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Abstract

Rationale: The contribution of ventilatory control to the
pathogenesis of obstructive sleep apnea (OSA) in preterm-born
children is unknown.

Objectives: To characterize phenotypes of ventilatory control that
are associated with the presence of OSA in preterm-born children
during early childhood.

Methods: Preterm- and term-born children without
comorbid conditions were enrolled. They were categorized
into an OSA group and a non-OSA group on the basis of
polysomnography.

Measurements and Main Results: Loop gain, controller gain,
and plant gain, reflecting ventilatory instability, chemoreceptor
sensitivity, and blood gas response to a change in ventilation,
respectively, were estimated from spontaneous sighs identified
during polysomnography. Cardiorespiratory coupling, a measure of
brainstem maturation, was estimated by measuring the interval

between inspiration and the preceding electrocardiogram R-wave.
Cluster analysis was performed to develop phenotypes based on
controller gain, plant gain, cardiorespiratory coupling, and gestational
age. The study included 92 children, 63 of whom were born preterm
(41% OSA) and 29 of whom were born at term (48% OSA). Three
phenotypes of ventilatory control were derived with risks for OSA
being 8%, 47%, and 77% in clusters 1, 2, and 3, respectively. There
was a stepwise decrease in controller gain and an increase in plant
gain from clusters 1 to 3. Children in cluster 1 had significantly
higher cardiorespiratory coupling and gestational age than
clusters 2 and 3. No difference in loop gain was found between
clusters.

Conclusions: The risk for OSA could be stratified according to
controller gain, plant gain, cardiorespiratory coupling, and
gestational age. These findings could guide personalized care for
children at risk for OSA.
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Preterm birth occurs in 1 of every 8–10
infants born in the United States, leading to
increased risk for morbidity and mortality
and with an estimated annual economic
impact of $26 billion (1). Immaturity of
ventilatory control, leading to central and
obstructive sleep apnea (OSA), is a major
cost-bearing morbidity (2). Compared with
children born at full term, those born
preterm are three to five times more likely
to have OSA during childhood (3–5) and at
least twice as likely as adults (6); yet, the
developmental mechanisms and neonatal
factors are unknown. Factors important
in the development of OSA include the
anatomy and muscles of the upper airway
(7), the threshold for arousals from sleep
(8), and ventilatory control reflected by
central and peripheral chemoreceptor
sensitivity (9, 10). In this study, we aimed
to test the hypothesis that preterm-born
children who develop OSA later in life have
a phenotype of ventilatory control distinct

from the phenotypes of preterm-born
children without OSA and those born at
term.

There are multiple reasons for
studying ventilatory control in preterm-
born children with OSA. First, it was shown
that neuromotor activation of upper airway
dilator muscles is driven by ventilatory drive
through inputs from the chemoreceptors
(11–13). Therefore, a decreased ventilatory
drive, and in turn deceased neuromotor
activation to these muscles, may result in
airway closure and OSA. Second, the
normal maturation of ventilatory control
that starts in utero and reaches adult
degrees weeks to months after birth (14, 15)
is interrupted when infants are born
prematurely, and this continues postnatally
(16, 17). This postnatal maturation of
ventilatory control could therefore be
modified by the neonatal clinical course,
including oxygenation history. Preclinical
studies demonstrated that in the postnatal
period, the maturation of ventilatory control
is influenced by hyperoxia, sustained
hypoxia, and intermittent hypoxia (18–23).
However, these observations have not been
reproduced in humans.

There are multiple barriers to studying
ventilatory control in young children born
prematurely using the standard approaches
and hypoxic and hyperoxic challenges. To
overcome these barriers, we adopted loop
gain (LG) analysis, which reflects the
likelihood of ventilatory control instability.
Through this analysis, we were able to
examine two important components of
ventilatory control noninvasively, namely
chemoreceptor sensitivity (controller gain
[CG]) (24) and blood gas response to
change in ventilation (plant gain [PG]), the
circulatory time delay, and the difference
between the inspired and expired CO2 and
O2. Another important objective of this
work was to determine whether persistent
functional immaturity of brainstem neurons
contributes to the phenotypic characteristics
of preterm infants that might place them at
future risk for OSA. Cardiorespiratory
coupling (CRC) is coordinated by the rostral
ventrolateral medulla, which contains
cardiovascular system– and respiratory
system–related neurons that are intermingled
and functionally connected (25).

