Introduction: The Definition of BPD

The definition of bronchopulmonary dysplasia (BPD), or the assignment of the diagnosis
of chronic lung disease to premature infants, has evolved since lung disease in survivors
was first described®®. However, defining a disease by how it is treated, and the overlap
between therapies for parenchymal lung disease and altered maturation of ventilatory
control, including supplemental O,¢, make a clear definition of BPD with or without
significant parenchymal lung disease difficult, particularly without routine physiologic
response testing and consistent criteria for using supplemental O, from center to

centerd’8,

For these and other reasons, a definition that is based on treatment used is problematic

and confounds attempts to understand and treat infants diagnosed with BPD.

A traditional approach to BPD is that it is a diagnosis that can be made at 36 to 40 weeks
post-menstrual age (PMA) among infants born much earlier. The pathology of
parenchymal lung disease accompanying the diagnosis of BPD has changed as therapies
have evolved, and standard treatment now includes exogenous surfactant and gentler
ventilation strategies. This has led to the distinction between “old BPD” or “new BPD”
with implicit associated pathoanatomy of airways and airspaces’. Current criteria for
clinical diagnosis of BPD include premature birth, provision of respiratory support at a
specific PMA and, infrequently, physiologic testing*>%°. An infant at 36 to 40 weeks PMA

with an abnormal chest radiograph and elevated P,CO, who requires mechanical



ventilation with eventual tracheostomy clearly has some measure of chronic lung
disease of prematurity (CLD). Infants requiring much less support, e.g., 1 liter per minute
of FiO, = 0.25, even if born at 24 to 28 weeks PMA, are less likely to have more than mild
parenchymal lung disease, and the degree of pathoanatomy associated with the

diagnosis of BPD, if any, is not clear’.

A more recent approach is that the diagnosis of BPD is better construed as a
constellation of findings that are predictive for future respiratory morbidity, particularly
during the first year of life!l. For infants at 1 year still requiring ventilatory support
through a tracheostomy the diagnosis of BPD has been defined by clinical findings that
foretell at 36 to 40 weeks PMA eventual respiratory morbidity. What is less clear,
however, is how much parenchymal lung disease is present among infants at 36 to 40
weeks PMA who are not receiving mechanical support and are, e.g., eventually weaned
off supplemental O, by 2 or 3 months after NICU discharge. We suspect that abnormal
ventilatory control played a more frequent role in their “need” for, e.g., FiO, = 0.25 at 36
to 40 weeks PMA%12, Among these infants, respiratory morbidity during the first year of
life may differ qualitatively from those more severely affected, and feature obstructive

sleep apnea or apnea complicating RSV or other viral infections*%5,

Research done as part of the Prematurity and Respiratory Outcomes Project (PROP) was
intended to sharpen the phenotypic understanding of BPD°. PROP was a multi-center

study of 765 infants born between 24 and 28 weeks PMA. PROP was intended to clarify



the phenotype in terms of reduced lung volumes and lung compliance, increased
airways resistance, and aberrant ventilatory control. It also included much emphasis on
more recent, “predictive” approaches to the diagnosis of BPD. PROP described the
components of the clinical history and treatment provided at 36 weeks PMA that were
eventually associated with the use of respiratory medications, need for hospitalization

for respiratory illnesses, etc., during the first year of life'.

Traditional and recent approaches to defining and understanding the diagnosis of BPD
have merit and overlap. To begin to discuss ventilatory control among infants with the
diagnosis of BPD, it is important to recognize that BPD may be thought of as a
pathoanatomic diagnosis, and/or as a set of clinical criteria that predict respiratory

morbidity in the first year of life.

Among infants with the diagnosis of BPD, we recognize that prematurity can be
associated with parenchymal lung disease that ranges from mild to severe. But we also
will discuss that being born early, the fundamental problem, is associated with higher
rates of both Sudden Unexpected Infant Death (SUID) and sleep-disordered breathing
(SDB). To further clarify these interactions, we will discuss how even relatively mild CLD,
when present, might increase risk for SUID and for the diagnosis of SDB. However, we
contend that the all-encompassing label of BPD for any infant born early who is on some

measure of support at 36 weeks PMA obscures these key interactions involving



ventilatory control maturation, and we believe that such a non-specific label ultimately

hampers effort to improve outcomes for infants born prematurely.

Sudden and Unexpected Death among Premature Infants with Persistent Chronic Lung
Disease and Immature Ventilatory Control

Infants born prematurely can have long central apneas, sometimes “extreme”, 30
seconds or longer'¢18, In the past, prolonged apnea, a severe example of ventilatory
control instability, received much attention as a potential etiology for Sudden Infant
Death Syndrome (SIDS) because infants born prematurely died more often suddenly and
unexpectedly, and their deaths were often diagnosed as SIDS*. Among infants born
before 28 weeks PMA the adjusted odds ratio (OR) for SIDS remains increased,
compared to term infants, after Back-to-Sleep was recommended in the early 1990s%.
Thus, although the number of SIDS cases dropped for both premature and term infants,
the proportion of victims who had been born prematurely is actually higher, and in one
study the fraction of all infants dying suddenly and unexpectedly who were born

prematurely increased from 20.0% to 29.0% after Back-to-Sleep?..

