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Abstract Measurements and Main Results: DynPEEP significantly
improved dynamic compliance (P < 0.0001). An SI, but

Rationale: The preterm lung is susceptible to injury during not DynPEEP or No-RM, resulted in preferential

transition to air breathing at birth. It remains unclear whether rapid nondependent lung aeration that became less uniform with time

or gradual lung aeration at birth causes less lung injury. (P =0.0006). The nondependent lung was preferential ventilated

s . . . by 5 minutes in all groups, with ventilation only becoming uniform
ijectlves. To examine the effect of gradual and rapid aerationat s o No-RM and DynPEEP groups. Al strategies
birth on: 1) the spatiotemporal volume conditions of the lung; and

; - generated similar nondependent lung injury patterns. Only
2) resultant regional lung injury.

an SI caused greater upregulation of dependent lung
gene markers compared with unventilated fetal controls

Methods: Preterm lambs (125 * 1 d gestation) were randomized at
(P<0.05).

birth to receive: 1) tidal ventilation without an intentional
recruitment (no-recruitment maneuver [No-RM]; n=19); 2)
sustained inflation (SI) until full aeration (n = 26); or 3) tidal
ventilation with an initial escalating/de-escalating (dynamic) positive
end-expiratory pressure (DynPEEP; n =26). Ventilation thereafter
continued for 90 minutes at standardized settings, including PEEP of
8 cm H,0. Lung mechanics and regional aeration and ventilation
(electrical impedance tomography) were measured throughout and ~ Keywords: preterm; respiratory transition; lung injury; sustained
correlated with histological and gene markers of early lung injury. inflation; lung mechanics

Conclusions: Rapidly aerating the preterm lung at birth creates
heterogeneous volume states, producing distinct regional injury
patterns that affect subsequent tidal ventilation. Gradual
aeration with tidal ventilation and PEEP produced the least lung
injury.
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At a Glance Commentary

Scientific Knowledge on the
Subject: From the first inflations at
birth, the preterm lung is particularly
prone to injury. It has been proposed
that emulating the respiratory
transition of term infants by rapidly
aerating the lung using an initial
sustained inflation (SI) may be
beneficial in preterm infants. Clinical
and preclinical studies comparing SI to
gradual aeration of the lung using tidal
inflations and positive end-expiratory
pressure (PEEP) have been
inconclusive. An understanding of the
impact of aeration strategy on regional
aeration, ventilation, and resultant lung
injury is lacking.

What This Study Adds to the
Field: Gradual aeration at birth results
in more uniform aeration and
ventilation and better lung mechanics
than an SI if supported with sufficient
end-expiratory pressure. An SI
preferentially aerated the
nondependent lung at birth, and led to
inhomogeneity of ventilation and
aeration and emergence of early injury
markers in the dependent lung not seen
with gradual aeration. The existing
clinical focus on rapid and complete
lung aeration as the first priority at
birth may be causing unintentional
harm. Gradual aeration during tidal
ventilation with sufficient PEEP is
more protective.

The initial respiratory transition to air
breathing after birth is a complex process of
aeration requiring: I) rapid clearance of
fetal lung fluid; 2) the establishment of an
effective FRC; and 3) initiation and
maintenance of tidal ventilation (1-3).
Spontaneously breathing infants born at
term are highly successful at making this
transition, aided by initial high driving
pressures and long inspiratory times to
overcome the prolonged time constant and
high resistance of the fluid-filled respiratory
system (4-6), followed by sufficient end-
expiratory pressure to prevent fluid influx
back into the alveoli (1). Preterm infants,
on the other hand, often cannot transition
to air breathing independently, and
resuscitative assistance, including positive-
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pressure ventilation (PPV), is required.
Furthermore, the developmental stage of
the preterm respiratory system at birth
predisposes to atelectasis and heterogeneity
of ventilation, both known to be associated
with lung injury when combined with
artificial ventilation (7-10). Delivery

room care of the preterm infant is thus
increasingly focused on facilitating effective
respiratory transition while also minimizing
early lung injury (2).

