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Abstract

Background: In extremely preterm infants, persistence of cardioventilatory events is associated 

with long-term morbidity. Therefore, the objective was to characterize physiologic growth curves 

of apnea, periodic breathing, intermittent hypoxemia, and bradycardia in extremely preterm infants 

during the first few months of life.

Methods: The Prematurity-Related Ventilatory Control study included 717 preterm infants <29 

weeks gestation. Waveforms were downloaded from bedside monitors with a novel sharing 

analytics strategy utilized to run software locally, with summary data sent to the Data Coordinating 

Center for compilation.

Results: Apnea, periodic breathing, and intermittent hypoxemia events rose from day 3 of 

life then fell to near-resolution by 8-12 weeks of age. Apnea/intermittent hypoxemia were 

inversely correlated with gestational age, peaking at 3-4 weeks of age. Periodic breathing was 

positively correlated with gestational age peaking at 31-33 weeks postmenstrual age. Females 

had more periodic breathing but less intermittent hypoxemia/bradycardia. White infants had more 

apnea/periodic breathing/intermittent hypoxemia. Infants never receiving mechanical ventilation 

followed similar postnatal trajectories but with less apnea and intermittent hypoxemia, and more 

periodic breathing.

Conclusion: Cardioventilatory events peak during the first month of life but the actual postnatal 

trajectory is dependent on the type of event, race, sex and use of mechanical ventilation.

INTRODUCTION

In preterm infants, apnea, periodic breathing, intermittent hypoxemia, and bradycardia are 

associated with prolonged hospitalization and long-term morbidity. These events are likely 

to represent developmental immaturity of the control of respiratory physiology. And they 

may impact long-term outcomes1–11 and care needs differently12. Natural histories of these 

events relative to gestational, chronological, and postmenstrual ages, sex and race, may 

provide insights into the postnatal maturation of ventilatory control. And in turn, those 

insights may guide anticipatory management that will improve clinical outcomes of infants 

born extremely prematurely.

Maturational changes of apnea with bradycardia and desaturation (ABD) events13 or 

of periodic breathing and intermittent hypoxemia1,14 in preterm infants during early 

postnatal life have been reported. However, these were single-site studies that did not 

isolate the maturational trajectories of the individual physiologic components. Moreover, 

they encompassed lower thresholds for oxygen saturation targets compared to the current 

American Academy of Pediatrics (AAP) recommended target of 90-95%15, which are 

known to affect the incidence of events16. As a final distinction, they did not account for the 

effect of sex and race on the maturational trajectory of cardiorespiratory events.

Building on these earlier publications, the Prematurity-Related Ventilatory Control (Pre-

Vent) study was an NIH-funded cooperative RFA agreement among 5 Clinical Research 
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Centers (CRC) and one Data Coordinating Center (LDCC)17. It was designed to study a 

multi-site cohort of >500 preterm infants born before 29 weeks gestation. Pre-Vent provided 

a standardized and large-scale analysis of continuous bedside monitoring recordings. It 

included daily documentation of clinical determinants that might affect breathing, oxygen 

levels and heart rate using current AAP-recommended oxygen saturation targets. The 

objective of this study was to describe the most up-to-date data on the physiologic 

trajectories of the incidence (number of events/day) and exposure (number of minutes/day) 

of individual physiologic measures. These measures included apnea, periodic breathing, 

intermittent hypoxemia, and bradycardia analyzed by gestational age, chronological age and 

postmenstrual age and the effects of sex and race. The pre-determined endpoint was 36 

weeks postmenstrual age. We hypothesized that immature breathing events would follow 

different race- and sex-dependent maturational time courses resulting in distinct patterns 

with resolution as infants approach term-corrected age.

METHODS

Data collection.

Pre-Vent specific clinical data collection forms were designed from a centralized REDCap 

database system (see Supplement). Maternal and infant medical records were reviewed daily 

for demographics, respiratory support, medications, and co-morbidity data. Physiologic 

waveforms were obtained using standard-of-care continuous clinical impedance monitoring 

and acquisition systems (see Supplement).

Physiologic data analytics.

To avoid transferring patient data, a sharing analytics strategy was devised. Software 

was written to convert data to a common HDF5 format18, detect events19–22 and retrieve 

summary data. Each site ran the software locally with summary data sent to the LDCC for 

final compilation (strategy details in Supplement).