Among “other causes” of infant death, causes linked to premature birth are also
increased®. Ascertaining when these “other causes” among premature infants are
severe enough to be primarily responsible for relatively sudden deaths is problematic,
however. Diagnosing a death as SIDS, and unexplained, when there are other,

potentially non-lethal findings in the lungs, heart, or brain, makes for a particularly



challenging quandary. Furthermore, suggestion that autopsy findings in the lungs
imposed intolerable work of breathing leading to death in an infant who had been
stable on minimal support the same day should be viewed with skepticism. The
possibility of a second “hit” involving dysfunctional ventilatory control, in the presence

of moderate but otherwise non-lethal lung pathology, should be strongly considered.

Back-to-Sleep was associated with nearly 60% reduction in sudden and unexpected
deaths among infants born at 24 to 28 weeks PMA. It is likely, however, that “the
(successful) risk reduction strategies . . . in Back-to-Sleep involve primarily modification
of extrinsic factors . . . such as sleeping position, bedding materials®. . .” Mechanistic
studies of these factors?? implicate dysfunctional motor behavior and ventilatory control
responses by premature infants to “extrinsic factors” during prone sleep?*??, rather than
the imposition of intolerable resistive or elastic loads on mechanically-compromised

respiratory systems.

At one extreme of the BPD/CLD phenotype, infants with severe parenchymal lung
disease often do not survive to hospital discharge. For example, deaths among infants
requiring a tracheostomy and mechanical ventilation usually occur among infants who

are continuously monitored, and, consequently, are less often sudden and surprising.

For recovering preterm infants who were receiving supplemental O, by nasal cannula at

36 weeks PMA it is, in our opinion, more feasible that extrinsic factors addressed by



Back-to-Sleep had caused hypoxemia that was non-lethal per se, but that evoked only
partially resolved unstable ventilatory patterns, including periodic breathing, with

eventual long secondary apnea®**®3 (Figure 1).

“Extreme”, long apneic events, the focus of earlier studies, appear to subside at ~43
weeks PMA®, before the average age for sudden unexpected death in recovering
preterm infants (44.2 to 47.8 weeks PMA)?. It may be that persisting vulnerability to
ventilatory pattern instability, presenting with shorter, periodic apneas, is a better
harbinger of sudden, unexpected death than the apparently resolved “extreme”

events®,

We accept that some measure of parenchymal lung disease is contributory when infants
born very prematurely later died suddenly and unexpectedly. Hypoxemia has strong
potential to elicit unstable ventilatory patterns3*. Indeed, the contribution of moderate
or lesser degrees of lung disease (Figure 1) to this dangerous sequence may be to make
the infant more quickly hypoxemic with a given exposure to, e.g., prone position with
bedding in front of the nose and mouth. The initiation of this potentially lethal sequence

is likely prevented, by and large, when premature infants are placed to sleep supine.

In summary, antecedent long apneas do not appear to portend SUID. Rather, we

propose that infants born early diagnosed with BPD, with even mild residual lung



disease, have a propensity for ventilatory pattern instability that puts them more at risk

than infants born at term.

Maturation of Ventilatory Control in Newborns

We will now review how ventilatory control matures in term infants as a template for
addressing the impact of altered maturation of ventilatory control on the approach to

premature infants with or without BPD.

The ventilatory control system is responsible for ensuring oxygen (O,) intake to meet
cellular metabolic needs and carbon dioxide (CO,) removal. This is achieved by
interaction among peripheral chemoreceptors, central chemoreceptors, and neuronal
groups in the pons and medulla. Rhythmic breathing is produced by a complex network
of central pattern generators. The O, and CO, chemoreceptor system is integrated with
central respiratory pattern generators, permitting response to changing conditions and
maintenance of normoxia and normocapnia®. The functional maturation of primary
respiratory rhythmogenesis is beyond the scope of this section. Our focus is on the

maturation of O, and CO, chemoreceptor systems.

Maturation of ventilatory control begins early in gestation, as the ventilatory control

system prepares to function at the time of birth. However, whether term or preterm,



infants are born with immature ventilatory control that may foster instability for weeks

to months3¢%7.

Ventilatory response to changes in CO, is mediated by both central and peripheral
chemoreceptors; the traditional teaching of CO, sensing occurring solely at central
chemoreceptors is no longer valid®. There are mixed data regarding how the central
and peripheral CO, chemoreceptors mature, but in humans it seems that central CO,
sensitivity is “more or less mature” at birth®”-*. The function of peripheral CO,
chemoreceptors in the carotid body in animals and humans also show little change in
the first weeks of life. However, there is evidence that, while magnitude of response to
a brief CO, stimulus remains constant from postnatal day 2 to week 8, the response time

may shorten, indicating some maturation of timing of responses.