Replicating the long inspiratory times
observed in term infants has formed the
rationale for a positive-pressure sustained
lung inflation (SI) to initially aerate the
preterm lung at birth (1, 11). In rabbit pups,
an initial SI results in quicker aeration than
tidal ventilation (12, 13), but aeration is
similar by 15 minutes of life if sufficient
positive end-expiratory pressure (PEEP) is
applied (13). These studies were not
designed to assess clinical or injury
outcomes, and subsequent, longer-duration
studies in preterm lambs have been
inconclusive (7, 8, 14-17), with some
raising concerns of increased lung
injury after SI (9, 18). We recently
demonstrated in preterm lambs that a
transient stepwise escalation then de-
escalation of PEEP during tidal ventilation
at birth improved short-term clinical
outcomes compared with an SI optimized
to aeration response (7). This approach
aims to attain aeration gradually over
time during a series of PEEP-supported
tidal inflations, rather than rapidly
with pressure during the first inflation
(8, 16).

Preterm lung injury is complex, being
multifactorial in causation and, once
initiated, unpredictably worsened by
ongoing ventilation (2, 19, 20).
Fundamentally, acute preterm lung injury is
an interaction between the immature
developmental state of the lung and the
volume conditions (such as volutrauma and
atelectasis) created at a regional level during
respiratory support (21-23). This concept
of regional volume-injury interactions has
not been investigated in the preterm lung at
birth, with existing studies limited to global
measures (9, 15, 24), perhaps explaining the
inconclusive outcomes of existing studies.
We hypothesize that: I) the developmental
state and regional inhomogeneities of the
preterm lung are not conducive to the rapid
forced aeration such as occurs during an SI;
and 2) gradual aeration using tidal
inflations combined with an optimal PEEP

strategy is more lung protective than
application of an SL

The specific aims of this study were to
determine the independent effect of PEEP,
tidal ventilation, and SI at birth on: 1) the
volumetric conditions of the lung; and 2)
subsequent early development of regional
lung injury in the preterm lamb lung. Some
of the results of these studies have been
previously reported in abstract form (25),
and some of the lambs have been used
across other studies (26).

Methods

A detailed methodology can be found in
the online supplement. The study was
approved by the Murdoch Children’s
Research Institute Animal Ethics Committee.

Experimental Instrumentation

Lambs (125 =1 d preterm) born by
Cesarean section to date-mated,
betamethasone-treated ewes were
instrumented before delivery, including
applying a custom-built electrical
impedance tomography (EIT) belt around
the chest, as described in detail previously
(27, 28). Spontaneous breathing was
suppressed from birth with ketamine and
midazolam infusions.

Measurements

Airway pressure, gas flow, and VT at the
airway opening (Florian; Acutronic Medical
Systems AG) were measured continuously
from birth (200 Hz). Global and regional
lung volume changes were acquired by EIT
(Pioneer System; Swisstom AG) at 48
scans/s (27-29). Arterial blood analysis was
performed at 5 minutes and every 15
minutes from birth.

Recruitment Strategies

Lambs were randomly assigned before
delivery to receive one of the following lung
recruitment strategies at birth with Fig, held
at 0.3.

Tidal ventilation without a recruitment
maneuver group. PPV (SLE5000; SLE Ltd.)
in volume-targeted ventilation (VIV) mode
at PEEP 8 cm H,O0, inspiratory time of 0.4
seconds, a rate of 60 inflations per minute,
set VT of 7 ml/kg, and peak inspiratory
pressure (PIP) of 35 cm H,O.

SI group. SI was maintained at 35 cm
H,O until 10 seconds after achievement of
a volume plateau on the EIT display
(maximum, 180 s) (7, 18, 27).
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Dynamic stepwise PEEP group.
Commencing at 6 cm H,O during
PPV + VTV (Vt, 7 ml/kg; maximum PIP,
35 cm H,0), PEEP increased by 2 cm H,0
every 10-15 inflations during PPV until no
further gain in dynamic compliance (Cdyn;
14-20 cm H,O; maximum PEEP), and then
similarly decreased to a final PEEP of 8 cm
H,O (170-180 s total duration) (7, 8).

On completion of the SI or dynamic
stepwise PEEP (DynPEEP), PPV + VTV
was commenced as per the no-recruitment
maneuver (No-RM) group (7, 27).

General Management after Birth
Lambs were ventilated for 90 minutes,
with poractant alfa 200 mg/kg (Chiesi
Farmaceutici SpA) administered at 10
minutes, and Fip, and VTV titrated to
maintain an oxygen saturation as measured
by pulse oximetry of 88-94% and a Paco, of
40-60 mm Hg after the first arterial gas
measurement. At 90 minutes, a lethal dose
of pentobarbitone was administered and a
static in vivo pressure-volume curve
generated from atmosphere to 35 cm H,0
(7, 8, 14, 18, 27). An additional 16
(8/season) gestation-matched lambs were
killed at delivery as unventilated controls
(UVC) for injury analysis comparison.

