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Background: High frequency oscillatory ventilation (HFOV) is considered a lung

protective ventilation mode in preterm infants only if lung volume is optimized. However,

whilst a “high lung volume strategy” is advocated for HFOV in preterm infants this strategy

is not precisely defined. It is not known to what extent lung recruitment should be pursued

to provide lung protection. In this study we aimed to determine the relationship between

the magnitude of lung volume optimization and its effect on gas exchange and lung injury

in preterm lambs.

Methods: 36 surfactant-deficient 124–127 d lambs commenced HFOV immediately

following a sustained inflation at birth and were allocated to either (1) no recruitment

(low lung volume; LLV), (2) medium- (MLV), or (3) high lung volume (HLV) recruitment

strategy. Gas exchange and lung volume changes over time were measured. Lung injury

was analyzed by post mortem pressure-volume curves, alveolar protein leakage, gene

expression, and histological injury score.

Results: More animals in the LLV developed a pneumothorax compared to both

recruitment groups. Gas exchange was superior in both recruitment groups compared

to LLV. Total lung capacity tended to be lower in the LLV group. Other parameters of lung

injury were not different.

Conclusions: Lung recruitment during HFOV optimizes gas exchange but has only

modest effects on lung injury in a preterm animal model. In the HLV group aiming at a

more extensive lung recruitment gas exchange was better without affecting lung injury.

Keywords: preterm infant, mechanical ventilation, high frequency ventilation, neonate, respiratory distress

syndrome, ventilator induced lung injury

INTRODUCTION

Despite the increasing use of non-invasive respiratory support ∼45% of preterm infants < 28
weeks of gestation still require invasivemechanical ventilation (1). Althoughmechanical ventilation
improves respiratory function it often results in secondary ventilator induced lung injury (VILI).
VILI is considered one of the major risk factors in the development of bronchopulmonary dysplasia
(BPD) (2, 3).
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Alveolar overdistension resulting from large tidal volumes
(volutrauma) during mechanical ventilation has been identified
as a risk factor for VILI. For this reason, high-frequency
oscillatory ventilation (HFOV), which by design delivers tidal
volumes smaller than dead space, is considered a lung protective
ventilation mode (4, 5). HFOV is now most often used as a
rescue therapy in preterm infants when other modalities have
failed or create unacceptable injury potential (6). However,
lung protection during HFOV can only be obtained if existing
atelectasis is reversed. This has been shown in the meta-analysis
of large trials of preterm infants receiving first-intention HFOV,
which conclusively show that a high-lung volume strategy is
needed for HFOV to be safe and efficacious (7, 8). A limitation
of these meta-analyses has been providing clinicians with a
clear definition of a high-lung volume strategy. This has led to
considerable variation in clinical practice, which may explain the
discrepancy in lung protective benefit between animal studies
and randomized trials (4, 7–10).

The original evidence demonstrating the need for a high-
lung volume strategy during HFOV arose from a single animal
study using an adult rabbit saline lung lavage model of surfactant
deficiency (4). In this pivotal study, McCulloch et al. showed
that applying HFOV with a higher end expiratory lung volume
(EELV) resulted in less lung injury than HFOV with lower EELV
(5). Notwithstanding the impact this study has had on HFOV
clinical evolution, lung injury initiation, and consequences
are different in the developmentally immature preterm lung.
Furthermore, lung volume was not measured in this study, with
volume defined by oxygen response, a common clinical practice
now. As such it is unknown to what volume extent a high-
lung volume strategy, and by extension clinical strategy of lung
recruitment, should be pursued: if EELV is too low residual
atelectasis will persist, with overdistension occurring if too high.

The aim of this study is to determine the effect of different
levels of lung volume stabilization, specifically a high and
moderate lung volume, on gas exchange and initiation of VILI
when compared to a low volume strategy without any intentional
recruitment in high-frequency ventilated preterm lambs. We
hypothesize that a higher recruitment level will result in less
residual atelectasis, better gas exchange, and less lung injury.

MATERIALS AND METHODS

The study was performed at the animal research facility of the
Murdoch Children’s Research Institute, Melbourne, Australia
and approved by the Institution’s Animal Ethics Committee in
accordance with guidelines of the National Health and Medical
Research Council of Australia.

