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Abstract

Background

Apnea of Prematurity (AOP) is common, affecting the majority of infants born at <34 weeks
gestational age. Apnea and periodic breathing are accompanied by intermittent hypoxia
(IH). Animal and human studies demonstrate that IH exposure contributes to multiple
pathologies, including retinopathy of prematurity (ROP), injury to sympathetic ganglia regu-
lating cardiovascular action, impaired pancreatic islet cell and bone development, cerebel-
lar injury, and neurodevelopmental disabilities. Current standard of care for AOP/IH
includes prone positioning, positive pressure ventilation, and methylxanthine therapy; these
interventions are inadequate, and not optimal for early development.

Objective
The objective is to support breathing in premature infants by using a simple, non-invasive

vibratory device placed over limb proprioceptor fibers, an intervention using the principle
that limb movements trigger reflexive facilitation of breathing.

Methods

Premature infants (23—-34 wks gestational age), with clinical evidence of AOP/IH episodes
were enrolled 1 week after birth. Caffeine treatment was not a reason for exclusion. Small
vibration devices were placed on one hand and one foot and activated in 6 hour ON/OFF
sequences for a total of 24 hours. Heart rate, respiratory rate, oxygen saturation (SpO,),
and breathing pauses were continuously collected.
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Results

Fewer respiratory pauses occurred during vibration periods, relative to baseline (p<0.005).
Significantly fewer SpO. declines occurred with vibration (p<0.05), relative to control peri-
ods. Significantly fewer bradycardic events occurred during vibration periods, relative to no
vibration periods (p<0.05).

Conclusions

In premature neonates, limb proprioceptive stimulation, simulating limb movement, reduces
breathing pauses and IH episodes, and lowers the number of bradycardic events that
accompany aberrant breathing episodes. This low-cost neuromodulatory procedure has the
potential to provide a non-invasive intervention to reduce apnea, bradycardia and intermit-
tent hypoxia in premature neonates.

Trial Registration
ClinicalTrials.gov NCT02641249

Introduction

Apnea of Prematurity (AOP) is common, affecting the majority of infants born at <34 weeks
gestational age, with incidence varying inversely with gestational age and birth weight, and
appearing in nearly all infants born <29 weeks gestation or <1,000 g [1]. Over half of neonates
show AOP at 30 to 31 weeks, 15% at 32 to 33 weeks, and 7% at 34 to 35 weeks gestation [2].
The concern with these aberrant breathing patterns is that periodic breathing and apnea are
accompanied by intermittent hypoxia (IH), the sequential and repetitive exposure to low oxy-
gen, followed by a rapid increase in oxygen [3]. Ventilatory and perfusion disturbances from
such breathing patterns are associated with significant cardiovascular sequelae, and contribute
to multiple neural pathologies, including neurocognitive and affective disturbances in adults
and adolescents [4, 5]. Sustained or chronic intermittent hypoxia increases free radical produc-
tion and contributes to the pathogenesis of adverse outcomes associated with obstructive apnea
in adults [6] and children [7]. In neonates, the patterns are associated with retinopathy of pre-
maturity, altered growth and cardiovascular regulation, and neurodevelopmental disabilities
[8,9].

The current standard of care for AOP and IH includes prone positioning, continuous posi-
tive airway pressure (CPAP) or nasal intermittent positive pressure ventilation (NIPPV) to pre-
vent pharyngeal collapse and alveolar atelectasis, and methylxanthine therapy (caffeine,
theophylline) to block adenosine receptors, the mainstay of central apnea treatment [10-13].
These interventions are not always effective, and are not optimal for early development. Posi-
tive pressure can induce lung injury in fragile premature subjects, and the required nasal inter-
faces and their fixing systems may distort bony facial structures in early life [14, 15]. Caffeine
and theophylline can interfere with sleep [16, 17], disrupting potential benefits of integrated
sleep on brain development and hormone release [18, 19] (demonstrated in adults, but as yet,
not in neonates).

The objective was to demonstrate the potential to use inherent reflexive coupling between
limb movements and breathing to assist ventilation, and make use of a well-demonstrated find-
ing that walking, running, or even passive limb movement will enhance breathing in both ani-
mal models and humans [20-23]. This breathing assistance occurs despite the absence of
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major changes in the principal drive to ventilation, i.e., carbon dioxide (CO,) [24]. Walking or
running are obviously unavailable in premature neonates, but the principle of using sensory
information associated with limb movement to reflexively couple with breathing offers a
potential to enhance ventilation. Limb movement is simulated in neonates in this study by
mild vibratory stimulation of proprioceptors in the hand and foot. We used a simple, noninva-
sive vibratory device (Harper Laboratory, UCLA) placed over proprioceptors of the sole of the
foot and the palm of the hands. Mild vibration was designed to activate proprioceptive fiber
discharge similar to that arising from limbs during walking or running; since the reflexive cou-
pling with breathing is evolutionarily ancient, the forelimbs, i.e., the hands, can also be used.

We compared oxygen saturation (SpO,), breathing, and heart rate patterns in premature
neonates (23-34 wks gestation), during periods with and without proprioceptive stimulation.
We hypothesized that activation of proprioceptive fibers using non-invasive vibration would
decrease apnea-induced IH episodes and bradycardia events, and minimize O, saturation
changes that accompany apnea in premature infants.

Methods
Study Design

The study was approved by the Institutional Review Board at the University of California, Los
Angeles (UCLA). Subjects were enrolled from the Ronald Reagan Neonatal Intensive Care
Unit (NICU) at UCLA and Santa Monica UCLA Medical Center NICU, and written informed
consent was obtained from the infant’s parent or caregiver. This study was primarily designed
to ascertain feasibility and short-term effectiveness of a vibration device in AOP, and was not
initially registered at ClinicalTrials.gov prior to enrollment. The authors confirm that all ongo-
ing and related trials for this intervention are now registered at ClinicalTrials.gov
(NCT02641249), and can be accessed at the URL https://clinicaltrials.gov/ct2/show/
NCT026412492term=NCT02641249.

Subjects

Infants who were born between 23 weeks, 0 days of gestation, and 34 weeks and 6 days of gesta-
tion were eligible for enrollment after 1 week from birth. Subjects were recruited by referral
from the primary care team, as well as self-selection. Only infants demonstrating clinical evi-
dence of AOP with IH episodes at the beginning of the study were enrolled. Caffeine treatment
was not a reason for exclusion. Neonates known to have major congenital anomalies/malfor-
mations that would influence the CNS and long-term outcomes, e.g., cardiac malformations
(except for patent ductus arteriosus or ventricular septal defect), or major neurological malfor-
mations, e.g., meningoencephalocele, neonates with apnea from airway issues (e.g., laryngoma-
lacia or severe gastro-esophageal reflux disease), and neonates with a history of hypoxic
ischemic encephalopathy or Grade IV intraventricular hemorrhage were excluded.

Enrollment and Intervention

Infants were enrolled from October 2014 through August 2015. After parent/guardian consent,
the order for vibration to the infant was randomized by coin flip to begin with or without vibra-
tion (Fig 1). Subjects were monitored for 24 hours with the existing standard NICU monitors
(GE Solar 8000i Monitors, GE HealthCare Systems), and proprioceptive stimulation was
induced with the vibration devices. The vibration device (Fig 2) consisted of two components:
(A) a stimulation device, containing a low voltage battery that powers a vibration motor, and
(B) small vibrating disks (approximately 10 mm diameter, 3 mm thick). The vibration disks
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[ Enrollment ]

Assessed for eligibility (n=27)

Excluded (n=8)

- Failed to meet inclusion criteria (n=0)
- Declined to participate (n=8)

- Other reasons (n=0)

A 4

[ Allocation

Allocated to receive vibrations in a 6 hour
On/Off or 6 hour Off/On sequence for a total of
24 hours (n=19)

- Received allocated intervention (n=19)

- Did not receive allocated intervention (n=0)

[ Follow-Up

Lost to follow-up (n=0)
Discontinued intervention (n=1)

Analysis

Analyzed (n=15)
] - Excluded from analysis (problems with data

acquisition) (n=3)

Fig 1. Flow of participants through each stage of the study: enroliment, assignment, allocation, intervention exposure and

analysis.

doi:10.1371/journal.pone.0157349.g001

were placed on the palm or wrist of one hand and the ankle or sole of one foot with the hand
and the foot on the same side of the infant; sides were randomly selected. The vibration motor
is similar to those found in cell phones. The vibration devices delivered continuous mild vibra-
tion (0.3 gm /128 Hz) for a 6 hour ON/OFF or OFF/ON sequence, for a total of 24 hours. In all
subjects, we continuously collected heart rate via 3 leads, thoracic wall movement for detection
of respiratory patterns, and oxygen saturation using pulse oximetry with averaging time of 8
seconds, from the existing GE HealthCare monitors that are used in the NICU.

