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RESEARCH ARTICLE
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Abstract

Approximately 53% of near-term newborns admitted to intensive care experience respiratory distress. These newborns are com-
monly delivered by cesarean section and have elevated airway liquid volumes at birth, which can cause respiratory morbidity. We
investigated the effect of providing respiratory support with a positive end-expiratory pressure (PEEP) of 8 cmH2O on lung function
in newborn rabbit kittens with elevated airway liquid volumes at birth. Near-term rabbits (30 days; term=32 days) with airway liquid
volumes that corresponded to vaginal delivery (�7 mL/kg, control, n = 11) or cesarean section [�37 mL/kg; elevated liquid (EL), n =
11] were mechanically ventilated (tidal volume=8mL/kg). The PEEP was changed after lung aeration from 0 to 8 to 0 cmH2O (con-
trol, n = 6; EL, n = 6), and in a separate group of kittens, PEEP was changed after lung aeration from 8 to 0 to 8 cmH2O (control,
n = 5; EL, n = 5). Lung function (ventilator parameters, compliance, lung gas volumes, and distribution of gas within the lung) was
evaluated using plethysmography and synchrotron-based phase-contrast X-ray imaging. EL kittens initially receiving 0 cmH2O PEEP
had reduced functional residual capacities and lung compliance, requiring higher inflation pressures to aerate the lung compared
with control kittens. Commencing ventilation with 8 cmH2O PEEP mitigated the adverse effects of EL, increasing lung compliance,
functional residual capacity, and the uniformity and distribution of lung aeration, but did not normalize aeration of the distal airways.
Respiratory support with PEEP supports lung function in near-term newborn rabbits with elevated airway liquid volumes at birth
who are at a greater risk of suffering respiratory distress.

NEW & NOTEWORTHY Term babies born by cesarean section have elevated airway liquid volumes, which predisposes them to
respiratory distress. Treatments targeting molecular mechanisms to clear lung liquid are ineffective for term newborn respiratory
distress. We showed that respiratory support with an end-expiratory pressure supports lung function in near-term rabbits with
elevated airway liquid volumes at birth. This study provides further physiological understanding of lung function in newborns
with elevated airway liquid volumes at risk of respiratory distress.

newborn; lung aeration; lung liquid; positive end-expiratory pressure; term respiratory distress

INTRODUCTION

Respiratory distress (RD) in the newborn period most
commonly occurs in very preterm infants and is largely due
to the combined effect of lung immaturity and surfactant
deficiency. However, RD in the newborn period is not
unique to very preterm infants as a growing proportion of
term and near-term newborns require admission into

intensive care due to RD (1). Indeed, �53% of term/near-
term infants admitted into intensive care shortly after birth
are admitted for RD (2), but the underlying cause is likely to
be very different from the lung immaturity and surfactant
deficiency suffered by very preterm infants. These infants
are mature, born at or near-term, and are usually otherwise
healthy. Many (81%) of these admissions are characterized as
either “nonspecific” RD or transient tachypnea of the
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newborn (TTN), with the latter being a transient and less
severe form of RD in term newborns (2). However, the true
clinical burden of RD in term and near-term infants is diffi-
cult to quantify as the definition is inconsistent and the
underlying pathology is not well understood. Nevertheless,
more severe forms of term RD are associated with significant
morbidity and can be complicated by persistent pulmonary
hypertension of the newborn (PPHN) (3, 4).

RD in infants born at or near-term was historically consid-
ered to result from delayed airway liquid clearance (5).
However, overall treatments that induce airway liquid clear-
ance by stimulating Naþ reabsorption have had little suc-
cess in mitigating RD severity and to date, there has been
limited low-quality evidence from small studies on the
effects of different management strategies for term RD (6).
Imaging studies have now shown that after birth, airway liq-
uid clearance predominantly results from pressure gradients
generated by breathing, independent of Naþ reabsorption
(7, 8). These findings have led to a revised understanding of
airway liquid clearance during and after birth.

The volume of airway liquid in a singleton fetus with a
normal volume of amniotic fluid can be up to 35–45 mL/kg
near term, before the onset of labor (9). During the transition
from fetal to newborn life, airway liquid can either be 1) lost
from the lung via the nose and mouth during labor and vagi-
nal delivery due to uterine contractions or 2) cleared across
the distal airway wall into the lung tissue. At birth, irrespec-
tive of whether the liquid is cleared into lung tissue via Naþ

reabsorption or the pressure gradients generated by inspira-
tion, all liquid present in the airways must be reabsorbed
into the lung tissue.

Term RD most often affects infants born by elective ce-
sarean section without labor (10, 11). As these infants do
not undergo labor and vaginal delivery, they are not
exposed to the postural changes that drive liquid loss
from the respiratory system via the nose and mouth. As a
result, they are at risk of having larger volumes of liquid
in their airways when they commence breathing after
birth, all of which must be reabsorbed into the lung tissue.
This is known to cause a form of pulmonary edema (12,
13), which in adults causes tachypnea and dyspnea (14,
15). Elevated airway liquid volumes at birth also reduce
lung compliance and end-expiratory lung gas volumes
(functional residual capacity; FRC), expand the chest wall,
and flatten the diaphragm in newborn rabbits (16). These
effects readily explain the symptoms of tachypnea,
labored breathing, grunting, and expiratory braking in
term infants with RD.

Our studies in near-term newborn rabbits suggest that the
reduction in FRC caused by elevated airway liquid volumes
in near-term newborn rabbits results from liquid re-entry
into the airways between breaths (8, 16, 17). As the applica-
tion of a positive end-expiratory pressure (PEEP) prevents
airway liquid re-entry at FRC in preterm rabbits (18), we
hypothesized that it would have similar benefits in near-
term rabbits with elevated airway liquid volumes. In this
study, we investigated whether applying an end-expiratory
pressure (8 cmH2O PEEP), compared with 0 cmH2O PEEP,
improves lung function, FRC, and the distribution of gas
within the lung in the near-term newborn rabbits with ele-
vated airway liquid volumes at birth.

MATERIALS AND METHODS

Ethical Approval

All animal procedures were approved by the SPring-8 Animal
Care and Monash University Animal Ethics Committees.
Experiments were conducted in accordance with the National
Health and Medical Research Council (NHMRC) Australian
code of practice for the care and use of animals for scientific
purposes (19).