Definitions of cardioventilatory events.

We used time series methods to identify breathing pauses. Apnea was defined as a 20 

second or longer respiratory pause21. Periodic breathing was detected using a previously 

published algorithm22 . This entailed two mother wavelets with six cycles using a sine 

window to weight the middle of the wavelets more heavily than the ends and allowed 

detection of periodic breathing with as few as three cycles. We defined periodic breathing 

as three cycles or more cycles of breathing with regularly spaced pauses using this wavelet 

transform analysis. Intermittent hypoxemia was detected as hemoglobin saturation (SpO2) 

<80% (IH80) or <90% (IH90) for 10 to 300 seconds23. This upper limit was used to 

distinguish IH from prolonged changes in baseline oxygenation1. Bradycardia was defined 

as heart rate less than 80 bpm for 5 seconds or longer.

Trajectories.

Physiologic variables are presented as median daily frequency, percentile curves and heat 

maps as functions of chronological age and gestational age. Apnea and periodic breathing 

were quantified only for non-intubated days; intermittent hypoxemia and bradycardia were 
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documented during all modes of respiratory support. Daily 25th, 50th (median), 75th, and 

90th percentile values were plotted for incidence and exposure of each event type from day 

of enrollment until 36 weeks 0 days postmenstrual age. Only days with ≥12 hours of data 

available were included. Median/percentile curves were smoothed using local regression 

method LOWESS (R stats package) with span equal to 25% of the data. At least 30 infants 

were required to have measurements on a particular day for inclusion in these curves. Thus, 

plots began at day 3 of life since few infant had recorded data on days 0-2 of life.

Statistical analysis.

Sample percentiles were calculated as summary statistics for the cardiorespiratory monitor 

data analytics and used to detect and characterize longitudinal immature breathing patterns. 

To test the effect of gestational age, sex and race on physiologic trajectories, linear mixed 

effects models were developed using all available daily measurements made in the first 8 

weeks of life for each infant. The physiologic response variable was standardized using the 

rankit transformation of the percentile of each infant compared to other infants at same day 

of life. The fixed effects were sex, race (white versus non-white), gestational age, day of 

life and whether infant was mechanically ventilated. The random effects were day of life 

grouped by infant.

Waiver of consent, consent, and institutional review board approval.

Institutional Review Board (IRB) approval was obtained at all sites. Waiver of consent was 

approved by the LDCC IRB and 3 of 5 CRC IRBs, while 2 CRC sites obtained consent. 

Oversight was provided by an observational safety monitoring board, appointed by the 

National Heart, Lung, Blood Institute (NHLBI).

RESULTS

Demographics of the 717 infants that met inclusion criteria are reported in Table 1 and 

Supplement Figure 1. Study population by gestational age and postnatal week, indicating 

enrolled infants alive, in NICU and up to 36 weeks post-menstrual age is shown in 

Supplement Figure 2. Availability of NICU data was 80% of potentially recorded time 

for respiratory and ECG waveforms, and 82% of potentially recorded time for heart rate 

and SpO2 data, with 37,000 of 46,000 NICU days analyzed. Data from all 5 clinical sites 

are included in the analysis and figures, providing representation of management and care 

across the sites.

Figures 1–4 plot the frequencies (number events/day) and exposures (minutes/day) of apnea 

(Fig 1), periodic breathing (Fig 2), intermittent hypoxemia (thresholds of 80% and 90%)

(Figs 3, 4), and bradycardia (Fig 5) as a function of developmental maturation. Because 

apnea and periodic breathing could not be measured during mechanical ventilation, those 

days were not included in the analysis. All days were included for intermittent hypoxemia 

and bradycardia regardless of respiratory support.
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Apnea.

Frequency and exposure of apnea increased over the first 2-3 weeks of life then decreased 

or resolved by 8-12 weeks chronological age (Fig 1A–C) or 34 weeks postmenstrual age 

(Fig 1D–F). Frequency of apnea fell with increasing gestational age (p<0.00001, Fig 1A). 

Both frequency and exposure of apnea peaked at 2.5 weeks chronological age regardless of 

gestational age, with the highest peak of 9 events and 5 minute/day in infants of 25 weeks 

gestational age (Figs 1A and 1D). Heat maps give details of individual infant patterns and 

emphasize the increased number of days on mechanical ventilation in the youngest infants 

(Figs 1B and 1E), with each line representing an individual infant. The heat maps indicate 

which patients were part of the analysis at different time points. Almost all infants of 22-24 

weeks gestational age were on mechanical ventilation during the first 5 weeks of life and 

thus did not substantially contribute to the apnea analysis during that time.