Animal Preparation
124–127 d preterm lambs (term 142 d and equivalent to preterm
infants with a gestational age of 24–27 weeks) were delivered via
cesarean section under general anesthesia to date-mated Border-
Leicester ewes who received 11.5mg betamethasone 24 and 48 h
prior to delivery (11, 12). Where possible twin pregnancies were
used, and lambs were randomly allocated before birth to ensure
equal paired-permutations of the three ventilation groups. After

delivery of the fetal head and chest, lambs were instrumented
as previously described (13, 14). This included catheterizing
the carotid artery and external jugular vein, intubation with
a 4.0 cuffed endotracheal tube (ETT) and passively draining
lung liquid (11, 15). Immediately prior to delivery a custom
made 32 electrode electrical impedance tomography (EIT) lamb
belt (Swisstom AG, Lanquart, Switzerland) was placed around
the chest and a 10 s reference EIT recording of the unaerated
lung made (11). Anesthesia and analgesia was initiated with
ketamine and midazolam intravenously at levels that also
suppressed spontaneous breathing throughout the study period.
After delivery, the lamb was weighted and placed in supine
position on a neonatal resuscitation table before the ventilation
protocol was initiated (11, 14).

Ventilation Protocol
Figure 1 details the ventilation protocol. At birth all animals
received a sustained inflation of 35 cmH2O over 45 s with a
fraction of inspired oxygen (FiO2) of 1.0 using NeopuffTM T-
Piece resuscitator (Fisher and Paykel, Health Care, Auckland,
New Zealand) to aerate the fluid-filled lung and establish a
functional residual capacity. This was repeated at 40 cm H2O if
an insufficient response, defined as not obtaining a plateau in
lung volume during the SI, was seen in EELV measured real
time using the Swisstom Pioneer EIT system (11, 14). Then
HFOV (Sensormedics 3100B, Carefusion, Yorba Linda, CA) was
commenced at a continuous distending pressure (CDP) of 14
cmH2O, frequency of 10Hz, inspiration time of 33%, pressure
amplitude of 45 cmH2O, and a FiO2 1.0 (16). After 5min
of HFOV at these settings animals commenced the allocated
ventilation strategy:

(1) Low lung volume strategy (LLV): HFOV at CDP 14
cmH2O without any lung recruitment. This represented the
minimum CDP found to be tolerated in our previous HFOV
study. CDP was only changed (in 2 cm H2O in- or decrements)
if preductal peripheral oxygen saturation (SpO2) was outside the
88–94% target range in FiO2 of 1.0.

(2) Medium lung volume strategy (MLV): An oxygenation
guided lung recruitment strategy aiming to maintain the SpO2

between 88 and 94% in FiO2 ≤ 0.60. Briefly, the CDP was
stepwise increased with 2 cm H2O every 2–3min to recruit
atelectatic lung units. If oxygenation improved due to the reduced
intrapulmonary shunt, the FiO2 was weaned in steps of 0.1 every
2min. The CDP was increased until the FiO2 was≤ 0.60, termed
the openings pressure (CDPo) of the lung. Next, the CDP was
reduced by 2 cm H2O every 2–3min to identify the closing
pressure (CDPc) defined as CDP in which SpO2 fell below 88%
at this FiO2. The lung was re-opened with the known CDPo for
4–5min and HFOV continued at the final CDP (CDPf) defined
as CDPc+2 cm H2O (9, 10, 17).

(3) High lung volume strategy (HLV): An oxygenation
guided recruitment strategy aiming to maintain 88–94% SpO2

target in FiO2 <0.30. The method of determining CDPo, CDPc,
CDPf was the same as MLV except now a FiO2 <0.30 was
targeted. This was the FiO2 that could be achieved in 98% of
preterm infants managed with a similar lung recruitment strategy
(17).
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FIGURE 1 | Overview of the experimental protocol. HFOV is initiated directly after the SI. ABG, arterial blood gas; CDP, continuous distending pressure; HLV, high lung

volume; LLV, low lung volume; M, measurement of physiological, ventilator, haemodynamic, and EIT parameters, MLV, medium lung volume, SI, sustained inflation.

In all three groups, CDP increases were limited to 30 cm H2O
as a previous study from our group confirmed that higher CDPs
resulted in significant hemodynamic compromise in this lamb
population (16).

Following each strategy, all lambs were oscillated at CDPf
for a total of 120min and the pressure amplitude adjusted to
maintain PaCO2 within the normal range (35–45 mmHg). The
CDP was increased in 2 cmH2O pressure steps every 2–5min
if the SpO2 fell below 88%, and similarly decreased if SpO2 was
>94%. Exogenous surfactant was intentionally not administered
as prophylactic or early treatment is no longer advocated.
Furthermore, several groups have adopted an approach to first
recruit the lung and then administer surfactant if indicated
(17, 18). After 120min, the FiO2 was increased to 1.0 for 3min,
the lambs killed by a lethal intravenous dose of pentobarbitone
and the ETT disconnected to atmosphere. An additional fifteen
age-matched fetuses were also euthanized at delivery to act as an
unventilated control (UVC) group for lung injury analysis (12).

