
Retinopathy of prematurity: incidence and risk factors. Pediatrics
1983;72:159–163.
270. Morray JP, Fox WW, Kettrick RG, Downes JJ. Improvement in lung
mechanics as a function of age in the infant with severe bronchopulmonary dysplasia. Pediatr Res 1982;16:290–294.
271. Tepper RS, Morgan WJ, Cota K, Taussig LM. Expiratory flow limitation
in infants with bronchopulmonary dysplasia. J Pediatr 1986;109:1040–
1046.
272. Bryan MH, Hardie MJ, Reilly BJ, Swyer PR. Pulmonary function studies
during the first year of life in infants recovering from the respiratory
distress syndrome. Pediatrics 1973;52:169–178.
273. Kao LC, Warburton D, Platzker AC, Keens TG. Effect of isoproterenol
inhalation on airway resistance in chronic bronchopulmonary dysplasia. Pediatrics 1984;73:509–514.
274. Kao LC, Warburton D, Cheng MH, Cedeno C, Platzker AC, Keens
TG. Effect of oral diuretics on pulmonary mechanics in infants with
chronic bronchopulmonary dysplasia: results of a double-blind crossover sequential trial. Pediatrics 1984;74:37–44.
275. Kao LC, Durand DJ, Phillips BL, Nickerson BG. Oral theophylline and
diuretics improve pulmonary mechanics in infants with bronchopulmonary dysplasia. J Pediatr 1987;111:439–444.
276. Wauer RR, Maurer T, Nowotny T, Schmalisch G. Assessment of functional residual capacity using nitrogen washout and plethysmographic
techniques in infants with and without bronchopulmonary dysplasia.
Intensive Care Med 1998;24:469–475.
277. Arad I, Bar-Yishay E, Eyal F, Gross S, Godfrey S. Lung function
in infancy and childhood following neonatal intensive care. Pediatr
Pulmonol 1987;3:29–33.
278. Gerhardt T, Hehre D, Feller R, Reifenberg L, Bancalari E. Serial determination of pulmonary function in infants with chronic lung disease.
J Pediatr 1987;110:448–456.
279. Kao LC, Warburton D, Sargent CW, Platzker AC, Keens TG. Furosemide acutely decreases airways resistance in chronic bronchopulmonary dysplasia. J Pediatr 1983;103:624–629.
280. Tepper RS, Pagtakhan RD, Taussig LM. Noninvasive determination
of total respiratory system compliance in infants by the weightedspirometer method. Am Rev Respir Dis 1984;130:461–466.
281. Dreizzen E, Migdal M, Praud JP, Magny JF, Dehan M, Chambille B,
Gaultier C. Passive compliance of total respiratory system in preterm
newborn infants with respiratory distress syndrome. J Pediatr 1988;
112:778–781.
282. Baraldi E, Filippone M, Trevisanuto D, Zanardo V, Zacchello F. Pulmonary function until two years of life in infants with bronchopulmonary
dysplasia. Am J Respir Crit Care Med 1997;155:149–155.
283. Wilkie RA, Bryan MH. Effect of bronchodilators on airway resistance
in ventilator-dependent neonates with chronic lung disease. J Pediatr
1987;111:278–282.
284. Iles R, Edmunds AT. Assessment of pulmonary function in resolving
chronic lung disease of prematurity. Arch Dis Child Fetal Neonatal
Ed 1997;76:F113–F117.
285. Farstad T, Brockmeier F, Bratlid D. Cardiopulmonary function in premature infants with bronchopulmonary dysplasia: a 2-year follow up.
Eur J Pediatr 1995;154:853–858.
286. Mallory GB Jr, Chaney H, Mutich RL, Motoyama EK. Longitudinal
changes in lung function during the first three years of premature
infants with moderate to severe bronchopulmonary dysplasia. Pediatr
Pulmonol 1991;11:8–14.
287. Talmaciu I, Ren CL, Kolb SM, Hickey E, Panitch HB. Pulmonary
function in technology-dependent children 2 years and older with
bronchopulmonary dysplasia. Pediatr Pulmonol 2002;33:181–188.
288. Castile R, Filbrun D, Flucke R, Franklin W, McCoy K. Adult-type
pulmonary function tests in infants without respiratory disease. Pediatr Pulmonol 2000;30:215–227.
289. Turner DJ, Stick SM, Lesouef KL, Sly PD, Lesouef PN. A new technique
to generate and assess forced expiration from raised lung volume in
infants. Am J Respir Crit Care Med 1995;151:1441–1450.
290. Wolfson MR, Bhutani VK, Shaffer TH, Bowen FW Jr. Mechanics and
energetics of breathing helium in infants with bronchopulmonary
dysplasia. J Pediatr 1984;104:752–757.
291. Cook CD, Sutherland JM, Segal S, McIlroy MB, Smith CA. Studies of

American Thoracic Society Documents

292.
293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.
306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

respiratory physiology in the newborn infant. III. Measurements of
mechanics of respiration. J Clin Invest 1957;36:440–448.
Thibeault DW, Clutario B, Auld PAM. The oxygen cost of breathing
in the premature infant. Pediatrics 1966;37:954–959.
Sinclair JC, Driscoll JM Jr, Heird WC, Winters RW. Supportive management of the sick neonate: parenteral calories, water, and electrolytes.
Pediatr Clin North Am 1970;17:863–893.
Kao LC, Durand DJ, Nickerson BG. Improving pulmonary function
does not decrease oxygen consumption in infants with bronchopulmonary dysplasia. J Pediatr 1988;112:616–621.
Gomez-Del Rio M, Gerhardt T, Hehre D, Feller R, Bancalari E. Effect
of a ␤-agonist nebulization on lung function in neonates with increased pulmonary resistance. Pediatr Pulmonol 1986;2:287–291.
Sosulski R, Abbasi S, Bhutani VK, Fox WW. Physiologic effects of
terbutaline on pulmonary function of infants with bronchopulmonary
dysplasia. Pediatr Pulmonol 1986;2:269–273.
Cabal LA, Larrazabal C, Ramanathan R, Durand M, Lewis D, Siassi
B, Hodgman J. Effects of metaproterenol on pulmonary mechanics,
oxygenation, and ventilation in infants with chronic lung disease. J
Pediatr 1987;110:116–119.
Kao LC, Durand DJ, Nickerson BG. Effects of inhaled metaproterenol
and atropine on the pulmonary mechanics of infants with bronchopulmonary dysplasia. Pediatr Pulmonol 1989;6:74–80.
Fok TF, Lam K, Ng PC, So HK, Cheung KL, Wong W, So KW. Randomised crossover trial of salbutamol aerosol delivered by metered
dose inhaler, jet nebuliser, and ultrasonic nebuliser in chronic lung
disease. Arch Dis Child Fetal Neonatal Ed 1998;79:F100–F104.
Motoyama EK, Fort MD, Klesh KW, Mutich RL, Guthrie RD. Early
onset of airway reactivity in premature infants with bronchopulmonary dysplasia. Am Rev Respir Dis 1987;136:50–57.
Rooklin AR, Moomjian AS, Shutack JG, Schwartz JG, Fox WW. Theophylline therapy in bronchopulmonary dysplasia. J Pediatr 1979;95:
882–888.
Avery GB, Fletcher AB, Kaplan M, Brudno DS. Controlled trial of
dexamethasone in respirator-dependent infants with bronchopulmonary dysplasia. Pediatrics 1985;75:106–111.
Yoder MC Jr, Chua R, Tepper R. Effect of dexamethasone on pulmonary inflammation and pulmonary function of ventilator-dependent
infants with bronchopulmonary dysplasia. Am Rev Respir Dis 1991;
143:1044–1048.
Logvinoff MM, Lemen RJ, Taussig LM, Lamont BA. Bronchodilators
and diuretics in children with bronchopulmonary dysplasia. Pediatr
Pulmonol 1985;1:198–203.
Rastogi A, Luayon M, Ajayi OA, Pildes RS. Nebulized furosemide in
infants with bronchopulmonary dysplasia. J Pediatr 1994;125:976–979.
Kugelman A, Durand M, Garg M. Pulmonary effect of inhaled furosemide in ventilated infants with severe bronchopulmonary dysplasia.
Pediatrics 1997;99:71–75.
Greenspan JS, DeGiulio PA, Bhutani VK. Airway reactivity as determined by a cold air challenge in infants with bronchopulmonary
dysplasia. J Pediatr 1989;114:452–454.
Smyth JA, Tabachnik E, Duncan WJ, Reilly BJ, Levison H. Pulmonary
function and bronchial hyperreactivity in long-term survivors of bronchopulmonary dysplasia. Pediatrics 1981;68:336–340.
Bertrand JM, Riley SP, Popkin J, Coates AL. The long-term pulmonary
sequelae of prematurity: the role of familial airway hyperreactivity
and the respiratory distress syndrome. N Engl J Med 1985;312:742–
745.
MacLusky IB, Stringer D, Zarfen J, Smallhorn J, Levison H. Cardiorespiratory status in long-term survivors of prematurity, with and without hyaline membrane disease. Pediatr Pulmonol 1986;2:94–102.
Bader D, Ramos AD, Lew CD, Platzker AC, Stabile MW, Keens TG.
Childhood sequelae of infant lung disease: exercise and pulmonary
function abnormalities after bronchopulmonary dysplasia. J Pediatr
1987;110:693–699.
Mansell AL, Driscoll JM, James LS. Pulmonary follow-up of moderately
low birth weight infants with and without respiratory distress syndrome. J Pediatr 1987;110:111–115.
Andreasson B, Lindroth M, Mortensson W, Svenningsen NW, Jonson
B. Lung function eight years after neonatal ventilation. Arch Dis
Child 1989;64:108–113.
Hakulinen AL, Heinonen K, Lansimies E, Kiekara O. Pulmonary function and respiratory morbidity in school-age children born prematurely and ventilated for neonatal respiratory insufficiency. Pediatr
Pulmonol 1990;8:226–232.
Blayney M, Kerem E, Whyte H, O’Brodovich H. Bronchopulmonary
dysplasia: improvement in lung function between 7 and 10 years of
age. J Pediatr 1991;118:201–206.