Experimental Procedure

Pregnant New Zealand White rabbits at 30days gesta-
tional age (term�32 days; n = 8) were sedated using propofol
(iv; 8mg/kg bolus, followed by 40–100mg/kg/h; Rapinovet,
Merck Animal Health), intubated and then anesthetized
using inhaled isoflurane (1.5%–4%; Isoflurane, DS Pharma
Animal Health) as previously described (16). Fetal rabbits (kit-
tens, n = 22) were exteriorized by cesarean section (the umbili-
cal cord remained intact), anesthetized with sodium pentobar-
bitone (Somnopentyl; 0.1mg ip, Abbot Laboratories) and an
endotracheal tube (18G intracath; BD Australia) inserted via a
tracheostomy. After placement of the endotracheal tube, as
much airway liquid as possible was gently withdrawn using a
1mL syringe attached to the endotracheal tube. The mean vol-
ume withdrawn was 0.15±0.02mL, but significant volumes of
lung liquid were likely lost via the trachea due to loss of laryn-
geal reflexes in the kittens following induction of general anes-
thesia in the doe. Kittens were randomized into the four
different experimental groups just before delivery, once it was
established that the kitten was viable (not stillborn), according
to a randomized sequence that was established before com-
mencing the study. As multiple kittens were used from any
one doe, the pre-established randomized sequence reduced
the chance that multiple kittens from one doe were included
in any one group to avoid the risk of litter bias. As previously
described (16), the control group (n = 11) had no replacement
liquid added to their airways (to mimic the volume of airway
liquid at birth similar to natural clearance during labor and
vaginal delivery), whereas the elevated liquid (EL; n = 11) group
had 30mL/kg of liquid (0.9% sodium chloride) added to their
airways to mimic the volume expected at birth in new-
borns delivered by cesarean section near term without
labor (mean volume = 1.12 ± 0.05mL). As the volume of re-
sidual liquid remaining in the distal airways after drainage
is �7 mL/kg (9), at ventilation onset, we estimate that kit-
tens in the control group had �7 mL/kg and EL kittens had
�37 mL/kg of airway liquid. This model allows us to inves-
tigate the effect of elevated airway liquid volumes on lung
function between the groups. Following removal/addition
of liquid, the endotracheal tube was blocked to prevent air
from entering the lung during delivery and before ventila-
tion and imaging commenced.

Ventilation Protocol

Following delivery, kittens were immediately placed,
upright and head out, in a warmed (39�C) water-filled ple-
thysmograph (custom-made) located within the experimen-
tal imaging hutch, as previously described (7, 16, 20). The
endotracheal tube was connected to a purpose-built pres-
sure-limited ventilator (21) that also triggered image
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acquisition to synchronize the imaging and pulmonary ven-
tilation. In this study, kittens were mechanically ventilated,
whereas near-term infants who subsequently develop RD
usually breathe unassisted for the first few hours after birth.
We chose to anesthetize and mechanically ventilate the kit-
tens to control for differences in breathing rates and inspira-
tory effort between individuals as it is well established that
inspiration drives lung liquid clearance (22). This ventilation
approach allowed ventilation of the kittens with a continu-
ous and uniform airway pressure wave to accurately assess
the effect of end-expiratory pressures on lung aeration and
function in kittens with EL. Investigating the effect of airway
pressure is much more difficult and inconsistent when
applying end-expiratory pressures noninvasively due to leak
and the presence of the larynx, which can close the airways
and prevent the transmission of applied pressures into the
lung (23).

Following imaging onset, kittens within both the control
and EL groups were randomly assigned to receive ventilation
either commencing with a PEEP of 0 cmH2O (0PEEP-I; con-
trol, n = 6; EL, n = 6) or 8 cmH2O (8PEEP-I; control, n = 5; EL,
n = 5). Mechanical ventilation commenced with intermittent
positive pressure ventilation (iPPV), with a peak inflation
pressure (PIP) of 25 cmH2O, inspiratory and expiratory times
of 0.5 s. The PIP was increased to achieve a tidal volume (Vt)
of 8mL/kg, which wasmeasured directly from the plethysmo-
graph as previously described (16, 24). Once Vt was reached
and had stabilized, kittens in each group underwent a
sequence of changing PEEP levels, either increasing from 0
cmH2O to 8 cmH2O (Fig. 1A) or decreasing from 8 cmH2O to 0
cmH2O (Fig. 1B), before returning back to the initial PEEP
level in the final phase (0PEEP-F or 8 PEEP-F). Throughout
the PEEP sequence ventilation protocol, the PIP was adjusted
to maintain a constant Vt of 8mL/kg. Each PEEP level was
maintained until FRC values (measured from the plethysmo-
graph) and all other ventilation parameters had stabilized. A
PEEP of 8 cmH2O was chosen as our previous studies using 3
cmH2O and 5 cmH2O PEEP were unable to overcome the det-
rimental effects of elevated airway liquid volume at birth on
lung function (16, 25). During the ventilation period, airway
pressures and lung gas volumes (measured from the plethys-
mograph) were digitally recorded (PowerLab, ADInstruments;

Sydney, Australia) and phase-contrast X-ray images were
acquired. All animals were euthanized at the conclusion of
the experiment with an overdose of pentobarbitone (somno-
pentyl >100mg/kg) administered intravenously (doe) or in-
traperitoneally (kittens).

Phase-Contrast X-Ray Imaging

All studies were conducted in experimental hutch 3 of
beamline 20B2, in the Biomedical Imaging Centre at the
SPring-8 Synchrotron in Japan. Partially coherent X-rays
provided by the synchrotron radiation, tuned to an energy of
24keV, enabled the entire thoracic cavity of the kittens to be
imaged using propagation-based phase-contrast X-ray imag-
ing, as previously described (16, 20, 25). The X-ray source-
to-sample distance was �210m and the sample-to-detector
distance was 2m. A Hamamatsu ORCA flash C11440-22C de-
tector was coupled to a 25-mm thick gadolinium oxysulfide
(Gd2O2S:Tbþ ) powdered phosphor and a tandem lens sys-
tem that provided an effective pixel size of 15.2mm and an
active field of view of 31 (W) �31 (H) mm2. Flat-field and
dark-field images were acquired after each kitten was imaged
to correct for variations in the beam intensity and detector
dark current signal.

Image Analysis

Lung gas volumes.
Regional lung gas volumes were measured using previously
described methods (16, 26). Images of the chest obtained
from kittens imaged upright in the plethysmograph were
divided into quadrants; upper left (UL), upper right (UR),
lower left (LL), and lower right (LR) lung regions using the
7th rib as the boundary between upper and lower lung
regions. From these partitioned images, regional lung vol-
umes at FRC and at peak inflation within each region were
measured. The initial aeration period during the first PEEP
level was used to determine the time taken to achieve a sta-
ble FRC and total FRC (normalized to kitten weight) for the
whole lung.

Airway dimensions and numbers.
The speckle patterns produced by phase-contrast X-ray
imaging of the lungs were used to measure regional airway

Figure 1. Typical lung gas volume recording of newborn kittens showing the changes in lung gas volumes during the positive end-expiratory pressure
(PEEP) sequences. A: kittens began ventilation initially with 0 cmH2O PEEP (0PEEP-I), before being increased to 8 cmH2O (8PEEP) and then returning to
the final 0 cmH2O PEEP (0PEEP-F) phase. B: kittens underwent a PEEP sequence initiating ventilation with 8 cmH2O (8PEEP-I), before being reduced to
0 cmH2O (0PEEP) and then returning to the final 8 cmH2O PEEP phase (8PEEP-F).
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dimensions, as previously described (16, 27, 28). The airway
dimension analysis provides a measure of the dominant visi-
ble airway size in two-dimensional (2-D) projection, as deter-
mined using power spectral analysis (27), and was measured
for each region of the lung (UL, UR, LL, and LR) at FRC fol-
lowing each inflation during the experimental period. Using
phase-contrast X-ray imaging, the airways remain invisi-
ble until they are aerated and as the larger airways aerate
faster than the smaller airways, initially fewer smaller
airways contribute to the dominant airway size measure-
ment. However, as the lung aerates, more smaller airways
become visible and contribute to dominant airway size
measurement, which then decreases (27). For a visual
description of airway size, a representative kitten from
each group was selected and a power spectrum analysis
was used to produce a heat map at FRC and peak inflation
in each group by analyzing the 128 � 128 pixel region
around each pixel contained in the lung (Fig. 4).