Data Collection and Statistical Analysis

Respiratory, pulse oximetry, and ECG signals were continuously recorded and downloaded to
a laptop device with an analog-to-digital converter (NI DAQ 6218 and NI DAQ 6001, National
Instruments, Austin TX), at 250 samples/second for the 24 hours of the study. Breathing
pauses, counted as episodes >3-5 sec in duration (short pauses), and >5 sec in duration (long
pauses), the number of IH episodes, determined as the number of events in which O, satura-
tion fell below 90%, 88%, and 85% for at least 5 sec, and the number of bradycardia episodes
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Fig 2. Vibration Device: The vibration device consists of two components: (A) a stimulation device, containing a low voltage battery that
powers the vibration motor through flexible cables, and (B) small vibrating disks (approximately 10 mm in diameter), which are taped to the
skin over proprioceptive fibers in the hand and foot.

doi:10.1371/journal.pone.0157349.9002

were evaluated. A number of AOP studies define significant bradycardia as any decline in heart
rate to two-thirds of baseline OR a drop of 30-33% from baseline [25-27]. Since the baseline
heart rate for our study population was between 150-165 bpm, we chose 100 and 110 bpm as
the threshold for bradycardia.

The total number and duration of breathing pauses, IH episodes and bradycardia episodes
were evaluated using LabView Software (S1 Software; National Instruments, Austin, TX), as
well as LabChart Pro (AD Instruments), with proprioceptive stimulation (total of 12 hours)
and without stimulation (total 12 hours), in each study subject. Thus, each subject underwent
two 6 hour periods of proprioceptive stimulation and no stimulation, a total of 12 hours of
each condition. Stimulation levels were determined based on short stimulation trials to avoid
arousal, and durations of stimulation and non-stimulation periods were chosen to obtain an
adequate representation of sleep-waking states with different respiratory and cardiovascular
patterns. This initial study was designed to study the short-term effectiveness of a vibration
device on apnea incidence, desaturation episodes, and cardiovascular measures (HR) during
vibration periods, in comparison to baseline (no vibration periods) in the same subject. A rela-
tively small sample size was evaluated to determine effectiveness before a larger-scale study,
with well-defined groups of multiple subcategories of apnea severity, gestational age stratifica-
tion etc., will be conducted. The bedside nurses and parents were not blinded to the order of
vibration/no vibration sequences. However, the respiratory patterns, O, saturations, and heart
rate data were analyzed by an independent person blinded to the study conditions. A total of
15 infants were analyzed. The dataset is available for interested readers (S1 Dataset).

Statistical analyses were conducted using IBM SPSS Statistics 23 [28]. Within-subject differ-
ences between periods with stimulation and those without stimulation were analyzed using
paired t-tests with an alpha significance level of 0.05. Kolmogorov-Smirnov and Shapiro-Wilk
tests of normality were conducted. Deviations from normality were detected, and transforma-
tions were performed to adjust for those distributions. Multiple transformations were tested
[e.g., square-root, logl0(x+1)], and ultimately an In(x+1) transformation was chosen, as it
achieved optimal normality [29]. All statistical analyses were carried out on the transformed
data, and mean and standard error of the raw data were reported for ease of interpretation. Per-
cent change in each variable for each participant is reported in SI Table.
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Results

A total of 19 preterm infants (>23-34 weeks gestational age) were recruited after 1 week of age
and randomized to receive vibrations per protocol. In one study subject, the study interventions
were discontinued due to worsening of clinical status from sepsis; three additional subjects were
excluded from the final analysis due to data acquisition issues (one was missing several hours of
data, and two were placed on incompatible monitoring systems following transfer to the lower-
level NICU), leaving a final sample size of 15 (Fig 1). A third of the study subjects were random-
ized to the ON/OFF sequence and the rest to OFF/ON. The average gestational age at the study
onset was 32 + 2.3 weeks. The majority of the infants received caffeine for AOP (80%) at the time
of the study, and 80% of study subjects were on supplemental oxygen (range 23-50%), via nasal
cannula, high flow nasal cannula, or non-invasive ventilation (Table 1). None of the infants on
the study were endotracheally intubated or received invasive mechanical ventilation while on the
study. The primary outcome measure was the change in number of breathing pauses. The sec-
ondary outcomes were number of IH episodes and bradycardic episodes.

Effect of Proprioceptive Stimulation on Breathing Pauses

The total number of short and long pauses and total duration of both types of pauses were cal-
culated, and compared in periods with and without stimulation (Fig 3). Long breathing pauses
were frequently accompanied by bradycardia and desaturation (Fig 4). Proprioceptive stimula-
tion significantly reduced the total number of long breathing pauses by 39% (MD = 110 pauses,
t=7.769, p<0.001), and the number of short breathing pauses by 21% (MD = 39 pauses,
t=2.536, p = 0.024), as compared to periods without proprioceptive stimulation (Fig 5A). Pro-
prioceptive stimulation significantly reduced the total duration of long breathing pauses by
36% (MD = 773 seconds, t = 6.681, p<0.001), and stimulation significantly reduced the total
duration of short breathing pauses by 20% (MD = 166 seconds, t = 2.352, p = 0.034; Fig 5B).
Proprioceptive stimulation appeared to significantly lower the number and duration of long
breathing pauses in premature neonates with apnea of prematurity.

Effect of Proprioceptive Stimulation on IH Episodes

We defined an IH episode as an oxygen desaturation declining to <90%, with duration of at
least 5 sec. The total number and duration of IH episodes were compared with and without

Table 1.

DEMOGRAPHIC AND NEONATAL CHARACTERISTICS (N = 15)
Birth Weight, grams, mean +SD 1257 + 535
Gestational age at birth, weeks, mean +SD 29.0+2.5
Corrected Gestational age at start of study, weeks, mean +SD 324123
Day of life at start of study, day, mean £+SD 242 + 11
Male Sex, n (%) 10 (67)
Race/Ethnicity, n (%)
African American 4 (26.7)
Asian 1(6.7)
Caucasian 7 (46.7)
Hispanic/latino 3 (20.0)
On Oxygen, n (%) 12 (80)
Caffeine, n (%) 12 (80)

Demographic and neonatal characteristics of study participants.

doi:10.1371/journal.pone.0157349.1001
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BREATHING PAUSES NO BREATHING PAUSES

Respiratory Trace (arbitraryunits)

il il il il il 1 + } + + + +
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (seconds) Time (seconds)

Fig 3. Representative breathing traces with and without proprioceptive stimulation. Respiratory traces (60 sec), from thoraco-
abdominal pressure sensors, in a 28 wks gestational age premature male infant (24 days old) (A) at baseline, i.e., without
proprioceptive stimulation and (B) with proprioceptive stimulation. Fewer episodes of respiratory pauses, indicated by 4 arrows,
occurred during the intervention, relative to baseline.

doi:10.1371/journal.pone.0157349.9003
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Fig 4. Sequence of events following a breathing pause in a 20 day-old premature infant (27 5/7 wks gestational age) showing
(A) breathing trace, (B) oxygen saturation, (C) electrocardiogram—ECG, and (D) heart rate in beats per minute (bpm). In this
premature infant, a 13 sec breathing pause (A) was followed by slowing of heart rate (C), leading to bradycardia to <80 bpm (D) and a
desaturation episode (B) to <90% lasting approximately 25 sec.

doi:10.1371/journal.pone.0157349.9004

PLOS ONE | DOI:10.1371/journal.pone.0157349 June 15,2016 7/16



el e
@ ) PLOS | ONE Non-Invasive Intervention for Apnea of Prematurity

A Total number of breathing pauses B Total duration of breathing pauses
» 350 7 @ 3000 +
2 200 * ] mSTIM g mSTIM
2 NO STIM g 2500 *
8 5o | " ] ] 5 NO STIM
o
o 2000 -
i= =1}
‘£ 200 £
§ o % 1500
S 2 1000 *
w100 s -
° G
- s .
2 .0
E o 5 0
< >5 >35 3 >5 >35
Duration per pause (s) Duration per pause (s)