Periodic Breathing.

The frequency and exposure of periodic breathing increased over the first 4 weeks of 

life followed by a decrease or plateau by 8-12 weeks chronological age (Fig 2A–C) or 

33 weeks postmenstrual age (Fig 2D–F). In contrast to apnea, there was a significant 

increase in periodic breathing frequency with increasing gestational age (p<0.00001) (Fig 

2A). In addition, the age of peak periodic breathing was more variable between gestational 

age groups ranging from 4.0-6.5 weeks chronological age (Fig 2A) and 31.0-33.0 weeks 

postmenstrual age (Fig 2D), with the highest peak of 8 events and 8.3 minutes/day at 4.5 

weeks of age in the 28 weeks gestational age infants (Figs 2A and 2D). As with apnea, 

most infants of 22-24 weeks gestational age were on mechanical ventilation during the first 

5 weeks of life and thus did not substantially contribute to the periodic breathing analysis 

during that time.

Intermittent Hypoxemia.

The frequency and exposure of intermittent hypoxemia episodes <80% and <90% increased 

over the first 3 weeks of life (Figs 3 and 4A–C, respectively) and then fell. The frequency 

of intermittent hypoxemia episodes decreased with increasing gestational age (p<0.00001) 

(Figs 3A and 4A). Intermittent hypoxemia <80% peaked in all gestational age groups 

around 3.5 weeks chronological age with a corresponding postmenstrual age of 27.5-31.5 

weeks (Figs 3A and 3D), while intermittent hypoxemia <90% peaked at 2.5-3.5 weeks 

chronological age with a corresponding postmenstrual age of 28.5-31.5 weeks (Figs 4A and 

4D). Although there was a subsequent decrease in intermittent hypoxemia events, at 8.5 

weeks of age the frequency of intermittent hypoxemia events <90% remained substantially 

elevated with 217 events/day in contrast to 19 events/day for intermittent hypoxemia <80% 

(Figs 3C and 4C).

Bradycardia.

Among infants with gestational age ≥25 weeks, the frequency and exposure of bradycardia 

events fell after the first week of life, with resolution by 8-10 weeks (Fig 5A) or 33 weeks 

postmenstrual age (Fig 5D). In the youngest infants of 22-24 weeks gestation, the frequency 

Weese-Mayer et al. Page 6

Pediatr Res. Author manuscript; available in PMC 2024 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of bradycardia remained constant with a median of 2 events and <0.5 minutes/day (Figs 5A 

and 5D).

Demographic factors.

There were no sex differences in apnea frequency, but females had more periodic breathing 

and less intermittent hypoxemia and bradycardia (Fig 6 and Supplement Table 1). White 

infants (n=326) had an overall higher frequency of apnea during the monitoring period, 

in addition to periodic breathing, and intermittent hypoxemia, with no differences in 

bradycardia compared to non-white infants (Fig 6 and Supplement Table 1). Exposure 

(minutes/day) of apnea, intermittent hypoxemia, periodic breathing, and bradycardia 

followed similar trajectories to the frequency data.

Caffeine and Mechanical Ventilation

More than 97% of infants received caffeine at some point during their hospital stay, starting 

at a mean of 2.3±7.8 days of life and lasting for a mean of 56.7±25.4 days. Therefore, we 

were unable to assess the effect of caffeine on the frequency of events. To assess whether 

infants coming off mechanical ventilation accounted for the increase in cardioventilatory 

events during the first month of life, infants who were intubated at least once were compared 

to infants who were never intubated. Infants never receiving mechanical ventilation followed 

similar postnatal frequency and exposure trajectories but with a smaller magnitude of apnea 

and intermittent hypoxemia and a larger magnitude of periodic breathing and initially 

bradycardia (Supplement Fig 3). Only extubated infants could contribute to apnea and 

periodic breathing analyses. Therefore, the proportion of infants intubated by postnatal week 

is provided in Supplement Fig 4.