Physiological Analysis

LabChart 8 (ADInstruments) recordings of ventilation
parameters were obtained during the initial recruitment
phase (Vt, PIP, and number of breaths to reach Vt) and
once Vt had stabilized at each PEEP level during the venti-
lation sequence (16). Dynamic lung compliance was
derived from raw values obtained from the LabChart dur-
ing each PEEP level (Vt/[PIP–PEEP]). Changes in Vt and
airway pressure measure respiratory system compliance
(including both lung and chest wall compliance), but
as the chest wall is considerably more compliant than the
lung we have referred to it as “lung compliance” for
simplicity.

Statistical Analysis

Our study aimed to investigate the effect of EL compared
with controls 1) during the initial period of lung aeration
when ventilated with two different levels of PEEP and 2)
changes in PEEP during the ventilation sequence. Volume
measurements of the lung (including FRC, PIP, Vt, and com-
pliance) and airway dimension analysis between control and
EL groups were checked for normality and transformed if
required. Data were analyzed using either the Student’s
unpaired t test (static measurements) or a two-way repeated-
measures ANOVA for 1) treatment (control vs. EL) and 2)
ventilation parameter (time from ventilation onset or %FRC
or PEEP level depending on each outcome measure) with
Sidak’s multiple-comparisons post hoc test. When an inter-
action between the main effects of treatment and ventilation
parameter was determined, the data were analyzed to deter-
mine the effect of treatment (control vs. EL) at each ventila-
tion parameter. All data are presented as means ± SE. All
statistical analyses were undertaken in Prism 7 and a signifi-
cance level P� 0.05 was considered statistically significant.

RESULTS

Changes in Respiratory Function during Lung Aeration

FRC recruitment.
FRC recruitment over time and the maximum FRC achieved
were markedly lower in EL kittens ventilated initially with 0
cmH2O compared with controls (Figs. 2, 3A, and 3C). In con-
trast, the rate and degree to which FRC increased were not
different between control and EL kittens receiving 8 cmH2O
of PEEP (Figs. 2, 3B, and 3D).

Figure 2. Phase-contrast X-ray images of lungs from control
kittens (left) and kittens with elevated airway liquid volumes
at birth (right) taken during the final stage of ventilation (see
Fig. 1). Kittens received mechanical ventilation with a posi-
tive end-expiratory pressure (PEEP) of either 0 cmH2O (top)
or 8 cmH2O (bottom). Visual differences in the speckle pat-
tern highlight differences in the degree and uniformity of
lung aeration between the groups at different PEEP levels.
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Tidal volume recruitment and lung compliance.
In kittens ventilated with 0 cmH2O PEEP, the maximum PIP
required to recruit a Vt of 8mL/kg was greater in EL compared
with control kittens (35.8± 1.2 cmH2O vs. 30.8±1.0 cmH2O;
P = 0.008) during initial lung aeration. Using the same respi-
ratory rate, EL kittens also took significantly longer than con-
trols to achieve a Vt of 8mL/kg (132±24 inflations vs. 71±8
inflations; P = 0.04). In contrast, when kittens were ventilated
with 8 cmH2O PEEP, the maximum PIP required to recruit a
Vt of 8mL/kg was not different between EL and control kit-
tens during initial lung aeration (36.3± 1.4 cmH2O vs. 35.7±
0.6 cmH2O; P = 0.74). The number of inflations required to
reach Vt was also not different between EL and control kittens
(88± 18 inflations vs. 71± 12 inflations; P = 0.45).

Following initial lung aeration, when FRC recruitment
and Vt had stabilized, the PIP required to maintain a Vt of
8mL/kg was significantly higher in EL kittens compared
with controls when ventilated with 0 cmH2O PEEP (31.8 ±
1.2 cmH2O vs. 20.4 ± 1.2 cmH2O; P < 0.001). As a result,
lung compliance was 37.5% lower in EL compared with
control kittens (0.010 ± 0.001mL/kg/cmH2O vs. 0.016 ±
0.001mL/kg/cmH2O; P < 0.001). However, when kittens
were ventilated with 8 cmH2O PEEP, the PIP required to
maintain Vt of 8mL/kg was not different between EL and
control kittens (29.8 ± 0.6 cmH2O vs. 29.8 ± 0.3 cmH2O; P =
0.96). Similarly, after initial lung aeration, lung compli-
ance was not different in EL compared with control kit-
tens (0.015 ± 0.001mL/kg/cmH2O vs. 0.015 ± 0.001mL/kg/
cmH2O; P = 0.61).

Airway dimensions during lung aeration.
Color maps of airway dimensions demonstrate the spatial
distribution of the dominant airway size in 2-D projection

at both FRC and peak inflation in a representative control
and EL kitten ventilated with either 0 cmH2O or 8 cmH2O
(Fig. 4). In kittens ventilated with 0 cmH2O PEEP, the
dominant airway size was significantly larger in all lung
quadrants in EL kittens compared with controls at FRC
(Fig. 5, A, C, E, and G). During initial aeration, a larger
dominant airway size means that fewer smaller airways
are aerated, but as more alveoli are recruited the dominant
airway size trends downward over time as the smaller air-
ways aerate and contribute more to the dominant airway
size calculation. When kittens were ventilated with 8
cmH2O PEEP, the dominant airway size in EL kittens was sig-
nificantly larger in all lung quadrants (Fig. 5, B, D, and F),
except for the lower right lobe (Fig. 5H), compared with con-
trol kittens.

Changes in Respiratory Function following Lung
Aeration

Effect of changing PEEP on FRC and lung compliance.
Prior to changing PEEP, EL kittens that commenced ventila-
tion with 0 cmH2O had lower lung compliances and required
higher PIPs to maintain Vt compared with controls (Fig. 6, A
and C). However, when the PEEP was increased to 8 cmH2O,
both the lung compliance and PIP required to maintain Vt
were similar in both EL kittens and control kittens (Fig. 6, A
and C). In contrast, when kittens commenced ventilation with
8 cmH2O PEEP, reducing the PEEP to 0 cmH2O significantly
affected lung compliance and the required PIP during the
PEEP sequence (Fig. 6, B and D). Although there was no sig-
nificant difference between control and EL kittens, this was
likely due to insufficient power as the study was not powered
to detect a difference in these specific measures. There were
clear visual differences in the degree of lung aeration and FRC

Figure 3. Total functional residual capacity
(FRC; means ± SE) of the whole lung over
time during initial lung aeration in control
(open circles) and elevated liquid (gray
squares) kittens receiving mechanical venti-
lation with a positive end-expiratory pres-
sure (PEEP) of either 0 cmH2O (A) or 8
cmH2O (B). Difference in maximum FRC
level achieved during the initial lung aera-
tion phase between control (open bars) and
elevated liquid kittens (gray bars) ventilated
with 0 cmH2O PEEP (C) and 8 cmH2O PEEP
(D). Two-way repeated-measures ANOVA
with Sidak post hoc test (A and B); �P �
0.05=effect of treatment (control vs. ele-
vated liquid). #P� 0.05=effect over ventila-
tion time in kittens. Student’s t test (C and
D); �P � 0.05 = effect of treatment (control
vs. elevated liquid).
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between 1) control and EL kittens and 2) during the 0–8–0
cmH2O PEEP sequence (Supplemental Movie S1; see https://
doi.org/10.6084/m9.figshare.12838130).