Physiological Data Collection and Analysis
Preductal SpO2, heart rate, arterial blood pressure, rectal
temperature (HP48S, Hewlett Packard, Andover, USA), airway
opening pressure and flow (Florian Respiratory Mechanics
monitor, Acutronic AG, Hirzel, Switzerland) and cerebral blood
flow (Transonic ultrasonic flow probe Transonic System, Inc.,
Ithaca, USA) were continuously monitored from birth and
recorded in 15min intervals into a custom built LabChart
template (AD instrument, Colorado Springs, USA) (19). Arterial
blood gasses analyses were performed at 5min after birth, at every
pressure step of the lung recruitment procedure and then 15min
during the 120-min ventilation period.

An in vivo post mortem pressure-volume curve was
reconstructed immediately using the super syringe technique to
maximum pressure of 35 cmH2O (termed total lung capacity;
TLC). Static maximal lung compliance (Cmax) was calculated
from the steepest part of the deflation limb of the pressure-
volume relationship (20).

Pressure and Time Related Analysis
The individual and summarized relationship between SpO2/FiO2

ratio and alveolar-arterial oxygen difference (AaDO2) vs. CDP
and time were determined. To account for different absolute
CDPo values, pressure data was standardized for the MLV and
HLV groups by referencing CDPo as 0 cm H2O.

EIT data was sampled at 48Hz and recorded using STEM
software (Swisstom, Lanquart, Switzerland) with a lamb-specific
finite-element model lung reconstruction algorithm (11, 21).
From these the end expiratory lung impedance (EELI) changes
were extracted and calibrated (ml/kg) using the post mortem
pressure-volume curve to generate EELV data (14). The EIT
data were used to reconstruct the individual- and summarized
pressure-EELV relationships for the OLV groups at the start of
the ventilation period and to plot the summarized time-EELV
curves for all groups. Regional data were generated for the ventral
half of the cross-section (non-dependent lung area) and dorsal
halve (dependent lung area).

Lung Injury Data Collection and Analysis
Total Lung Protein
Bronchoalveolar lavage (BAL) of the left lung was performed and
the alveolar protein concentrations determined using the Lowry
method (22, 23).

RNA Preparation and Quantitative PCR
Standardized lung samples of the lower and upper part of the
right lower lobe were collected and snap frozen in liquid nitrogen.
RNA was extracted from lung tissue using TRIzol (Invitrogen,
Carlsbad, CA, USA) and 0.1 ug RNAwas reverse-transcribed into
complementary DNA. Following previously described methods
using GAPDH as reference gene, different primers were used
to calculate gene expression of connective tissue growth factor
(CTGF), cysteine-rich 61 (CYR61), and early growth factor 1
(EGR1) and pro-inflammatory cytokines interleukins 1ß, 6, and
8 as markers of VILI (24, 25).
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Histological Assessment
For histological evaluation of injury the right upper lung lobe
was fixed at 20 cmH2O in 4% paraformaldehyde. Next, three
standardized gravity dependent regions (lower, middle, and
upper region) were cut, sliced, and stained by hematoxylin
and eosin (H&E) for microscopic VILI scoring. Five fields of
view (FOV)/region were photographed (Leica microsystems,
Germany) and injury measurements performed using ImageJ
software on the following criteria: (1) number of detached
epithelial cells (2) percentage of space occupied by airway, (3)
percentage lung tissue, (4) alveolar septa thickness, (5) alveolar
saccular area, (6) coefficient of variance of alveolar saccular area
(14, 15, 26). Criteria 1 is thought to be a marker of exposure to
increased stretch resulting in damaged cells, while criteria 2, 5,
and 6 can be seen as changes in airway characteristics. Criteria
3 and 4 reflect damage to the lung morphology (27). All lung
injury markers were compared between each intervention and to
the UVC group.

Statistical Analysis
GraphPad PRISM 7 (GraphPad Software, San Diego, USA)
was used for statistical analysis. Data were expressed as
mean and standard deviation or median with interquartile
ranges depending on their distribution. Comparative analysis
between two groups was done using a t-test or Mann-
Whitney test, depending on data distribution. For multiple
group comparison we used a one-way or two-way ANOVA for
repeated measurements with Tukey post-hoc test or Kruskal-
Wallis test with Dunn’s post-hoc test as appropriate. A p < 0.05
was considered to be significant. Based on our previous studies,
a sample size of 8 lambs per group would allow detection of a
difference in AaDO2 of 100 mmHg assuming standard deviation
of 100 mmHg, 80% type 1 error and p 0.05 (11, 12, 14, 15).
Our previous experience with histological assessment of injury
and total lung protein levels have suggested that samples sizes
of 10–12/group and 7–8/group, respectively, are adequate to
determine clinically meaningful differences. A final sample of
12–14 lambs/group was studied to ensure at least 10/group
completed the entire protocol and could be included for injury
analysis.