Fig 5. Effects of proprioceptive stimulation on total number and duration of breathing pauses. (A) Proprioceptive
stimulation significantly reduced the total number of long breathing pauses (B) Proprioceptive stimulation significantly reduced
the total duration of long breathing pauses. Note: mean and standard error from pre-transformed t-tests are presented for
ease of interpretation. Measures are similarly presented for all of the comparisons below. * indicates p<0.05.

doi:10.1371/journal.pone.0157349.9005

stimulation. Proprioceptive stimulation significantly reduced the number of IH episodes

(MD = 42 episodes, t = 4.124, p = 0.001; Fig 6A), with a 28% decline in the number of TH epi-
sodes with stimulation vs the number without stimulation. The number of IH episodes reaching
<88% O, saturation was also significantly lower with stimulation vs no stimulation (MD = 28
episodes, t = 4.022, p = 0.001; Fig 6A). The number of episodes of IH with desaturation declining
to <85% also was reduced; that number was significantly lower with stimulation (MD = 20 epi-
sodes, t = 4.633, p<0.001; Fig 6A). Proprioceptive stimulation significantly reduced the total
duration of IH episodes, with a 30% time reduction with stimulation, compared to no stimulation
(MD =836 seconds, t = 3.689, p = 0.002; Fig 6B). The total durations of desaturations to <88%
and <85%, were also significantly lower with stimulation in both categories (MD = 655 seconds,
t =4.620, p<0.001, and MD = 444 seconds, t = 2.550, p = .023, respectively; Fig 6B). Both the
total number and duration of IH episodes of <90%, <88% and <85%, lasting at least 5 sec, were
significantly reduced by proprioceptive stimulation in premature neonates.

Effect of Proprioceptive Stimulation on Bradycardia Episodes

Significantly fewer mild and moderate bradycardia episodes occurred with proprioceptive
stimulation. A 3-fold reduction in both mild (<110bpm) and moderate (<100bpm) bradycar-
dia episodes emerged with stimulation, compared to no stimulation (MD = 42 episodes,

A Total number of desaturations Total duration of desaturations
(>5s per episode) (>5s per episode)

200 - & 3500 -
2 ESTIM @ ESTIM
5 * 7 3000 x|
B 150 - # NO STIM ‘5 2500 #NO STIM
3
5 2 2000 - * [
@ 100 a
2 @ 1500

o * T
"c:a =0 % 1000 |
g g .
E o 8 o
= <90 <88 <85 a <90 <88 <85
Level of desaturation (%) Level of desaturation (%)

Fig 6. Effects of proprioceptive stimulation on total number and duration of desaturations. (A) During proprioceptive
stimulation, premature infants experienced significantly fewer desaturation episodes, compared to no stimulation. (B)
Proprioceptive stimulation significantly reduced the total duration of IH episodes as well. * indicates p<0.05.

doi:10.1371/journal.pone.0157349.9006
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Fig 7. Effects of proprioceptive stimulation on bradycardias. (A) Both mild (<110 bpm) and moderate (<100 bpm)
bradycardia episodes were reduced by 3-fold during the stimulation period, compared to no-stimulation periods. (B) A 3-fold
reduction in the total duration of both mild and moderate bradycardia episodes also appeared with stimulation. * indicates
p<0.05.

doi:10.1371/journal.pone.0157349.9007

t=3.954, p =0.001, and MD = 36 episodes, t = 3.739, p = 0.002, respectively; Fig 7A). A 3-fold
reduction in the total duration of both mild and moderate bradycardia episodes also appeared
with stimulation (MD = 584 sec, t = 3.562, p = 0.003, and MD = 494 sec, t = 3.197, p = 0.006,
respectively; Fig 7B). During the total stimulation period of 12 hours, an average total of

185 + 298 sec of mild bradycardia and 172 + 255 sec of moderate bradycardia appeared, com-
pared to 769 + 1346 sec of mild bradycardia and 666 + 1242 sec of moderate bradycardia in the
12 hrs without stimulation. Both the total number and duration of mild and moderate brady-
cardia episodes were significantly lower with proprioceptive stimulation.

Discussion

The findings of this study have both theoretical and pragmatic implications. The intervention,
neuromodulation by vibration of afferent proprioceptive fibers to recruit respiratory efferent
systems, provides a non-invasive, simple means to reduce apnea of prematurity, the accompa-
nying oxygen desaturation, and the resulting bradycardia, all of which have been implicated in
serious developmental consequences for a very common condition in premature neonates. The
intervention also demonstrates the close interactions between sensory signals mimicking limb
movement and central breathing coordination areas, and shows how precise neuromodulation
of appropriate afferent fibers can synchronize breathing patterns essential for vital function.
The potential value to neonatal health and subsequent developmental outcomes should not
be underestimated. AOP contributes substantially to hospitalization length [30, 31], and
imposes significant, often long-term health concerns. Periods of apnea are accompanied by
intermittent hypoxia (IH), hypercapnia, and arousals, with arousals having the potential to dis-
turb sleep state integrity. Both animal and human evidence show that IH exposure contributes
to multiple pathophysiologic concerns via pro-inflammatory and pro-oxidant cascades, as well
as cellular processes, such as apoptosis [9, 32, 33]. Simulations of apnea modeling IH in ani-
mals show damage to sympathetic ganglia regulating cardiovascular action, injury to cerebellar
Purkinje cells [34-36], severe hippocampal injury with accompanying memory deficits [37],
and substantial injury to basal forebrain and neurotransmitter systems [38]. In newborn ani-
mals, the damage extends to hampered insulin production, predisposing to diabetes in later
life, impaired bone development, lung injury leading to bronchopulmonary dysplasia (BPD)
and cerebellar injuries [39-42]. IH episodes in human neonates lead to acute and chronic mor-
bidities, including retinopathy of prematurity, impaired growth and cardiovascular regulation,
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bronchopulmonary dysplasia, sleep disordered breathing and neurodevelopmental disabilities
[8,9, 43-46]. The consequences of successive arousals that disturb sleep states in premature
infants are unclear, but are suspected of contributing to multiple pathologies in adult sleep dis-
ordered breathing, and especially to hormonal release and glucose regulation [39, 47, 48]. The
need to intervene for AOP is essential for healthy development.

The current approaches to manage AOP and IH focus on a) prevention of pharyngeal col-
lapse and alveolar atelectasis with use of positive pressure ventilation (mechanical ventilation,
CPAP, or NIPPV), and b) alleviation of central apneas with pharmacologic agents, such as
methylxanthines (caffeine). The lungs of very preterm infants are easily damaged by mechani-
cal ventilation [49]. CPAP nasal interfaces and their fixing systems can distort the bony facial
structure in early development [14, 15]. The objectives of this study did not focus on replacing
caffeine with proprioceptive stimulation as a means of reducing apnea. However, it is impor-
tant to note that caffeine use imposes concerns; its effects on breathing are variable, i.e., it is
sometimes ineffective, and concerns linger for later consequences of pharmacologic treatment
in a developing infant. Although caffeine therapy decreases the number of apneas [12], its effect
on desaturation is controversial [50, 51], and caffeine is not recommended for prophylactic use
in premature neonates at risk for AOP [52]. Caffeine may decrease the rate of BPD and
improve survival in very low birth weight infants at 18-21 months, but at 5 years of age its use
does not affect rates of survival without disability [53-55]. Disparate findings emerge with caf-
feine effects on inflammation, with both increased pro-inflammatory cytokines beyond thera-
peutic doses and inflammatory [56] or anti-inflammatory outcomes in newborn rodents [57].
Early caffeine use increases the risk of necrotizing enterocolitis [58]. Finally, caffeine blocks
adenosine, a sleep promoting agent [59], thereby enhancing arousals and interfering with the
integrity of sleep states [16, 17]; however, the extent of sleep or other disturbance from caffeine
use is controversial [60, 61]. Thus, it is apparent that current management strategies for allevi-
ating symptoms of AOP (breathing pauses, IH episodes and bradycardias) may not be
adequate.