EL kittens receiving initial ventilation with 0 cmH2O
PEEP had significantly lower FRC across the entire lung,
compared with controls and this persisted despite increasing
the PEEP to 8 cmH2O (Fig. 7A). The FRC was significantly
lower in the EL compared with control kittens in the upper
but did not reach statistical significance in the lower lung
quadrants during the PEEP sequence in kittens commencing
ventilation with 0 cmH2O (see Supplemental Fig. S1; https://
doi.org/10.6084/m9.figshare.12991598). In contrast, in kit-
tens initially ventilated with 8 cmH2O PEEP, FRC levels for
the entire lung (and for all quadrants) remained similar
between control and EL kittens during the changes in PEEP
(Fig. 7B and Supplemental Fig. S1). Overall, FRC levels were
significantly lower during ventilation with 0 cmH2O PEEP
compared with 8 cmH2O PEEP in both control and EL kit-
tens, irrespective of which initial PEEP sequence the kittens
received (Fig. 7,A and B).

Effect of changing PEEP on airway dimensions and
distal airway numbers.
Following lung aeration, EL kittens maintained a larger
dominant airway size compared with control kittens across
all PEEP levels (Fig. 8), irrespective of whether they were

initially ventilated with a PEEP of 0 cmH2O (average domi-
nant airway size in the entire lung; 221 ± 7 mm vs. 165 ± 2 mm;
P < 0.0001) or 8 cmH2O (average dominant airway size in
the entire lung; 191 ± 3 mm vs. 175 ± 3 mm; P < 0.001). The
dominant airway size was significantly larger at all PEEP
levels and in all lung quadrants in EL kittens, compared
with controls when ventilation commenced with 0 cmH2O
PEEP (Fig. 8, A, C, E, and G). Similarly, the dominant air-
way size measured at FRC was significantly larger at all
PEEP levels in all but the lower right quadrant, in EL kit-
tens compared with control kittens when ventilation com-
menced with 8 cmH2O PEEP (Fig. 8, B, D, F, and H).
Furthermore, the magnitude of difference in dominant air-
way size between EL and control kittens was larger when
ventilation commenced with 0 cmH2O compared with 8
cmH2O PEEP (Fig. 8).

DISCUSSION

Although interventions aimed at preventing or treating
term RD have been relatively ineffective (6), this may be
due to a misunderstanding of the potential underlying
mechanisms. Animal studies have provided compelling
evidence that term RD may primarily result from elevated
airway liquid volumes at birth, rather than an inability to
clear the liquid (16, 25). In this study, we have shown that

Figure 4. Color maps of a representative kitten from each group showing the regional distribution of the dominant airway dimension across the entire
lung of control (left image within each panel) and elevated liquid kittens (right image within each panel) at functional residual capacity (FRC; top) and
peak inflation (peak; bottom) when receiving respiratory support with 0 cmH2O positive end-expiratory pressure (PEEP; left) or 8 cmH2O PEEP (right).

RESPIRATORY SUPPORT IN NEWBORNS WITH ELEVATED AIRWAY LIQUID

1002 J Appl Physiol � doi:10.1152/japplphysiol.00918.2020 � www.jap.org
Downloaded from journals.physiology.org/journal/jappl at Leids Univers Medisch Centrum (132.229.026.170) on July 26, 2022.

https://doi.org/10.6084/m9.figshare.12838130
https://doi.org/10.6084/m9.figshare.12838130
https://doi.org/10.6084/m9.figshare.12991598
https://doi.org/10.6084/m9.figshare.12991598
http://www.jap.org


the application of an end-expiratory pressure, both before
and after lung aeration, improves lung mechanics and
FRC in the presence of elevated airway liquid at birth.
Following lung aeration, the application of PEEP was able
to mitigate many of the deficits associated with elevated
airway liquid at birth. However, surprisingly, it only had a
limited effect on reducing the dominant airway size at
FRC, which suggests that even a high level of PEEP (8

cmH2O) is unable to prevent liquid re-entry into the distal
airways.

Effect of PEEP on Lung Aeration in Kittens with Elevated
Liquid

End-expiratory positive airway pressures are widely regarded
as essential for supporting very preterm newborns at birth
(18, 20, 29–31), but considerably less is known about the role of

Figure 5. Dominant airway size (means ±
SE) measured at functional residual
capacity (FRC) during the initial lung aera-
tion phase for each level of FRC in control
(open circles) and elevated liquid kittens
(gray squares) receiving mechanical venti-
lation with a positive end-expiratory pres-
sure (PEEP) of either 0 cmH2O (A, C, E, G)
or 8 cmH2O (B, D, F, H). Airway size is pre-
sented in lung quadrants; upper left (UL;
A, B), upper right (UR; C, D), lower left (LL;
E, F), and lower right (LR; G, H). A smaller
dominant airway size indicates more air in
distal airspaces (e.g., alveoli). Two-way
repeated-measures ANOVA with Sidak
post hoc test; �P � 0.05=effect of treat-
ment (control vs. elevated liquid). #P �
0.05=effect over time to achieve FRC in
kittens.
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PEEP in supporting near-term newborns with RD. We found
that during lung aeration, EL kittens initially ventilated with 8
cmH2O PEEP were able to aerate their lungs with fewer infla-
tions, required lower inflation pressures, and achieved higher
FRCs than EL kittens ventilated with 0 cmH2O PEEP. However,
the dominant airway sizemeasured at both FRC and peak infla-
tion remained significantly greater in EL kittens compared
with control kittens during lung aeration, irrespective of the
PEEP level (Fig. 4 and 8).