The overarching aim of this study was
to characterize phenotypes of ventilatory
control that are associated with the presence
of OSA during early childhood in children
who were born preterm. Some of the results

of these studies were previously reported in
the form of an abstract (26).

Methods

Subjects
In the present study, we enrolled preterm-
and term-born children with and without
OSA. The children were subdivided into a
group with OSA, defined as obstructive
apnea–hypopnea index (OI) equal to or
greater than 2 events per hour, and a
group without OSA (NOSA), who had
OI less than 2 events per hour. The
polysomnographic recordings had to meet
quality control measures and register at
least two sighs during non-REM (NREM)
sleep.

Preterm-born children. Preterm-born
children aged 6 months to 7 years
without comorbid conditions who had
a polysomnogram without oxygen
supplementation or positive pressure
ventilation were identified from the sleep
laboratory registry at Cincinnati Children’s
Hospital Medical Center. The age range
of premature born children was based on
published literature showing that ventilatory
control reaches an adult degree of
maturation by 6 months of age and the
prevalence of OSA tends to decline past the
age of 7 years (14, 15, 27). Prematurity was
defined as a gestational age (GA) between
24 and 36 weeks.

Term-born children. Term-born
children aged 4–11 years were recruited
through otolaryngology and pulmonary
clinics (children with OSA) and through
advertisements by the clinical trial office
(NOSA). The group of healthy control
subjects included children without night
symptoms of sleep apnea, including
snoring and a polysomnogram showing
an OI of less than 2 events per hour of
sleep.

Exclusion criteria. Children with the
following chronic medical conditions were
excluded: 1) genetic disease; 2) craniofacial
or skeletal abnormality; 3) central
nervous system disease, such as Chiari
malformation, cerebral palsy, intracranial
hemorrhage with major neurologic
sequelae, birth asphyxia, and congenital
central hypoventilation; 4) neuromuscular
disease; 5) congenital heart disease; 6)
major airway disease; and 7) tracheostomy.
The study was approved by Cincinnati
Children’s review board.

At a Glance Commentary

Scientific Knowledge on the
Subject: Compared with children
born at full term, preterm-born
children are three to five times more
likely to have obstructive sleep apnea
(OSA) during childhood and at least
twice as likely to have OSA as adults.
Factors important in the development
of OSA include the anatomy and
muscles of the upper airway, the
threshold for arousals from sleep, and
ventilatory control reflected by central
and peripheral chemoreceptor
sensitivity. However, the contribution
of ventilatory control to the
development of OSA in preterm-born
children is not known.

What This Study Adds to the
Field: The risk of developing OSA
later in life in preterm-born children
could be stratified on the basis of
gestational age and measures of
cardioventilatory control, including
chemoreceptor sensitivity, the blood
gas response to change in ventilation,
and coupling between cardiovascular
and respiratory brainstem neurons.
These findings could guide
personalized care for children at risk of
developing OSA.
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Polysomnography
Polysomnography (PSG) was performed
using a digitized system (TWin software;
Grass Technologies) according to the 2012
American Academy of Sleep Medicine
guidelines (28). The apnea–hypopnea index
(AHI) was defined as central and obstructive
apneas and hypopneas and mixed
apneas. The obstructive index (OI) was
defined as obstructive hypopnea,
obstructive apnea, and mixed apnea events.