391
316. Kitchen WH, Olinsky A, Doyle LW, Ford GW, Murton LJ, Slonim L,
Callanan C. Respiratory health and lung function in 8-year-old children of very low birth weight: a cohort study. Pediatrics 1992;89:1151–
1158.
317. Parat S, Moriette G, Delaperche MF, Escourrou P, Denjean A, Gaultier
C. Long-term pulmonary functional outcome of bronchopulmonary
dysplasia and premature birth. Pediatr Pulmonol 1995;20:289–296.
318. Santuz P, Baraldi E, Zaramella P, Filippone M, Zacchello F. Factors
limiting exercise performance in long-term survivors of bronchopulmonary dysplasia. Am J Respir Crit Care Med 1995;152:1284–1289.
319. Doyle LW, Ford GW, Olinsky A, Knoches AM, Callanan C. Bronchopulmonary dysplasia and very low birthweight: lung function at 11
years of age. J Paediatr Child Health 1996;32:339–343.
320. Hakulinen AL, Jarvenpaa AL, Turpeinen M, Sovijarvi A. Diffusing
capacity of the lung in school-aged children born very preterm, with
and without bronchopulmonary dysplasia. Pediatr Pulmonol 1996;21:
353–360.
321. Koumbourlis AC, Motoyama EK, Mutich RL, Mallory GB, Walczak
SA, Fertal K. Longitudinal follow-up of lung function from childhood
to adolescence in prematurely born patients with neonatal chronic
lung disease. Pediatr Pulmonol 1996;21:28–34.
322. Cano A, Payo F. Lung function and airway responsiveness in children
and adolescents after hyaline membrane disease: a matched cohort
study. Eur Respir J 1997;10:880–885.
323. Giacoia GP, Venkataraman PS, West-Wilson KI, Faulkner MJ. Followup of school-age children with bronchopulmonary dysplasia. J Pediatr
1997;130:400–408.
324. Jacob SV, Lands LC, Coates AL, Davis GM, MacNeish CF, Hornby L,
Riley SP, Outerbridge EW. Exercise ability in survivors of severe
bronchopulmonary dysplasia. Am J Respir Crit Care Med 1997;155:
1925–1929.
325. Pelkonen AS, Hakulinen AL, Turpeinen M. Bronchial lability and responsiveness in school children born very preterm. Am J Respir Crit
Care Med 1997;156:1178–1184.
326. Jacob SV, Coates AL, Lands LC, MacNeish CF, Riley SP, Hornby L,
Outerbridge EW, Davis GM, Williams RL. Long-term pulmonary
sequelae of severe bronchopulmonary dysplasia. J Pediatr 1998;133:
193–200.
327. Mitchell SH, Teague WG. Reduced gas transfer at rest and during
exercise in school-age survivors of bronchopulmonary dysplasia. Am
J Respir Crit Care Med 1998;157:1406–1412.
328. Sheller JR. Childhood pulmonary function following hyaline membrane
disease. Compr Ther 1990;16:54–58.
329. Northway WH Jr, Moss RB, Carlisle KB, Parker BR, Popp RL, Pitlick
PT, Eichler I, Lamm RL, Brown BW Jr. Late pulmonary sequelae
of bronchopulmonary dysplasia. N Engl J Med 1990;323:1793–1799.
330. Wheeler WB, Castile RG, Brown ER, Wohl MEB. Pulmonary function
in survivors of prematurity. Am Rev Respir Dis 1984;129:A218.
331. Allen JL, Panitch HB. Lung function testing: chronic lung disease of
infancy. Pediatr Pulmonol 2001(Suppl 23):138–140.
332. Nickerson BG, Durand DJ, Kao LC. Short-term variability of pulmonary function tests in infants with bronchopulmonary dysplasia. Pediatr Pulmonol 1989;6:36–41.
333. Stocks J, Sly PD, Tepper RS, Morgan WJ, editors. Infant respiratory
function testing. New York: Wiley-Liss; 1996.
334. Sly PD, Tepper R, Henschen M, Gappa M, Stocks J. Tidal forced
expirations. ERS/ATS Task Force on Standards for Infant Respiratory Function Testing. European Respiratory Society/American Thoracic Society. Eur Respir J 2000;16:741–748.
335. Frey U, Stocks J, Coates A, Sly P, Bates J. Specifications for equipment
used for infant pulmonary function testing. ERS/ATS Task Force on
Standards for Infant Respiratory Function Testing. European Respiratory Society/American Thoracic Society. Eur Respir J 2000;16:731–
740.
336. Bates JH, Schmalisch G, Filbrun D, Stocks J. Tidal breath analysis for
infant pulmonary function testing. ERS/ATS Task Force on Standards
for Infant Respiratory Function Testing. European Respiratory Society/American Thoracic Society. Eur Respir J 2000;16:1180–1192.
337. Eigen H, Bieler H, Grant D, Christoph K, Terrill D, Heilman DK,
Ambrosius WT, Tepper RS. Spirometric pulmonary function in
healthy preschool children. Am J Respir Crit Care Med 2001;163:619–
623.
338. Sotomayor JL, Godinez RI, Borden S, Wilmott RW. Large-airway collapse due to acquired tracheobronchomalacia in infancy. Am J Dis
Child 1986;140:367–371.
339. Wittenborg MH, Gyepes MT, Crocker D. Tracheal dynamics in infants
with respiratory distress, stridor, and collapsing trachea. Radiology
1967;88:653–662.