Data Acquisition and Analysis
Physiological, Cdyn, and ventilation
parameters were recorded (LabChart; AD
Instruments) and analyzed at key time
points along with EIT data (8). Timecourse
EIT image data were reconstructed using an
anatomically correct, custom-built lamb
algorithm (30, 31) filtered to the respiratory
domain (IBEX software package; Swisstom)
(27-29). Change in end-expiratory volume
(AEEV) and VT were calculated from the
trough and amplitude of the tidal
timecourse EIT signal, respectively (7, 18).
Within all the included lung regions
(termed “global” signal), AEEV from the
preaerated state was calibrated from the
static pressure-volume curve. Relative
AEEV within the gravity-dependent and
nondependent regions was determined
from the raw data and weighted to the
known pixel contribution of each region
(18, 27). The ventral-dorsal center of
ventilation (CoV) was used to define the
spatiotemporal distribution of VT (30).
Representative functional images of
ventilation are provided in Figure E1 in the
online supplement.
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Lung Injury Analysis

Immediately after animals were killed, the
lungs were removed en bloc. Protein
concentration of left lung BAL fluid was
determined using the Lowry and colleagues
method (32). The right upper lobe was
inflation fixed at 20 cm H,O with 4%
paraformaldehyde and hematoxylin and
eosin-stained, and five standardized
sections from each of the dependent and
nondependent zones assessed using
standardized criteria (8, 18, 33). Lung tissue
samples were collected from the gravity-
dependent and nondependent zones of
the right lower lobe and mRNA expression
of six early biomarkers of lung injury
determined using the 2~ 4" method, as
previously described (34).

Statistical Analysis

Based on our previous studies, 20-26
lambs/group were bred to allow comparison
of regional injury expression between
groups and lung regions (power =0.8;

a error =0.05) (7). After normality testing,
data were analyzed with appropriate
parametric or nonparametric tests (PRISM
6; GraphPad Software Inc.). A P value less
than 0.05 was considered significant.

Results

A total of 87 lambs was studied and included
in the analysis. The groups were well
matched other than fewer singletons in the
DynPEEP group (Table 1). One ewe (twin;
No-RM and DynPEEP) had a period of
hypoxia during anesthetic induction, but
fetal blood gas analysis was normal at
delivery. Three lambs (one per intervention
group) developed a pneumothorax during
the super-syringe pressure-volume
procedure at 35 cm H,O. The mean (SD)
maximum PEEP was 17.9 (2.9) cm H,O
during the DynPEEP measurement.

Gas Exchange, End-Expiratory
Volume, Lung Mechanics, and
Ventilator Parameters

Overall, there was no difference in
alveolar-arterial difference in oxygen
(Figure 1A; P=0.39, repeated-measures
ANOVA), but both time (P < 0.0001)

and the use of DynPEEP (P =0.008)
significantly improved oxygenation. There
was no difference in global AEEV between
the groups (Figure 1B), with all groups
demonstrating an increase in EEV between

5 and 30 minutes (all P < 0.005; one-way
ANOVA with Tukey post hoc test). Cdyn
was significantly higher after surfactant

in the DynPEEP group compared with the
SI and No-RM groups (P < 0.0001;

Figure 1C), despite Cdyn being lower at
birth and thus before the recruitment
maneuver in this group. Correspondingly,
PIP — PEEP at 90 minutes of life was 7 cm
H,O and 3 cm H,O less than the SI and
No-RM groups (Figure 1D; P < 0.0001).
Delivered VT during the first 5 minutes was
lower in the DynPEEP group than in the SI
and No-RM groups (Figure 1E; P=0.029),
with no differences thereafter. Paco, was
similar for all groups (Figure 1F).