We have previously shown that a shift in the dominant air-
way size to a larger size is associated with a reduction in the
number of aerated distal airways that can be visualized using
phase-contrast X-ray imaging (16). As the presence of liquid in
the airways renders them invisible, an increase in the dominant
airway size indicates that more of the smaller airways are liq-
uid-filled and so the analysis is skewed by limiting the

measurement to larger air-filled alveoli and airways. This
explains the counter-intuitive finding that the dominant airway
size is larger at FRC than at peak inflation in EL kittens venti-
lated with 0 cmH2O PEEP (Fig. 4). That is, at FRC the smaller
alveoli refill with liquid, which is then recleared during the next
inflation (8). As a result, at peak inflation, a larger number of
smaller alveoli are aerated, which reduces the dominant airway
size measurement. This is consistent with the finding that FRC
levels were lower in EL kittens ventilated with 0 cmH2O PEEP
and that 8 cmH2O of PEEP was sufficient to prevent alveolar
reflooding in EL kittens, as indicated by similar FRC levels in
control and EL kittens. The contribution of increasing aeration
of the distal airways to the reduction in dominant airway size is
demonstrated in the phase-contrast X-ray video (see Suppleme-
ntal Movie S1 and Figs. 5 and 8) of 1) control and EL kittens over
time and 2) between inflations at different PEEP levels.
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EL kittens ventilated with 0 cmH2O PEEP had a heteroge-
neous distribution of airway size with a significant skew to-
ward larger airway size in all lung quadrants at FRC
compared with control kittens (Figs. 4 and 5). The heteroge-
neity in airway sizes (between control and EL kittens) at FRC
tended to normalize at peak inflation (Fig. 4), which is con-
sistent with the concept that the smaller airways are aerating
during each inflation and then reflooding during expiration
at 0 cmH2O PEEP. These findings are more pronounced than

our previous findings in EL kittens ventilated with 5 cmH2O
PEEP (16), whereas the dominant airway size distribution
appeared more homogenous at both peak inflation and at
FRC in EL kittens ventilated with 8 cmH2O PEEP. Our find-
ing is consistent with the concept that PEEP has a pressure-
dependent effect on preventing liquid re-entry into the
smaller airways between inflations. While these near-term
newborns are not surfactant deficient, it is possible that the
excess liquid “dilutes” the endogenous surfactant present in

Figure 8. Dominant airway size (means ± SE) at functional residual capacity measured at each level of positive end-expiratory pressure (PEEP) in control
(open circles) and elevated liquid (gray squares) kittens in upper left (UL; A, B), upper right (UR; C, D), lower left (LL; E, F), and lower right (LR; G, H) lung
quadrants. A smaller dominant airway size indicates more air in distal airspaces (e.g., alveoli). I = PEEP level during initial ventilation phase. F = PEEP level
during final ventilation phase. Two-way repeated-measures ANOVA with Sidak post hoc test; �P �0.05=effect of treatment (control vs. elevated liquid).
#P� 0.05=effect of PEEP sequence in kittens.
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the airways, although we would expect this effect to disap-
pear as the liquid is cleared from the airways. In either case,
the application of PEEP can support FRC and oppose liquid
re-entry in the presence of elevated airway liquid volumes
and/or surfactant deficiency.

Effect of Changes in PEEP in Kittens with Elevated
Liquid following Lung Aeration

EL kittens initially ventilated with 0 cmH2O PEEP, contin-
ued to have lower FRC levels than controls following the
increase to 8 cmH2O PEEP (Fig. 7A), although lung compli-
ance was similar in control and EL kittens at this PEEP level.
In contrast, EL kittens initially ventilated with 8 cmH2O
PEEP had similar FRC levels as control kittens before, dur-
ing, and after PEEP was reduced to 0 cmH2O (Fig. 7B).
However, reducing PEEP to 0 cmH2O, reduced lung compli-
ance in EL but not in control kittens, although compliance
was not significantly different between the two groups (Fig.
6B). These responses are surprising and indicate that, in EL
kittens, there is a beneficial effect of commencing ventila-
tion with PEEP on FRC, but not lung compliance that per-
sists after the PEEP level has changed. The mechanisms for
this are unclear, are likely to be complex, and require further
physiological investigation. Nevertheless, these findings
may underlie the observation that prophylactic continuous
positive airway pressure (CPAP) for 20min after birth
reduced the incidence of RD symptoms in a small study of
high-risk infants (32). It is possible that commencing ventila-
tion with 0 cmH2O PEEP results in a continuous cycle of al-
veolar liquid clearance and reflooding during each inflation/
deflation, which damages the alveolar epithelium. As a
result, increasing PEEP to 8 cmH2O was unable to prevent al-
veolar reflooding during expiration, particularly in both
upper lobes. This is indicated by the dominant airway size
measurement, which tended to decrease in the upper lobes
(Fig. 8, A and C) but remained unaltered in the lower lobes
when PEEP was increased to 8 cmH2O (Fig. 8, E andG).

The effect of changing PEEP level on lung aeration is
clearly evident in the phase-contrast X-ray video (see
Supplemental Movie S1) and in Fig. 2. When EL kittens were
ventilated with 0 cmH2O PEEP, it took more inflations to
aerate the lung, and the degree of aeration in the distal air-
ways was markedly reduced between inflations compared
with control kittens. Then, increasing PEEP to 8 cmH2O
greatly increased the retention of air in the lungs between
inflations, whereas reducing the PEEP from 8 to 0 cmH2O
caused an immediate loss of FRC. As there is a very clear
reduction in the number of visible airways at FRC in EL kit-
tens, this indicates that at FRC, liquid is reflooding the air-
ways between breaths in the absence of an end-expiratory
pressure. In control kittens, changes in FRC are visible dur-
ing changes in PEEP but to a lesser extent as these kittens
have less liquid and less reflooding of airways at FRC.
Previous studies have shown that the clearance of liquid out
of the airways and into lung tissue after birth is associated
with an increase (to �6 cmH2O) in lung interstitial tissue
pressure (33). Logically, therefore, the clearance of larger vol-
umes will further increase interstitial tissue pressures, lead-
ing to a greater pressure gradient for liquid to re-enter the
airways at FRC. As such, the application of an end-expiratory

pressure will oppose this pressure gradient and prevent liq-
uid from reflooding the airways.

Non-invasive Respiratory Support in Near-Term
Newborns with Respiratory Distress

Our studies in mechanically ventilated newborn rabbits
have now shown that the adverse effects of elevated liquid
on lung mechanics are evident at both 0 and 5 cmH2O of
PEEP (16), but can be mitigated using a higher pressure of 8
cmH2O PEEP. Hence, infants at risk for having elevated air-
way liquid volumes at birth likely require higher PEEP levels
to support lung function and reduce airway liquid reflooding
during the respiratory cycle. It is also important to consider
when and how end-expiratory pressures can be weaned in
newborns to prevent the adverse effects of EL on lung func-
tion. Our findings highlight the effects of end-expiratory
pressure on lung function in ventilated newborn rabbits.
Further studies are warranted to determine the optimal level
of support in spontaneously breathing newborns with ele-
vated airway liquid volumes at birth tomore closely simulate
the clinical scenario.