Measurement of LG, PG, and CG. LG
was estimated from sighs identified during
the overnight PSG. We identified 5-minute
segments containing spontaneous sighs
occurring during NREM sleep. These
segments included 10 breaths before the sigh
and at least 30 breaths after the sigh free
from respiratory events, arousals, or low-
quality end-tidal carbon dioxide pressure
(PETCO2

), and the resulting data were saved in
European Data Format files. The European
Data Format files were uploaded for analysis
of the nasal airflow, rib cage, and abdominal
volume changes detected by computer-assisted
respiratory inductance plethysmography,
capnography signaling, and ECG recordings
using VivoSense software (version 3.0;
Vivonoetics). A breath-by-breath time series
describing VT, inspiratory and expiratory
durations, and PETCO2

was generated.
Estimations of LG, PG, and CG were

extracted from the spontaneous sigh
recordings by using an adaptation of the
technique employed by Nava-Guerra and
colleagues (24). A slight modification
extending the frequencies for periodic
breathing between 0.01 and 0.125 Hz was
done to account for breathing frequency
being considerably faster in young children
than in adolescents. The online supplement
contains details of this technique.

Measurement of CRC. From the
segments described above, we first identified
the R-wave peaks from the ECG recordings.
We then computed the time interval
between the onset of inspiration and the
preceding heartbeat (RI21). Last, the
strength of the CRC was quantified from
the RI21 time series by means of the
transformed relative Shannon entropy
(tRSE) that is built on the seminal work of
Shannon on communication theory (29).
tRSE is used in signal-processing
applications to assess the amount of
dispersion of a time series. A low tRSE
contains values that are highly dispersed,
and a high tRSE signal contains values that
are more clustered together, indicating a

good degree of synchronization in the
cardiorespiratory system (25, 30, 31).

Statistical Analysis
Descriptive statistics for the preterm-born
and term-born children within the OSA
group were reported as mean6 SD values
for continuous variables and as percentages
for categorical variables. The P values from
the comparison of NOSA versus OSA
groups were derived by Student’s t test for
continuous data and the chi-square test or
Fisher’s exact test for categorical data.
When the sample size was smaller, such
as the number of term subjects, the
Wilcoxon signed-rank test was used for
continuous data. A comparison between the
demographic and sleep study characteristics
between each cluster was performed using
the F test (type III test for regression model).

The statistical analyses were performed
using SAS version 9.4 software (SAS
Institute). The level of significance for
statistical inference was set a priori at a = 0.05.

Bayesian profile regression method.
One of the main goals of this study was to
find distinct phenotypes among preterm-
and term-born children who have higher
risk of developing OSA later in life. One way
to achieve this goal statistically is to find
covariate patterns or profiles and examine
associations between these profiles and an
outcome of interest (i.e., OSA event). The
Bayesian profile regression method seems
suited well to achieving this goal. This
method is used to examine the association
between different profiles (or subgroups or
clusters) and a response variable of interest
and to fit the model as a unit, allowing
an individual’s outcome to potentially
influence a cluster membership (32, 33).
One of the main advantages of this
modeling framework over traditional
clustering approaches, such as k-means
clustering (34) or classification and
regression tree–based methods (35), is that
the cluster membership is derived mainly
from a set of covariates. Subsequently, on
the basis of cluster membership and other
confounders, a profile regression model is
fitted with the outcome variable to assess
the risk of being in a specific cluster. The
appropriateness of the Bayesian regression
model and its superiority to other clustering
methods is further discussed in the
SUPPLEMENTARY MATERIAL 2 section and
Table E1 in the online supplement.

The covariates included in the Bayesian
profile regression were CG, PG, CRC, and

GA. These covariate profiles were clustered
into groups and were associated with the
binary response variable (i.e., an OSA
event). Results were adjusted for age at
the time of the study, sex, and race as
confounders in the profile regression
model. The R package PReMiuM (Profile
Regression Mixture Models; R Foundation
for Statistical Computing) was used for the
Bayesian profile regression model. In
application, we generated 20,000 Markov
chain Monte Carlo samples, with the first
10,000 used as burn-in and the remaining
10,000 used for posterior inference.