The finding that limb motion can increase breathing has been noted anecdotally, with
observations of synchronized breathing patterns with leg movements, and it has been docu-
mented in both animals and humans [20-23]. Proprioceptive afferents from moving limbs
coordinate locomotion and respiratory rhythm generation in humans [62]. Frequency of
breathing and ventilation immediately increase at the onset of passive limb movements, even
during sleep [63]. The usefulness of such limb movement has been demonstrated in congenital
central hypoventilation syndrome (CCHS) [64-66]. CCHS children exhibit sustained cessation
of all breathing effort during sleep, rather than the typical periodic breathing characteristic of
AQOP; however, the common concern in both conditions is hypoventilation. Since sustained
mechanical limb flexion and extension is not reasonably feasible in newborn infants, activation
of brain areas governing movement that reflexively couple brain areas mediating breathing is
needed. For this purpose, we stimulated fibers carrying kinesthetic cues from the limbs to
mimic limb tone and motion.

This is the first study, to our knowledge, to use neuromodulation of proprioceptive fibers to
support breathing in AOP. We showed that sustained proprioceptive stimulation significantly
decreases the number and duration of breathing pauses, IH episodes and bradycardias associ-
ated with AOP. The concept of using kinesthetic stimulation for infant breathing support has a
long history, with procedures ranging from oscillating waterbeds, vibrating mattresses, and
rocking to anecdotal use of foot taps by nursing staff to decrease apneas [67-70]. A Cochrane
Review in 2002 found no support for prophylactic kinesthetic stimuli via oscillating mattresses,
but did not preclude the potential benefit in preterm infants with AOP [71].
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A principal advantage of the neuromodulation technique used here, vibratory stimulation
of proprioceptive fibers, is the absence of reliance on CO, stimulation to drive breathing. The
vibration triggers sensory activation that is reflexively relayed to respiratory coordination areas
to increase respiratory muscle activation, and the resulting increase in ventilation with motor
action is independent of variation in CO, drive [72]. The independence from CO, stimulation
is an important aspect in premature infants with AOP, because ventilatory responses to
increasing CO, are immature, secondary to diminished central sensitivity to CO,. Moreover,
the effector components, the respiratory muscles, including the diaphragm and intercostal
muscles, are also immature [73-76].

A significant concern with any intervention that involves afferent stimulation is the poten-
tial to disturb the integrity of sleep states. Breathing and sleep states are closely related, with
apneas occurring more often during active sleep; arousal from active sleep is often a precursor
to apnea associated with IH episodes in premature neonates [77, 78]. A vibrating mattress
study found consistently improved respiratory stability using stimuli below thresholds for state
changes [67]. In our study, the vibration was mild, with devices applied only to kinesthetic
areas for limb motion, with levels intentionally established to minimize arousals. The localized
placement of the vibration unit (sole of foot, palm of hand) provided more-focused stimulation
than offered by an oscillating mattress or mechanosensory vibrating mattresses. Sleep states
were not systematically recorded with electroencephalographic procedures, but onset of vibra-
tion did not elicit arousals from sleep, and there were no reports from bedside nursing that
sleep states were affected adversely. Premature infants with AOP/IH and exposure to xanthines
in early life are at increased risk for sleep-disordered breathing in childhood and adulthood
[45,79, 80]. That finding raises the speculation that the intervention here may improve sleep
state integrity, and by removing the injury induced by repeated arousals, may reduce sleep dis-
turbances and sleep disordered breathing in later life.

Apneas that last longer than 15 sec, or are accompanied by bradycardia and desaturations,
are considered to be clinically significant. However, even a 5-10 sec breathing pause can be
associated with bradycardia or decline in SpO,. Recurrent IH episodes and bradycardia that
follow breathing pauses can elicit neural changes that lead to a higher incidence of death and
poor neurodevelopmental outcomes, such as cerebral palsy and blindness at 3 years of age [46,
81]. Here, we show that proprioceptive stimulation decreases the incidence and duration of
breathing pauses, IH episodes and bradycardic events, but has the most substantial effect on
the number and duration of bradycardias, decreasing the incidence by a factor of 3. Since the
presence of bradycardias results from transient large increases in vagal outflow, typically in
response to substantial rises in blood pressure, the potential for impaired perfusion of cerebral
and other areas is high, with an increased possibility of neural injury. Long-term use of this
intervention in premature infants with evidence of apnea, bradycardia and desaturations
would be an important next step to determine its effects on neurodevelopmental outcomes.

Conclusions

Neuromodulation of proprioceptive afferents using a vibratory device over areas populated by
such afferents provides a low cost, non-invasive means to reduce apnea, O, desaturation, and
bradycardia in premature infants with AOP. Mechanical vibration of the proprioceptive affer-
ents provides a less injurious and arousing means of stimulation than electrical stimulation.
The process makes use of inherent neural reflexive pathways to increase ventilation with limb
movement, with movement stimuli replaced with mechanical activation of fibers that normally
sense limb motion. The intervention possesses major advantages over conventional positive
pressure ventilation techniques, which can damage the young lung and remodel facial structure
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in premature infants. Moreover, the intervention may decrease the use of pharmacologic
agents, which can be ineffective, pose issues with sleep state integrity, and cause unclear
changes to developing neural structures. The relief of desaturation and bradycardia episodes
has the potential to improve long-term neurodevelopmental and pulmonary outcomes.

Supporting Information

S1 Checklist. TREND Statement Checklist.
(PDF)

S1 Dataset. Participant Dataset.
(XLSX)

S1 Protocol.
(PDF)

S1 Software. LabView Analysis Software Also available at: https://github.com/dmc46/
Analysis-software/commit/6363c858d779ad1c87218ecd828c0b08bdfef781.
(Z1P)

S1 Table. Percent reductions in breathing pauses, desaturations, and bradycardias. Percent
change in each subject for each of the outcome variables between periods without stimulation
and periods with stimulation. A negative value indicates a reduction in response to stimula-
tion.

(DOCX)

Acknowledgments

This work was supported by grants from the UCLA Children’s Discovery and Innovation Insti-
tute’s Seed Grant award.

Author Contributions

Conceived and designed the experiments: KK RH. Performed the experiments: KK. Analyzed
the data: KK DMC. Contributed reagents/materials/analysis tools: KK PF PB RH. Wrote the
paper: KK RH DMC. Designed the software used in a part of the analysis: PB PF.

References

1. Robertson CM, Watt MJ, Dinu IA. Outcomes for the extremely premature infant: what is new? And
where are we going? Pediatric neurology. 2009; 40(3):189-96. Epub 2009/02/17. doi: 10.1016/].
pediatrneurol.2008.09.017 PMID: 19218032.

2. Martin RJ, Abu-Shaweesh JM, Baird TM. Apnoea of prematurity. Paediatric respiratory reviews. 2004;
5 Suppl A:S377-82. Epub 2004/02/26. PMID: 14980300.

3. Poets CF, Southall DP. Patterns of oxygenation during periodic breathing in preterm infants. Early
human development. 1991; 26(1):1-12. doi: http://dx.doi.org/10.1016/0378-3782(91)90038-5. PMID:
1914983

4. Kumar R, Macey PM, Cross RL, Woo MA, Yan-Go FL, Harper RM. Neural alterations associated with
anxiety symptoms in obstructive sleep apnea syndrome. Depression and anxiety. 2009; 26(5):480-91.
Epub 2008/10/02. doi: 10.1002/da.20531 PMID: 18828142; PubMed Central PMCID: PMC4041684.

5. Cross RL, Kumar R, Macey PM, Doering LV, Alger JR, Yan-Go FL, et al. Neural alterations and depres-
sive symptoms in obstructive sleep apnea patients. Sleep. 2008; 31(8):1103-9. Epub 2008/08/22.
PMID: 18714782; PubMed Central PMCID: PMC2542956.

6. Sunderram J, Androulakis IP. Molecular mechanisms of chronic intermittent hypoxia and hypertension.
Critical reviews in biomedical engineering. 2012; 40(4):265-78. Epub 2012/11/13. PMID: 23140119;
PubMed Central PMCID: PMC3634614.

PLOS ONE | DOI:10.1371/journal.pone.0157349 June 15,2016 12/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157349.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157349.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157349.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157349.s004
https://github.com/dmc46/Analysis-software/commit/6363c858d779ad1c87218ecd828c0b08bdfef781
https://github.com/dmc46/Analysis-software/commit/6363c858d779ad1c87218ecd828c0b08bdfef781
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157349.s005
http://dx.doi.org/10.1016/j.pediatrneurol.2008.09.017
http://dx.doi.org/10.1016/j.pediatrneurol.2008.09.017
http://www.ncbi.nlm.nih.gov/pubmed/19218032
http://www.ncbi.nlm.nih.gov/pubmed/14980300
http://dx.doi.org/10.1016/0378-3782(91)90038-5
http://www.ncbi.nlm.nih.gov/pubmed/1914983
http://dx.doi.org/10.1002/da.20531
http://www.ncbi.nlm.nih.gov/pubmed/18828142
http://www.ncbi.nlm.nih.gov/pubmed/18714782
http://www.ncbi.nlm.nih.gov/pubmed/23140119

@’PLOS ‘ ONE

Non-Invasive Intervention for Apnea of Prematurity

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

Bass JL, Corwin M, Gozal D, Moore C, Nishida H, Parker S, et al. The effect of chronic or intermittent
hypoxia on cognition in childhood: a review of the evidence. Pediatrics. 2004; 114(3):805-16. Epub
2004/09/03. doi: 10.1542/peds.2004-0227 PMID: 15342857.