RESULTS

Animal Characteristics
Thirty-six lambs were studied from which six animals developed
a clinical significant pneumothorax (4 in LLV, 1 MLV, and
1 HLV groups) and died (pentobarbitone injection) prior to
finishing the entire ventilation protocol. These animals were
not analyzed for the outcome measures described, as they
did not finish the 120min of ventilation. As a result, thirty
lambs (10 in LLV, 10 in MLV, and 10 in HLV) were available
for analysis of all pre-specified outcome parameters. There
were no differences between the groups’ clinical characteristics,
although there was a trend to a higher AaDO2 at 5min
after birth in the HLV group (Table 1). Cardiovascular data
showed no difference in heart rate, mean arterial blood pressure

TABLE 1 | Study group characteristics.

Animal

characteristics

Ventilation strategy

UVC

(n = 15)

LLV

(n = 10)

MLV

(n = 10)

HLV

(n = 10)

Gestational age

(days)

126.8

(0.68)

125.7

(1.1)

125.6 (1.4) 125.0 (0.8)

Arterial cord ph 7.30

(0.06)

7.36

(0.04)

7.36 (0.07) 7.39 (0.04)

Arterial cord PaO2

(mmHg)

20.2 (2.3) 25.7 (3.5) 23.1 (6.1) 24.3 (1.8)

Drained fetal lung

fluid (ml/kg)

– 14.6 (6.8) 19.3 (10.3) 16.3 (6.0)

First born (%) 0 (0) 5 (50) 6 (60) 6 (60)

Birth weight

(grams)

3511

(354)

3375

(544)

3222 (551) 3367 (723)

Female (%) 5 (50) 4 (40) 4 (40) 6 (60)

Sustained inflation

(n analyzed)

– (10) (9) (9)

Maximum

pressure

(cmH2O)

– 36.0 (2.1) 36.8 (2.4) 37.5 (2.6)

Inflation volume

(ml/kg)

– 24.1 (9.2) 23.1 (10.6) 19.2 (7.6)

AaDO2 – 581 (71) 579 (83) 609 (13)

CDPo (cmH2O) – – 23 [18–26] 29 [26–30]‡

FiO2 – – 0.55

[0.55–0.57]

0.30

[0.27–0.34]†

CDP final (cmH2O) – 18

[11.5–20]

18 [15–20] 22 [20–24]**,‡

FiO2 – 1.0

[1.0–1.0]

0.55

[0.55–0.57]*

0.30

[0.27–0.34]**,†

CDPo, openings pressure; FiO2o, fractional inspired oxygen at openings pressure;

HLV, high lung volume; LLV, low lung volume; MLV, medium lung volume; UVC,

unventilated controls. Data are presented as mean with standard deviation or as

median with interquartile ranges. Significant difference is tested by one-way ANOVA with

Tukey comparison if normal distributed, otherwise by Kruskal-Wallis with Dunn’s multi

comparison test. *p < 0.05 vs. LLV. **p < 0.01 vs. LLV.
†
p < 0.05 vs. MLV. ‡p < 0.01 in

contrast to MLV.

or cerebral blood flow between the three groups (data not
shown).

Lung Recruitment Maneuvers
In all MLV and in eight (80%) HLV lambs the targeted reduction
in FiO2 was obtained, and then maintained to CDPf (Table 1).
To do so required a higher CDPo and CDPf in the HLV group.
The CDPf was similar in the LLV and MLV groups. At CDPf
the FiO2 was significantly lower in both recruitment groups
compared to LLV group. Both the oxygenation and EELV curves
showed hysteresis during the recruitment procedure in the MLV
and HLV groups and this was more pronounced in the HLV
lambs (Figure 2). As expected, the HLV strategy resulted in
a better SpO2/FiO2 ratio and AaDO2 at CDPo and then for
all CDP decreases until CDPc (deflation limb) (Figures 2A,B)
as compared to the MLV strategy, due to a higher EELV
(Figure 2C); mean (SD) 30.9 ± 12.9 ml/kg (HLV) vs. 23.5 ± 9.1
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FIGURE 2 | Relationships between mean airway pressure and SpO2/FiO2 (A), AaDO2 (B), and EIT based end-expiratory lung volume (EELV) (C) for the medium-

(diamonds) and the high lung volume recruitment (squares) strategies (10 preterm lambs per group). The pressure is related to the openings pressure (Pressure = 0).