Peripheral O, chemoreception occurs primarily in the carotid bodies (CB). CBs are
located at the left and right common carotid bifurcations, fostering rapid responses to
changes in blood gas partial pressure. CB sensitivity to PaO, is low immediately after
birth and requires a “resetting” period after transition from low intrauterine PaO, (23-
25mmHg) to higher PaO, in postnatal life (80-100mmHg)*:. The precise time course of
this resetting is unclear, but term infants have been shown to have no detectable
response to 100% O, in the first hours of life, compared with a significant decrease in
minute ventilation in response to 100% O, beginning at 2-6 days of life*>*3. The change

in ventilation in response to brief exposure to 100% inspired O, - the Dejours test - is a



means of measuring the relative contribution to ventilatory drive provided by CB activity
during hypoxemia. In longitudinal studies using Dejours tests in term infants, the
magnitude of response increases until at least 10 weeks of life, suggesting maturational

processes that continue several weeks after birth“.

Maturation of the peripheral chemoreceptors involves changes in response to PaO, and
PaCO,. The combined response begins as an additive process and becomes
multiplicative with maturation. That is, response to hypercarbia eventually is enhanced
by hypoxemia, and vice versa. In the first weeks of life, infants have an additive
controller that is highly sensitive to changes in PaO, concentration and making them
more prone to apnea. At some point, the exact timing is unclear, there is a transition to
a multiplicative controller that is less sensitive to changes in PaO, alone, and has more

pronounced activation in response to changes in PaO, and PaCO,%44,

A common form of ventilatory instability in infants is periodic breathing (PB). The
appearance and disappearance of PB has been studied as an archetype for postnatal
maturation of ventilatory control. (Figure 2) The classic teaching regarding term infants
is that PB is absent at birth, relatively common at 2-4 weeks postnatal age, and rare by
3-6 months®“*, There is “early postnatal destabilization” followed by “late postnatal
stabilization.” In term infants this period of “early postnatal destabilization” with
frequent episodes of PB occurs during gradual maturation of CB function (Figure 2).

Further details of the pathways to resolution of PB by 3-6 months and the “stabilization”



of the ventilatory system are less clear, but likely involve interactions among maturing
chemoreceptors, increasing lung volumes, and smoother changes in ventilation in

response to apnea®.

The ex utero maturation of ventilatory control described above pertains to healthy term
infants, who typically do not experience marked variations in PaO, and PaCO,, and who
do not require mechanical ventilation. Preterm infants, especially those born extremely
prematurely, require varying amounts of supplemental O, and ventilatory support. The
appropriate maturation of ventilatory control, at least at the level of the carotid body, is
dependent on relative stability of PaO, and PaCO,. This environment-responsive process
is a sign of “developmental phenotypic plasticity”®. For example, the physiologic
“resetting” of the CBs can be delayed or altered by exposing the CB to persistently low
Pa0, postnatally*?4¢. Furthermore, preterm infants requiring supplemental O, have
blunting of O, chemoreflexes and altered CB maturation®. In particular, intermittent
hypoxemia, sometimes alternating with hyperoxia due to treatment with O,, has the
potential to dramatically alter maturation“®#°. Awareness of these types of
“developmental phenotypic plasticity” is essential to understanding the relationship

between the diagnosis of BPD and maturation of control of breathing.

Supplemental O, can stabilize breathing patterns and mitigate hypoxemia due to

respiratory disease. Clinicians assigning the diagnosis of BPD must consider the
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complexity of ventilatory control maturation, and the potential of exposure to hyperoxia

and hypoxemia to further complicate processes that appear to be “plastic”.

Sleep-disordered Breathing (SDB) Among Infants Born Prematurely

Sudden death during presumed sleep is likely a manifestation of severely dysfunctional
respiratory control whose putative impact on preterm infants was lessened,
dramatically, by changes in sleep practices'*%. Since the success of Back-to-Sleep recent
publications have addressed obstructive SDB without long central apneas, as obstructive

SDB is more common among preterm infants than among infants born at term.

The Cleveland Children’s Sleep and Health Study* provided an early description of an
increase in obstructive sleep-disordered breathing among children born prematurely.
The methods included in-home 5 channel testing of children between the ages of 4 and
11. Children born before 28 weeks PMA had a rate of obstructive SDB of 7.3% compared
to less than 2 % of those born at term. Among former preterm infants, the hazard ratio

for obstructive SDB was 2.74.

The contribution of multiple factors, including the diagnosis of BPD, to rates of

obstructive SDB among former premature infants was analyzed for the same cohort of
383 children from Cleveland, 7.3% of whom had SDB. Interestingly, Hibbs, et al., found
no significant link between SDB and “traditional markers of severity of neonatal (lung)

illness” (gestational age, diagnosis of BPD, duration of mechanical ventilation)>'.
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However, unadjusted analyses showed xanthine use, presumably for problems with

breathing pattern, to be one of two “potential risk factor(s) for SDB.”