DISCUSSION

We studied the postnatal trajectories of ventilatory control in the multicenter Pre-Vent study 

of 717 infants born before 29 weeks gestation across 5 NICUs. Our major findings are that 

central apnea, periodic breathing, and intermittent hypoxemia episodes peaked in the first 

few weeks after birth and then diminished. Importantly, the findings for apnea and periodic 

breathing differed. Apnea was triggered by birth, peaked around 3 weeks of chronological 

age, and was most frequent in the more premature infants. In contrast, periodic breathing 

aligned better with postmenstrual age, peaked around 32 weeks, and was more frequent 

in the more mature infants. Temporal patterns were consistent for all gestational ages, 

regardless of sex and race, and even for infants never on mechanical ventilation. However, 

females had more periodic breathing and less intermittent hypoxemia, while white infants 

had more apnea, periodic breathing, and intermittent hypoxemia.

The distinction between the time courses of apnea and periodic breathing points to 

different maturational mechanisms. Earlier studies -- smaller, or from a single site -- found 

differences of timing and duration of periodic breathing and central apnea13,14,24,25. Here, 

the differences are made vivid by the nature of the cohort -- large, multicenter, and diverse -- 

and the quantitative detection and analysis of apnea and periodic breathing episodes.

Weese-Mayer et al. Page 7

Pediatr Res. Author manuscript; available in PMC 2024 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Apnea is a major focus of clinical neonatal practice with potential mechanisms likely to 

involve multiple factors including reduced central chemoreceptor CO2 sensitivity, reduced 

or enhanced peripheral chemoreceptor sensitivity, low lung volumes, upper airway reflexes, 

and immature neuromuscular control of upper airway patency26–30. We found an initial rise 

of apnea over the first 2-3 postnatal weeks followed by a fall. The time-until-resolution 

varied inversely with gestational age at birth, consistent with previous studies13,31,32. This 

temporal pattern was present in infants who were never intubated (although smaller in 

magnitude) and is likely to be physiological and not due to mixing of data from infants who 

were recently extubated or about to be intubated.

While periodic breathing, with its short respiratory pauses, may be associated with brief 

bradycardia or oxygen desaturation33–35, the clinical view is that it reflects ventilatory 

control immaturity and is benign. One framework for understanding the mechanism is 

loop gain, a concept that describes the stability of feedback control systems36. In the case 

of periodic breathing, loop gain is a function of central and peripheral chemoreceptor 

sensitivity, circulatory delays, and the effectiveness of pulmonary gas exchange as well as 

lung volume36. A high loop gain is associated with more ventilatory control instability and 

more periodic breathing. In full-term infants, loop gain is low after birth and increases 

steadily until about 2-4 weeks of age, slowly declining thereafter36. This trajectory may 

represent postnatal maturation of peripheral chemoreceptor function as well as stabilization 

of end-expiratory lung volume36. In infants who were never intubated, we found more 

periodic breathing with varying onset depending on gestational age. Periodic breathing 

peaked around 32 weeks postmenstrual age, or 4-7 weeks chronological age, similar to a 

large single-site study14.

Although apnea typically determines acute interventions, physiologic compromise from 

intermittent hypoxemia may have more impact on outcomes. Aside from adverse outcomes 

on neurocognitive development and retinopathy of prematurity, chronic intermittent 

hypoxemia in neonatal animal studies has been associated with enhanced carotid 

chemoreceptor sensitivity to hypoxia, upper airway muscle weakness later in life, altered 

respiratory mechanics and other physiological derangements23,37–39 The low incidence of 

intermittent hypoxemia in week 1, rise to a peak incidence at 3-4 weeks, and slow decline 

thereafter confirms similar longitudinal profiles in a previous small study of 79 extremely 

preterm infants23. In the current study, the intermittent hypoxemia trajectories followed 

those of apnea rather than periodic breathing. One of the most striking findings was that the 

number of intermittent hypoxemia events <90% persisted at relatively high levels, with the 

youngest infants showing over 200 events/day and 100 minutes/day at 12 weeks. Whether 

this sustained increase in mildly hypoxemic events contributes to poor outcomes is currently 

unknown.