Recruitment and decruitment phase are indicated in open and closed symbols, respectively. Data are presented as mean and SD.‡p < 0.01 in contrast to MLV.

FIGURE 3 | Time vs. SpO2/FiO2 (A), AaDO2 (B), EIT based end-expiratory lung volume (EELV) (C) and delta pressure to maintain normal PaCO2 (D) relationships for

the low lung volume (closed circles), medium lung volume (MLV) (open diamonds), and high lung volume (HLV) (closed squares) strategy. The variables at the

openings- (light gray colored) and final (dark gray colored) pressure of the MLV and HLV intervention, as determined in Figure 2C, are indicated within the figures.

Significant (one-way ANOVA) differences between the three interventions are only calculated at 120min. Data are presented as mean and SD. *p < 0.05 in contrast to

LLV, **p < 0.01 in contrast to LLV, ‡p < 0.01 in contrast to MLV.

ml/kg (MLV) at CDPf. Individual oxygenation and EELV curves
are shown in Supplementary Materials 1, 2.

Post-lung Recruitment Physiological Data
Following the recruitment maneuver the benefits in SpO2/FiO2

and AaDO2 obtained during the MLV and HLV recruitment
phase were maintained throughout the 120-min experimental
period (Figures 3A,B). At all-time points measures of
oxygenation were better in the HLV group compared to

both MLV and LLV (p < 0.01). The same was true for the MLV
compared with the LLV group (p < 0.01). In line, Figure 3C
shows the same differences in EELV levels reached at CDPf,
which was greater in the HLV group compared to only the LLV
group (p < 0.01) and this effect did not change over time. The
time to reach CDPo and CDPf and the level of EELV at these
pressures were, respectively, longer and higher in the HLV group
compared to the MLV group, but this did not reach statistical
significance (Figure 2C). Regional EELV changed from the
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dependent to the non-dependent lung areas over time in the
LLV group but this did not reach statistical significance, while
in the MLV and HLV group this remained preferential tot the
dependent lung areas (data not shown). The pressure amplitude
needed to maintain the predefined PaCO2 was significantly
higher in the LLV group than in the MLV (p < 0.05) and HLV
groups (p < 0.01) (Figure 3D). There was no difference in the
MLV and HLV pressure amplitude requirements. Although TLC
during the post mortem pressure-volume curve was a mean
8.0 ± 3.4 ml/kg lower in the LLV than in the HLV group this
difference did not reach statistical significance (Figure 4). Cmax

was greater in the MLV group in contrast to the HLV group but
this didn’t reach statistical significance (Table 2).

Lung Injury Data
The total left lung protein levels were higher in all intervention
groups compared with UVCs (all p < 0.01, Table 2), but
between the groups there were no differences. Histological data
showed that compared with the UVC group, all groups had
more detached epithelial cells, as marker for damaged cells,
in the non-dependent lung, and HLV and LLV in the middle
third of the lung. In the LLV group the lower, middle, and
upper lung region all had a thicker alveolar septum, indicative
for change in lung morphology, compared to UVC’s. Airway
injury related markers showed only the upper lung region
had a lower alveolar space, higher lung tissue, and lower
alveolar saccular area compared with UVC’s, while the middle
region of the MLV group differed from UVC (higher alveolar
saccular area), and in the HLV group the lower (higher alveolar
saccular area) and upper (thicker alveolar septum) regions
differed. Within the groups only the coefficient of variance
of the alveolar sac area was significant lower in the upper
region (p < 0.05) in contrast to the lower region in the MLV
group.

All interventional groups showed increase in mRNA
expression of EGR1 and CTGF compared to UVC for both the
dependent and non-dependent lung (all p < 0.01, Figure 5).

FIGURE 4 | Static post mortem pressure-volume curves after 120min of

HFOV at a low lung volume (solid circles), medium lung volume (open

diamonds), and high lung volume (closed squares) strategy using a super

syringe technique. Data are presented as mean and SD.

Only the non-dependent lung demonstrated greater CYR61
and IL-8 expression (all ventilation groups) than UVC group.
Between ventilation groups upregulation was higher in the
HLV group, especially in the non-dependent lung, although this
difference only reached statistical significance for EGR1, CYR61,
and IL-8. Within group, generally mRNA expression was greater
in the non-dependent lung compared to the dependent, reaching
significance for CTGF (all ventilation groups), EGR1 (HLV
only), and IL-8 (MLV only).