Spatiotemporal Aeration and
Ventilation

Figure 2 shows the gravity-dependent
spatiotemporal pattern of relative aeration
and ventilation during the study. There
was no change in relative aeration over
time in the no-RM group, which
approached uniformity throughout the
study (Figure 2A). Immediately after the
DynPEEP maneuver (5 min of life),
aeration was preferentially distributed
toward the dependent lung, becoming more
uniform with time (P=0.0019; paired
Student’s ¢t test). The SI resulted in
significantly greater relative aeration in the
nondependent lung than in the dependent
lung. Unlike the other groups, in the SI
group, this heterogeneity of aeration
increased with time (P=0.006), and
exhibited more intersubject variability at
each time point.

At 5 minutes, there was no difference in
the gravity-dependent distribution of VT,
with all groups demonstrating preferential
ventilation toward the nondependent lung
(Figure 2B). By 90 minutes, VT had become
more uniform in the No-RM and DynPEEP
groups. VT remained relatively greater in
the nondependent lung in the SI group
(Figure E1). CoV in the SI group was a
mean (95% confidence interval) of 1.6
(0.07-2.24)% (No-RM) and 2.42
(1.48-3.36)% (DynPEEP) further from the
value representing uniform ventilation at
90 minutes (CoV of 59%; paired Student’s
t test).

The proportion of lung regions without
any tidal ventilation (all located in
peripheral/distal lung) was greater in the SI
group at 5 minutes than at 90 minutes
(Figure 2C; mean difference =1.4
[0.2-2.6]%). There was no difference in the
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Table 1. Subject Characteristics

Umbilical Cord Gas 90-Min Arterial Gas
Analysis Analysis
Birth Lung Fluid 90-min Static Pag Pag
Characteristics n Weight (kg) Plurality (S:T) Sex (F:M) Drained (ml/kg) Crs (mi/kg/cm H,0) pH (mm ﬁg) pH (mm lz-lg)
No-RM 19 3.31(0.498) 3:16 11:8 17.8 (7.1) 1.31 (0.23) 7.33 (0.05) 27.0 9.4) 7.27 (0.09) 47.4 (11.3)
SI 26 3.28 (0.52) 8:19 7:19* 16.1 (6.4) 1.21 (0.25) 7.36 (0.06) 26.9 (5.5) 7.24 (0.08) 48.5 (9.5)
DynPEEP 26 3.36 (0.40) 1:257 14:12 16.7 (3.8) 1.24 (0.17) 7.37 (0.07) 26.8 (3.1) 7.24 (0.05) 46.1 (6.3)
uvec 16 3.65 (0.26) 2:14 9:7 N/A N/A 7.32 (0.06) 22.5 (4.8) N/A N/A

Definition of abbreviations: Crs = static respiratory system compliance (terminal); DynPEEP = dynamic stepwise positive end-expiratory pressure; N/A = not
applicable; No-RM = no-recruitment maneuver; S =singleton; Sl = sustained inflation; T = twin/triplet; UVC = unventilated control.

All data are shown as mean (SD) or ratios. Gestational age, 125 (*£1) days.

*P=0.06 versus other groups (chi-square).

TP < 0.001 versus other groups (chi-square).

no-RM and DynPEEP groups at 5 and 90 P < 0.05; Kruskal-Wallis test with Dunn’s Lung Histology