There are potential anatomical explanations for obstructive SDB among infants and
children, particularly during the first post-natal years. Factors may include chronic upper
airway inflammation and edema that increases resistance, prolonged oral intubation
that deforms the palate and occludes the nasal airway, acquired dolichocephaly and
facial asymmetry that reduce airway cross-sectional area, and generalized hypotonia

that involves muscles maintaining airway patency®°4.

Adenotonsilllar hypertrophy is the most common anatomical cause of obstructive SDB
among all children ages 3 to 6. The prevalence of adenotonsilllar hypertrophy among
children younger than 3 years is not known, and its prevalence among infants and

preschoolers born prematurely is not clear.

The impact of persistent immaturity of ventilatory control interacting with compromised
upper and more-distal airways and airspaces is the subject of active research>. The
classic studies on term infants by Fleming, et al., (Figure 2), propose a sequence of initial
stable ventilatory pattern described above - early destabilization followed by late
stabilization. In preterm infants, aberrancy in this sequence, or a delay in maturation of
ventilatory control have the potential to contribute in important ways to higher rates of

SDB, including obstructive SDB. The ventilatory pattern during “destabilization”

12



described by Fleming, et al., is periodic breathing interspersed with periodic apnea with
or without intermittent hypoxemia. The relevance of this template, with aberrance or
delays, is suggested by studies of caffeine’s effects between 35 and 39 weeks PMA in
preterm infants (born <32 weeks PMA)>¢%7 (Figure 3), and among late preterm infants
born between 34 and 37 weeks PMA38, These studies indirectly implicate periodic
breathing (PB) as a cause for intermittent hypoxemia at a PMA beyond when caffeine,

which treats PB very effectively, is often discontinued by NICU policy at many centers>’.

More than 25 years after its publication, Edwards, et al., analyzed Fleming’s data set via
calculation of loop gain®*® (Figure2). Loop gain analyses have been used extensively in
sleep medicine to model sleep-disordered breathing in terms of the contribution of
ventilatory control and the subject’s ability to maintain gas exchange homeostasis. Loop
gain describes the quantity of response of a system to a perturbation® (figure 4). For
respiration, the combination of a very active “controller” and smaller lung volumes (V,,
Figure 4) effectively exchanging O, and CO, produces a system with large loop gain and

more potential for oscillation and instability.

During the time period when infants had more frequent PB - 40 to 100 post-natal days
of life*> - analyses (Figure 2) showed larger loop gain, > 0.4 to 0.9%. A more recent study
of 20 premature infants at 36 weeks PMA, who had been born between 24 and 28
weeks PMA, showed the potential association for preterm infants between larger loop

gain and more frequent PB¢* (Figure 5). Another, larger study from the same cohort of
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infants, at the same PMA (36 weeks), showed that > 40% of infants receiving prescribed
supplemental O, developed oscillations in ventilatory pattern characteristic of PB when

the FiO, was reduced?.

The potential relevance of larger loop gain and re-emergence of PB to eventual
development of obstructive SDB is suggested by studies of loop gain in older subjects,
showing that severe obstructive SDB often manifests “obstructive cycling” that is
periodic®?¢ (Figures 6 a and 6b). Furthermore, the likelihood that recovering premature
infants’ PaCO, may be just above their apneic threshold, as is sometimes the case for
adults with obstructive cycling, may help explain these infants’ propensity for

obstructive SDB.

Using analysis of loop gain as their method, Domany et al. studied the ventilatory
control “phenotype” of 63 former preterm infants referred for polysomnography at 0.5
to 7 years of age®. The 26 with obstructive SD had event indices > 2/hr. They used
cluster analysis to identify which of the 2 components of loop gain (Figure 4) - controller
gain or plant gain (the blood gas response to a change in ventilation) - better
characterized infants with more obstructive SDB. The clusters with progressively more

obstructive SDB had larger plant gain, with no overall change in loop gain per se.

Taken together, these findings suggest that if infants born prematurely do not develop

and maintain the post-natal stabilization described for term infants*® (Figure 2), preterm
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infants may be at particular risk for developing obstructive SDB. This is perhaps in part
because of abnormalities in maturation of ventilatory control that persist during
childhood and recovery from CLD. “Exposures” causing hypoxemia, which can elicit PB in
susceptible subjects, e.g., RSV infection?®, or development of adenotonsilllar
hypertrophy may elicit “destabilization” among former preterm infants, who have not

completely resolved their propensity for respiratory pattern instability®* (Figure 6).

Clinicians caring for preterm infants after NICU discharge, with or without the diagnosis
of BPD, should be aware of their increased risk for obstructive SDB*°2. If the infant
gasps for breath during sleep, snores, sleeps restlessly with stertorous breathing, has
poor growth, etc., overnight polysomnography with oximetry should be obtained.
Clinicians should be aware that whatever anatomic factors might be in play, there may
also be an important contribution of delayed maturation of ventilatory control.
Furthermore, infants diagnosed with BPD often may have only mild parenchymal lung
disease (CLD). But the residual lung disease may be sufficient to cause desaturations of >
3% with even short reductions in airflow, causing the brief reduction in Sp0,% to be
scored as a respiratory event during polysomnography. Thus, interactions between

parenchymal lung disease and ventilatory instability have practical, clinical implications.