DISCUSSION

It has been suggested that optimizing EELV by reversing
atelectasis using a recruitment maneuver is necessary to optimize
gas exchange, improve lung mechanics, and attenuate lung injury
duringHFOV in preterm infants (4, 7, 8, 28). This is mainly based
on animal experiments, in particular the study by McCulloch
et al., and inference from clinical trial outcomes. However, the
preclinical rationale is derived from studies of adult animals
with saline lung lavage to induce surfactant deficiency. This
does not mimic lung injury in respiratory distress syndrome
following preterm birth in a developmentally immature lung (4).
Furthermore, this study did not investigate to what extent lung
volume should be optimized to improve outcomes. In our study
we addressed these limitations by using a preterm lamb model of
RDS and including two levels of lung recruitment.

Our study confirmed the observations of McCulloch et al.
that lung recruitment is essential to ensure an oxygenation
and ventilation benefit during HFOV (4). The LLV group was
unable to maintain stable oxygenation and required significantly
greater pressure amplitudes to achieve normocapnia compared
to the two recruitment groups. The HLV group had superior
oxygenation compared with the MLV group while ventilation
was not different. Although the superior oxygenation is not an
unexpected finding considering the design of the study, it does
show that lung recruitment targeting a low FiO2 is feasible in a
preterm lambmodel of severe surfactant deficiency. This has also
been shown in preterm infants with RDS (17).

Similar to clinical practice we used oxygenation as an
indirect marker to assess lung volume recruitment (10, 17).
Previous studies in animals and preterm infants have shown
that oxygenation correlates well with EELV and thus can
be used to guide lung recruitment during HFOV but lacks
the precision to identify regional EELV differences that
may increase injury risk (5, 10, 28, 39). For this reason
changes in EELV were also measured. EIT is a novel
method of directly measuring changes in lung aeration that
also allows regional volume characteristics to be determined
(10, 29, 30). To our knowledge, this is the first study to
conclusively demonstrate that intended EELV response can
be directly titrated from the target oxygen level during lung
recruitment.

At birth the preterm lung is fluid-filled and exhibits different
mechanics to the air-filled (aerated) lung. HFOV is not used
clinically during the respiratory transition at birth, and our pilot
study showed this was probably due to an insufficient driving
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FIGURE 5 | Gene expression of EGR1, CTGF, CYR61, and IL-8 mRNA in the non-dependent (dark bars) and dependent (white bars) lung region for the unventilated

control (UVC), low lung volume (LLV), medium lung volume (MLV), and high lung volume (HLV) strategy in relation to reference gene GAPDH using the 2−11CT

method. Significant differences were calculated using one-way ANOVA with Turkey’s post-hoc analyses. Data are presented as mean and SD. §p < 0.05, §§p < 0.01,
$$p < 0.05 in contrast to UVC, *p < 0.05 in contrast to LLV, †p < 0.05 in contrast to MLV, and ‡p < 0.01 in contrast to MLV.

pressure to facilitate aeration. It is for this reason we used
an initial sustained inflation prior to HFOV, with a pressure-
time approach we have previously validated in our lamb model
(11, 14, 15, 19, 31). Notwithstanding this HFOV is still rarely
used as the primary mode of support shortly after birth. We
acknowledge this discrepancy in our study, but the choice was
intentional. Ventilation modality influences lung injury and a
brief period of conventional ventilation would have created lung
injury that may have modulated the injury response during
HFOV.

We assessed several parameters to determine the effect of
lung recruitment on lung injury, but overall the differences
between the LLV and both recruitment groups were modest
and inconsistent. Importantly, lambs in the LLV had more
pneumothoraces resulting in death compared to both
recruitment groups and supports the need for lung recruitment.
It also highlights the fallacy of considering all airleak as a
complication of baro- or volutrauma, and the direct result
of high applied pressure settings. Mathematical modeling
have determined that high shear forces, which are considered
the main cause of air leaks, are most prominent when zones
of atelectasis are adjacent to zones of open lung units (32).
Our study reaffirms that achieving lung recruitment creates
more open lung units, and thus less shear forces within
the lung. A finding that is substantiated by observational
studies using a recruitment strategy in preterm infants
(17, 33).