Small clinical studies examining the benefits of non-inva-
sive respiratory support, including CPAP levels of 4–6
cmH2O (32, 34–37), have shown positive effects on the dura-
tion of RD in near-term infants (6). However, there is consid-
erable heterogeneity in the studies concerning the definition
of RD, timing of intervention, the pressure level, devices
used to apply CPAP, and the combination with oxygen sup-
plementation. Although it is reported to be well tolerated in
term/near-term newborns with RD, greater understanding is
needed to assess the effects of pressure on the infant’s respi-
ratory physiology as higher airway pressures are known to
induce complications such as air leak and reduced pulmo-
nary blood flow (38). Furthermore, questions regarding pro-
phylactic support compared with an interventional response
once symptoms arise as well as the timing of treatment
application following symptom onset are also important
considerations. Indeed, the degree to which airway liquid
volumes are elevated at birth is likely to determine both the
time of onset and severity of RD symptoms. Nevertheless,
our finding that the benefits of applying PEEP during lung
aeration (8–0–8 cmH2O sequence) are not entirely replicated by
applying PEEP after lung aeration (0–8–0 cmH2O sequence),
supports the prophylactic approach of briefly applying end-ex-
piratory pressures in at-risk infants in the delivery room imme-
diately after birth (32). However, much more information is
required in both preclinical and clinical studies to fully under-
stand the impact of elevated airway liquid volume at birth and
the type and level of respiratory support required to assist new-
borns born with elevated lung liquid volumes during and after
transition.

Conclusions

We have shown that the use of PEEP (8 cmH2O compared
with 0 cmH2O) can improve FRC and lung mechanics in
near-term newborn rabbits with elevated airway liquid vol-
umes at birth. In particular, PEEP: 1) facilitates lung aeration
and maintains FRC between inflations, 2) prevents liquid
from reflooding the airways between breaths before being
recleared into lung tissue during the next inflation, which
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increases gas exchange potential, reduces the work of
breathing, and likely reduces lung injury, and 3) provides a
pressure gradient that assists with the clearance of liquid
from the airways. The effectiveness of interventions and
level of PEEP/CPAP required, should take into consideration
1) timing after birth, 2) volume of airway liquid at birth, and
3) timing relative to the initiation of respiratory support. Our
study provides an increased understanding of the funda-
mental physiology and has identified an end-expiratory
pressure level that can support lung function in near-term
newborn rabbits with elevated airway liquid volumes after
birth.

SUPPLEMENTAL DATA

Supplemental Movie S1: https://doi.org/10.6084/m9.figshare.
12838130.

Supplemental Fig. S1: https://doi.org/10.6084/m9.figshare.
12991598.

ACKNOWLEDGMENTS

The authors thank the infrastructure support provided by the
SPring-8 Japan Synchrotron Radiation Research Institute, which
was provided by the SPring-8 Program Review Committee. We
also gratefully acknowledge the expert assistance of Kentaro
Uesugi, Naoto Yagi, Masato Hoshino and Hiroyuki Iwamoto for as-
sistance to conduct our experiments at SPring-8.

GRANTS

The research was supported by the Department of Health,
Australian Government, National Health and Medical Research
Council (NHMRC) Program Grant APP113902 (to S.B.H.) and the
Victorian Government’s Operational Infrastructure Support Program.
K.L. and M.J.K. acknowledge travel funding provided by the
International Synchrotron Access Program (ISAP) managed by the
Australian Synchrotron and funded by the Australian Government
(ISAP12909). E.V.M. was supported by a Monash University
Bridging Postdoctoral Fellowship (BPF17-0066) and an NHMRC
Peter Doherty Biomedical Early Career Fellowship (APP1138049).
A.B.T.P. was the recipient of a Vidi grant, The Netherlands Org-
anization for Health Research and Development (ZonMw), part of
the Innovational Research Incentives Scheme Veni-Vidi-Vici
(NWO-Vidi 91716428). M.T. was supported by an NHMRC Early
Career Fellowship (APP1111134). S.B.H. was supported by an
NHMRC Principal Research Fellowship (APP1058537). M.J.K. was
supported by an Australian Research Council Australian Research
Fellowship (FT160100454).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by
the authors.

AUTHOR CONTRIBUTIONS

E.V.M., A.B.T.P., K.J.C., M.J.W., S.B.H., and M.J.K. conceived and
designed research; E.V.M., A.B.T.P., M.K.C., K.J.C., M.J.W., K.L.,
M.T., P.L.J.D., J.D., A.W.F., S.J.E.C., S.B.H., and M.J.K. performed
experiments; E.V.M., M.K.C., and K.L. analyzed data; E.V.M., S.B.H.,
and M.J.K. interpreted results of experiments; E.V.M. and M.K.C.
prepared figures; E.V.M. and S.B.H. drafted manuscript; E.V.M.,
A.B.T.P., M.K.C., K.J.C., M.J.W., K.L., P.L.J.D., J.D., A.W.F., S.B.H.,
and M.J.K. edited and revised manuscript; E.V.M., A.B.T.P., M.K.C.,

K.J.C., M.J.W., K.L., M.T., P.L.J.D., J.D., A.W.F., S.J.E.C., S.B.H., and
M.J.K. approved final version of manuscript.

REFERENCES

1. Clapp MA, James KE, Bates SV, Kaimal AJ. Unexpected term NICU
admissions: a marker of obstetrical care quality? Am J Obstet
Gynecol 220: e391.e1–395.e12, 2019. doi:10.1016/j.ajog.2019.02.001.

2. Chow SS, Creighton P, Kander V, Haslam R, Lui K. Report of the
Australian and New Zealand Neonatal Network 2016. Sydney:
Australian and New Zealand Neonatal Network. 2018.

3. Guglani L, Ryan RM, Lakshminrusimha S. Risk factors and manage-
ment of transient tachypnea of the newborn. Pediatric Health 3:
251–260, 2009. doi:10.2217/PHE.09.24.

4. Ramachandrappa A, Jain L. Elective cesarean section: its impact on
neonatal respiratory outcome. Clin Perinatol 35: 373–393, 2008.
doi:10.1016/j.clp.2008.03.006.

5. Avery ME, Gatewood OB, Brumley G. Transient tachypnea of new-
born: possible delayed resorption of fluid at birth. Am J Dis Child 111:
380–385, 1966. doi:10.1001/archpedi.1966.02090070078010.

6. Buchiboyina A, Jasani B, Deshmukh M, Patole S. Strategies for
managing transient tachypnoea of the newborn-a systematic review.
J Matern Fetal Neonatal Med 30: 1524–1532, 2017. doi:10.1080/
14767058.2016.1193143.

7. Hooper SB, Kitchen MJ, Wallace MJ, Yagi N, Uesugi K, Morgan
MJ, Hall C, Siu KKW, Williams IM, Siew M, Irvine SC, Pavlov K,
Lewis RA. Imaging lung aeration and lung liquid clearance at birth.
FASEB J 21: 3329–3337, 2007. doi:10.1096/fj.07-8208com.

8. Siew ML,Wallace MJ, Allison BJ, Kitchen MJ, te Pas AB, Islam MS,
Lewis RA, Fouras A, Yagi N, Uesugi K, Hooper SB. The role of lung
inflation and sodium transport in airway liquid clearance during lung
aeration in newborn rabbits. Pediatr Res 73: 443–449, 2013.
doi:10.1038/pr.2012.197.

9. Hooper S, Harding R. Fetal lung liquid: a major determinant of the
growth and functional development of the fetal lung. Clin Exp
Pharmacol Physiol 22: 235–241, 1995. doi:10.1111/j.1440-1681.1995.
tb01988.x.

10. Feldman K, Woolcott C, O’Connell C, Jangaard K. Neonatal out-
comes in spontaneous versus obstetrically indicated late preterm
births in a nova scotia population. J Obstet Gynaecol Can 34: 1158–
1166, 2012. doi:10.1016/S1701-2163(16)35463-9.