392

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 168 2003

340. Brody AS, Kuhn JP, Seidel FG, Brodsky LS. Airway evaluation in
children with use of ultrafast CT: pitfalls and recommendations. Radiology 1991;178:181–184.
341. Dunham ME, Wolf RN. Visualizing the pediatric airway: three-dimensional modeling of endoscopic images. Ann Otol Rhinol Laryngol
1996;105:12–17.
342. Deutsch ES, Smergel E, Crisci K, Panitch H. Tracheobronchography
in children. Laryngoscope 1996;106:1248–1254.
343. Auringer ST, Bisset GS III, Myer CM III. Magnetic resonance imaging
of the pediatric airway compared with findings at surgery and/or
endoscopy. Pediatr Radiol 1991;21:329–332.
344. Bhutani VK. Tracheobronchial abnormalities complicating bronchopulmonary dysplasia [letter]. J Pediatr 1988;112:843–844.
345. Duncan S, Eid N. Tracheomalacia and bronchopulmonary dysplasia.
Ann Otol Rhinol Laryngol 1991;100:856–858.
346. Panitch HB, Keklikian EN, Motley RA, Wolfson MR, Schidlow DV.
Effect of altering smooth muscle tone on maximal expiratory flows
in patients with tracheomalacia. Pediatr Pulmonol 1990;9:170–176.
347. Tepper RS, Eigen H, Brown J, Hurwitz R. Use of maximal expiratory
flows to evaluate central airways obstruction in infants. Pediatr Pulmonol 1989;6:272–274.
348. Lafontaine VM, Ducharme FM, Brouillette RT. Pulse oximetry: accuracy of methods of interpreting graphic summaries. Pediatr Pulmonol
1996;21:121–131.
349. American Thoracic Society. Standards and indications for cardiopulmonary sleep studies in children. Am J Respir Crit Care Med 1996;153:
866–878.
350. Ramanathan R, Corwin MJ, Hunt CE, Lister G, Tinsley LR, Baird T,
Silvestri JM, Crowell DH, Hufford D, Martin RJ, et al. Collaborative
Home Infant Monitoring Evaluation (CHIME) Study Group. Cardiorespiratory events recorded on home monitors: comparison of healthy
infants with those at increased risk for SIDS. JAMA 2001;285:2199–
2207.
351. Harrod JR, L’Heureux P, Wangensteen OD, Hunt CE. Long-term follow-up of severe respiratory distress syndrome treated with IPPB. J
Pediatr 1974;84:277–285.
352. Johnson JD, Malachowski NC, Grobstein R, Welsh D, Daily WJ, Sunshine P. Prognosis of children surviving with the aid of mechanical
ventilation in the newborn period. J Pediatr 1974;84:272–276.
353. Abman SH, Accurso FJ, Koops BL. Experience with home oxygen in
the management of infants with bronchopulmonary dysplasia. Clin
Pediatr (Phila) 1984;23:471–476.
354. White MP, Houston AB. Pulmonary hypertension in bronchopulmonary
dysplasia [letter; comment]. Arch Dis Child 1990;65:1378.
355. Berman W Jr, Katz R, Yabek SM, Dillon T, Fripp RR, Papile LA. Longterm follow-up of bronchopulmonary dysplasia. J Pediatr 1986;109:
45–50.
356. Abman SH, Accurso FJ, Bowman CM. Unsuspected cardiopulmonary
abnormalities complicating bronchopulmonary dysplasia. Arch Dis
Child 1984;59:966–970.
357. Currie PJ, Seward JB, Chan KL, Fyfe DA, Hagler DJ, Mair DD, Reeder
GS, Nishimura RA, Tajik AJ. Continuous wave Doppler determination of right ventricular pressure: a simultaneous Doppler–catheterization study in 127 patients. J Am Coll Cardiol 1985;6:750–756.
358. Goodman G, Perkin RM, Anas NG, Sperling DR, Hicks DA, Rowen
M. Pulmonary hypertension in infants with bronchopulmonary dysplasia. J Pediatr 1988;112:67–72.
359. Berman W Jr, Yabek SM, Dillon T, Burstein R, Corlew S. Evaluation
of infants with bronchopulmonary dysplasia using cardiac catheterization. Pediatrics 1982;70:708–712.
360. Riggs T, Hirschfeld S, Borkat G, Knoke J, Liebman J. Assessment of
the pulmonary vascular bed by echocardiographic right ventricular
systolic time intervals. Circulation 1978;57:939–947.
361. Silverman NH, Snider AR, Rudolph AM. Evaluation of pulmonary
hypertension by M-mode echocardiography in children with ventricular septal defect. Circulation 1980;61:1125–1132.
362. Newth CJ, Gow RM, Rowe RD. The assessment of pulmonary arterial
pressures in bronchopulmonary dysplasia by cardiac catheterization
and M-mode echocardiography. Pediatr Pulmonol 1985;1:58–62.
363. Ascher DP, Rosen P, Null DM, de Lemos RA, Wheller JJ. Systemic to
pulmonary collaterals mimicking patent ductus arteriosus in neonates
with prolonged ventilatory courses. J Pediatr 1985;107:282–284.
364. Dudell GG, Gersony WM. Patent ductus arteriosus in neonates with
severe respiratory disease. J Pediatr 1984;104:915–920.
365. Greenough A, Roberton NR. Morbidity and survival in neonates ventilated for the respiratory distress syndrome. Br Med J (Clin Res Ed)
1985;290:597–600.
366. Merritt TA, Harris JP, Roghmann K, Wood B, Campanella V, Alexson

367.

368.

369.

370.

371.
372.

373.

374.
375.

376.

377.

378.

379.

380.

381.
382.
383.

384.

385.

386.

387.

388.

389.

C, Manning J, Shapiro DL. Early closure of the patent ductus arteriosus in very low-birth-weight infants: a controlled trial. J Pediatr
1981;99:281–286.
Serwer GA, Armstrong BE, Anderson PA. Nonivasive detection of
retrograde descending aortic flow in infants using continuous wave
doppler ultrasonography: implications for diagnosis of aortic run-off
lesions. J Pediatr 1980;97:394–400.
Food and Nutrition Board. Dietary reference intakes for energy, carbohydrate, fiber, fat, fatty acids, cholesterol, protein, and amino acids
(macronutrients) (2002). Washington, DC: National Academy Press;
2002. p. 1–936.
Board of Directors, American Society for Parenteral and Enteral Nutrition. Standards for hospitalized pediatric patients. Nutr Clin Pract
1996;11:217–228.
Board of Directors, American Society for Parenteral and Enteral Nutrition. Guidelines for the use of parenteral and enteral nutrition in
adult and pediatric patients. JPEN J Parenter Enteral Nutr 2002;26(1
Suppl):1SA–138SA.
Babson SG, Benda GI. Growth graphs for the clinical assessment of
infants of varying gestational age. J Pediatr 1976;89:814–820.
Casey PH, Kraemer HC, Bernbaum J, Yogman MW, Sells JC. Growth
status and growth rates of a varied sample of low birth weight, preterm
infants: a longitudinal cohort from birth to three years of age. J
Pediatr 1991;119:599–605.
Hack M, Weissman B, Borawski-Clark E. Catch-up growth during childhood among very low-birth-weight children. Arch Pediatr Adolesc
Med 1996;150:1122–1129.
Seminara S, Rapisardi G, La Cauza F, Mattei P, Donzelli G. Catch-up
growth in short-at-birth NICU graduates. Horm Res 2000;53:139–143.
Hirata T, Bosque E. When they grow up: the growth of extremely low
birth weight (⬍ or ⫽ 1000 gm) infants at adolescence. J Pediatr
1998;132:1033–1035.
Ford GW, Doyle LW, Davis NM, Callanan C. Very low birth weight
and growth into adolescence. Arch Pediatr Adolesc Med 2000;154:
778–784.
Saigal S, Stoskopf BL, Streiner DL, Burrows E. Physical growth and
current health status of infants who were of extremely low birth
weight and controls at adolescence. Pediatrics 2001;108:407–415.
Cameron N. The methods of auzological anthropometry. In: Falkner
F, Tanner J, editors. Human growth. New York: Plenum Press; 1986.
p. 3–43.
Hamill PV, Drizd TA, Johnson CL, Reed RB, Roche AF, Moore WM.
Physical growth: National Center for Health Statistics percentiles.
Am J Clin Nutr 1979;32:607–629.
Slaughter MH, Lohman TG, Boileau RA, Horswill CA, Stillman RJ,
Van Loan MD, Bemben DA. Skinfold equations for estimation of
body fatness in children and youth. Hum Biol 1988;60:709–723.
Waterlow JC. Classification and definition of protein-calorie malnutrition. BMJ 1972;3:566–569.
Moore D, Durie P, Forstner G, Pencharz P. The assessment of nutritional status in children. Nutr Res 1985;5:797–799.
Wooldridge N. Pulmonary diseases. In: Queen P, Lang C, editors. Handbook of pediatric nutrition. Gaithersburg, MD: Aspen Publishers;
1993. p. 442–446.
Second Task Force on Blood Pressure Control in Children. Report of
the Second Task Force on Blood Pressure Control in Children—1987.
National Heart, Lung, and Blood Institute, Bethesda, Maryland. Pediatrics 1987;79:1–25.
Dixon SD, Stein M, editors. Encounters with children: a practical guide
to pediatric behavior and development, 2nd ed. St. Louis, MO: Mosby
Year Book; 1991.
American Academy of Pediatrics, American Association for Pediatric
Ophthalmology and Strabismus, American Academy of Ophthalmology. Screening examination of premature infants for retinopathy of
prematurity: a joint statement of the American Academy of Pediatrics, the American Association for Pediatric Ophthalmology and Strabismus, and the American Academy of Ophthalmology. Pediatrics
1997;100:273.
Baker K, Kuhlmann T, Magliaro BL. Homeward bound: discharge
teaching for parents of newborns with special needs. Nurs Clin North
Am 1989;24:655–664.
Howard-Glenn L. Transition to home: discharge planning for the oxygen-dependent infant with bronchopulmonary dysplasia. J Perinat
Neonatal Nurs 1992;6:85–94.
Brooten D, Kumar S, Brown LP, Butts P, Finkler SA, Bakewell-Sachs
S, Gibbons A, Delivoria-Papadopoulos M. A randomized clinical trial
of early hospital discharge and home follow-up of very-low-birthweight infants. N Engl J Med 1986;315:934–939.