Di Fiore JM, Bloom JN, Orge F, Schutt A, Schluchter M, Cheruvu VK, et al. A higher incidence of inter-
mittent hypoxemic episodes is associated with severe retinopathy of prematurity. The Journal of pediat-
rics. 2010; 157(1):69-73. Epub 2010/03/23. doi: 10.1016/j.jpeds.2010.01.046 PMID: 20304417.

Martin RJ, Wang K, Koroglu O, Di Fiore J, Kc P. Intermittent hypoxic episodes in preterm infants: do
they matter? Neonatology. 2011; 100(3):303—10. Epub 2011/10/12. doi: 10.1159/000329922 PMID:
21986336; PubMed Central PMCID: PMC3252018.

Pantalitschka T, Sievers J, Urschitz MS, Herberts T, Reher C, Poets CF. Randomised crossover trial of
four nasal respiratory support systems for apnoea of prematurity in very low birthweight infants.
Archives of disease in childhood Fetal and neonatal edition. 2009; 94(4):F245-8. Epub 2009/01/10.
doi: 10.1136/adc.2008.148981 PMID: 19131432.

Gizzi C, Papoff P, Giordano |, Massenzi L, Barbara CS, Campelli M, et al. Flow-synchronized nasal
intermittent positive pressure ventilation for infants <32 weeks' gestation with respiratory distress syn-
drome. Critical care research and practice. 2012; 2012:301818. Epub 2012/12/12. doi: 10.1155/2012/
301818 PMID: 23227317; PubMed Central PMCID: PMC3514808.

Henderson-Smart DJ, De Paoli AG. Methylxanthine treatment for apnoea in preterm infants. The
Cochrane database of systematic reviews. 2010;(12: ):CD000140. Epub 2010/12/15. doi: 10.1002/
14651858.CD000140.pub2 PMID: 21154343.

Lodha A, Seshia M, McMillan DD, Barrington K, Yang J, Lee SK, et al. ASsociation of early caffeine
administration and neonatal outcomes in very preterm neonates. JAMA Pediatr. 2015; 169(1):33-8.
doi: 10.1001/jamapediatrics.2014.2223 PMID: 25402629

Tibballs J, Henning RD. Noninvasive ventilatory strategies in the management of a newborn infant and
three children with congenital central hypoventilation syndrome. Pediatr Puimonol. 2003; 36(6):544-8.
doi: 10.1002/ppul.10392 PMID: 14618648

Pape KE, Armstrong DL, Fitzhardinge PM. Central nervous system pathology associated with mask
ventilation in the very low birthweight infant: a new etiology for intracerebellar hemorrhages. Pediatrics.
1976; 58(4):473-83. PMID: 787912

Hayes MJ, Akilesh MR, Fukumizu M, Gilles AA, Sallinen BA, Troese M, et al. Apneic preterms and
methylxanthines: arousal deficits, sleep fragmentation and suppressed spontaneous movements. J
Perinatol. 2007; 27(12):782—9. PMID: 17805341

Olini N, Kurth S, Huber R. The effects of caffeine on sleep and maturational markers in the rat. PloS
one. 2013; 8(9):e72539. doi: 10.1371/journal.pone.0072539 PMID: 24023748

Fadda P, Fratta W. Stress-induced sleep deprivation modifies corticotropin releasing factor (CRF) lev-
els and CRF binding in rat brain and pituitary. Pharmacological research. 1997; 35(5):443—6. Epub
1997/05/01. doi: 10.1006/phrs.1997.0155 PMID: 9299209.

Schussler P, Uhr M, Ising M, Weikel JC, Schmid DA, Held K, et al. Nocturnal ghrelin, ACTH, GH and
cortisol secretion after sleep deprivation in humans. Psychoneuroendocrinology. 2006; 31(8):915-23.
Epub 2006/07/04. doi: 10.1016/j.psyneuen.2006.05.002 PMID: 16814473.

Eldridge FL, Millhorn DE, Kiley JP, Waldrop TG. Stimulation by central command of locomotion, respi-
ration and circulation during exercise. Respiration physiology. 1985; 59(3):313-37. Epub 1985/03/01.
PMID: 3992065.

Iscoe S, Polosa C. Synchronization of respiratory frequency by somatic afferent stimulation. Journal of
applied physiology (Bethesda, Md: 1985). 1976; 40(2):138—48. Epub 1976/02/01. PMID: 1248992.

Potts JT, Rybak IA, Paton JFR. Respiratory rhythm entrainment by somatic afferent stimulation. The
Journal of Neuroscience: the Official Journal of the Society for Neuroscience. 2005; 25(8):1965-78.

Fink GR, Adams L, Watson JD, Innes JA, Wuyam B, Kobayashi |, et al. Hyperpnoea during and imme-
diately after exercise in man: evidence of motor cortical involvement. The Journal of physiology. 1995;
489 (Pt 3):663-75. Epub 1995/12/15. PMID: 8788932; PubMed Central PMCID: PMC1156837.

Forster HV. Recent advances in understanding mechanisms regulating breathing during exercise. The
Journal of physiology. 2014; 592(3):429-31. doi: 10.1113/jphysiol.2013.262162 PMID: 24488073

Poets CF, Stebbens VA, Samuels MP, Southall DP. The relationship between bradycardia, apnea, and
hypoxemia in preterm infants. Pediatric research. 1993; 34(2):144—7. PMID: 8233715

Henderson-Smart DJ, Butcher-Puech MC, Edwards DA. Incidence and mechanism of bradycardia dur-
ing apnoea in preterm infants. Arch Dis Child. 1986; 61(3):227-32. PMID: 3963865

Moriette G, Lescure S, El Ayoubi M, Lopez E. [Apnea of prematurity: what's new?]. Arch Pediatr. 2010;
17(2):186-90. http://dx.doi.org/10.1016/j.arcped.2009.09.016. doi: 10.1016/j.arcped.2009.09.016
PMID: 19944573

PLOS ONE | DOI:10.1371/journal.pone.0157349 June 15,2016 13/16


http://dx.doi.org/10.1542/peds.2004-0227
http://www.ncbi.nlm.nih.gov/pubmed/15342857
http://dx.doi.org/10.1016/j.jpeds.2010.01.046
http://www.ncbi.nlm.nih.gov/pubmed/20304417
http://dx.doi.org/10.1159/000329922
http://www.ncbi.nlm.nih.gov/pubmed/21986336
http://dx.doi.org/10.1136/adc.2008.148981
http://www.ncbi.nlm.nih.gov/pubmed/19131432
http://dx.doi.org/10.1155/2012/301818
http://dx.doi.org/10.1155/2012/301818
http://www.ncbi.nlm.nih.gov/pubmed/23227317
http://dx.doi.org/10.1002/14651858.CD000140.pub2
http://dx.doi.org/10.1002/14651858.CD000140.pub2
http://www.ncbi.nlm.nih.gov/pubmed/21154343
http://dx.doi.org/10.1001/jamapediatrics.2014.2223
http://www.ncbi.nlm.nih.gov/pubmed/25402629
http://dx.doi.org/10.1002/ppul.10392
http://www.ncbi.nlm.nih.gov/pubmed/14618648
http://www.ncbi.nlm.nih.gov/pubmed/787912
http://www.ncbi.nlm.nih.gov/pubmed/17805341
http://dx.doi.org/10.1371/journal.pone.0072539
http://www.ncbi.nlm.nih.gov/pubmed/24023748
http://dx.doi.org/10.1006/phrs.1997.0155
http://www.ncbi.nlm.nih.gov/pubmed/9299209
http://dx.doi.org/10.1016/j.psyneuen.2006.05.002
http://www.ncbi.nlm.nih.gov/pubmed/16814473
http://www.ncbi.nlm.nih.gov/pubmed/3992065
http://www.ncbi.nlm.nih.gov/pubmed/1248992
http://www.ncbi.nlm.nih.gov/pubmed/8788932
http://dx.doi.org/10.1113/jphysiol.2013.262162
http://www.ncbi.nlm.nih.gov/pubmed/24488073
http://www.ncbi.nlm.nih.gov/pubmed/8233715
http://www.ncbi.nlm.nih.gov/pubmed/3963865
http://dx.doi.org/10.1016/j.arcped.2009.09.016
http://dx.doi.org/10.1016/j.arcped.2009.09.016
http://www.ncbi.nlm.nih.gov/pubmed/19944573

@’PLOS ‘ ONE

Non-Invasive Intervention for Apnea of Prematurity

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

IBM. IBM SPSS Statistics for Windows, Version 23.0. IBM Corp Armonk, NY; 2013.

