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Ventilatory control instability as a predictor of persistent
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BACKGROUND: Periodic breathing (PB) is common in preterm infants. We aimed to characterize the contribution of ventilatory
control instability to the presence and persistence of PB longitudinally.
METHODS: Infants born between 28 and 32 weeks of gestation were studied using daytime polysomnography at: 32–36 weeks
postmenstrual age (PMA) (N= 32), 36–40 weeks PMA (N= 20), 3 months corrected age (CA) (N= 18) and 6 months CA (N= 19).
Loop gain, a measure of sensitivity of the ventilatory control system, was estimated by fitting a mathematical model to ventilatory
patterns associated with spontaneous sighs.
RESULTS: The time spent in PB decreased from 32–36 weeks PMA to 6 months CA (P= 0.005). Across all studies, studies with PB (N
= 62) were associated with higher loop gain compared to those without PB (N= 23) (estimated marginal mean ± SEM: 0.445 ± 0.01
vs 0.388 ± 0.02; P= 0.020). A threshold of loop gain >0.415 (measured at 32–36 weeks PMA) provided a sensitivity of 86% and a
specificity of 75% to detect the presence of PB at 6 months CA.
CONCLUSIONS: The course of PB in preterm infants is related to changes in loop gain. Higher loop gain at 32–36 weeks PMA was
associated with a greater risk of persistent PB at 6 months CA.
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IMPACT:

● The developmental trajectory of periodic breathing and its relationship to ventilatory control instability is currently unclear.
● Unstable ventilatory control is a determinant of periodic breathing in preterm infants up to 6 months corrected age.
● Infants who display greater ventilatory control instability at 32–36 weeks postmenstrual age may be at increased risk of

persistent periodic breathing at 6 months corrected age.
● Assessment of ventilatory control stability may assist in the early identification of infants at risk of persistent periodic breathing

and its potential adverse effects.

INTRODUCTION
Approximately 15 million infants are born preterm (<37 weeks of
gestational age (GA)) annually worldwide and these numbers are
growing.1 With improvements in neonatal intensive care techni-
ques, the number of preterm infants surviving at younger
gestational ages has increased dramatically. Due to the immaturity
of their organs and body systems, preterm infants are at an
increased risk of a multitude of short and long-term complications
compared to term-born infants.2 A common manifestation of
immature respiratory control in these infants is that of short
repetitive apneas or periodic breathing (PB),3 a sleep-related
breathing pattern characterized by cyclical apneas of ~4 s in
duration.4,5 In preterm infants, PB usually appears in the second
week after birth, becomes frequent several weeks after birth6, and

can be seen after hospital discharge up until 6 months of age or
longer.7,8 The high prevalence and relatively short duration of
apneas associated with PB have led to the notion that PB has no
pathological significance.4,9 However, reports indicate that PB is a
cause of repetitive oxygen desaturation in preterm infants at
discharge.10,11 Studies have also shown that PB episodes are
associated with clinically significant falls in cerebral oxygenation
even at 6 months post-term corrected age (CA) in both preterm
and term infants, with greater falls in preterm-born infants than
those born at term.8,12–14 In addition, it has been shown that
exposure to even short episodes of intermittent hypoxia (<20 s),
similar to that seen with PB, can increase the risk of adverse
outcomes during the first three months of life in small for
gestational age infants.15 Given the evidence from animal studies
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that indicate that persistent repetitive exposure to hypoxemia can
adversely affect neurodevelopment16,17 and can alter the devel-
opment of components of the ventilatory control system with
lasting effects,18,19 the significance of these short apnea events
may need to be reconsidered.
PB in the preterm infant is likely the result of several interacting

mechanisms. Maturational deficits including chemoreceptor
hypersensitivity and impaired gas exchange characteristics of
the immature lung provide an explanation for the early postnatal
destabilization of breathing in the preterm infant.20 While a
number of pre and postnatal factors such as caffeine therapy have
the potential to influence the postnatal trajectory of PB,21 the
extent to which an innate instability of the ventilatory control
system influences the postnatal trajectory of PB is less clear. The
engineering concept of loop gain (LG) has been proposed as a
tool to quantify the degree of instability of the ventilatory control
system.22 LG represents the sensitivity of the negative feedback
loop that controls ventilation and can be defined as the ratio of
the ventilatory response to the disturbance that elicited the
response.23 A high LG represents a hypersensitive ventilatory
control system, where a small disturbance leads to a large
corrective response, ultimately causing cyclical oscillations in
breathing (i.e., PB).23 LG can be estimated non-invasively from
standard polysomnography (PSG)24,25 and the presence of PB in
preterm infants assessed at 36 weeks GA has been associated with
elevated LG.26 However, what is unclear is (1) how LG relates to
the developmental trajectory of PB in preterm infants and (2)
whether LG is predictive of the persistence of PB. Accordingly, we
aimed to assess the relationship between LG and PB longitudinally
in very preterm infants up to 6 months CA. We hypothesized that
(1) LG would be related to the presence and the amount of sleep
time spent in PB at each time point studied and that (2) a higher
LG prior to hospital discharge would predict those infants who
had persistent PB at 6 months CA.