American Thoracic Society Documents
390. Butts PA, Brooten D, Brown D, Bakewell-Sachs S, Gibbons A, Finkler
S, Kumar S, Delivoria-Papadapoulos M. Concerns of parents of low
birthweight infants following hospital discharge: a report of parentinitiated telephone calls. Neonatal Netw 1988;7:37–42.
391. Hudak BB, Allen MC, Hudak ML, Loughlin GM. Home oxygen therapy
for chronic lung disease in extremely low-birth-weight infants. Am J
Dis Child 1989;143:357–360.
392. Kotagal UR, Perlstein PH, Gamblian V, Donovan EF, Atherton HD.
Description and evaluation of a program for the early discharge of
infants from a neonatal intensive care unit. J Pediatr 1995;127:285–
290.
393. Thilo EH, Comito J, McCulliss D. Home oxygen therapy in the newborn:
costs and parental acceptance. Am J Dis Child 1987;141:766–768.
394. McAleese KA, Knapp MA, Rhodes TT. Financial and emotional cost
of bronchopulmonary dysplasia. Clin Pediatr (Phila) 1993;32:393–400.
395. Katz KS, Baker C, Osborn D. Home-based care for children with chronic
illness. J Perinat Neonatal Nurs 1991;5:71–79.
396. American Academy of Pediatrics Committee on Children with Disabilities. Guidelines for home care of infants, children, and adolescents
with chronic disease. Pediatrics 1995;96:161–164.
397. Colangelo A, Vento, Taeusch H. Discharge planning. In: Taeusch HW,
Yogman MW, editors. Follow-up management of the high-risk infant.
Boston: Little, Brown; 1987. p. 31–45.
398. Embon CM. Discharge planning for infants with bronchopulmonary
dysplasia. J Perinat Neonatal Nurs 1991;5:54–63.
399. McCarthy MF. A home discharge program for ventilator-assisted children. Pediatr Nurs 1986;12:331–333, 380.
400. Damato EG. Discharge planning from the neonatal intensive care unit.
J Perinat Neonatal Nurs 1991;5:43–53.
401. Palfrey JS, Haynie M, Porter S, Bierle T, Cooperman P, Lowcock J.
Project School Care: integrating children assisted by medical technology into educational settings. J Sch Health 1992;62:50–54.
402. Delaney N, Zolondick K. Day care for technology-dependent infants
and children: a new alternative. J Perinat Neonatal Nurs 1991;5:80–85.
403. Richardson M, Student E, O’Boyle D, Smyth M, Wheeler TW. Establishment of a state-supported, specialized home care program for
children with complex health-care needs. Issues Compr Pediatr Nurs
1992;15:93–122.
404. Bond N, Phillips P, Rollins JA. Family-centered care at home for families
with children who are technology dependent. Pediatr Nurs 1994;
20:123–130.
405. McElheny JE. Parental adaptation to a child with bronchopulmonary
dysplasia. J Pediatr Nurs 1989;4:346–352.
406. Klug RM. Clarifying roles and expectations in home care. Pediatr Nurs
1993;19:374–376.
407. Patterson JM, Leonard BJ, Titus JC. Home care for medically fragile
children: impact on family health and well-being. J Dev Behav Pediatr
1992;13:248–255.
408. Rogers M, Riordan J, Swindle D. Community-based nursing case management pays off. Nurs Manag 1991;22:30–34.
409. Lewis CC, Alford-Winston A, Billy-Kornas M, McCaustland MD, Tachman CP. Care management for children who are medically fragile/
technology-dependent. Issues Compr Pediatr Nurs 1992;15:73–91.
410. Steele S. Nurse and parent collaborative case management in a rural
setting. Pediatr Nurs 1993;19:612–615.
411. Rotschild A, Solimano A, Puterman M, Smyth J, Sharma A, Albersheim
S. Increased compliance in response to salbutamol in premature infants with developing bronchopulmonary dysplasia. J Pediatr 1989;
115:984–991.
412. Lee H, Arnon S, Silverman M. Bronchodilator aerosol administered by
metered dose inhaler and spacer in subacute neonatal respiratory
distress syndrome. Arch Dis Child Fetal Neonatal Ed 1994;70:F218–
F222.
413. Davis JM, Bhutani VK, Stefano JL, Fox WW, Spitzer AR. Changes in
pulmonary mechanics following caffeine administration in infants
with bronchopulmonary dysplasia. Pediatr Pulmonol 1989;6:49–52.
414. Wanke T, Merkle M, Zifko U, Formanek D, Lahrmann H, Grisold W,
Zwick H. The effect of aminophylline on the force–length characteristics of the diaphragm. Am J Respir Crit Care Med 1994;149:1545–1549.
415. Martinati LC, Boner AL. Anticholinergic antimuscarinic agents in the
treatment of airways bronchoconstriction in children. Allergy 1996;51:
2–7.
416. Brundage KL, Mohsini KG, Froese AB, Fisher JT. Bronchodilator
response to ipratropium bromide in infants with bronchopulmonary
dysplasia. Am Rev Respir Dis 1990;142:1137–1142.
417. Kovacs SJ, Fisher JB, Brodsky NL, Hurt H. Use of a ␤-agonist in
ventilated, very-low-birth-weight babies: a longitudinal evaluation.
Dev Pharmacol Ther 1990;15:61–67.