Oxygen saturation values are often averaged over various time windows before reporting 

which can affect the oxygen saturation profile40. In this study, the averaging times were 8-10 

seconds as commonly practiced in many clinical units. Likewise, lower oxygen saturation 

targets have been associated with fewer intermittent hypoxemia episodes16. In this study, 

the NICUs used the AAP-recommended oxygen saturation target of 90-95%15. Finally, a 

clinically useful threshold of a high-risk intermittent hypoxemia event is not agreed upon. 
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Previous studies have shown a relationship between severe intermittent hypoxemia <80% 

and morbidity while the NEOPROM trials41 suggest that milder fluctuations <90% may also 

be important. Therefore, we analyzed two thresholds; <80% to represent severe hypoxemia 

and <90% to represent times when the infant was below the AAP target of 90 to 95% and 

thereby still produced alarms. We found lower rates of intermittent hypoxemia events <80% 

than previously reported1,4,5,42 possibly reflecting longer averaging times, higher oxygen 

saturation targets, or less severe lung disease.

Numerous aspects of the ventilatory control system change rapidly after birth and there 

is a growing appreciation that the newborn period is a critical window during which 

environmental stressors can alter postnatal trajectories of ventilatory control. For example, 

plasma serotonin concentrations in premature newborns are low at birth and decline further 

over the first week of life43. Serotonin modulates respiration and plays a critical role 

in cardioventilatory homeostasis44. In addition, in neonatal rodents, gamma aminobutyric 

acid (GABA) undergoes an excitatory-to-inhibitory switch within the first week of life45. 

If or when this occurs in preterm infants is unknown46,47. Birth is also followed by 

a resetting of peripheral chemoreceptor sensitivity to adjust from the in utero hypoxic 

environment to the higher arterial oxygen tension after birth. Ventilatory control system 

maturation is genetically regulated but ventilatory control neurons and neural pathways 

also exhibit phenotypic plasticity, during critical periods, in response to environmental 

stressors such as hyperoxia and intermittent hypoxia48,49. Ventilatory control instability, for 

example, may cause chronic intermittent hypoxemia, which can irreversibly increase carotid 

chemoreceptor sensitivity, leading to increased ventilatory control instability50. In contrast, 

intermittent hyperoxia in neonatal animal models can blunt the hypoxic ventilatory response, 

which may persist into adulthood51,52. Finally, underlying lung disease and low lung 

volumes may further exacerbate intermittent hypoxia and increase loop gain, potentially 

resulting in more periodic breathing and chronic intermittent hypoxemia53. Taken together, 

these results may lead to insights into potential mechanisms for the extremely preterm-born 

infant physiologic phenotype.

Demographic factors may also affect maturation of ventilatory control. An early 

investigation of breathing characteristics in 40 infants who died of sudden infant death 

syndrome and 607 healthy infants found a greater frequency of apnea in males54. A 

subsequent study of >24,000 preterm infants revealed more females with apnea but the 

difference was of only marginal significance (p=0.058)55. These authors also reported that 

females spent less time on caffeine, suggesting that maturation of respiratory control may 

occur more rapidly in females, resulting in less intermittent hypoxemia55. And a recent 

study of >900 infants <34 weeks gestation reported no difference between sexes in apnea 

when accompanied by both hypoxemia and bradycardia56. These conflicting findings may 

represent variations in detection and definitions of events. For example, Nagraj et al did 

not separate apnea from intermittent hypoxemia and bradycardia events. We found no sex 

differences in the frequency of apnea. However, females had more periodic breathing and 

less intermittent hypoxemia, suggesting that females exhibit a more rapid maturation of 

ventilatory control following birth. In addition, white infants had more apnea, periodic 

breathing and intermittent hypoxemia. These results from the Pre-Vent study suggest that 

both sex and race may play a role in ventilatory control. However, the cause of racial 
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differences in ventilatory control are unknown but could be due to differences in prenatal 

maternal environment, treatment disparities or severity of respiratory disease. These are all 

beyond the scope of this study and worthy of further examination.

Though these results in >700 extremely premature infants represent the spectrum of five 

NICUs in the Pre-Vent study, we identify several limitations. First, their generalizability 

may be limited by variability in clinical practice, bedside monitor manufacturers, and data 

acquisition practices at other sites. Second, we do not report on apnea and periodic breathing 

in ventilated infants because mechanical breaths can preclude detection of these events, 

limiting the number of infants included for analysis, especially at the youngest gestational 

ages for the first several weeks of life. Third, periods of non-invasive ventilation were 

included in the analyses, but such support could alter the cardioventilatory patterns yet 

include some of the youngest infants. Fourth, intermittent hypoxemia and bradycardia can 

occur during periodic breathing, apnea, hypoventilation and motion57 and in infants on 

mechanical ventilation58, therefore intermittent hypoxemia and bradycardia were reported 

during all modes of ventilation, representing the full cohort. Fifth, the results of this 

multicenter study also represent a population treated with current caffeine protocols, a 

well-known treatment for apnea of prematurity and intermittent hypoxemia59. Over 97% 

of infants were on caffeine for a mean duration of 57 days. Therefore, the frequency 

of cardioventilatory events in untreated extremely preterm infants may be substantially 

higher12. Sixth, though the Pre-Vent cohort exceeded the RFA expectation of 500 infants by 