METHODS
Participants
Preterm infants born between 28 and 32 weeks of gestation were
recruited. Infants were studied longitudinally at four time points:
32–36 weeks postmenstrual age (PMA), 36–40 weeks PMA, 3 and 6 months
CA. For inclusion, infants were required to be self-ventilating in room air for
at least 3 days prior to the first study. Infants with intrauterine growth
restriction, major congenital abnormalities, major intracranial abnormal-
ities (e.g., significant intraventricular hemorrhage [Grade III or IV]), or
hemodynamically significant patent ductus arteriosus were excluded.
Ethical approval was obtained from the Human Research Ethics
Committees of Monash University and Monash Health. Informed written
parental consent was obtained for all participants.

Daytime polysomnography
All studies were conducted during the daytime with 2–4 h of sleep
recorded at each study (see Supplementary Material for a description of
the sleep study montage). All infants were studied in the supine position. A
trained researcher determined sleep state in 30 s epochs according to
behavioral criteria as active sleep (AS), quiet sleep (QS), or indeterminate
sleep (IS).27 PB was defined as ≥3 sequential central apneas lasting ≥3 s
interrupted by regular breathing lasting ≤20 s.28 The duration of each PB
episode (measured from the start of the first apnea to the end of the last
apnea) was used to calculate the % time spent in PB for each sleep state
and for total sleep time (TST). % TST spent in PB was also categorized as
presence (>0% of TST in PB) or absence (0% of TST in PB) of PB and as <1%
of TST in PB or >1% of TST in PB, based on normative data from term
infants.5,29

Loop gain assessment
The propensity toward instability of the ventilatory control system (i.e., LG)
was calculated by analyzing the transient response to spontaneous sighs
that occur frequently during sleep in infants. Movement artifact-free
spontaneous sighs were visually identified from the PSG recording

which were then imported into MATLAB (R2018a Mathworks Inc., Natick,
Massachusetts). A 120 s analysis window was created, comprising
measurements of airflow (linearized nasal pressure trace), respiratory
inductance plethysmography traces and oxygen saturation (SpO2), 30 s
preceding and 90 s following each sigh breath. Estimations of LG were then
derived by fitting a previously validated model of ventilatory control
(comprising a gain, time-constant, and delay term) to the pre and post-sigh
ventilatory patterns.24,25 In the ventilatory control model, the gain term
represents the overall LG, the “time constant” reflects the time course of the
buffering of CO2 in the lung and tissues, and the delay term predominantly
reflects the circulation time between the lung and chemoreceptors. The
best-matched parameters were then used to transform the ventilatory
fluctuations seen in response to a sigh into a ventilatory-drive signal that
best matched the observed ventilation (Supplementary Fig. S1). LG was
then determined at the natural cycling frequency (i.e., the frequency of PB if
breathing was unstable). Individual measures of LG from each window were
averaged to obtain an overall value for each infant at each study. Each
study required at least one spontaneous sigh in either AS or QS to be
included in the analysis.

Statistical analysis
Statistical analysis was performed using SPSS statistical software (IBM SPSS
Statistics version 25, IBM Corp., USA). The differences in the categorical
variables over the four studies were assessed using the Chi-square test or
Fisher’s exact test. Mixed-effects linear regression models were used to
explore the association between TST, % TST spent in AS and QS, % TST, %
AS, and % QS spent in PB and LG across PMA. These variables were treated
as dependent variables in these models with age studied treated as a fixed
effect and participant as a random effect. To assess the relationship
between LG and the % TST spent in PB, age studied and LG were treated as
fixed effects and participant as a random effect. LG was treated as the
dependent variables in a separate mixed-effects linear regression model to
assess whether the presence/absence of PB or <1% TST/>1% of TST in PB
(treated as fixed effects) were predictive of LG. The models that assessed
the changes in % TST in PB had non-normally distributed residuals. To
account for this, a sensitivity check was conducted by square-root
transforming the dependent variables in these models which yielded
similar results. Therefore, the original non-transformed model results are
presented. Receiver operating characteristic (ROC) analyses were used to
determine optimum thresholds for LG (based on sensitivity and specificity)
that predicted the presence/absence of PB at 6 months CA.
Descriptive data are presented as median [interquartile range (IQR)] or