Bland JM, Altman DG. Statistics notes: transforming data. BMJ. 1996; 312(7033):770. doi: 10.1136/
bmj.312.70383.770 PMID: 8605469

Eichenwald EC, Aina A, Stark AR. Apnea frequently persists beyond term gestation in infants delivered
at 24 to 28 weeks. Pediatrics. 1997; 100(3 Pt 1):354-9. Epub 1997/09/01. PMID: 9282705.

Darnall RA, Kattwinkel J, Nattie C, Robinson M. Margin of safety for discharge after apnea in preterm
infants. Pediatrics. 1997; 100(5):795-801. Epub 1997/11/14. PMID: 9346978.

Ryan S, Taylor CT, McNicholas WT. Selective activation of inflammatory pathways by intermittent hyp-
oxia in obstructive sleep apnea syndrome. Circulation. 2005; 112(17):2660—7. Epub 2005/10/26. doi:
10.1161/circulationaha.105.556746 PMID: 16246965.

Nanduri J, Wang N, Yuan G, Khan SA, Souvannakitti D, Peng YJ, et al. Intermittent hypoxia degrades
HIF-2alpha via calpains resulting in oxidative stress: implications for recurrent apnea-induced morbidi-
ties. Proceedings of the National Academy of Sciences of the United States of America. 2009; 106
(4):1199-204. Epub 2009/01/17. doi: 10.1073/pnas.0811018106 PMID: 19147445; PubMed Central
PMCID: PMC2626608.

Pozo ME, Cave A, Koroglu OA, Litvin DG, Martin RJ, Di Fiore J, et al. Effect of postnatal intermittent
hypoxia on growth and cardiovascular regulation of rat pups. Neonatology. 2012; 102(2):107—13. Epub
2012/06/09. doi: 10.1159/000338096 PMID: 22677790; PubMed Central PMCID: PMC3495107.

Lin M, Ai J, Li L, Huang C, Chapleau MW, Liu R, et al. Structural remodeling of nucleus ambiguus pro-
jections to cardiac ganglia following chronic intermittent hypoxia in C57BL/6J mice. The Journal of com-
parative neurology. 2008; 509(1):103—17. Epub 2008/04/22. doi: 10.1002/cne.21732 PMID: 18425809.

Pae EK, Chien P, Harper RM. Intermittent hypoxia damages cerebellar cortex and deep nuclei. Neuro-
science letters. 2005; 375(2):123-8. Epub 2005/01/27. doi: 10.1016/j.neulet.2004.10.091 PMID:
15670654.

Xu W, ChiL, RowBW, XuR, Ke Y, Xu B, et al. Increased oxidative stress is associated with chronic
intermittent hypoxia-mediated brain cortical neuronal cell apoptosis in a mouse model of sleep apnea.
Neuroscience. 2004; 126(2):313-23. Epub 2004/06/23. doi: 10.1016/j.neuroscience.2004.03.055
PMID: 15207349.

Veasey SC, Davis CW, Fenik P, Zhan G, Hsu YJ, Pratico D, et al. Long-term intermittent hypoxia in
mice: protracted hypersomnolence with oxidative injury to sleep-wake brain regions. Sleep. 2004; 27
(2):194—-201. Epub 2004/05/06. PMID: 15124711.

Pae EK, Kim G. Insulin production hampered by intermittent hypoxia via impaired zinc homeostasis.
PloS one. 2014; 9(2):90192. Epub 2014/03/04. doi: 10.1371/journal.pone.0090192 PMID: 24587273;
PubMed Central PMCID: PMC3934988.

Kim G, Elnabawi O, Shin D, Pae EK. Transient intermittent hypoxia exposure disrupts neonatal bone
strength. Front Pediatr. 2016; 4. doi: 10.3389/fped.2016.00015

Ratner V, Slinko S, Utkina-Sosunova |, Starkov A, Polin RA, Ten VS. Hypoxic stress exacerbates
hyperoxia-induced lung injury in a neonatal mouse model of bronchopulmonary dysplasia. Neonatol-
ogy. 2009; 95(4):299-305. Epub 2008/12/05. doi: 10.1159/000178798 PMID: 19052476; PubMed Cen-
tral PMCID: PMC3659784.

Pae EK, Yoon AJ, Ahuja B, Lau GW, Nguyen DD, Kim Y, et al. Perinatal intermittent hypoxia alters
gamma-aminobutyric acid: a receptor levels in rat cerebellum. International Journal of Developmental
Neuroscience. 2011; 29(8):819-26. Epub 2011/10/04. doi: 10.1016/j.ijdevneu.2011.09.003 PMID:
21964325.

Martin RJ, Di Fiore JM, Walsh MC. Hypoxic Episodes in Bronchopulmonary Dysplasia. Clinics in peri-
natology. 2015; 42(4):825-38. Epub 2015/11/26. doi: 10.1016/j.clp.2015.08.009 PMID: 26593081;
PubMed Central PMCID: PMC4660265.

Cohen G, Lagercrantz H, Katz-Salamon M. Abnormal circulatory stress responses of preterm gradu-
ates. Pediatric research. 2007; 61(3):329-34. Epub 2007/02/23. doi: 10.1203/pdr.0b013e318030d0ef
PMID: 17314692.

Hibbs AM, Johnson NL, Rosen CL, Kirchner HL, Martin R, Storfer-Isser A, et al. Prenatal and neonatal

risk factors for sleep disordered breathing in school-aged children born preterm. The Journal of pediat-
rics. 2008; 153(2):176-82. http://dx.doi.org/10.1016/j.jpeds.2008.01.040. doi: 10.1016/}.jpeds.2008.01.
040 PMID: 18534222

Janvier A, Khairy M, Kokkotis A, Cormier C, Messmer D, Barrington KJ. Apnea is associated with neu-
rodevelopmental impairment in very low birth weight infants. J Perinatol. 2004; 24(12):763-8. Epub
2004/08/27. doi: 10.1038/sj.jp.7211182 PMID: 15329741

Grimaldi D, Beccuti G, Touma C, Van Cauter E, Mokhlesi B. Association of obstructive sleep apnea in
rapid eye movement sleep with reduced glycemic control in type 2 diabetes: therapeutic implications.

PLOS ONE | DOI:10.1371/journal.pone.0157349 June 15,2016 14/16


http://dx.doi.org/10.1136/bmj.312.7033.770
http://dx.doi.org/10.1136/bmj.312.7033.770
http://www.ncbi.nlm.nih.gov/pubmed/8605469
http://www.ncbi.nlm.nih.gov/pubmed/9282705
http://www.ncbi.nlm.nih.gov/pubmed/9346978
http://dx.doi.org/10.1161/circulationaha.105.556746
http://www.ncbi.nlm.nih.gov/pubmed/16246965
http://dx.doi.org/10.1073/pnas.0811018106
http://www.ncbi.nlm.nih.gov/pubmed/19147445
http://dx.doi.org/10.1159/000338096
http://www.ncbi.nlm.nih.gov/pubmed/22677790
http://dx.doi.org/10.1002/cne.21732
http://www.ncbi.nlm.nih.gov/pubmed/18425809
http://dx.doi.org/10.1016/j.neulet.2004.10.091
http://www.ncbi.nlm.nih.gov/pubmed/15670654
http://dx.doi.org/10.1016/j.neuroscience.2004.03.055
http://www.ncbi.nlm.nih.gov/pubmed/15207349
http://www.ncbi.nlm.nih.gov/pubmed/15124711
http://dx.doi.org/10.1371/journal.pone.0090192
http://www.ncbi.nlm.nih.gov/pubmed/24587273
http://dx.doi.org/10.3389/fped.2016.00015
http://dx.doi.org/10.1159/000178798
http://www.ncbi.nlm.nih.gov/pubmed/19052476
http://dx.doi.org/10.1016/j.ijdevneu.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/21964325
http://dx.doi.org/10.1016/j.clp.2015.08.009
http://www.ncbi.nlm.nih.gov/pubmed/26593081
http://dx.doi.org/10.1203/pdr.0b013e318030d0ef
http://www.ncbi.nlm.nih.gov/pubmed/17314692
http://dx.doi.org/10.1016/j.jpeds.2008.01.040
http://dx.doi.org/10.1016/j.jpeds.2008.01.040
http://dx.doi.org/10.1016/j.jpeds.2008.01.040
http://www.ncbi.nlm.nih.gov/pubmed/18534222
http://dx.doi.org/10.1038/sj.jp.7211182
http://www.ncbi.nlm.nih.gov/pubmed/15329741