Implications of the Overlap of the Diagnosis of Bronchopulmonary Dysplasia and

Immature Ventilatory Control
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The persistence of immature and dysfunctional ventilatory control beyond 36 to 40
weeks PMA, and even well beyond the NICU course, is likely underappreciated’. We
propose that the apparent increase in rates of sleep-disordered breathing, and
obstructive SDB, among former preterm infants who are preschoolers and older can
plausibly be explained by unmasking persistent aberrant ventilatory control that arose

during the NICU stay.

The use of caffeine, a widespread practice in NICUs, has been associated with fewer
infants being diagnosed with BPD. It seems likely, however, that the beneficial effects of
caffeine are due to its direct effect on stabilizing ventilatory pattern and Sp0,%°¢*7,
rather than a direct amelioration of CLD, as some have suggested. Studies allowing
prolongation of caffeine treatment by clinical decision have shown less intermittent
hypoxemia, suggesting that discontinuation of caffeine in many centers following NICU
protocols at, e.g., 34 weeks PMA, could be reconsidered. Clinicians should be aware of
risk for resumption of PB when deciding to discontinue caffeine for apparently stable
infants still prone to destabilization even at 36 to 40 weeks, particularly if the infant
experiences transient spontaneous hypoxemia®® (Figure 3). Hypoxemia can trigger PB3%34
and PB can foster continued and worsening intermittent hypoxemiaé (Figure 1). Finally,
caffeine use in neonates appears to have the potential to permanently enhance
maturation of ventilatory control, a type of therapy-induced “neuroplasticity” whose

effects may persist into adulthood®¢.

16



The lack of clear phenotypic specificity is a potential source of confusion in studies of
causes and therapies for BPD. This obfuscation is perhaps the most important effect of
under appreciation of immature and dysfunctional respiratory control at 36 to 40 weeks
PMA. (“If the neonatal community does not have good names for the respiratory

syndromes we see, then data bases will be most problematic’.”)

For one large, multi-center study (PROP) it appears that delayed ventilatory control
maturation might have underlain some clinicians’ decisions to treat with supplemental

O, for many infants.

In PROP the originally agreed-upon, disease-defining criterion for the diagnosis of BPD
was a physiologic challenge test for infants receiving support via nasal cannula (infants
at 36 weeks PMA intubated or receiving trans-nasal mechanical support were assigned
the diagnosis of BPD without challenge tests, 55 infants, 26% of those diagnosed with
BPD). Infants receiving supplemental O, alone were to have a stepwise reduction in FiO,
and flow rate delivered. Failure to maintain SpO,% > 90% during the challenge was to
have meant that the infant was assigned the diagnosis of BPD. Challenge tests were
completed in 642 of 765 infants (83.9%) eventually included in the PROP cohort>.
However, in the course of PROP the decision was made at some centers to forego room
air challenges and their results, and to assign the diagnosis of BPD using a traditional
criterion? of receiving supplemental O,. In the end, this traditional criterion was used in

the analysis of PROP infants and data, rather than the physiologic challenge.
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It is apparent that there are substantial problems with the treatment-based approach
eventually used to assign the diagnosis of BPD in PROP, and in NICUs in general, while
foregoing physiologic challenges. As summarized by one author, “Strategies for primary
prevention [of BPD] are stymied by methodologic obstacles, not the least of which is...
defining a disease by its treatment, and the use of a definition that provides no
information about pathophysiology, disease progression, or phenotypic variability...®” In
PROP 30.1% of 266 infants challenged passed the reduction to room air test but were
still classified as BPD because they were receiving supplemental O,. And at a single
center, where respiratory patterns were recorded during the room air challenge, a large
majority (63.8%) of those who failed did so with diminished respiratory effort or
periodic breathing®. In summary a plausible estimate is that nearly % of infants (74.4%)
assigned the diagnosis of BPD in a very large, multi-center study, either did not meet the
original disease-defining criterion, or, even with residual parenchymal lung disease, had
significant contribution of immature and dysfunctional ventilatory control driving their

need for supplemental O,.

Among infants diagnosed with BPD, future clinical studies of causes and treatment in
large cohorts of preterm infants will be strengthened if investigators have some
measure of how often, at 36 weeks PMA and beyond, the need for supplemental O,,
and, perhaps, high-humidity, high-flow nasal cannula with relatively low FiO,, is being

more or less driven by immature and dysfunctional ventilatory control. To expedite
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clinician’s access to some insight into ventilatory control, studies are underway to
validate physiologic biomarkers for maturation of ventilatory control by measurements

that are relatively easy to acquire® (Figure 5).