393
418. Denjean A, Guimaraes H, Migdal M, Miramand JL, Dehan M, Gaultier
C. Dose-related bronchodilator response to aerosolized salbutamol
(albuterol) in ventilator-dependent premature infants. J Pediatr 1992;
120:974–979.
419. Denjean A, Paris-Llado J, Zupan V, Debillon T, Kieffer F, Magny JF,
Desfreres L, Llanas B, Guimaraes H, Moriette G, Voyer M, Dehan
M, Breart G. Inhaled salbutamol and beclomethasone for preventing
broncho-pulmonary dysplasia: a randomised double-blind study. Eur
J Pediatr 1998;157:926–931.
420. Yuksel B, Greenough A. Effect of nebulized salbutamol in preterm
infants during the first year of life. Eur Respir J 1991;4:1088–1092.
421. Yuksel B, Greenough A. Influence of lung function and postnatal age
on the response to nebulized ipratropium bromide in children born
prematurely. Respir Med 1994;88:527–530.
422. Yuksel B, Greenough A. Airways resistance and lung volume before
and after bronchodilator therapy in symptomatic preterm infants.
Respir Med 1994;88:281–286.
423. Yuksel B, Greenough A, Green S. Paradoxical response to nebulized
ipratropium bromide in pre-term infants asymptomatic at follow-up.
Respir Med 1991;85:189–194.
424. Yuksel B, Greenough A, Maconochie I. Effective bronchodilator treatment by a simple spacer device for wheezy premature infants. Arch
Dis Child 1990;65:782–785.
425. Yuksel B, Greenough A. Ipratropium bromide for symptomatic preterm
infants. Eur J Pediatr 1991;150:854–857.
426. Kirpalani H, Koren G, Schmidt B, Tan Y, Santos R, Soldin S. Respiratory response and pharmacokinetics of intravenous salbutamol in
infants with bronchopulmonary dysplasia. Crit Care Med 1990;18:
1374–1377.
427. Fok TF, Monkman S, Dolovich M, Gray S, Coates G, Paes B, Rashid
F, Newhouse M, Kirpalani H. Efficiency of aerosol medication delivery from a metered dose inhaler versus jet nebulizer in infants with
bronchopulmonary dysplasia. Pediatr Pulmonol 1996;21:301–309.
428. Yuksel B, Greenough A. Comparison of the effects on lung function
of two methods of bronchodilator administration. Respir Med 1994;88:
229–233.
429. Yuksel B, Greenough A. Variable response to bronchodilator therapy
in young children born prematurely. Respir Med 1993;87:359–364.
430. De Boeck K, Smith J, Van Lierde S, Devlieger H. Response to bronchodilators in clinically stable 1-year-old patients with bronchopulmonary dysplasia. Eur J Pediatr 1998;157:75–79.
431. Collaborative Dexamethasone Trial Group. Dexamethasone therapy in
neonatal chronic lung disease: an international placebo-controlled
trial. Pediatrics 1991;88:421–427.
432. Cummings JJ, D’Eugenio DB, Gross SJ. A controlled trial of dexamethasone in preterm infants at high risk for bronchopulmonary dysplasia.
N Engl J Med 1989;320:1505–1510.
433. Yeh TF, Torre JA, Rastogi A, Anyebuno MA, Pildes RS. Early postnatal dexamethasone therapy in premature infants with severe respiratory distress syndrome: a double-blind, controlled study. J Pediatr
1990;117:273–282.
434. Sanders RJ, Cox C, Phelps DL, Sinkin RA. Two doses of early intravenous dexamethasone for the prevention of bronchopulmonary dysplasia in babies with respiratory distress syndrome. Pediatr Res 1994;36:
122–128.
435. Shinwell ES, Karplus M, Zmora E, Reich D, Rothschild A, Blazer S,
Bader D, Yurman S, Dolfin T, Kuint J, et al. Failure of early postnatal
dexamethasone to prevent chronic lung disease in infants with respiratory distress syndrome. Arch Dis Child Fetal Neonatal Ed 1996;74:
F33–F37.
436. Rastogi A, Akintorin SM, Bez ML, Morales P, Pildes RS. A controlled
trial of dexamethasone to prevent bronchopulmonary dysplasia in
surfactant-treated infants. Pediatrics 1996;98:204–210.
437. Tapia JL, Ramirez R, Cifuentes J, Fabres J, Hubner ME, Bancalari A,
Mercado ME, Standen J, Escobar M. The effect of early dexamethasone administration on bronchopulmonary dysplasia in preterm infants with respiratory distress syndrome. J Pediatr 1998;132:48–52.
438. Bhuta T, Ohlsson A. Systematic review and meta-analysis of early postnatal dexamethasone for prevention of chronic lung disease. Arch
Dis Child Fetal Neonatal Ed 1998;79:F26–F33.
439. Garland JS, Alex CP, Pauly TH, Whitehead VL, Brand J, Winston JF,
Samuels DP, McAuliffe TL. A three-day course of dexamethasone
therapy to prevent chronic lung disease in ventilated neonates: a
randomized trial. Pediatrics 1999;104:91–99.
440. Karinski DA, Balkundi D, Rubin LP, Padbury JF. The use of inhaled
glucocorticosteroids and recovery from adrenal suppression after systemic steroid use in a VLBW premature infant with BPD: case report
and literature discussion. Neonatal Netw 2000;19:27–32.

394

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 168 2003

441. Ng PC, Wong GW, Lam CW, Lee CH, Fok TF, Wong MY, Wong W,
Chan DC. Pituitary–adrenal suppression and recovery in preterm
very low birth weight infants after dexamethasone treatment for bronchopulmonary dysplasia. J Clin Endocrinol Metab 1997;82:2429–2432.
442. Tschanz SA, Burri PH. Postnatal lung development and its impairment
by glucocorticoids. Pediatr Pulmonol Suppl 1997;16:247–249.
443. Riede FT, Schulze E, Vogt L, Schramm D. Irreversible cardiac changes
after dexamethasone treatment for bronchopulmonary dysplasia.
Pediatr Cardiol 2001;22:363–364.
444. Halliday HL, Ehrenkranz RA. Delayed (⬎3 weeks) postnatal corticosteroids for chronic lung disease in preterm infants. Cochrane Database
Syst Rev 2001;2:CD001145.
445. Halliday HL, Ehrenkranz RA. Early postnatal (96 hours) corticosteroids
for preventing chronic lung disease in preterm infants. Cochrane
Database Syst Rev 2001;1:CD001146.
446. Halliday HL, Ehrenkranz RA. Moderately early (7–14 days) postnatal
corticosteroids for preventing chronic lung disease in preterm infants.
Cochrane Database Syst Rev 2001;1:CD001144.
447. Stark AR, Carlo WA, Tyson JE, Papile LA, Wright LL, Shankaran S,
Donovan EF, Oh W, Bauer CR, Saha S, Poole WK, Stoll BJ, National
Institute of Child Health and Human Development Neonatal Research Network. Adverse effects of early dexamethasone in extremely-low-birth-weight infants. National Institute of Child Health
and Human Development Neonatal Research Network. N Engl J
Med 2001;344:95–101.
448. LaForce WR, Brudno DS. Controlled trial of beclomethasone dipropionate by nebulization in oxygen- and ventilator-dependent infants. J
Pediatr 1993;122:285–288.
449. Greenough A, Yuksel B. Glucocorticoids [letter]. Acta Paediatr 1994;
83:342.
450. Giep T, Raibble P, Zuerlein T, Schwartz ID. Trial of beclomethasone
dipropionate by metered-dose inhaler in ventilator-dependent neonates less than 1500 grams. Am J Perinatol 1996;13:5–9.
451. Arnon S, Grigg J, Silverman M. Effectiveness of budesonide aerosol in
ventilator-dependent preterm babies: a preliminary report. Pediatr
Pulmonol 1996;21:231–235.
452. Dimitriou G, Greenough A, Giffin FJ, Kavadia V. Inhaled versus systemic steroids in chronic oxygen dependency of preterm infants. Eur
J Pediatr 1997;156:51–55.
453. Cole CH, Colton T, Shah BL, Abbasi S, MacKinnon BL, Demissie
S, Frantz ID III. Early inhaled glucocorticoid therapy to prevent
bronchopulmonary dysplasia. N Engl J Med 1999;340:1005–1010.
454. Greenough A. Chronic lung disease of prematurity–prevention by inhaled corticosteroids? Lancet 1999;354:266–267.
455. Lister P, Iles R, Shaw B, Ducharme F. Inhaled steroids for neonatal
chronic lung disease. Cochrane Database Syst Rev 2000;3:CD002311.
456. Yuksel B, Greenough A. Randomised trial of inhaled steroids in preterm
infants with respiratory symptoms at follow up. Thorax 1992;47:910–
913.
457. Watterberg KL, Murphy S. Failure of cromolyn sodium to reduce the
incidence of bronchopulmonary dysplasia: a pilot study. Neonatal
Cromolyn Study Group. Pediatrics 1993;91:803–806.
458. Viscardi RM, Hasday JD, Gumpper KF, Taciak V, Campbell AB,
Palmer TW. Cromolyn sodium prophylaxis inhibits pulmonary proinflammatory cytokines in infants at high risk for bronchopulmonary
dysplasia. Am J Respir Crit Care Med 1997;156:1523–1529.
459. Yuksel B, Greenough A. Inhaled nedocromil sodium in symptomatic
young children born prematurely. Respir Med 1996;90:467–471.
460. Yuksel B, Greenough A. Inhaled sodium cromoglycate for pre-term
children with respiratory symptoms at follow-up. Respir Med 1992;86:
131–134.
461. Billeaud C, Piedboeuf B, Chessex P. Energy expenditure and severity
of respiratory disease in very low birth weight infants receiving longterm ventilatory support. J Pediatr 1992;120:461–464.
462. Sauve RS, McMillan DD, Mitchell I, Creighton D, Hindle NW, Young
L. Home oxygen therapy: outcome of infants discharged from NICU
on continuous treatment. Clin Pediatr (Phila) 1989;28:113–118.
463. STOP-ROP Multicenter Trial Group. Supplemental therapeutic oxygen
for prethreshold retinopathy of prematurity (STOP-ROP), a randomized, controlled trial. I. Primary outcomes. Pediatrics 2000;105:295–
310.
464. Nocturnal Oxygen Therapy Trial Group. Continuous or nocturnal oxygen therapy in hypoxemic chronic obstructive lung disease: a clinical
trial. Ann Intern Med 1980;93:391–398.
465. Medical Research Council Working Party. Long term domiciliary oxygen therapy in chronic hypoxic cor pulmonale complicating chronic
bronchitis and emphysema. Report of the Medical Research Council
Working Party. Lancet 1981;1:681–686.