minutes. post hoc test). CTGF and EGRI1 expression  There was no difference in the regional
was also lower in the DynPEEP group pattern of total airway space or alveolar wall
Molecular Pattern of Regional Injury compared with the SI and No-RM groups.  thickness at 90 minutes between the three
In the nondependent lung (Figure 3), all In the dependent lung, only the SI group intervention groups (Figures 5A and 5B).
three interventional groups demonstrated  had significantly greater relative gene Alveolar area was similar within each
greater expression of the six gene markers  expression than UVC, except for IL-8 region for the UVC, SI, and DynPEEP
of early lung injury initiation at 90 minutes  expression in the DynPEEP group groups, and in each case less than for No-
when compared with the UVC group (all (Figure 4). RM (Figure 5C; P=0.0011; [nondependent]
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Figure 1. (A) Alveolar—arterial difference in oxygen (AaDo,), (B) global change in end-expiratory volume from preaeration state (change in end-expiratory
volume [AEEV]), (C) dynamic compliance (Cdyn), (D) pressure amplitude (peak inspiratory pressure — positive end-expiratory pressure [AP)), (E) VT, and (F)
Paco, after the no-recruitment maneuver (No-RM; solid circles), dynamic stepwise positive end-expiratory pressure (DynPEEP) (open circles), and
sustained inflation (SI; solid diamonds) strategies. (A-E) Dotted vertical line: timing of exogenous surfactant administration. (F) Horizontal dotted lines:
target Paco, range. Intergroup differences: all P <0.05 (two-way repeated measures ANOVA with Tukey post hoc tests); *SI versus DynPEEP, **SI and
No-RM versus DynPEEP (including at time point O min in C), and TSI versus DynPEEP and No-RM. All data are presented as mean = SD.
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Figure 2. (A) Relative distribution of aeration at 5 minutes (solid circles) and 90 minutes (open circles) of life expressed as the ratio of measured aeration to
ideal aeration distribution within the lung. A value of 1.0 indicates that aeration is distributed evenly throughout the lung after accounting for the anatomic
shape of the lungs within the image slice. A value greater than 1.0 indicates relatively greater aeration in the nondependent lung (27, 30). (B) Center of
ventilation (CoV) within the ventral-dorsal plane (same time points and symbols as in A), expressed as a percentage of chest height from most
nondependent (0%) to most dependent (100%) regions of the chest (29). Anatomically uniform CoV for tidal ventilation occurs at 59% (dashed horizontal
line), with values less than 59% representing VT preferentially distributed toward the nondependent lung (8). (C) Proportion of lung without any apparent VT
at the same time points and symbols as in A. *Values differ between 5 and 90 minutes (P < 0.05, paired Student's ¢ tests); Tsustained inflation (SI) and
dynamic stepwise positive end-expiratory pressure (DynPEEP) groups differ at same time point (P < 0.05, one-way ANOVA). All data are presented as
mean * SD. No-RM = no-recruitment maneuver.

and P=0.0005 [dependent], one-way lung (P=0.063). Left lung lavage fluid initiation of respiratory support at birth.
ANOVA). All three interventional groups  protein was not different between the We identified significant regional
had a greater number of detached epithelial ~ groups and UVC (P=0.34, one-way differences in lung injury after the use of an
cells in the nondependent lung than in the ~ANOVA; Figure E2). SI compared with PEEP-supported tidal
dependent lung (Figure 5D; all P < 0.05, ventilation in our steroid-exposed and
paired Student’s ¢ test). Within the Discussion surfactant-treated apneic preterm lambs.
nondependent lung, the SI group had more Although all respiratory strategies initiated
detached epithelial cells than the other This is the first study that defines the similar injury in the nondependent lung, an
groups (P=0.0003, one-way ANOVA). regional spatiotemporal volume-injury SI generated greater expression of early
There was no difference in the dependent  interactions in the preterm lung after injury markers in the gravity-dependent
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Figure 3. Relative gene expression of CYR67, CTGF, EGR1, IL-1B, IL-6, and IL-8 at 90 minutes of life in the non—gravity-dependent hemithorax for the
three interventional strategies and an unventilated fetal control (UVC) group. Intergroup differences: P < 0.05, Kruskal-Wallis test with Dunn’s post hoc
tests: *UVC versus the three intervention groups and Tsustained inflation (S) and no-recruitment maneuver (No-RM) versus the other two groups. All data
are presented as median + interquartile range. DynPEEP = dynamic stepwise positive end-expiratory pressure.
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Figure 4. Relative gene expression of CYR61, CTGF, EGR1, IL-1B, IL-6, and IL-8 at 90 minutes of life in the gravity-dependent hemithorax for the three
interventional strategies and an unventilated fetal control group (UVC). Intergroup differences: P < 0.05, Kruskal-Wallis test with Dunn’s post hoc tests:
*sustained inflation (SI) versus UVC, dynamic stepwise positive end-expiratory pressure (DynPEEP), and no-recruitment maneuver (No-RM), and TSI and
DynPEEP versus UVC. All data are presented as median + interquartile range.

lung regions by 90 minutes of life.
Importantly, these injury events were
explained by the spatiotemporal differences
in regional aeration and ventilation
induced by each recruitment strategy.
Specifically, rapidly aerating the
developmentally immature preterm lung with
an SI does not generate uniform aeration.
This evolved with, and impacted, continuing
PPV, and, by study conclusion, produced
regionally distinct injury events. Our study
demonstrates that application of sufficient
PEEP is the most important, effective,

and safe way to facilitate respiratory
transition at birth.