11. Morrison JJ, Rennie JM, Milton PJ. Neonatal respiratory morbidity
and mode of delivery at term: influence of timing of elective caesar-
ean section. Br J Obstet Gynaecol 102: 101–106, 1995. doi:10.1111/
j.1471-0528.1995.tb09060.x.

12. Bland R, McMillan D, Bressack M, Dong L. Clearance of liquid from
lungs of newborn rabbits. J Appl Physiol Respir Environ Exerc
Physiol 49: 171–177, 1980. doi:10.1152/jappl.1980.49.2.171.

13. Miserocchi G, Negrini D, Fabbro Venturoli DM. Pulmonary in-
terstitial pressure in intact in situ lung: transition to interstitial
edema. J Appl Physiol (1985) 74: 1171–1177, 1993. doi:10.1152/
jappl.1993.74.3.1171. [8482655]

14. Anand A, Paintal A, Whitteridge D. Mechanisms underlying
enhanced responses of J receptors of cats to excitants in pulmonary
oedema. J Physiol 471: 535–547, 1993. doi:10.1113/jphysiol.1993.
sp019914.

15. Paintal A. Mechanism of stimulation of type J pulmonary receptors.
J Physiol 203: 511–532, 1969. doi:10.1113/jphysiol.1969.sp008877.

16. McGillick EV, Lee K, Yamaoka S, te Pas AB, Crossley KJ,
Wallace MJ, Kitchen MJ, Lewis RA, Kerr LT, DeKoninck P,
Dekker J, Thio M, McDougall ARA, Hooper SB. Elevated airway
liquid volumes at birth: a potential cause of transient tachypnea of
the newborn. J Appl Physiol (1985) 123: 1204–1213, 2017.
doi:10.1152/japplphysiol.00464.2017.

17. Hooper SB, te Pas AB, Kitchen MJ. Respiratory transition in the
newborn: a three-phase process. Arch Dis Child Fetal Neonatal Ed
101: F266–F271, 2016. doi:10.1136/archdischild-2013-305704.

18. Siew ML, te Pas AB, Wallace MJ, Kitchen MJ, Lewis RA, Fouras A,
Morley CJ, Davis PG, Yagi N, Uesugi K, Hooper SB. Positive end-
expiratory pressure enhances development of a functional residual
capacity in preterm rabbits ventilated from birth. J Appl Physiol
(1985) 106: 1487–1493, 2009. doi:10.1152/japplphysiol.91591.2008.

RESPIRATORY SUPPORT IN NEWBORNS WITH ELEVATED AIRWAY LIQUID

J Appl Physiol � doi:10.1152/japplphysiol.00918.2020 � www.jap.org 1007
Downloaded from journals.physiology.org/journal/jappl at Leids Univers Medisch Centrum (132.229.026.170) on July 26, 2022.

https://doi.org/10.6084/m9.figshare.12838130
https://doi.org/10.6084/m9.figshare.12838130
https://doi.org/10.6084/m9.figshare.12991598
https://doi.org/10.6084/m9.figshare.12991598
https://doi.org/10.1016/j.ajog.2019.02.001
https://doi.org/10.2217/PHE.09.24
https://doi.org/10.1016/j.clp.2008.03.006
https://doi.org/10.1001/archpedi.1966.02090070078010
https://doi.org/10.1080/14767058.2016.1193143
https://doi.org/10.1080/14767058.2016.1193143
https://doi.org/10.1096/fj.07-8208com
https://doi.org/10.1038/pr.2012.197
https://doi.org/10.1111/j.1440-1681.1995.tb01988.x
https://doi.org/10.1111/j.1440-1681.1995.tb01988.x
https://doi.org/10.1016/S1701-2163(16)35463-9
https://doi.org/10.1111/j.1471-0528.1995.tb09060.x
https://doi.org/10.1111/j.1471-0528.1995.tb09060.x
https://doi.org/10.1152/jappl.1980.49.2.171
https://doi.org/10.1152/jappl.1993.74.3.1171
https://doi.org/10.1152/jappl.1993.74.3.1171
https://doi.org/10.1113/jphysiol.1993.sp019914
https://doi.org/10.1113/jphysiol.1993.sp019914
https://doi.org/10.1113/jphysiol.1969.sp008877
https://doi.org/10.1152/japplphysiol.00464.2017
https://doi.org/10.1136/archdischild-2013-305704
https://doi.org/10.1152/japplphysiol.91591.2008
http://www.jap.org


19. National Health and Medical Research Council [NHMRC]. Australian
code of practice for the care and use of animals for scientific
purposes. Canberra: National Health and Medical Research Council,
2004. https://www.nhmrc.gov.au/about-us/publications/australian-code-
care-and-use-animals-scientific-purposes#block-views-block-file-
attachments-content-block-1.

20. Kitchen MJ, Siew ML, Wallace MJ, Fouras A, Lewis RA, Yagi N,
Uesugi K, te Pas AB, Hooper SB. Changes in positive end-expira-
tory pressure alter the distribution of ventilation within the lung im-
mediately after birth in newborn rabbits. PLoS One 9: e93391, 2014.
doi:10.1371/journal.pone.0093391.

21. Kitchen M, Habib A, Fouras A, Dubsky S, Lewis R, Wallace M,
Hooper S. A new design for high stability pressure-controlled venti-
lation for small animal lung imaging. J Instrum 5: T02002, 2010.
doi:10.1088/1748-0221/5/02/T02002.

22. Siew ML, Wallace MJ, Kitchen MJ, Lewis RA, Fouras A, te Pas AB,
Yagi N, Uesugi K, Siu KK, Hooper SB. Inspiration regulates the rate
and temporal pattern of lung liquid clearance and lung aeration at
birth. J Appl Physiol (1985) 106: 1888–1895, 2009. doi:10.1152/
japplphysiol.91526.2008.

23. Crawshaw JR, Kitchen MJ, Binder-Heschl C, Thio M, Wallace MJ,
Kerr LT, Roehr CC, Lee KL, Buckley GA, Davis PG, Flemmer A, te
Pas AB, Hooper SB. Laryngeal closure impedes non-invasive venti-
lation at birth. Arch Dis Child Fetal Neonatal Ed 103: F112–F119, 2018.
doi:10.1136/archdischild-2017-312681.

24. Crawshaw JR, Hooper SB, te Pas AB, Allison BA,Wallace MJ, Kerr
LT, Lewis RA, Morley CJ, Leong AF, Kitchen MJ. Effect of betame-
thasone, surfactant and positive end-expiratory pressures on lung
aeration at birth in preterm rabbits. J Appl Physiol (1985) 121: 750–
759, 2016. doi:10.1152/japplphysiol.01043.2015.

25. te Pas AB, Kitchen MJ, Lee K, Wallace MJ, Fouras A, Lewis RA,
Yagi N, Uesugi K, Hooper SB. Optimizing lung aeration at birth
using a sustained inflation and positive pressure ventilation in pre-
term rabbits. Pediatr Res 80: 85–91, 2016. doi:10.1038/pr.2016.59.