466. Groothuis JR, Rosenberg AA. Home oxygen promotes weight gain in
infants with bronchopulmonary dysplasia. Am J Dis Child 1987;141:
992–995.
467. Palmisano JM, Martin JM, Krauzowicz BA, Truman KH, Meliones
JN. Effects of supplemental oxygen administration in an infant with
pulmonary artery hypertension. Heart Lung 1990;19:627–630.
468. Poets CF, Samuels MP, Southall DP. Hypoxaemia in infants with bronchopulmonary dysplasia [letter; comment]. Pediatrics 1993;92:186–
187.
469. Pinney MA, Cotton EK. Home management of bronchopulmonary
dysplasia. Pediatrics 1976;58:856–859.
470. Cox MA, Cohen AJ, Slavin RE, Epstein MF. Improved growth in infants
with bronchopulmonary dysplasia (BPD) treated with nasal cannula
oxygen [abstract]. Pediatr Res 1979;13:492.
471. Singer L, Martin RJ, Hawkins SW, Benson-Szekely LJ, Yamashita TS,
Carlo WA. Oxygen desaturation complicates feeding in infants with
bronchopulmonary dysplasia after discharge. Pediatrics 1992;90:380–
384.
472. Campbell AN, Zarfin Y, Groenveld M, Bryan MH. Low flow oxygen
therapy in infants. Arch Dis Child 1983;58:795–798.
473. Sindel BD, Maisels MJ, Ballantine TV. Gastroesophageal reflux to the
proximal esophagus in infants with bronchopulmonary dysplasia. Am
J Dis Child 1989;143:1103–1106.
474. Poets CF, Southall DP. Noninvasive monitoring of oxygenation in infants and children: practical considerations and areas of concern.
Pediatrics 1994;93:737–746.
475. Hay WW Jr, Thilo E, Curlander JB. Pulse oximetry in neonatal medicine. Clin Perinatol 1991;18:441–472.
476. Durand M, Ramanathan R. Pulse oximetry for continuous oxygen monitoring in sick newborn infants. J Pediatr 1986;109:1052–1056.
477. Hay WW Jr, Brockway JM, Eyzaguirre M. Neonatal pulse oximetry:
accuracy and reliability. Pediatrics 1989;83:717–722.
478. Richard D, Poets CF, Neale S, Stebbens VA, Alexander JR, Southall
DP. Arterial oxygen saturation in preterm neonates without respiratory failure. J Pediatr 1993;123:963–968.
479. Marcus CL, Omlin KJ, Basinki DJ, Bailey SL, Rachal AB, Von Pechmann WS, Keens TG, Ward SL. Normal polysomnographic values
for children and adolescents. Am Rev Respir Dis 1992;146:1235–1239.
480. Lucey JF, Dangman B. A reexamination of the role of oxygen in retrolental fibroplasia. Pediatrics 1984;73:82–96.
481. Keith CG, Doyle LW. Retinopathy of prematurity in extremely low
birth weight infants. Pediatrics 1995;95:42–45.
482. Askie LM, Henderson-Smart DJ, Irwig L, Simpson JM. The effect of
differing oxygen saturation targeting ranges on long-term growth and
development of extremely preterm, oxygen dependent infants: the
BOOST trial. Pediatr Res 2002;51:378A.
483. Kotecha S, Allen J. Oxygen therapy for infants with chronic lung disease.
Arch Dis Child Fetal Neonatal Ed 2002;87:F11–F14.
484. Vain NE, Prudent LM, Stevens DP, Weeter MM, Maisels MJ. Regulation of oxygen concentration delivered to infants via nasal cannulas.
Am J Dis Child 1989;143:1458–1460.
485. Finer NN, Bates R, Tomat P. Low flow oxygen delivery via nasal cannula
to neonates. Pediatr Pulmonol 1996;21:48–51.
486. Tehrani FT, Bazar AR. A feedback controller for supplemental oxygen
treatment of newborn infants: a simulation study. Med Eng Phys
1994;16:329–333.
487. Bhutani VK, Taube JC, Antunes MJ, Delivoria-Papadopoulos M. Adaptive control of inspired oxygen delivery to the neonate. Pediatr Pulmonol 1992;14:110–117.
488. Hanson J, editor. Parent guide to bronchopulmonary dysplasia, 3rd ed.
Albuquerque, NM: American Lung Association of New Mexico; 1999.
489. Heimlich HJ. Oxygen delivery for ambulatory patients: how the MicroTrach increases mobility. Postgrad Med 1988;84:68–73, 77–79.
490. Panitch HB, Isaacson G. Transtracheal oxygen use in a young girl with
bronchopulmonary dysplasia. Pediatr Pulmonol 1994;18:255–257.
491. Wedzicha JA. Domiciliary oxygen therapy services: clinical guidelines
and advice for prescribers. Summary of a report of the Royal College
of Physicians. J R Coll Physicians Lond 1999;33:445–447.
492. Cottrell JJ. Altitude exposures during aircraft flight: flying higher. Chest
1988;93:81–84.
493. Gong H Jr. Air travel and oxygen therapy in cardiopulmonary patients.
Chest 1992;101:1104–1113.
494. Brouillette RT, Jacob SV, Waters KA, Morielli A, Mograss M, Ducharme FM. Cardiorespiratory sleep studies for children can often
be performed in the home. Sleep 1996;19(10 Suppl):S278–S280.
495. Owen G, Canter R. Analysis of pulse oximetry data in normal sleeping
children. Clin Otolaryngol 1997;22:13–22.
496. Hunt CE, Corwin MJ, Lister G, Weese-Mayer DE, Neuman MR,

American Thoracic Society Documents

497.

498.

499.

500.

501.

502.

503.
504.

505.

506.

507.

508.
509.
510.

511.

512.
513.
514.

515.

516.

517.

518.

519.

520.