>40%, the variation by site for waiver of consent to multi-site study enrollment (3 sites) vs. 

required consent for multi-/single-site enrollment (2 sites), coupled with recruitment issues 

related to the COVID-19 pandemic, resulted in an additional 273 eligible babies who were 

not enrolled because parents were not/could not be approached or declined, so we cannot 

rule out small effects of this enrollment strategy. Lastly, these metrics may not correspond 

to traditional bedside clinically acquired measures but may provide insight for future clinical 

monitoring. To advance these findings and tools at the bedside requires automated data 

analysis with algorithms that are not currently available outside the research setting.

In conclusion, in this large cohort of preterm infants <29 weeks gestation, the first week 

of life is marked by more frequency and severity of apnea and intermittent hypoxemia 

events that peaks by 4 weeks of life and is inversely correlated with gestational age. In 

contrast, periodic breathing peaks later for the most premature infants, while bradycardia 

is most frequent immediately after birth. These transitory manifestations of immaturity of 

cardioventilatory control may require intervention but do not necessarily imply structural 

heart or lung disease or the need for long-term support. Knowledge of typical longitudinal 

patterns of physiologic instability can impact clinical care by helping to identify individual 

patients that may be outliers and can serve as the basis for further research into the links 

between physiologic biomarkers and outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Impact Response Statement

• Physiologic curves of cardiorespiratory events in extremely preterm-born 

infants offer 1)objective measures to assess individual patient courses and 

2)guides for research into control of ventilation, biomarkers and outcomes.

• Presented are updated maturational trajectories of apnea, periodic breathing, 

intermittent hypoxemia, and bradycardia in 717 infants born <29 weeks 

gestation from the multi-site NHLBI-funded Pre-Vent study.

• Cardioventilatory events peak during the first month of life but the actual 

postnatal trajectory is dependent on the type of event, race, sex and use of 

mechanical ventilation.

• Different time courses for apnea and periodic breathing suggest different 

maturational mechanisms.
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Figure 1. 
The frequency (number of events/day) and exposure (number of minutes/day) of apnea 

events by chronological age, postmenstrual age, and gestational age.

Top Row. Data plotted by chronological age are shown in A. and by postmenstrual age in 

D. Within A. and D., apnea frequency is shown on the left and apnea exposure is shown on 

the right. Infants are grouped by gestational age as noted in the within-figure key. Days with 

mechanical ventilation were excluded from apnea and periodic breathing quantifications. 

Due to the high rate of mechanical ventilation in the 22 to 24 gestational age infants, values 

were not available during the first 5 weeks of life in this youngest infant cohort.

Middle Row. B. and E. show heat maps in which each colored row represents an individual 

infant, sorted by gestational age on the y-axis. Dark blue indicates 0 or few events while 

orange indicates a high incidence of events, with the actual number of events shown in the 

corresponding color code on the right Y-axis of each heat map. Black indicates no available 

data (days on mechanical ventilation were excluded for apnea and periodic breathing heat 

maps and also denoted in black). Grey haystack at the right indicates data truncation when 

an infant reached 36 weeks 6 days postmenstrual age. Yellow color indicates a higher 

frequency or exposure of events. The right edges of the heat maps plotted by chronological 

age (A.) are irregular because of varying times of death or discharge. The left edges of the 

heat maps plotted by postmenstrual age (B.) are irregular because of varying times of birth.