number (%N) as appropriate. All data from mixed-effects linear regression
models are presented as estimated marginal means (EMM) ± standard
error of the mean (SEM) or as estimated coefficient and standard error (SE).
P-values were adjusted for multiple comparisons with Bonferroni correc-
tion for the regression models. P <0.05 was considered statistically
significant.

RESULTS
A total of 32 infants (19 F/13 M) were recruited. Infants had a median
[IQR] GA at birth of 31 [30, 32] weeks, birthweight of 1426 [1307,
1614] g, and APGAR scores of 7 [6,9] at 1min and 9 [7, 9] at 5min. All
infants had been administered caffeine for apnea of prematurity
during their hospital stay and 59% were still on caffeine treatment at
the first study. All 32 infants were studied at 32–36 weeks PMA, 20
infants at 36–40 weeks PMA, 18 infants at 3 months CA and 19
infants at 6 months CA (Fig. 1). Of note, three infants were studied at
7 months CA (instead of 6) due to COVID-19 (Coronavirus disease of
2019)-related restrictions. Study-specific demographic and sleep
characteristics are shown in Table 1. TST decreased, the % time
spent in AS decreased and the % time spent in QS increased with
increasing PMA as expected. Due to the relatively small amount of
time spent in IS (<1% of TST), this was combined with AS (Table 1).

Periodic breathing episodes
The % TST spent in PB sharply decreased from 32 to 36 weeks
PMA to 6 months CA (Table 1). % time spent in PB in both AS
and QS showed similar trends to % TST spent in PB, with slightly
greater time spent in PB in AS compared to QS at 32–36 weeks
PMA, 36–40 weeks PMA and 3 months CA. At 6 months CA, 7/19
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Table 1. Study-specific demographic, sleep, periodic breathing, and sigh characteristics.

Study 1
32–36 weeks PMA

Study 2
36–40 weeks PMA

Study 3
3 months CA

Study 4
6 months CA

P-value

N 32 20 18 19 –

PMA (weeks) 34 [33, 35] 39 [38, 40] 53
[53, 54]

67
[66, 69]

–

Sex (% F) 59 60 61 63 0.077

Sleep indices

TST (min) 170 ± 7 156 ± 9 127 ± 10 79 ± 8 <0.001

% QS 41 ± 2 42 ± 2 52 ± 3 58 ± 4 0.003

% AS 58 ± 2 58 ± 2 48 ± 3 42 ± 4 0.003

Periodic breathing indices

% PB TST 13 ± 3 9 ± 2 1 ± 1a,b 3 ± 1a 0.001

% PB QS 11 ± 3 6 ± 1 1 ± 1a,b 3 ± 2 <0.001

% PB AS 14 ± 3 10 ± 3 2 ± 1a,b 2 ± 1a 0.023

Number of infants with >0% of TST in PB (% N) 29 (91) 18 (90) 10 (55) 7 (37) <0.001

Number of infants with >1% of TST in PB (% N) 23 (72) 15 (75) 6 (33) 5 (26) 0.001

Sigh indices

Analyzable sighs per study 8 ± 1 10 ± 1 8 ± 1 6 ± 1 0.078

Number of infants with analyzable sighs in TST (% N) 31 (97) 20 (100) 18 (100) 17 (89) 0.229

Number of infants with analyzable sighs in QS (% N) 30 (94) 18 (90) 18 (100) 16 (84) 0.331

Number of infants with analyzable sighs in AS (% N) 22 (69) 14 (70) 12 (67) 11 (58) 0.847

Data from indeterminate sleep (IS) has been combined with AS data. Data are presented as median [interquartile range], number (% N) or as estimated
marginal means ± standard error of the mean. Data presented as % N and % F were assessed using Chi-Square or Fisher’s exact tests. Data presented as
estimated marginal means ± standard error of the mean were assessed using mixed-effects linear regression models.
F female, PMA postmenstrual age, CA corrected age, TST total sleep time, AS active sleep, QS quiet sleep, PB periodic breathing.
aP < 0.05 statistically significant versus study 1.
bP < 0.05 statistically significant versus study 2.