ACKNOWLEDGMENTS
We wish to thank Carol Blaisdell, MD for her suggestions during preparation of this

manuscript.

CONFLICTS OF INTEREST

The authors declare that there are no conflicts of interest.

19



REFERENCES

20

Northway WH, Rosan RC, Porter DY. Pulmonary disease following respirator
therapy of hyaline-membrane disease. Bronchopulmonary dysplasia. N Engl J
Med 1967;276(7):357-68.

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(4):527-32.

McEvoy CT, Jain L, Schmidt B, Abman S, Bancalari E, Aschner JL.
Bronchopulmonary dysplasia: NHLBI Workshop on the Primary Prevention of
Chronic Lung Diseases. Ann Am Thorac Soc 2014;11 Suppl 3:5146-53.

Walsh MC, Wilson-Costello D, Zadell A, Newman N, Fanaroff A. Safety, reliability,
and validity of a physiologic definition of bronchopulmonary dysplasia. J
Perinatol 2003;23(6):451-6.

Poindexter BB, Feng R, Schmidt B, Aschner JL, Ballard RA, Hamvas A, Reynolds
AM, Shaw PA, Jobe AH, Program PaRO. Comparisons and Limitations of Current
Definitions of Bronchopulmonary Dysplasia for the Prematurity and Respiratory
Outcomes Program. Ann Am Thorac Soc 2015;12(12):1822-30.

Coste F, Ferkol T, Hamvas A, Cleveland C, Linneman L, Hoffman J, Kemp J.
Ventilatory control and supplemental oxygen in premature infants with apparent
chronic lung disease. Arch Dis Child Fetal Neonatal Ed 2015;100(3):F233-7.
Bancalari EH, Jobe AH. The respiratory course of extremely preterm infants: a

dilemma for diagnosis and terminology. J Pediatr 2012;161(4):585-8.



10.

11.

12.

13.

21

Bancalari E, Claure N, Jain D. Diagnostic Classification of Bronchopulmonary
Dysplasia: A Compromise between Defining Lung Disease versus Long-Term
Outcome Prediction. Am J Respir Crit Care Med 2019;200(10):1322-1323.
Coalson JJ. Pathology of new bronchopulmonary dysplasia. Semin Neonatol
2003;8(1):73-81.

Pryhuber GS, Maitre NL, Ballard RA, Cifelli D, Davis SD, Ellenberg JH, Greenberg
JM, Kemp J, Mariani TJ, Panitch H and others. Prematurity and respiratory
outcomes program (PROP): study protocol of a prospective multicenter study of
respiratory outcomes of preterm infants in the United States. BMC Pediatr
2015;15:37.

Keller RL, Feng R, DeMauro SB, Ferkol T, Hardie W, Rogers EE, Stevens TP,
Voynow JA, Bellamy SL, Shaw PA and others. Bronchopulmonary Dysplasia and
Perinatal Characteristics Predict 1-Year Respiratory Outcomes in Newborns Born
at Extremely Low Gestational Age: A Prospective Cohort Study. J Pediatr
2017;187:89-97.e3.

Hoover J, Wambach J, Vachharajani A, Warner B, Carroll JL, Kemp JS.
Postmenstrual age at discharge in premature infants with and without
ventilatory pattern instability. J Perinatol 2020;40(1):157-162.

Pickens DL, Schefft GL, Storch GA, Thach BT. Characterization of prolonged
apneic episodes associated with respiratory syncytial virus infection. Pediatr

Pulmonol 1989;6(3):195-201.



14.

15.

16.

17.

18.

19.

20.

22

Anas N, Boettrich C, Hall CB, Brooks JG. The association of apnea and respiratory
syncytial virus infection in infants. J Pediatr 1982;101(1):65-8.

Armoni Domany K, Hossain MM, Nava-Guerra L, Khoo MC, McConnell K, Carroll
JL, Xu Y, DiFrancesco M, Amin RS. Cardioventilatory Control in Preterm-born
Children and the Risk of Obstructive Sleep Apnea. Am J Respir Crit Care Med
2018;197(12):1596-1603.

Ramanathan R, Corwin MJ, Hunt CE, Lister G, Tinsley LR, Baird T, Silvestri JM,
Crowell DH, Hufford D, Martin RJ and others. Cardiorespiratory events recorded
on home monitors: Comparison of healthy infants with those at increased risk
for SIDS. JAMA 2001;285(17):2199-207.

Al-Kindy HA, Gélinas JF, Hatzakis G, Coté A. Risk factors for extreme events in
infants hospitalized for apparent life-threatening events. J Pediatr
2009;154(3):332-7, 337.e1-2.

Fairchild K, Mohr M, Paget-Brown A, Tabacaru C, Lake D, Delos J, Moorman JR,
Kattwinkel J. Clinical associations of immature breathing in preterm infants: part
1-central apnea. Pediatr Res 2016;80(1):21-7.