26. Kitchen MJ, Lewis RA,MorganMJ,Wallace MJ, SiewML, Siu KKW,
Habib A, Fouras A, Yagi N, Uesugi K, Hooper SB. Dynamic meas-
ures of regional lung air volume using phase contrast x-ray imaging.
Phys Med Biol 53: 6065–6070, 2008. doi:10.1088/0031-9155/53/21/
012.

27. Kitchen MJ, Buckley GA, Leong AF, Carnibella RP, Fouras A,
Wallace MJ, Hooper SB. X-ray Specks: low dose in vivo imaging of
lung structure and function. Phys Med Biol 60: 7259–7276, 2015.
doi:10.1088/0031-9155/60/18/7259.

28. Leong AF, Buckley GA, Paganin DM, Hooper SB, Wallace MJ,
Kitchen MJ. Real-time measurement of alveolar size and population
using phase contrast x-ray imaging. Biomed Opt Express 5: 4024–
4038, 2014. doi:10.1364/BOE.5.004024.

29. Perlman JM,Wyllie J, Kattwinkel J,Wyckoff MH, Aziz K, Guinsburg
R, Kim H-S, Liley HG, Mildenhall L, Simon WM, Szyld E, Tamura M,
Velaphi S; Neonatal Resuscitation Chapter Collaborators. Part 7:

neonatal resuscitation: 2015 international consensus on cardiopul-
monary resuscitation and emergency cardiovascular care science
with treatment recommendations. Circulation 132: S204–S241, 2015.
doi:10.1161/CIR.0000000000000276.

30. te Pas AB, Siew M, Wallace MJ, Kitchen MJ, Fouras A, Lewis RA,
Yagi N, Uesugi K, Donath S, Davis PG, Morley CJ, Hooper SB.
Establishing functional residual capacity at birth: the effect of sus-
tained inflation and positive end-expiratory pressure in a preterm
rabbit model. Pediatr Res 65: 537–541, 2009. doi:10.1203/
PDR.0b013e31819da21b.

31. Wheeler K, Wallace M, Kitchen M, te Pas A, Fouras A, Islam M,
Siew M, Lewis R, Morley C, Davis P, Hooper S. Establishing lung
gas volumes at birth: interaction between positive end-expiratory
pressures and tidal volumes in preterm rabbits. Pediatr Res 73: 734–
741, 2013. doi:10.1038/pr.2013.48.

32. Celebi MY, Alan S, Kahvecioglu D, Cakir U, Yildiz D, Erdeve O,
Arsan S, Atasay B. Impact of prophylactic continuous positive air-
way pressure on transient tachypnea of the newborn and neonatal
intensive care admission in newborns delivered by elective cesar-
ean section. Am J Perinatol 33: 99–106, 2015. doi:10.1055/s-0035-
1560041.

33. Miserocchi G, Poskurica BH, Del Fabbro M. Pulmonary interstitial
pressure in anesthetized paralyzed newborn rabbits. J Appl Physiol
(1985) 77: 2260–2268, 1994. doi:10.1152/jappl.1994.77.5.2260.

34. Demirel G, Uras N, Celik IH, Canpolat FE, Dilmen U. Nasal intermit-
tent mandatory ventilation versus nasal continuous positive airway
pressure for transient tachypnea of newborn: a randomized, pro-
spective study. J Matern Fetal Neonatal Med 26: 1099–1102, 2013.
doi:10.3109/14767058.2013.766707.

35. Dumas De La Roque E, Bertrand C, Tandonnet O, Rebola M,
Roquand E, Renesme L, Elleau C. Nasal high frequency percussive
ventilation versus nasal continuous positive airway pressure in tran-
sient tachypnea of the newborn: a pilot randomized controlled trial
(NCT00556738). Pediatr Pulmonol 46: 218–223, 2011. doi:10.1002/
ppul.21354.

36. Gizzi C, Klifa R, Pattumelli MG, Massenzi L, Taveira M, Shankar-
Aguilera S, De Luca D. Continuous positive airway pressure and the
burden of care for transient tachypnea of the neonate: retrospective
cohort study. Am J Perinatol 32: 939–943, 2015. doi:10.1055/s-
0034-1543988.

37. Osman AM, El-Farrash RA, Mohammed EH. Early rescue neopuff
for infants with transient tachypnea of newborn: a randomized con-
trolled trial. J Matern Fetal Neonatal Med 32: 597–603, 2019.
doi:10.1080/14767058.2017.1387531.

38. Polglase GR, Morley CJ, Crossley KJ, Dargaville P, Harding R,
Morgan DL, Hooper SB. Positive end-expiratory pressure differen-
tially alters pulmonary hemodynamics and oxygenation in ventilated,
very premature lambs. J Appl Physiol (1985) 99: 1453–1461, 2005.
doi:10.1152/japplphysiol.00055.2005.

RESPIRATORY SUPPORT IN NEWBORNS WITH ELEVATED AIRWAY LIQUID

1008 J Appl Physiol � doi:10.1152/japplphysiol.00918.2020 � www.jap.org
Downloaded from journals.physiology.org/journal/jappl at Leids Univers Medisch Centrum (132.229.026.170) on July 26, 2022.

https://www.nhmrc.gov.au/about-us/publications/australian-code-care-and-use-animals-scientific-purposes#block-views-block-file-attachments-content-block-1
https://www.nhmrc.gov.au/about-us/publications/australian-code-care-and-use-animals-scientific-purposes#block-views-block-file-attachments-content-block-1
https://www.nhmrc.gov.au/about-us/publications/australian-code-care-and-use-animals-scientific-purposes#block-views-block-file-attachments-content-block-1
https://doi.org/10.1371/journal.pone.0093391
https://doi.org/10.1088/1748-0221/5/02/T02002
https://doi.org/10.1152/japplphysiol.91526.2008
https://doi.org/10.1152/japplphysiol.91526.2008
https://doi.org/10.1136/archdischild-2017-312681
https://doi.org/10.1152/japplphysiol.01043.2015
https://doi.org/10.1038/pr.2016.59
https://doi.org/10.1088/0031-9155/53/21/012
https://doi.org/10.1088/0031-9155/53/21/012
https://doi.org/10.1088/0031-9155/60/18/7259
https://doi.org/10.1364/BOE.5.004024
https://doi.org/10.1161/CIR.0000000000000276
https://doi.org/10.1203/PDR.0b013e31819da21b
https://doi.org/10.1203/PDR.0b013e31819da21b
https://doi.org/10.1038/pr.2013.48
https://doi.org/10.1055/s-0035-1560041
https://doi.org/10.1055/s-0035-1560041
https://doi.org/10.1152/jappl.1994.77.5.2260
https://doi.org/10.3109/14767058.2013.766707
https://doi.org/10.1002/ppul.21354
https://doi.org/10.1002/ppul.21354
https://doi.org/10.1055/s-0034-1543988
https://doi.org/10.1055/s-0034-1543988
https://doi.org/10.1080/14767058.2017.1387531
https://doi.org/10.1152/japplphysiol.00055.2005
http://www.jap.org