Infants recruited (N = 32)

Completed study 1 (N = 32)32–36 weeks PMA
Did not complete study 2 (N = 12)

Did not complete study 3 (N = 2)

Did not complete study 4 (N = 1)

Study completed late (at 7 months CA) due
to COVID-19 restrictions (N = 3)

36–40 weeks PMA

3 months CA

6 months CA

No longer wanted to take part in subsequent
studies or were lost to follow-up (N = 12)

Lost to follow-up (N = 1)

Infant unwell at the time of study (N = 1)
Unable to conduct study due to COVID-19
restrictions (N = 1)

Completed study 2 (N = 20)

Completed study 3 (N = 18)

Completed study 4 (N = 19)

Fig. 1 Flow diagram demonstrating infants included in the analysis at each time point. All 32 infants were studied at 32–36 weeks PMA. 20
infants were studied at 36–40 weeks PMA, 12 infants were lost to follow-up. 18 infants completed the study at 3 months CA with 2 infants
unable to complete the study. 19 infants completed the study at 6 months CA, 1 infant was lost to follow-up.16 infants completed all four
studies. PMA postmenstrual age, CA corrected age, COVID-19 Coronavirus disease of 2019.
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(37%) displayed at least one episode of PB at the time of
the study.

Loop gain
Most infants had 6–10 analyzable sighs per study across TST to
calculate LG at each time point studied (Table 1). LG measured
across TST decreased with increasing PMA from 36 to 40 weeks
PMA, although this did not reach statistical significance between
studies (Fig. 2a). However, LG measured in QS significantly
decreased from 36 to 40 weeks PMA to 6 months CA and from
3 months CA to 6 months (Fig. 2b). Due to the reduced number of
infants at each time point with artifact-free sighs in AS (Table 1),
LG was not assessed separately in AS across PMA. At Study 1, there
was no difference in LG between infants on caffeine treatment
(N= 19) compared to those who were not (N= 13) (0.42 [0.37,
0.45] vs 0.36 [0.35, 0.55]; P= 0.921) (assessed using Mann–Whitney
U test). In addition, there was no association between LG and
mean oxygen saturation across all the sigh windows analyzed,
regardless of the time studied (r= 0.043; P= 0.695) (assessed
using Spearman correlation).

Relationship between loop gain and periodic breathing
indices
Regression analysis showed that both age studied (P < 0.001) and LG
(P= 0.005) significantly predicted the change in the % TST spent in

PB. LG (measured in total sleep) was positively related to % time
spent in PB (estimated coefficient: 9.29, SE: 2.59). When this model
was repeated using LG measured only in QS, a stronger association
was found (estimated coefficient: 6.42, SE: 1.45, P= 0.001).
Similarly, regression analysis showed that across all studies, the

presence/absence of PB was a significant predictor of LG where
studies with PB (N= 62) were associated with higher LG compared
to those studies without PB (N= 23) (0.44 ± 0.01 vs 0.39 ± 0.02;
P= 0.020). Studies with >1% PB TST (N= 48) were also associated
with higher LG compared to those with <1% PB TST (N= 39) (0.46
± 0.11 vs 0.40 ± 0.11; P= 0.014).
ROC analysis showed that when infants who were studied late

due to COVID-19 restrictions were excluded (N= 3), LG measured
at 32–36 weeks PMA (Study 1), predicted the presence/absence of
PB at 6 months CA (infants with PB N= 7, infants without PB N=
8) (Fig. 3a). A threshold of LG > 0.415 provided a sensitivity of 86%,
specificity of 75%, positive predictive value (PPV) of 75%, and a
negative predictive value (NPV) of 86% to detect the presence of
PB at 6 months. This relationship was stronger when LG measured
in QS at Study 1 was used (infants with PB N= 7, infants without
PB N= 7) (Fig. 3b), where LG > 0.420 provided a sensitivity of 86%,
specificity of 86%, PPV of 86% and a NPV of 86% to detect the
presence of PB. Of note, the % TST spent in PB at Study 1 was not
predictive of the presence/absence of PB at 6 months CA (area
under the curve: 0.698; P= 0.186).