Werthammer J, Brown ER, Neff RK, Taeusch HW. Sudden infant death syndrome
in infants with bronchopulmonary dysplasia. Pediatrics 1982;69(3):301-4.
Malloy MH. Prematurity and sudden infant death syndrome: United States 2005-

2007. ) Perinatol 2013;33(6):470-5.



21.

22.

23.

24.

25.

26.

27.

28.

23

Trachtenberg FL, Haas EA, Kinney HC, Stanley C, Krous HF. Risk factor changes for
sudden infant death syndrome after initiation of Back-to-Sleep campaign.
Pediatrics 2012;129(4):630-8.

Kemp J. Environmental Stressors and Sudden Unexpected Infant Death. In:
Loughlin GM, Carroll JL, Marcus CL, editors. Sleep and Breathing in Children: A
Developmental Approach. New York: Marcel Dekker; 2000. p 480-487.

Kinney HC, Thach BT. The sudden infant death syndrome. N Engl J Med
2009;361(8):795-805.

Waters KA, Gonzalez A, Jean C, Morielli A, Brouillette RT. Face-straight-down and
face-near-straight-down positions in healthy, prone-sleeping infants. J Pediatr
1996;128(5 Pt 1):616-25.

Patel AL, Harris K, Thach BT. Inspired CO(2) and O(2) in sleeping infants
rebreathing from bedding: relevance for sudden infant death syndrome. J Appl
Physiol (1985) 2001;91(6):2537-45.

Patel AL, Paluszynska D, Harris KA, Thach BT. Occurrence and mechanisms of
sudden oxygen desaturation in infants who sleep face down. Pediatrics
2003;111(4 Pt 1):e328-32.

Skadberg BT, Markestad T. Consequences of getting the head covered during
sleep in infancy. Pediatrics 1997;100(2):E6.

Kemp JS, Nelson VE, Thach BT. Physical properties of bedding that may increase
risk of sudden infant death syndrome in prone-sleeping infants. Pediatr Res

1994;36(1 Pt 1):7-11.



29.

30.

31.

32.

33.

34.

35.

36.

24

Kemp JS, Thach BT. Quantifying the potential of infant bedding to limit CO2
dispersal and factors affecting rebreathing in bedding. J Appl Physiol (1985)
1995;78(2):740-5.

Berssenbrugge A, Dempsey J, Iber C, Skatrud J, Wilson P. Mechanisms of
hypoxia-induced periodic breathing during sleep in humans. J Physiol
1983;343:507-24.

Prabhakar NR, Peng YJ, Kumar GK, Pawar A. Altered carotid body function by
intermittent hypoxia in neonates and adults: relevance to recurrent apneas.
Respir Physiol Neurobiol 2007;157(1):148-53.

Decima PF, Fyfe KL, Odoi A, Wong FY, Horne RS. The longitudinal effects of
persistent periodic breathing on cerebral oxygenation in preterm infants. Sleep
Med 2015;16(6):729-35.

Jobe AH. What do home monitors contribute to the SIDS problem? JAMA
2001;285(17):2244-5.

Canet E, Praud JP, Bureau MA. Periodic breathing induced on demand in awake
newborn lamb. J Appl Physiol (1985) 1997;82(2):607-12.

Carroll JL, Agarwal A. Development of ventilatory control in infants. Paediatr
Respir Rev 2010;11(4):199-207.

Gauda EB, Carroll JL, Donnelly DF. Developmental maturation of
chemosensitivity to hypoxia of peripheral arterial chemoreceptors--invited

article. Adv Exp Med Biol 2009;648:243-55.



37.

38.

39.

40.

41.

42.

43.

44,

45.

25

Edwards BA, Sands SA, Berger PJ. Postnatal maturation of breathing stability and
loop gain: the role of carotid chemoreceptor development. Respir Physiol
Neurobiol 2013;185(1):144-55.

Schéafer T, Schiafer D, Schlafke ME. Breathing, transcutaneous blood gases, and
CO2 response in SIDS siblings and control infants during sleep. J Appl Physiol
(1985) 1993;74(1):88-102.

Avery ME, Chernick V, Dutton RE, Permutt S. Ventilatory Response to Inspired
Carbon Dioxide in Infants and Adults. J Appl Physiol 1963;18:895-903.

Savik S, Lossius K. Development of ventilatory response to transient hypercapnia
and hypercapnic hypoxia in term infants. Pediatr Res 2004;55(2):302-9.

Blanco CE, Dawes GS, Hanson MA, McCooke HB. The response to hypoxia of
arterial chemoreceptors in fetal sheep and new-born lambs. J Physiol
1984;351:25-37.

Carroll JL, Kim I. Carotid chemoreceptor "resetting" revisited. Respir Physiol
Neurobiol 2013;185(1):30-43.