Bottom Row. C. and F. shows results for the entire cohort as the median (double blue line), 

25th (dotted line), 75th (dot and dashed line) and 90th (dashed line) percentiles.
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Figure 2. 
The frequency (number of events/day) and exposure (number of minutes/day) of periodic 

breathing events by chronological age, postmenstrual age, and gestational age. See Figure 

1 for further details of each row. Yellow is more prominent at the bottom of the heat map 

signifying that less premature infants have more periodic breathing than more premature 

infants.
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Figure 3. 
The frequency (number of events/day) and exposure (number of minutes/day) of intermittent 

hypoxemia less than 80% events by chronological age, postmenstrual age, and gestational 

age. See Figure 1 for further details of each row. Yellow is less prominent at the bottom of 

the heat map signifying that less premature infants have more IH <80% than more premature 

infants.
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Figure 4. 
The frequency (number of events/day) and exposure (number of minutes/day) of intermittent 

hypoxemia less than 90% events by chronological age, postmenstrual age, and gestational 

age. See Figure 1 for further details of each row. Similar to IH <80%, yellow is less 

prominent at the bottom of the heat map signifying that less premature infants have more IH 

<90% than more premature infants.
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Figure 5. 
The frequency (number of events/day) and exposure (number of minutes/day) of bradycardia 

events by chronological age, postmenstrual age, and gestational age. See Figure 1 for further 

details of each row.
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Figure 6. 
A. The median frequency (number of events/day) (upper row) and exposure (minutes/day) 

(lower row) of apnea, periodic breathing, intermittent hypoxemia less than 80% and less 

than 90% and bradycardia events by sex and chronological age.

B. The median frequency (number of events/day) (upper row) and exposure (minutes/day) 

(lower row) of apnea, periodic breathing, intermittent hypoxemia less than 80% and less 

than 90% and bradycardia events by race and chronological age.
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Table 1.

Cohort Characteristics

n N

Birth weight (grams), mean (SD) 717 871 (259)

<10th percentile weight (Fenton) 717 81 (11.3)

Gestational age (weeks), mean (SD) 717 26.4 (1.7)

 22 0/7-22 6/7 weeks 717 11 (1.5%)

 23 0/7-23 6/7 weeks 717 68 (9.5%)

 24 0/7-24 6/7 weeks 717 66 (9.2%)

 25 0/7-25 6/7 weeks 717 132 (18.4%)

 26 0/7-26 6/7 weeks 717 126 (17.6%)

 27 0/7-27 6/7 weeks 717 128 (17.9%)

 28 0/7-28 6/7 weeks 717 186 (25.9%)

Sex (female) 717 351 (49.0%)

Multiple gestation 717 165 (23.0%)

Born outside study center 717 64 (8.9%)

Clinical chorioamnionitis 591 13 (2.2%)

Histological chorioamnionitis 591 212 (35.9%)

Antenatal steroids: None 696 59 (8.5%)

Antenatal steroids: Complete courses only, mean (SD) 694 0.76 (0.58)

Mode of birth: C-section 717 486 (67.8%)

Infant race:

 Black 717 354 (49.4%)

 White 717 326 (45.5%)

 Asian 717 13 (1.8%)

 North American Indian/Native Alaskan 717 3 (0.4%)

 Other 717 2 (0.3%)

 Unknown 717 19 (2.6%)

Infant ethnicity: Hispanic 717 118 (16.5%)

Maternal age (yrs), mean (SD) 717 29.4 (6.1)

Baby’s health insurance: Medicaid/Public 712 450 (63.2%)

Baby’s health insurance: Private 712 238 (33.4%)

Maternal hypertension 622 250 (40.2%)

Maternal hypertension: Pre-existing 607 139 (22.9%)

Maternal diabetes mellitus: Gestational diabetes 603 32 (5.3%)

Maternal diabetes mellitus: Pre-existing 599 36 (6.0%)

Maternal asthma during pregnancy 597 62 (10.4%)

Antepartum hemorrhage 597 96 (16.1%)

Medications to prolong pregnancy 677 243 (35.9%)
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Maternal tobacco smoking 611 73 (11.9%)

Maternal opiates (oral/iv) or sedatives or other illicit drugs * 613 77 (12.6%)

Apgar at 1 minute, mean (SD) 704 4.3 (2.4)

Apgar at 5 minutes, mean (SD) 704 6.5 (2.0)

Resuscitation at birth: Bag & mask (NIPPV in REDCap) 712 548 (77.0%)

Resuscitation at birth: Intubation 712 384 (53.9%)

Resuscitation at birth: Chest compression 712 14 (2.0%)

Resuscitation at birth: Epinephrine 712 4 (0.6)

Prophylactic indomethacin, ibuprofen, acetaminophen 710 268 (37.7%)
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