Enthusiasm for an SI as a method of
assisting respiratory transition in the
preterm newborn has been stimulated by:
1) the appreciation that healthy term
infants transition with the aid of deep and
prolonged inspirations and high
intrathoracic pressures (4-6), coupled with
2) phase-contrast imaging data from rabbit
pups demonstrating more rapid airway
fluid clearance with an SI than with PPV
alone (12, 13). Importantly, these imaging
studies were not designed to examine
volume-injury interactions. Our study, in a
different species in which lung fluid was
partially cleared by passive drainage, and in
which antenatal corticosteroids and
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exogenous surfactant were given, did not
find a functional benefit of SI. The longer
study duration also allowed the regional
volume-injury interactions to unfold.
Despite an attempt to minimize inadequate
aeration or excessive pressure exposure by
individualizing the SI duration to the
mechanical state of the lung (7, 18, 27),
aeration and ventilation responses were
most variable and also least uniform using
an SI. This conferred no clinical benefit
over PPV with PEEP from birth, despite
the DynPEEP group having worse lung
mechanics at birth. The canalicular/
saccular developmental state of the
preterm lung is not prepared for aeration,
and emulating the rapid aeration process
that occurs in the alveolarized term lung
exposes the lung to pressure and volume
conditions that initiate injury. This
suggests that focusing on rapid and
complete lung aeration as the first priority
at birth causes unintentional harm. We
contend that the developmental
differences in lung morphology between
the extremely preterm lung and the
healthy term lung, combined with greater
regional variability in time constants
within the surfactant-deficient preterm
lung, necessitate a different approach to
facilitate aeration at birth.

To our knowledge, this study is the first
designed and powered to evaluate the
manifestations of regional lung injury
during the respiratory transition
immediately after birth. Crucially, all
strategies initiated injury in the
nondependent lung, highlighting that some
form of injury is inevitable after positive
pressure support to the apneic preterm lung.
The non-gravity-dependent lung regions
are preferentially ventilated in the
surfactant-deficient lung at birth, and thus
likely to receive most of any delivered
volume during the initial respiratory
transition, with the potential for
inadvertent overdistension (2). It has
previously been proposed that ventilation
should commence with a small VT, which is
then gradually increased as aeration
progresses through the lung, to avoid
volutrauma (2). Interestingly, DynPEEP,
which used lower Vr during the escalating
PEEP phase, was the only strategy with
relative aeration favoring the dependent
lung at 5 minutes of life. DynPEEP also had
the best Cdyn, oxygenation, surfactant
response, and, subsequently, lower PIP
needs, as well as the lowest expression of
EGRI and CTGF in the nondependent
lung. The benefits of a DynPEEP approach
at birth may be due to the dual effect of
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Figure 5. Histological injury assessment at 90 minutes of life in the nondependent (solid bars) and
dependent (open bars) hemithoraces for the no—recruitment maneuver (No-RM), sustained inflation
(Sl), and dynamic stepwise positive end-expiratory pressure (DynPEEP) strategies, and unventilated
fetal controls (UVCs). (A) Total airway space, (B) alveolar wall thickness, (C) alveolar area, and (D)
detached epithelial cells (hnumber per high power field). Intergroup differences: *difference between
dependent and nondependent regions within a strategy (P < 0.05, paired Student’s t tests), and
Ta difference between that strategy and all other strategies, including UVC (P < 0.05, one-way
ANOVA with Tukey post hoc tests). All bars are presented as mean + SD.

PEEP-mediated aeration (16, 35) and lower
VT delivery related to reduced PIP — PEEP
during the PEEP escalation phase. Our
findings add increasing weight to the need
for clinical investigation of PEEP levels in
the delivery room, specifically the use of a
dynamic PEEP approach targeting an initial
high PEEP to facilitate aeration (1, 8, 16).