Injury induced deterioration of lung mechanics were assessed
by reconstructing post mortem pressure-volume curves. These
curves showed a tendency for a lower TLC and Cmax in the LLV
compared to the recruitment groups, although the magnitude
of this effect was less impressive than the study of McCulloch
et al. (4). Direct markers of lung injury were not clearly different
between our lung volume groups. We can only speculate why
these results did not support our hypothesis. Our study used
extremely preterm lambs compared to previously healthy adult
rabbits with induced lung disease, and previous preterm lamb
studies have shown that 90min is sufficient to detect differences
in VILI histology scores (11, 13, 14, 24). The fundamental
structural and functional developmental immaturity of the lungs
in our lambs may result in lung injury, irrespective of the
ventilation strategy applied. The frequent lack of difference in
chronic lung disease rates in interventional respiratory support
trials in preterm infants would support this. Our lamb model
had very severe respiratory failure. This was intentional as in
early preterm life HFOV is generally used as a rescue therapy
for profound respiratory failure not responding to conventional
ventilation. The magnitude of oxygen deficiency in our study
though is higher than usually seen in clinical practice. It is
possible that the apriori damage to the lung was so severe, that the
ventilation strategy on lung injury was no longer a determining
factor. In a less acutely sick population with less apriori lung
injury, the impact of ventilation strategy on the total lung injury
following 2 h of ventilation may be more pronounced. Similarly,
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2 h of ventilation may have been too short to develop significant
differences in lung injury between the groups.

To assess to what extent lung volume optimization is necessary
for lung protection, we randomized the animals to two different
levels of lung recruitment. In contrast to the intended benefit
in oxygenation, markers of lung injury were not different
between the HLV and MLV group. In fact, protein leakage
and VILI-related genes, but not histology data, tended to be
higher in the HLV than the MLV group. This finding was
unexpected but intriguing. It is possible that the HLV and
MLV did not achieve sufficient difference in the volume state
of the lung. We hypothesize that our results also demonstrate
the complexity of VILI in the preterm lung. VILI is rarely
due to a single mechanism occurring throughout the lung.
Increasing evidence has shown that the lung injury expression,
is heterogeneous throughout the lung, often due to diametrically
different mechanisms occurring at once, and rarely is injury
potential truly ablated even if oxygen is optimized (12). The
current suite of histological and early injury gene expression
tools is designed to detect injury generally but lacks the
sophistication to delineate multiple mechanisms occurring in
specific lung regions. Thus, it is possible the mechanisms of
injury differed between the two groups. For example the MLV
may have had more regional atelectasis and the HLV transient
overdistension. Further preclinical and clinical research is needed
to determine the optimal balance of improving oxygenation and
lung protection during lung recruitment maneuvers.

This study has some limitations not already addressed.
Spontaneous breathing was suppressed during this study, for
most infants lung volume is influenced by both mean airway
pressure changes and the presence or absence of spontaneous
respiratory effort. Spontaneous breathing may also have altered
the injury profiles. We did not assess the impact of OLV
on cerebral- or pulmonary blood flow while these data could
have altered outcomes (34). However, heart rate and mean
blood pressure did not differ between groups. Our ventilation
strategy was not entirely consistent with clinical practice. The
frequency, power and time per pressure step was based on
clinical application of HFOV in infants (9, 10, 17, 35) and our
previous lamb study (15).We did not administrate (prophylactic)
endotracheal surfactant to emulate the type of infants receiving
HFOV in most NICU. Surfactant significantly alters mRNA and
histological injury expression in the preterm lamb, and may
have masked differences between the recruitment strategies. This
should be considered in translating our results (36). Furthermore,
it is no longer advocated that prophylactic endotracheal
surfactant administration is the best line treatment. Also it is

suggested that first recruiting the lungs and give surfactant to
only a selected patient category is more efficient (37).

In conclusion, our study confirms the importance of lung
recruitment to optimize gas exchange during HFOV in the
preterm model of RDS. However, the benefit of recruitment on
lung injury is less evident compared to adult models of lung
injury. This finding may, in part, explain why clinical trials
comparing HFOV to CMV in preterm infants, have produced
less favorable effect of HFOV on short term pulmonary outcomes
of lung protection than (adult) animal models. It is encouraging
to see that long term pulmonary outcomes seem to be better in
HFOV treated infants compared to CMV (38). We were unable
to confirm that optimizing oxygenation during lung recruitment
also reduced lung injury. It therefore remains unclear what target
FiO2 should be used during oxygenation guided lung recruitment
during HFOV in preterm infants.

AUTHOR CONTRIBUTIONS

MM, DT, and AvK contributed to the study conception and
design. MM, KM, EP, RO, PP-F, AR, and DT contributed to
acquisition of data. MM, DT, and AvK analyzed and interpreted
data and drafted the manuscript. All authors revised the
manuscript for important intellectual content and approved the
final version of the manuscript.

FUNDING

This study is supported by a National Health and Medical
Research Council Project Grant, Canberra, Australia (Grant
ID 1009287) and the Victorian Government Operational
Infrastructure Support Program (Melbourne, Australia). DT is
supported by a National Health and Medical Research Council
Clinical Career Development Fellowship (Grant ID 1053889).