Hertzberg T, Lagercrantz H. Postnatal sensitivity of the peripheral
chemoreceptors in newborn infants. Arch Dis Child 1987;62(12):1238-41.
Forster HV, Smith CA. Contributions of central and peripheral chemoreceptors to
the ventilatory response to CO2/H+. J Appl Physiol (1985) 2010;108(4):989-94.
Fleming PJ, Goncalves AL, Levine MR, Woollard S. The development of stability of
respiration in human infants: changes in ventilatory responses to spontaneous

sighs. J Physiol 1984;347:1-16.



46.

47.

48.

49.

50.

51.

52.

26

Burggren WW, Reyna KS. Developmental trajectories, critical windows and
phenotypic alteration during cardio-respiratory development. Respir Physiol
Neurobiol 2011;178(1):13-21.

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(2):101-6.

Di Fiore JM, Walsh M, Wrage L, Rich W, Finer N, Carlo WA, Martin RJ, Network
SSGoEKSNIoCHaHDNR. Low oxygen saturation target range is associated with
increased incidence of intermittent hypoxemia. J Pediatr 2012;161(6):1047-52.
Martin RJ, Di Fiore JM, Macfarlane PM, Wilson CG. Physiologic basis for
intermittent hypoxic episodes in preterm infants. Adv Exp Med Biol
2012;758:351-8.

Rosen CL, Larkin EK, Kirchner HL, Emancipator JL, Bivins SF, Surovec SA, Martin
RJ, Redline S. Prevalence and risk factors for sleep-disordered breathing in 8- to
11-year-old children: association with race and prematurity. J Pediatr
2003;142(4):383-9.

Hibbs AM, Johnson NL, Rosen CL, Kirchner HL, Martin R, Storfer-Isser A, Redline
S. Prenatal and neonatal risk factors for sleep disordered breathing in school-
aged children born preterm. J Pediatr 2008;153(2):176-82.

Sharma PB, Baroody F, Gozal D, Lester LA. Obstructive sleep apnea in the

formerly preterm infant: an overlooked diagnosis. Front Neurol 2011;2:73.



53.

54.

55.

56.

57.

58.

59.

60.

27

Loughlin GM, Carroll JL, Marcus CL. Sleep and breathing in children : a
developmental approach. New York: Marcel Dekker, Inc.; 2000.

White D. Respiration and the Human Upper Airway. In: Kawakami Y, Altose M,
editors. Control of Breathing in Health and Disease. New York: Marcel Dekker;
1999. p 163-201.

Dennery PA, Di Fiore JM, Ambalavanan N, Bancalari E, Carroll JL, Claure N,
Hamvas A, Hibbs AM, Indic P, Kemp J and others. Pre-Vent: the prematurity-
related ventilatory control study. Pediatr Res 2019;85(6):769-776.

Rhein LM, Dobson NR, Darnall RA, Corwin MJ, Heeren TC, Poets CF, McEntire BL,
Hunt CE, Group CPS. Effects of caffeine on intermittent hypoxia in infants born
prematurely: a randomized clinical trial. JAMA Pediatr 2014;168(3):250-7.
Dobson NR, Rhein LM, Darnall RA, Corwin MJ, Heeren TC, Eichenwald E, James

LP, McEntire BL, Hunt CE, Group CS. Caffeine decreases intermittent hypoxia in

preterm infants nearing term-equivalent age. J Perinatol 2017;37(10):1135-1140.

Darnall RA, Ariagno RL, Kinney HC. The late preterm infant and the control of
breathing, sleep, and brainstem development: a review. Clin Perinatol
2006;33(4):883-914; abstract x.

Weintraub Z, Alvaro R, Kwiatkowski K, Cates D, Rigatto H. Effects of inhaled
oxygen (up to 40%) on periodic breathing and apnea in preterm infants. J Appl
Physiol (1985) 1992;72(1):116-20.

Khoo MC, Marmarelis VZ. Estimation of peripheral chemoreflex gain from

spontaneous sigh responses. Ann Biomed Eng 1989;17(6):557-70.



61.

62.

63.

64.

65.

66.

28

Edwards BA, Nava-Guerra L, Kemp JS, Carroll JL, Khoo MC, Sands SA, Terrill PI,
Landry SA, Amin RS. Assessing ventilatory instability using the response to
spontaneous sighs during sleep in preterm infants. Sleep 2018;41(11).

Younes M. Role of respiratory control mechanisms in the pathogenesis of
obstructive sleep disorders. J Appl Physiol (1985) 2008;105(5):1389-405.

Katz ES, D'Ambrosio CM. Pathophysiology of pediatric obstructive sleep apnea.
Proc Am Thorac Soc 2008;5(2):253-62.

Bates ML, Farrell ET, Eldridge MW. Abnormal ventilatory responses in adults
born prematurely. N Engl J Med 2014;370(6):584-5.

Poets CF, Southall DP. Patterns of oxygenation during periodic breathing in
preterm infants. Early Hum Dev 1991;26(1):1-12.

Montandon G, Kinkead R, Bairam A. Adenosinergic modulation of respiratory
activity: developmental plasticity induced by perinatal caffeine administration.

Respir Physiol Neurobiol 2008;164(1-2):87-95.