@’PLOS ‘ ONE

Non-Invasive Intervention for Apnea of Prematurity

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Diabetes care. 2014; 37(2):355-63. Epub 2013/10/09. doi: 10.2337/dc13-0933 PMID: 24101701;
PubMed Central PMCID: PMC3898763.

Pae EK, Ahuja B, Kim M, Kim G. Impaired glucose homeostasis after a transient intermittent hypoxic
exposure in neonatal rats. Biochem Biophys Res Commun. 2013; 441(3):637—42. http://dx.doi.org/10.
1016/j.bbrc.2013.10.102. doi: 10.1016/j.bbrc.2013.10.102 PMID: 24183722

Schmolzer GM, Te Pas AB, Davis PG, Morley CJ. Reducing lung injury during neonatal resuscitation of
preterm infants. The Journal of pediatrics. 2008; 153(6):741-5. Epub 2008/11/19. doi: 10.1016/j.jpeds.
2008.08.016 PMID: 19014815.

Bucher HU, Duc G. Does caffeine prevent hypoxaemic episodes in premature infants? A randomized
controlled trial. European journal of pediatrics. 1988; 147(3):288—91. Epub 1988/04/01. PMID:
3292249.

Rhein LM, Dobson NR, Darnall RA, Corwin MJ, Heeren TC, Poets CF, et al. Effects of caffeine on inter-
mittent hypoxia in infants born prematurely: a randomized clinical trial. JAMA Pediatr. 2014; 168
(3):250-7. doi: 10.1001/jamapediatrics.2013.4371 PMID: 24445955

Henderson-Smart DJ, De Paoli AG. Prophylactic methylxanthine for prevention of apnoea in preterm
infants. The Cochrane database of systematic reviews. 2010;(12: ):CD000432. Epub 2010/12/15. doi:
10.1002/14651858.CD000432.pub2 PMID: 21154344.

Schmidt B, Anderson PJ, Doyle LW, Dewey D, Grunau RE, Asztalos EV, et al. Survival without disabil-
ity to age 5 years after neonatal caffeine therapy for apnea of prematurity. Jama. 2012; 307(3):275-82.
Epub 2012/01/19. doi: 10.1001/jama.2011.2024 PMID: 22253394.

Dobson NR, Patel RM, Smith PB, Kuehn DR, Clark J, Vyas-Read S, et al. Trends in caffeine use and
association between clinical outcomes and timing of therapy in very low birth weight infants. The Jour-
nal of pediatrics. 2014; 164(5):992-8.€3. http://dx.doi.org/10.1016/}.jpeds.2013.12.025. doi: 10.1016/j.
jpeds.2013.12.025 PMID: 24461786

Patel RM, Leong T, Carlton DP, Vyas-Read S. Early caffeine therapy and clinical outcomes in
extremely preterm infants. J Perinatol. 2013; 33(2):134—40. doi: 10.1038/jp.2012.52 PMID: 22538326

Xie HG, Cao YJ, Gauda EB, Agthe AG, Hendrix CW, Lee H. Clonidine clearance matures rapidly during
the early postnatal period: a population pharmacokinetic analysis in newborns with neonatal abstinence
syndrome. The Journal of Clinical Pharmacology. 2011; 51(4):502—11. doi: 10.1177/
0091270010370587 PMID: 20484620

Kéroglu OA, MacFarlane PM, Balan KV, Zenebe WJ, Jafri A, Martin RJ, et al. Anti-inflammatory effect
of caffeine is associated with improved lung function after lipopolysaccharide-induced amnionitis. Neo-
natology. 2014; 106(3):235-40. doi: 10.1159/000363217 PMID: 25011471

Taha D, Kirkby S, Nawab U, Dysart KC, Genen L, Greenspan JS, et al. Early caffeine therapy for pre-
vention of bronchopulmonary dysplasia in preterm infants. J Matern Fetal Neona. 2014; 27(16):1698—
702. Epub 2014/02/01. doi: 10.3109/14767058.2014.885941 PMID: 24479608.

Brown RE, Basheer R, McKenna JT, Strecker RE, McCarley RW. Control of sleep and wakefulness.
Physiol Rev. 2012; 92(3):1087-187. doi: 10.1152/physrev.00032.2011 PMID: 22811426

Marcus CL, Meltzer LJ, Roberts RS, Traylor J, Dix J, D'ilario J, et al. Long-term effects of caffeine ther-
apy for apnea of prematurity on sleep at school age. American journal of respiratory and critical care
medicine. 2014; 190(7):791-9. doi: 10.1164/rccm.201406-10920C PMID: 25171195

Curzi-Dascalova L, Aujard Y, Gaultier C, Rajguru M. Sleep organization is unaffected by caffeine in pre-
mature infants. The Journal of pediatrics. 2002; 140(6):766—71. doi: http://dx.doi.org/10.1067/mpd.
2002.124383. PMID: 12072884

Iwamoto E, Taito S, Kawae T, Sekikawa K, Takahashi M, Inamizu T. The neural influence on the occur-
rence of locomotor-respiratory coordination. Respiratory physiology & neurobiology. 2010; 173(1):23—
8. Epub 2010/06/15. doi: 10.1016/j.resp.2010.06.002 PMID: 20542147.

Ishida K, Yasuda Y, Miyamura M. Cardiorespiratory response at the onset of passive leg movements
during sleep in humans. European journal of applied physiology and occupational physiology. 1993; 66
(6):507—13. Epub 1993/01/01. PMID: 8354249.

Paton JY, Swaminathan S, Sargent CW, Hawksworth A, Keens TG. Ventilatory response to exercise in
children with congenital central hypoventilation syndrome. The American review of respiratory disease.
1993; 147(5):1185-91. Epub 1993/05/01. doi: 10.1164/ajrccm/147.5.1185 PMID: 8484629.

Gozal D, Marcus CL, Ward SL, Keens TG. Ventilatory responses to passive leg motion in children with
congenital central hypoventilation syndrome. American journal of respiratory and critical care medicine.
1996; 153(2):761-8. Epub 1996/02/01. doi: 10.1164/ajrccm.153.2.8564130 PMID: 8564130.

Gozal D, Simakajornboon N. Passive motion of the extremities modifies alveolar ventilation during
sleep in patients with congenital central hypoventilation syndrome. American journal of respiratory and