Results

Participants
We identified 121 prematurely born
children without major comorbidities or
tracheostomy who had undergone PSG at
the age of 6 months to 7 years. Fifty-eight
children were excluded because their
polysomnograms either did not include a
minimum of two sighs during NREM sleep
or their end-tidal CO2 waveforms in
proximity to the sighs did not meet the
quality criteria. Sixty-three children born
preterm were included in the analysis, and
29 children born at term identified from
our research registry were subgrouped into
those with OSA and those without OSA.
The age range at the time of the study was
4–11 years for term-born children. The
distribution of GA of the preterm-born
children was as follows: 20 children born
between 24 and 28 weeks of GA (10 OSA
and 10 NOSA), 21 children born between
29 and 32 weeks of GA (15 NOSA and 6
OSA), and 22 children born between 33
and 36 weeks of GA (12 NOSA and 10
OSA). The indications for the PSG referral
in the preterm group were snoring in 84%,
stridor in 8%, oxygen desaturation in 5%,
and central sleep apnea in 3%.

The demographic characteristics and
PSG results are presented in Table 1. In
the preterm group, the demographic
characteristics did not differ between the
OSA and NOSA groups. However, in the
term group, there was a higher percentage
of white subjects in the NOSA group than
in the OSA group. There was no difference
between OSA and NOSA groups for
both preterm-born and term-born children
in the prevalence of chorioamnionitis,
preeclampsia, gestational diabetes,
intrauterine growth retardation/small for
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GA, or multiple gestation. In addition,
history of adenotonsillectomy before PSG
was similar in both groups.

Cluster Analysis
The analysis derived from the four variables
(CG, PG, CRC, and GA determined using
the Bayesian profile regression method)
produced three different clusters with
different risks for OSA.

Cluster 1. Children in this cluster were
more likely to be born at term and had
a normal AHI and lower arousal index

(Table 2). Although the estimated risk for
OSA was 8%, none of the children in this
cluster had OSA. Children in this cluster
had significantly higher CG and CRC and
lower PG than those in the other two
clusters (Figure 1).

Cluster 2. Children in cluster 2 had a
higher prevalence of prematurity, as well
as a higher AHI and arousal index, than
those in cluster 1. The estimated risk for
OSA and the prevalence of OSA were both
47%. CG was significantly lower than in
cluster 1 and higher than in cluster 3. PG

was significantly higher than in cluster
1 and lower than in cluster 3. CRC
was significantly lower than in cluster 1
(Figure 1).

Cluster 3. Children in cluster 3 had a
higher prevalence of prematurity, as well as
a higher AHI and arousal index, than those
in cluster 1. Although the estimated risk
for OSA was 77%, the prevalence of OSA
was 100%. CG was significantly lower and
PG significantly higher than in clusters 1
and 2 (Figure 1).

Summary. From clusters 1 to 3,
there was a stepwise decrease in CG and
an increase in PG. Both CG and PG were
statistically different between the three
clusters. CRC was higher in cluster 1 than in
clusters 2 and 3. GA was similar in clusters
2 and 3. Similar results were found after
adjusting for age at the time of PSG, sex, and
race.

To determine whether a diagnosis
of hypoventilation or the level of PETCO2

altered the clustering of the study
population, we ran the model with
hypoventilation as a discrete variable or
with average PETCO2

as a continuous
variable. In both cases, the results produced
three clusters with sizes 10, 78, and 4 in
clusters 1, 2, and 3, respectively. The
categorization of the subjects into the three
clusters remained unchanged, except for
one subject who was recategorized into

Table 1. Demographic and Polysomnographic Characteristics of Preterm- and Term-born Children, by Obstructive Sleep Apnea
Status

Variables

Preterm-born Children Term-born Children

NOSA Group
(n = 37)

OSA Group
(n = 26) P Value

NOSA Group
(n = 15)