DISCUSSION
This study provides new insights into the developmental
trajectory of PB, using ventilatory control instability assessed
by LG as an explanatory factor. We identified that the overall
change in % TST spent in PB with increasing PMA was associated
with LG, and that the presence of PB was associated with higher
LG, regardless of the age studied. In addition, LG measured at
32–36 weeks PMA, prior to discharge from the neonatal unit,
appears to be a moderately sensitive and specific measure
that can identify infants at increased risk of persistent PB at
6 months CA.
To our knowledge, this is the first study to report the

developmental trajectory of LG in preterm infants. The reductions
in the % TST spent in PB observed with increasing PMA in our
study are similar to previous reports that have assessed PB
longitudinally in preterm infants after hospital discharge.4,7,8,12 LG
showed a corresponding decline indicating greater stabilization at
6 months CA compared to 36–40 weeks PMA, particularly when
measured in QS, highlighting its role in the developmental
trajectory of PB. There is a paucity of literature assessing the
developmental trajectory of ventilatory control in infants,
although it is reported to reach stable adult levels by 6 months
postnatal age in term infants.20,30 It is thought that this time
period coincides with maturational effects of the carotid body
leading to a reduction in the response time of the peripheral
chemoreceptors.31 This may also provide an explanation for our
observation of a stronger relationship in QS, a sleep state in which
chemical control of breathing predominates.32 However, in the
preterm infant, several other factors are likely to affect the
development of ventilatory control, including the degree of
prematurity, presence of comorbidities (e.g., chronic neonatal lung
disease), and environmental exposures (e.g., oxygenation profiles)
in the early neonatal period.33 Despite the degree of prematurity
and comorbidities being controlled for in this study, individual
variation in factors such as functional residual capacity34,35 and
varying levels of exposure to hypoxia and hyperoxia36 are likely to
provide an explanation for the high inter-individual variation in
the trajectory of LG.
Our findings that LG was higher in studies with PB compared to

those without, regardless of the age studied, are supported by a
previous study which assessed preterm infants born between
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24 and 28 weeks of gestation and studied at 36 weeks PMA.26

Despite only being measured at one time point, the authors also
identified that LG measured in QS was predictive of the presence
or absence of PB.26 A novel finding of our study was that LG
measured at 32–36 weeks PMA could also be useful in predicting
infants likely to have persistent PB at 6 months CA. Growing
evidence indicates that PB is associated with falls in cerebral
oxygenation in infants born preterm8,12 and prolonged exposure
to intermittent hypoxia has the potential to adversely affect
neurodevelopmental outcomes.36,37 In addition, emerging evi-
dence suggests that children born preterm have a phenotype of
altered ventilatory control compared to term-born children that
increases their risk of developing other sleep-related breathing
instabilities, such as obstructive sleep apnea, later in life.38–40

Therefore, future studies are needed to confirm whether LG is a
useful tool to identify infants who could be at greater risk of these
adverse outcomes, prior to discharge from the neonatal unit.

Methodological considerations
There are several limitations that need to be considered in the
interpretation of our findings. First, 35% of infants were lost to
follow-up, which reduced our sample size at studies after hospital
discharge. However, we were able to increase the robustness of the
available data with the application of a linear mixed model analysis.
Second, studies had to be conducted to coincide with the infant’s
usual daytime sleep, and to reduce parent inconvenience of
returning to the hospital on three occasions. Thus, it is possible
that our recording time was not sufficient to capture the full extent
of PB that might be present during overnight sleep, which may have
led to either an over or underestimation of the presence of PB at
each age. However, the amounts of time spent in PB were similar to
that reported previously in studies of longer duration.4 Third, 59% of
infants were on caffeine therapy at the time of the first study. The
effect of caffeine treatment on LG is currently unclear, however, our
sensitivity analysis revealed no effect of caffeine on LG at Study 1.
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Lastly, our estimate of LG assumes that spontaneous sighs occurred
as an external disturbance to the ventilatory control system,
however, this is supported by existing literature.41

CONCLUSIONS
For the first time, we describe the relationship between ventilatory
control instability assessed using LG and the amount of sleep time
spent in PB in preterm infants longitudinally up to 6 months CA. LG
has moderate sensitivity and specificity for detecting infants at
increased risk of persistent PB. Future studies that extend these
findings to assess the ability of LG to predict PB episodes with
clinically significant falls in oxygen saturation or cerebral oxygena-
tion are warranted.
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