PLOS ONE | DOI:10.1371/journal.pone.0157349 June 15,2016 15/16


http://dx.doi.org/10.2337/dc13-0933
http://www.ncbi.nlm.nih.gov/pubmed/24101701
http://dx.doi.org/10.1016/j.bbrc.2013.10.102
http://dx.doi.org/10.1016/j.bbrc.2013.10.102
http://dx.doi.org/10.1016/j.bbrc.2013.10.102
http://www.ncbi.nlm.nih.gov/pubmed/24183722
http://dx.doi.org/10.1016/j.jpeds.2008.08.016
http://dx.doi.org/10.1016/j.jpeds.2008.08.016
http://www.ncbi.nlm.nih.gov/pubmed/19014815
http://www.ncbi.nlm.nih.gov/pubmed/3292249
http://dx.doi.org/10.1001/jamapediatrics.2013.4371
http://www.ncbi.nlm.nih.gov/pubmed/24445955
http://dx.doi.org/10.1002/14651858.CD000432.pub2
http://www.ncbi.nlm.nih.gov/pubmed/21154344
http://dx.doi.org/10.1001/jama.2011.2024
http://www.ncbi.nlm.nih.gov/pubmed/22253394
http://dx.doi.org/10.1016/j.jpeds.2013.12.025
http://dx.doi.org/10.1016/j.jpeds.2013.12.025
http://dx.doi.org/10.1016/j.jpeds.2013.12.025
http://www.ncbi.nlm.nih.gov/pubmed/24461786
http://dx.doi.org/10.1038/jp.2012.52
http://www.ncbi.nlm.nih.gov/pubmed/22538326
http://dx.doi.org/10.1177/0091270010370587
http://dx.doi.org/10.1177/0091270010370587
http://www.ncbi.nlm.nih.gov/pubmed/20484620
http://dx.doi.org/10.1159/000363217
http://www.ncbi.nlm.nih.gov/pubmed/25011471
http://dx.doi.org/10.3109/14767058.2014.885941
http://www.ncbi.nlm.nih.gov/pubmed/24479608
http://dx.doi.org/10.1152/physrev.00032.2011
http://www.ncbi.nlm.nih.gov/pubmed/22811426
http://dx.doi.org/10.1164/rccm.201406-1092OC
http://www.ncbi.nlm.nih.gov/pubmed/25171195
http://dx.doi.org/10.1067/mpd.2002.124383
http://dx.doi.org/10.1067/mpd.2002.124383
http://www.ncbi.nlm.nih.gov/pubmed/12072884
http://dx.doi.org/10.1016/j.resp.2010.06.002
http://www.ncbi.nlm.nih.gov/pubmed/20542147
http://www.ncbi.nlm.nih.gov/pubmed/8354249
http://dx.doi.org/10.1164/ajrccm/147.5.1185
http://www.ncbi.nlm.nih.gov/pubmed/8484629
http://dx.doi.org/10.1164/ajrccm.153.2.8564130
http://www.ncbi.nlm.nih.gov/pubmed/8564130

@’PLOS ‘ ONE

Non-Invasive Intervention for Apnea of Prematurity

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

critical care medicine. 2000; 162(5):1747-51. Epub 2000/11/09. doi: 10.1164/ajrccm.162.5.2005012
PMID: 11069807.

Bloch-Salisbury E, Indic P, Bednarek F, Paydarfar D. Stabilizing immature breathing patterns of pre-
term infants using stochastic mechanosensory stimulation. Journal of applied physiology (Bethesda,
Md: 1985). 2009; 107(4):1017-27. Epub 2009/07/18. doi: 10.1152/japplphysiol.00058.2009 PMID:
19608934; PubMed Central PMCID: PMC2763836.

Korner AF, Kraemer HC, Haffner ME, Cosper LM. Effects of waterbed flotation on premature infants: A
pilot study. Pediatrics. 1975; 56(3):361—7. Epub 1975/09/01. PMID: 1080560.

Jones RA. A controlled trial of a regularly cycled oscillating waterbed and a non-oscillating waterbed in
the prevention of apnoea in the preterm infant. Arch Dis Child. 1981; 56(11):889-91. Epub 1981/11/01.
PMID: 7030228; PubMed Central PMCID: PMC1627404.

Saigal S, Watts J, Campbell D. Randomized clinical trial of an oscillating air mattress in preterm infants:
effect on apnea, growth, and development. The Journal of pediatrics. 1986; 109(5):857—-64. Epub
1986/11/01. PMID: 3534202.

Osborn DA, Henderson-Smart DJ. Kinesthetic stimulation versus theophylline for apnea in preterm
infants. The Cochrane database of systematic reviews. 2000;(2: ):CD000502. Epub 2000/05/05. doi:
10.1002/14651858.cd000502 PMID: 10796214.

Pan LG, Forster HV, Bisgard GE, Murphy CL, Lowry TF. Independence of exercise hyperpnea and aci-
dosis during high-intensity exercise in ponies. Journal of applied physiology (Bethesda, Md: 1985).
1986; 60(3):1016—24. Epub 1986/03/01. PMID: 3082847.

Frantz ID 3rd, Adler SM, Thach BT, Taeusch HW Jr. Maturational effects on respiratory responses to
carbon dioxide in premature infants. Journal of applied physiology. 1976; 41(1):41-5. Epub 1976/07/
01. PMID: 972130.

Keens TG, Bryan AC, Levison H, lanuzzo CD. Developmental pattern of muscle fiber types in human
ventilatory muscles. Journal of applied physiology: respiratory, environmental and exercise physiology.
1978; 44(6):909-13. Epub 1978/06/01. PMID: 149779.

Guthrie RD, Standaert TA, Hodson WA, Woodrum DE. Sleep and maturation of eucapnic ventilation
and CO2 sensitivity in the premature primate. Journal of applied physiology: respiratory, environmental
and exercise physiology. 1980; 48(2):347-54. Epub 1980/02/01. PMID: 6767669.

Darnall RA. The role of CO(2) and central chemoreception in the control of breathing in the fetus and
the neonate. Respiratory physiology & neurobiology. 2010; 173(3):201-12. Epub 2010/04/20. doi: 10.
1016/j.resp.2010.04.009 PMID: 20399912; PubMed Central PMCID: PMC2988425.

Lehtonen L, Martin RJ. Ontogeny of sleep and awake states in relation to breathing in preterm infants.
Seminars in neonatology: SN. 2004; 9(3):229-38. Epub 2004/03/31. doi: 10.1016/j.siny.2003.09.002
PMID: 15050216.

Malcolm WF, Smith PB, Mears S, Goldberg RN, Cotten CM. Transpyloric tube feeding in very low birth-
weight infants with suspected gastroesophageal reflux: impact on apnea and bradycardia. J Perinatol.
2009; 29(5):372-5. Epub 2009/02/27. doi: 10.1038/jp.2008.234 PMID: 19242488; PubMed Central
PMCID: PMC2827248.

Paavonen EJ, Strang-Karlsson S, Raikkénen K, Heinonen K, Pesonen AK, Hovi P, et al. Very low birth
weight increases risk for sleep-disordered breathing in young adulthood: the Helsinki study of very low
birth weight adults. Pediatrics. 2007; 120(4):778—-84. PMID: 17908765

Rosen CL, Larkin EK, Kirchner HL, Emancipator JL, Bivins SF, Surovec SA, et al. Prevalence and risk
factors for sleep-disordered breathing in 8- to 11-year-old children: association with race and prematu-
rity. The Journal of pediatrics. 2003; 142(4):383-9. doi: http://dx.doi.org/10.1067/mpd.2003.28. PMID:
12712055

Pillekamp F, Hermann C, Keller T, von Gontard A, Kribs A, Roth B. Factors influencing apnea and bra-
dycardia of prematurity—implications for neurodevelopment. Neonatology. 2007; 91(3):155-61. Epub
2007/03/23. doi: 10.1159/000097446 PMID: 17377399.

PLOS ONE | DOI:10.1371/journal.pone.0157349 June 15,2016 16/16


http://dx.doi.org/10.1164/ajrccm.162.5.2005012
http://www.ncbi.nlm.nih.gov/pubmed/11069807
http://dx.doi.org/10.1152/japplphysiol.00058.2009
http://www.ncbi.nlm.nih.gov/pubmed/19608934
http://www.ncbi.nlm.nih.gov/pubmed/1080560
http://www.ncbi.nlm.nih.gov/pubmed/7030228
http://www.ncbi.nlm.nih.gov/pubmed/3534202
http://dx.doi.org/10.1002/14651858.cd000502
http://www.ncbi.nlm.nih.gov/pubmed/10796214
http://www.ncbi.nlm.nih.gov/pubmed/3082847
http://www.ncbi.nlm.nih.gov/pubmed/972130
http://www.ncbi.nlm.nih.gov/pubmed/149779
http://www.ncbi.nlm.nih.gov/pubmed/6767669
http://dx.doi.org/10.1016/j.resp.2010.04.009
http://dx.doi.org/10.1016/j.resp.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20399912
http://dx.doi.org/10.1016/j.siny.2003.09.002
http://www.ncbi.nlm.nih.gov/pubmed/15050216
http://dx.doi.org/10.1038/jp.2008.234
http://www.ncbi.nlm.nih.gov/pubmed/19242488
http://www.ncbi.nlm.nih.gov/pubmed/17908765
http://dx.doi.org/10.1067/mpd.2003.28
http://www.ncbi.nlm.nih.gov/pubmed/12712055
http://dx.doi.org/10.1159/000097446
http://www.ncbi.nlm.nih.gov/pubmed/17377399