OSA Group
(n = 14) P Value

Age at time of study, yr 3.186 1.8 3.236 2 0.9 7.66 2.7 6.96 2 0.3
Male sex, % 54% 54% 27% 43% 0.4
White race, % 54% 46% 0.6 80% 21% 0.004*
GA, wk 30.76 3.4 31.26 3.7 0.5 406 0 406 0 1.00
BMI, z-score 0.356 1.1 0.66 1.7 0.66 0.46 0.8 1.56 1.8 0.1
OI, events/h 0.66 0.6 8.56 9.2 ,0.001* 0.26 0.37 12.36 6.7 ,0.001*
AHI, events/h 1.76 1.6 9.86 9 ,0.001* 1.46 2.5 12.86 6.7 ,0.001*
Arousal index, arousals/h 116 3.5 12.36 5 0.08 10.76 2.4 15.96 5.5 0.009*
Respiratory arousal index, events/h 0.66 0.7 2.846 2.8 ,0.001* 0.456 0.45 5.56 3.3 ,0.001*
Average PETCO2

, mm Hg 40.36 2.7 40.36 4.23 0.91 44.56 2.9 42.86 4.9 0.47
Average SaO2

, % 986 1 976 1 0.05 986 1 986 1 0.1
Nadir SaO2

, % 916 4 826 11 0.002* 926 4 806 1 0.004*
Hypoventilation† 0.0% 7.7% 1.0 6.6% 7.1% 1.0

Definition of abbreviations: AHI = apnea–hypopnea index; BMI = body mass index; GA = gestational age; NOSA = no obstructive sleep apnea; OI =
obstructive index; OSA = obstructive sleep apnea; PETCO2

= end-tidal carbon dioxide pressure.
Data are presented as mean6 SD for continuous variables and as percentage for categorical variables. The comparison is between OSA and NOSA
subjects for each group.
*Statistically significant at 5% level of significance.
†Hypoventilation is defined as spending at least 25% of total sleep time with end-tidal carbon dioxide pressure greater than 50 mm Hg.

Table 2. Demographic and Polysomnographic Characteristics of the Three Distinct
Clusters

Variables Cluster 1 Cluster 2 Cluster 3 P Value

Number of subjects 11 77 4
Gestational age, wk 38.26 3.2 33.26 5.15 33.86 5.6 0.01*
Male sex, % 45.4% 51.2% 50% 0.92
Age at time of study, yr 6.26 1.4 4.26 2.9 3.86 1.34 0.08
Prematurity, % 27% 74% 75% 0.02*
Obstructive index, events/h 0.46 0.2 4.96 7.5 9.46 7.5 0.06
Respiratory arousal index, events/h 0.166 0 0.23 2.186 0.2 26 1.8 0.10
Arousal index, events/h 10.46 2.8 12.66 4.6 126 3.9 0.03*
Hypoventilation† 9.1% 3.9% 0.0% 1.0

Data are presented as mean6 SD for continuous variables and as percentage for categorical
variables. P values were derived by F test (type III test for regression model).
*Statistically significant at 5% level of significance.
†Hypoventilation is defined as spending at least 25% of the total sleep time with end-tidal carbon
dioxide pressure greater than 50 mm Hg.
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cluster 2 instead of cluster 1. There was
no difference in LG between clusters
(cluster 1, 0.306 0.08; cluster 2, 0.316
0.12; cluster 3, 0.256 0.08; P = 0.52).

Discussion

In this study, we provide novel data
demonstrating that preterm-born children
with OSA have a distinct phenotype of
ventilatory control that is associated with
increasing risk of OSA. The parameters that
make up the phenotypic characteristics
include a measure of chemoreceptor
sensitivity (CG); a measure of blood gas
response to a change in ventilation (PG);
and CRC, a measure of the maturation of
cardiorespiratory neurons in the brainstem.
The cluster analysis applied in this study
demonstrated that although each parameter
alone might not predict the risk for OSA,
the latter could be stratified when the
three parameters CG, PG, and CRC are
grouped together with GA. Therefore, the
pertinent set of clinical circumstances
for the development of OSA in children
born preterm is created when decreased
chemoreceptor sensitivity, abnormal blood
gas response to a change in ventilation, and
decreased CRC are present simultaneously.