Tinsley L, Baird TM, Keens TG, Cabral HJ. Longitudinal assessment
of hemoglobin oxygen saturation in healthy infants during the first 6
months of age. Collaborative Home Infant Monitoring Evaluation
(CHIME) Study Group. J Pediatr 1999;135:580–586.
Neuman MR, Watson H, Mendenhall RS, Zoldak JT, Di Fiore JM,
Peucker M, Baird TM, Crowell DH, Hoppenbrouwers TT, Hufford
D, et al. Collaborative Home Infant Monitor Evaluation (CHIME)
Study Group. Cardiopulmonary monitoring at home: the CHIME
monitor. Physiol Meas 2001;22:267–286.
Barratt CW, Vyas H, Hayes-Gill BR, Crowe JA. Selection of pulse
oximetry equipment for ambulatory monitoring. J Med Eng Technol
2001;25:17–24.
Vermeulen MJ, Weening FT, Battistutta D, Masters IB. Awake daytime
oximetry measurements in the management of infants with chronic
lung disease. J Paediatr Child Health 1999;35:553–557.
Simoes EA, Rosenberg AA, King SJ, Groothuis JR. Room air challenge:
prediction for successful weaning of oxygen-dependent infants. J Perinatol 1997;17:125–129.
Cotton RT, Seid AB. Management of the extubation problem in the
premature child: anterior cricoid split as an alternative to tracheotomy. Ann Otol Rhinol Laryngol 1980;89:508–511.
Sherman JM, Davis S, Albamonte-Petrick S, Chatburn RL, Fitton C,
Green C, Johnston J, Lyrene RK, Myer C III, Othersen HB, et al.
Care of the child with a chronic tracheostomy. Official Statement of
the American Thoracic Society. Am J Respir Crit Care Med 2000;161:
297–308.
Zinman R. Tracheal stenting improves airway mechanics in infants with
tracheobronchomalacia. Pediatr Pulmonol 1995;19:275–281.
Wiseman NE, Duncan PG, Cameron CB. Management of tracheobronchomalacia with continuous positive airway pressure. J Pediatr Surg
1985;20:489–493.
Pizer BL, Freeland AP, Wilkinson AR. Prolonged positive airway pressure for severe neonatal tracheobronchomalacia. Arch Dis Child
1986;61:908–909.
Neijens HJ, Kerrebijn KF, Smalhout B. Successful treatment with CPAP
of two infants with bronchomalacia. Acta Paediatr Scand 1978;67:293–
296.
Kulkarni PB, Dorand RD, Payne JH. Severe tracheomalacia in a newborn requiring assisted ventilation: a case report. Alabama J Med Sci
1983;20:19–20.
O’Neill JA Jr. Experience with iatrogenic laryngeal and tracheal stenoses. J Pediatr Surg 1984;19:235–238.
Groff DB, Allen JK. Gruentzig balloon catheter dilation for acquired
bronchial stenosis in an infant. Ann Thorac Surg 1985;39:379–381.
Malone PS, Killy EM. Role of aortopexy in the management of primary
tracheomalacia and tracheobronchomalacia. Arch Dis Child 1990;65:
438–440.
Filler RM, Forte V, Fraga JC, Matute J. The use of expandable metallic
airway stents for tracheobronchial obstruction in children. J Pediatr
Surg 1995;30:1050–1055.
Palombini B, Coburn RF. Control of the compressibility of the canine
trachea. Respir Physiol 1972;15:365–383.
Olsen CR, Stevens AE, McIlroy MB. Rigidity of tracheae and bronchi
during muscular constriction. J Appl Physiol 1967;23:27–34.
Koslo RJ, Bhutani VK, Shaffer TH. The role of tracheal smooth muscle
contraction on neonatal tracheal mechanics. Pediatr Res 1986;20:
1216–1220.
Penn RB, Wolfson MR, Shaffer TH. Effect of tracheal smooth muscle
tone on collapsibility of immature airways. J Appl Physiol 1988;65:
863–869.
Panitch HB, Downes JJ, Kennedy JS, Kolb SM, Parra MM, Peacock J,
Thompson MC. Guidelines for home care of children with chronic
respiratory insufficiency. Pediatr Pulmonol 1996;21:52–56.
Make BJ, Hill NS, Goldberg AI, Bach JR, Criner GJ, Dunne PE,
Gilmartin ME, Heffner JE, Kacmarek R, Keens TG, et al. Mechanical
ventilation beyond the intensive care unit: report of a consensus
conference of the American College of Chest Physicians. Chest
1998;113(5 Suppl):289S–344S.
Storgion S. Care of children requiring home mechanical ventilation. In:
McConnell MS, editor. Guidelines for pediatric home health care.
Elk Grove Village, IL: American Academy of Pediatrics; 2002. p.
307–321.
Rush MG, Engelhardt B, Parker RA, Hazinski TA. Double-blind, placebo-controlled trial of alternate-day furosemide therapy in infants
with chronic bronchopulmonary dysplasia. J Pediatr 1990;117:112–
118.
Albersheim SG, Solimano AJ, Sharma AK, Smyth JA, Rotschild A,
Wood BJ, Sheps SB. Randomized, double-blind, controlled trial of

395

521.
522.
523.
524.

525.

526.
527.

528.

529.

530.

531.
532.

533.

534.

535.
536.

537.

538.
539.

540.

541.

542.

543.

544.

545.

546.

547.

long-term diuretic therapy for bronchopulmonary dysplasia. J Pediatr
1989;115:615–620.
Daigle KL, Cloutier MM. Office management of bronchopulmonary
dysplasia. Compr Ther 1997;23:656–662.
Eades SK, Christensen ML. The clinical pharmacology of loop diuretics
in the pediatric patient. Pediatr Nephrol 1998;12:603–616.
Alon US. Nephrocalcinosis. Curr Opin Pediatr 1997;9:160–165.
Brion LP, Primhak RA, Ambrosio-Perez I. Diuretics acting on the distal
renal tubule for preterm infants with (or developing) chronic lung
disease. Cochrane Database Syst Rev 2000;3:CD001817.
Brion LP, Primhak RA. Intravenous or enteral loop diuretics for preterm infants with (or developing) chronic lung disease. Cochrane
Database Syst Rev 2000;4:CD001453.
Brion LP, Soll RF. Diuretics for respiratory distress syndrome in preterm infants. Cochrane Database Syst Rev 2001;2:CD001454.
Brion LP, Primhak RA, Yong W. Aerosolized diuretics for preterm
infants with (or developing) chronic lung disease [Cochrane review].
In: The Cochrane Library, 4th ed. Oxford: Update Software; 1999.
Pai VB, Nahata MC. Aerosolized furosemide in the treatment of acute
respiratory distress and possible bronchopulmonary dysplasia in preterm neonates. Ann Pharmacother 2000;34:386–392.
Kochanek PM, Zaritsky A. Nifedipine in the treatment of a child with
pulmonary hypertension associated with severe bronchopulmonary
dysplasia. Clin Pediatr (Phila) 1986;25:214–216.
Kasian GF, Ninan A, Duncan WJ, Bingham WT, Mersal A, Tyrrell MJ,
Sankaran K. Treatment of pulmonary hypertension with diltiazem in
a child with bronchopulmonary dysplasia. Can J Cardiol 1988;4:181–
184.
Thompson D, McCann E, Lewis K. A controlled trial of hydralazine in
infants with bronchopulmonary dysplasia. Pediatr Res 1986;20:443A.
Abman SH, Griebel JL, Parker DK, Schmidt JM, Swanton D, Kinsella
JP. Acute effects of inhaled nitric oxide in children with severe hypoxemic respiratory failure. J Pediatr 1994;124:881–888.
Banks BA, Seri I, Ischiropoulos H, Merrill J, Rychik J, Ballard RA.
Changes in oxygenation with inhaled nitric oxide in severe bronchopulmonary dysplasia. Pediatrics 1999;103:610–618.
Newkirk M, Fulton J, Schmidt K. Nutrition management of bronchopulmonary dysplasia. Building Block for Life Newsletter (American Diabetic Association Pediatric Practice Group) 1999;22(3):1–8.
Hendricks K, Walker W. Manual of pediatric nutrition, 2nd ed. Philadelphia, PA: B.C. Decker; 1990.
Reimers KJ, Carlson SJ, Lombard KA. Nutritional management of
infants with bronchopulmonary dysplasia. Nutr Clin Pract 1992;7:127–
132.
Van Aerde JE, Sauer PJ, Pencharz PB, Smith JM, Swyer PR. Effect of
replacing glucose with lipid on the energy metabolism of newborn
infants. Clin Sci 1989;76:581–588.
Van Aerde JE, Hay WW Jr. Neonatal nutritional metabolism. St. Louis,
MO: Mosby Year Book; 1991. p. 476–506.
Pereira GR, Baumgart S, Bennett MJ, Stallings VA, Georgieff MK,
Hamosh M, Ellis L. Use of high-fat formula for premature infants with
bronchopulmonary dysplasia: metabolic, pulmonary, and nutritional
studies. J Pediatr 1994;124:605–611.
Van Goudoever JB, Wattimena JD, Carnielli VP, Sulkers EJ, Degenhart
HJ, Sauer PJ. Effect of dexamethasone on protein metabolism in
infants with bronchopulmonary dysplasia. J Pediatr 1994;124:112–118.
Shenai JP, Kennedy KA, Chytil F, Stahlman MT. Clinical trial of vitamin
A supplementation in infants susceptible to bronchopulmonary dysplasia. J Pediatr 1987;111:269–277.
Pearson E, Bose C, Snidow T, Ransom L, Young T, Bose G, Stiles A.
Trial of vitamin A supplementation in very low birth weight infants
at risk for bronchopulmonary dysplasia. J Pediatr 1992;121:420–427.
Tyson JE, Wright LL, Oh W, Kennedy KA, Mele L, Ehrenkranz RA,
Stoll BJ, Lemons JA, Stevenson DK, Bauer CR, et al. Vitamin A
supplementation for extremely-low-birth-weight infants. National Institute of Child Health and Human Development Neonatal Research
Network. N Engl J Med 1999;340:1962–1968.
Kerwin ME, Osborne M, Eicher PS. Effect of position and support on
oral–motor skills of a child with bronchopulmonary dysplasia. Clin
Pediatr (Phila) 1994;33:8–13.
Engle WD, Arant BS Jr, Wiriyathian S, Rosenfeld CR. Diuresis and
respiratory distress syndrome: physiologic mechanisms and therapeutic implications. J Pediatr 1983;102:912–917.
Brunton JA, Saigal S, Atkinson SA. Growth and body composition in
infants with bronchopulmonary dysplasia up to 3 months corrected
age: a randomized trial of a high-energy nutrient-enriched formula
fed after hospital discharge. J Pediatr 1998;133:340–345.
Koo WWK, Tsang RC. Calcium, magnesium, phosphorus and vitamin