Although clinical studies have shown
promising short-term outcomes from an SI
(35), the recent finding of higher early
mortality after an SI in the SAIL (Sustained
Aeration of Infants Lungs) Trial (37, 38)
has raised concern that an SI may have an
injury-provoking effect. Bjorklund and
coworkers (19, 20) found that widespread
lung injury could be initiated in preterm
lambs after a single large SI at birth
intentionally designed to initiate
volutrauma. Even with an SI designed to
minimize inadvertent exposure to high
volumes, greater injury occurs compared
with tidal ventilation. Our use of EIT
demonstrated that an SI created a more
heterogeneous, and less predictable,
aeration pattern in the lung, with
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concomitant dependent lung atelectasis and
nondependent lung overdistension,
respectively. Previous studies of regional
aeration patterns after an SI have used
rabbit pups under 40 g, in which size limits
the exhibition of gravity-dependent
aeration differences (13, 39). The
heterogeneity of aeration and ventilation
after an SI was not only gravity dependent,
but also associated with less peripheral lung
ventilation. We propose that an SI
preferentially aerates regions with better
mechanics (the nondependent lung and
regions closer to major airways),
potentiating injury within these regions
because of the continuous stretch associated
with the long exposure to a high distending
pressure. The failure to aerate less
compliant (dependent) regions results in
atelectasis. More worryingly, the lack of
temporal improvement in dependent lung
ventilation in the SI group, and impaired
Cdyn response to surfactant, indicates that
the heterogeneous injury response likely
increases with time. This sequence of events
may provide a rationale for the early

adverse outcomes observed after an SI in
the SAIL Trial.

Irrespective of how aeration is
achieved, respiratory transition extends
beyond the first few inflations, and is always
via tidal ventilation (1). Our study adds
considerable weight to the argument that
focusing on the ongoing process of
supporting ventilation during the
respiratory transition is more important
than the initial aeration events (7). Critical
to the lung-protective benefits of PPV-
mediated aeration was the use of PEEP to
prevent aeration loss via intra-alveolar fluid
influx during expiration. Most preterm
infants attempt to breathe after birth (40),
but periods of glottic closure are common,
and may impede pressure delivery (1). As
PEEP can be applied over long periods
during spontaneous and positive-pressure
inflations, and during noninvasive and
intubated support, it has practical
advantages over a single SI. Both our
strategies used PEEP values that would be
considered high compared with other
preterm lamb studies (9, 10, 12, 13, 17),
but have previously been shown to be
optimal (16, 41). Based on our recent work
(7), the lack of injury difference between
the No-RM and DynPEEP groups was
surprising. Unlike our previous studies,
we used steroid-exposed and surfactant-
treated lambs, which more closely reflects
clinical practice. Our study adds
further experimental evidence to support
PEEP as the most important respiratory
support parameter in the delivery
room (10), despite a lack of robust
clinical data.

Limitations

The limitations of EIT are well described
(30). EIT is currently the only method of
assessing regional ventilation and aeration
patterns easily and repeatedly over long
periods of time, but is limited to a single
cross-sectional plane that is changing (30).
The use of a reconstruction algorithm
reduces, but does not totally ameliorate,
shape deformation (30). In mechanically
ventilated neonates, assessment of cross-
sectional change in lung volume measured
with EIT has been shown to be
representative of whole-lung volume (42).
The use of anatomically correct image
reconstruction algorithms reduces, but does
not completely ameliorate, the chance of
measuring non-lung tissue (30, 31). We
limited our assessment of lung injury to the
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events initiating injury, and used previously
reported molecular and histological
measures (24, 34, 43), albeit assessed in
different lobes of the right lung, limiting
comparison. These measures cannot be
assumed to predict later chronic lung
disease outcomes, and the a priori choice of
measures may have missed other injury
pathways. Our study was comparable with
others in this field (10, 17, 43), in that the
lambs were anesthetized, intubated, and
managed with a cuffed endotracheal tube
to ensure accuracy of measurements,
inconsistent with clinical practice. It is
likely that different aeration and
ventilation patterns would occur during
facemask support during spontaneous
breathing. The absolute pressure and
volume settings used in this study were

based on values found to be optimal in our
previous preterm lamb studies (7, 8, 11,
16), but should not be directly translated
to the preterm human infant. Human
infants are likely to need lower PEEP, VT,
SI duration, and inflating pressures.

Conclusions

Irrespective of strategy, PPV from birth
initiates nondependent lung injury in the
preterm lamb. In contrast to tidal
ventilation, especially combined with
dynamic PEEP, the use of an SI generates the
least-uniform lung aeration, causing
complex early regional injury patterns that
are potentiated by ongoing PPV. Our study
challenges the emphasis on rapid lung
aeration at birth, suggesting that any
short-term gains translate into long-term

risk, and that achieving aeration gradually
may be safer. PEEP remains the most
important parameter for supporting the
preterm lung at birth, and supporting tidal
ventilation using adequate PEEP is the most
effective method of achieving aeration while
maximizing lung protection at birth.
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