These observations point to a likely
abnormal developmental trajectory of
ventilatory control and cardiorespiratory
neurons in preterm-born children with
OSA. The findings of this study may have
important clinical implications because
the risk of OSA could be estimated
from ventilatory control stability and
cardioventilatory coupling analyses of short
segments of cardiorespiratory recordings.

Our observation that decreased
chemoreceptor sensitivity is associated with
high risk for the development of OSA is in
agreement with the findings of multiple
other studies which demonstrated that
neuromotor activation of upper airway
dilator muscles is driven by ventilatory drive
through the inputs from the peripheral
and central chemoreceptors (11–13). This is
consistent with the hypotheses that OSA
has a central nervous system component
and that decreased ventilatory drive can
result in obstructive apneas (11, 36–39).
The basis for this hypothesis lies in the
observation that the tone of the upper airway
muscles is modulated by respiration (36, 39).
Therefore, decreased respiratory drive to
these muscles may result in airway closure
and obstructive apnea.

Whether the abnormal development of
chemoreceptors in preterm-born children is

the result of prenatal programming or an
effect of the early postnatal clinical course
on the developmental trajectory is yet to
be determined. Multiple preclinical studies
suggest that the postnatal clinical course
early in life might indeed modify the
normal developmental trajectory of the
chemoreceptors. Specifically, work with
animal models has shown that a specific
oxygenation profile during the neonatal
period can modify the sensitivity of the
chemoreceptors, particularly the carotid
body. Postnatal hyperoxia and chronic
hypoxia decrease or blunt the sensitivity of
the carotid body, as opposed to intermittent
hypoxia that augments its sensitivity.
However, these oxygenation profiles, when
present later in life, do not have equal effects
on chemoreceptor sensitivity (14, 18,
40–43). Collectively, these data suggest that
a developmental plasticity of ventilatory
control may develop postnatally and could
have a long-lasting effect on respiratory
stability. However, a cause-and-effect
relationship cannot be ascertained from this
study. A plausible pathway to decreased
chemoreceptor sensitivity is OSA-related
intermittent hypercapnia and hypoxemia.

We also observed that in preterm-born
children, an elevated PG is associated
with increased risk for OSA. PG defines
how effectively and quickly a change in
ventilation leads to changes in arterial blood
gases. An effective response to a change in
ventilation creates a damping mechanism
whereby large oscillations of blood gases are
minimized. However, large swings in blood
gases with a change in ventilation and
equivalently a high PG occur when the
effective gas-exchanging volumes are small
enough to reduce the lung stores of CO2

or O2. PG is therefore inversely related to
the amount of “damping” in the respiratory
system needed to maintain ventilatory
stability. The observation of an elevated
PG in preterm-born children is not
surprising, because several epidemiological
studies have demonstrated that lung
function of former preterm-born children
and adults shows evidence of persistent
small airway obstruction, increased air
trapping, and reduced vital capacity
(44–47). Therefore, the negative impact of
chronic lung disease of prematurity on
gas exchange and lung volume, together
with abnormally decreased ventilatory drive
in preterm-born children, might work
synergistically to facilitate the development
of OSA.
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Figure 1. Three different phenotypes of ventilatory control, stratified by obstructive sleep apnea risk,
cardioventilatory control parameters (CG, PG, and CRC), and GA. In the first panel at left, the three
box plots show the estimated median risk of obstructive sleep apnea for each phenotype. In the
second, third, fourth, and fifth panels, the three box plots (one for each phenotype) show the
estimated posterior median values of CG, PG, CRC, and GA, respectively. In all boxplots, the boxes
represent the interquartile range, and the two whiskers depict the minimum and maximum values
of the posterior samples derived from the Bayesian profile regression model. The model was adjusted
for age at the time of the study, sex, and race. CG = controller gain; CRC = cardiorespiratory
coupling; GA = gestational age; PG = plant gain.
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We have also demonstrated that CRC
significantly distinguishes between cluster 1,
which included mostly term-born children
and children without OSA, from clusters 2
and 3, which included mainly preterm-born
children with OSA. Thus, a low CRC is
associated with low GA and also with OSA
status. The mechanisms of the associations
between CRC, prematurity, and OSA are too
complex to be explained by the data in this
study. However, there is evidence that the
strength of coupling between respiratory
and cardiovascular systems increases with
the age of infants together with development
of the brainstem, which therefore reflects the
maturation of the cardiovascular and
respiratory neurons in the brainstem (48).