396

548.

549.
550.
551.

552.

553.
554.

555.

556.

557.

558.

559.

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 168 2003
D in nutritional needs of the preterm infant. In: Tsang RC, Lucas A,
Uauy R, Zlotkin S, editors. Baltimore, MD: Williams & Wilkins;
1993. p. 135–155.
Boynton BR, Jones B. Nursing care of the infant with bronchopulmonary dysplasia. In: Ballard RA, editor. Bronchopulmonary dysplasia.
Boston: Blackwell Scientific; 1988.
Green M, Solnit AA. Reactions to the threatened loss of a child: a
vulnerable child syndrome. Pediatrics 1964;34:58–66.
Thomasgard M, Metz WP. The vulnerable child syndrome revisited. J
Dev Behav Pediatr 1995;16:47–53.
Gaynon MW, Stevenson DK, Sunshine P, Fleisher BE, Landers MB.
Supplemental oxygen may decrease progression of prethreshold disease to threshold retinopathy of prematurity. J Perinatol 1997;17:434–
438.
Cryotherapy for Retinopathy of Prematurity Cooperative Group.
Multicenter trial of cryotherapy for retinopathy of prematurity: oneyear outcome–structure and function. Arch Ophthalmol 1990;108:
1408–1416.
Laser ROP Study Group. Laser therapy for retinopathy of prematurity
[letter]. Arch Ophthalmol 1994;112:154–156.
Cryotherapy for Retinopathy of Prematurity Cooperative Group. The
natural ocular outcome of premature birth and retinopathy: status at
1 year. Arch Ophthalmol 1994;112:903–912.
Schaffer DB, Palmer EA, Plotsky DF, Metz HS, Flynn JT, Tung B,
Hardy RJ. Prognostic factors in the natural course of retinopathy of
prematurity. Cryotherapy for Retinopathy of Prematurity Cooperative Group. Ophthalmology 1993;100:230–237.
PREVENT Study Group. Reduction of respiratory syncytial virus hospitalization among premature infants and infants with bronchopulmonary dysplasia using respiratory syncytial virus immune globulin prophylaxis. Pediatrics 1997;99:93–99.
IMpact-RSV Study Group. Palivizumab, a humanized respiratory syncytial virus monoclonal antibody, reduces hospitalization from respiratory syncytial virus infection in high-risk infants. Pediatrics 1998;102:
531–537.
Allen MC, Donohue PK, Dusman AE. The limit of viability–neonatal
outcome of infants born at 22 to 25 weeks’ gestation. N Engl J Med
1993;329:1597–1601.
Ruark JE, Raffin TA. Initiating and withdrawing life support: principles
and practice in adult medicine. N Engl J Med 1988;318:25–30.

560. Farrell PM, Fost NC. Long-term mechanical ventilation in pediatric
respiratory failure: medical and ethical considerations. Am Rev Respir
Dis 1989;140:S36–S40.
561. Starnes VA, Barr ML, Cohen RG, Hagen JA, Wells WJ, Horn MV,
Schenkel FA. Living-donor lobar lung transplantation experience:
intermediate results. J Thorac Cardiovasc Surg 1996;112:1284–1290;
discussion 1290–1291.
562. Starnes VA, Barr ML, Schenkel FA, Horn MV, Cohen RG, Hagen JA,
Wells WJ. Experience with living-donor lobar transplantation for
indications other than cystic fibrosis. J Thorac Cardiovasc Surg
1997;114:917–921; discussion 921–922.
563. Westwood AT. Terminal care in cystic fibrosis: hospital versus home?
[letter; comment]. Pediatrics 1998;102:436; discussion 436–437.
564. Sirkia K, Saarinen UM, Ahlgren B, Hovi L. Terminal care of the child
with cancer at home. Acta Paediatr 1997;86:1125–1130.
565. Hawdon JM, Williams S, Weindling AM. Withdrawal of neonatal intensive care in the home. Arch Dis Child 1994;71:F142–F144.
566. Mangurten HH. Home death and hospital follow-up of the dying infant.
Am J Perinatol 1990;7:302–306.
567. Fitton CM. Nursing management of the child with a tracheotomy. Pediatr Clin North Am 1994;41:513–523.
568. Lichtenstein MA. Pediatric home tracheostomy care: a parent’s guide.
Pediatr Nurs 1986;12:41–48, 69.
569. American Association for Respiratory Care. AARC (American Association for Respiratory Care) clinical practice guideline: long-term invasive mechanical ventilation in the home. Respir Care 1995;40:1313–
1320.
570. Eigen H, Zander J. Home mechanical ventilation of pediatric patients.
American Thoracic Society. Am Rev Respir Dis 1990;141:258–259.
571. National Center for Home Mechanical Ventilation. Learning objectives
for positive pressure ventilation in the home. Denver, CO: National
Center for Home Mechanical Ventilation and National Jewish Center
for Immunology and Respiratory Medicine; 1993.
572. Pilmer SL. Prolonged mechanical ventilation in children. Pediatr Clin
North Am 1994;41:473–512.
573. American Thoracic Society. Standards for the diagnosis and care of
patients with chronic obstructive pulmonary disease. Am J Respir
Crit Care Med 1995;152:S77–S121.
574. Levine MD, Carey WB, Crocker AC, editors. Developmental–behavioral pediatrics, 2nd ed. Philadelphia, PA: W.B. Saunders; 1992.