Whether CRC is simply a measure of
functional maturation of the brainstem,
or whether it is linked to OSA status
independent from prematurity is yet to be
determined as a study in adults has shown
(49), is yet to be determined. There is
evidence that chemoreceptor–baroreceptor
interplay driven by the autonomic nervous
system has an important role in maintaining
respiratory and cardiovascular stability.
Studies of mature animals and humans
demonstrate the synergistic interplay
between ventilatory control and cardiovascular
control. This is illustrated by the attenuation
of the ventilatory response to peripheral
chemoreflex activation by the baroreceptor
(50–52) and, conversely, the activation of the
peripheral and central chemoreceptors when
the baroreceptors are unloaded (53, 54).
Likewise, the peripheral chemoreceptors
may activate or inhibit arterial baroreflex
cardiovascular responses, depending on the
nature of hypoxic exposure (50, 55, 56). It is

therefore plausible that decreased CRC in
preterm-born children is mechanistically
linked to the presence of OSA.

To measure ventilatory control
instability, we applied the LG analysis
overnight polysomnogram recordings.
Contrary to what has been described in
adults with OSA who have an increase in
LG, our pediatric population with OSA
did not show a significant difference in
LG compared with that in healthy
control subjects. Similar observations
were made in studies of overweight
adolescents (24) and obese women (57),
where subjects with OSA also had high
PG, low CG, and a low LG. These data
suggest that different mechanisms of
ventilatory control abnormalities may
lead to respiratory instability and OSA.
One mechanism was observed in adults
with OSA whereby respiratory instability
was associated with an increase in CG
and overall LG, whereas another
mechanism was observed in the pediatric
population and obese women whereby
CG was diminished and PG was elevated.
Further studies are needed to determine a
potential causal relationship between
decreased chemoreceptor sensitivity and
elevated PG.

Various studies in adults used sighs
induced by noninvasive ventilation (24,
58, 59). This approach might lead to
inaccurately low PG measurements because
noninvasive ventilation tends to increase
lung volumes. The analysis adopted in the
present study estimated LG from the
downstream effect of spontaneous sighs
(60) on respiratory stability. This likely
provides a more accurate estimate of PG.

This study had several limitations that
are worth mentioning. The retrospective
nature of the study might have introduced
a selection bias by enrollment of subjects
who had a clinical indication for a
polysomnogram. Furthermore, preterm-
born children were younger at the time
of the study than the term-born children,
who had a wide age range. However,
age-adjusted cluster analysis did not
produce different results. In addition,
the contribution of severe lung disease
to respiratory instability could not
be assessed, because subjects with a
tracheostomy or ventilator or oxygen
dependency had to be excluded. Finally,
the small sample size did not allow the
demonstration of a dose-dependent effect
of the degree of prematurity on ventilatory
control phenotype, despite the fact that the
GA of preterm-born children ranged from
24 to 36 weeks.

Conclusions
Preterm-born children have characteristic
phenotypes of ventilatory control that
allow a stratification of the risk of
having OSA later in life. Decreased
chemoreceptor sensitivity, abnormal
gas exchange, and decreased CRC are
associated with a high risk of OSA. Future
prospective longitudinal studies that can
elucidate the developmental trajectory
of ventilatory control and validate
the results of the present study are
warranted. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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