ACKNOWLEDGMENTS

We would like to thank Magdy Sourial, BVSc for his hard work
and support in preparation of all animals. Without his endless
positive attitude and experience we weren’t able to carry out this
study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fped.
2018.00436/full#supplementary-material

REFERENCES

1. Dargaville PA, Gerber A, Johansson S, De Paoli AG, Kamlin CO, Orsini F, et al.

Incidence and outcome of CPAP failure in preterm infants. Pediatrics (2016)

138:e20153985. doi: 10.1542/peds.2015-3985

2. Jobe AH, Bancalari E. Bronchopulmonary dysplasia. Am J Respir Crit Care

Med. (2001) 163:1723–9. doi: 10.1164/ajrccm.163.7.2011060

3. Morley CJ, Davis PG, Doyle LW, Brion LP, Hascoet JM, Carlin JB, et al. Nasal

CPAP or intubation at birth for very preterm infants. N Engl J Med. (2008)

358:700–8. doi: 10.1056/NEJMoa072788

4. Mcculloch PR, Forkert PG, Froese AB. Lung volume maintenance

prevents lung injury during high frequency oscillatory ventilation in

surfactant-deficient rabbits. Am Rev Respir Dis. (1988) 137:1185–92.

doi: 10.1164/ajrccm/137.5.1185

Frontiers in Pediatrics | www.frontiersin.org 9 January 2019 | Volume 6 | Article 436

https://www.frontiersin.org/articles/10.3389/fped.2018.00436/full#supplementary-material
https://doi.org/10.1542/peds.2015-3985
https://doi.org/10.1164/ajrccm.163.7.2011060
https://doi.org/10.1056/NEJMoa072788
https://doi.org/10.1164/ajrccm/137.5.1185
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Miedema et al. Recruitment in HFV Preterm Lambs

5. Van Kaam AH, De Jaegere A, Haitsma JJ, Van Aalderen WM, Kok

JH, Lachmann B. Positive pressure ventilation with the open lung

concept optimizes gas exchange and reduces ventilator-induced

lung injury in newborn piglets. Pediatr Res. (2003) 53:245–53.

doi: 10.1203/00006450-200302000-00008

6. Tingay DG, Mills JF, Morley CJ, Pellicano A, Dargaville PA, Australian,

et al. Trends in use and outcome of newborn infants treated with

high frequency ventilation in Australia and New Zealand, 1996-2003.

J Paediatr Child Health (2007) 43:160–6. doi: 10.1111/j.1440-1754.2007.0

1036.x

7. Cools F, Askie LM, Offringa M, Asselin JM, Calvert SA, Courtney

SE, et al. Elective high-frequency oscillatory versus conventional

ventilation in preterm infants: a systematic review and meta-

analysis of individual patients’ data. Lancet (2010) 375:20

82–91. doi: 10.1016/S0140-6736(10)60278-4

8. Cools F, Offringa M, Askie LM. Elective high frequency oscillatory

ventilation versus conventional ventilation for acute pulmonary dysfunction

in preterm infants. Cochrane Database Syst Rev. (2015) 3:CD000104.

doi: 10.1002/14651858.CD000104.pub4

9. Tingay DG, Mills JF, Morley CJ, Pellicano A, Dargaville PA. The

deflation limb of the pressure-volume relationship in infants during high-

frequency ventilation. Am J Respir Crit Care Med. (2006) 173:414–20.

doi: 10.1164/rccm.200502-299OC

10. Miedema M, De Jongh FH, Frerichs I, Van Veenendaal MB,

Van Kaam AH. Changes in lung volume and ventilation during

lung recruitment in high-frequency ventilated preterm infants

with respiratory distress syndrome. J Pediatr. (2011) 159:199–20

5.e192. doi: 10.1016/j.jpeds.2011.01.066

11. Mccall KE, Waldmann AD, Pereira-Fantini P, Oakley R, Miedema M,

Perkins EJ, et al. Time to lung aeration during a sustained inflation at

birth is influenced by gestation in lambs. Pediatr Res. (2017) 82:712–20.

doi: 10.1038/pr.2017.141

12. Tingay DG, Rajapaksa A, Zannin E, Pereira-Fantini PM,

Dellaca RL, Perkins EJ, et al. Effectiveness of individualized

lung recruitment strategies at birth: an experimental study in

preterm lambs. Am J Physiol Lung Cell Mol Physiol. (2017) 312:L

32–41. doi: 10.1152/ajplung.00416.2016

13. Tingay DG, Bhatia R, Schmolzer GM, Wallace MJ, Zahra

VA, Davis PG. Effect of sustained inflation vs. stepwise PEEP

strategy at birth on gas exchange and lung mechanics in

preterm lambs. Pediatr Res. (2014) 75:288–94. doi: 10.1038/pr.20

13.218

14. Tingay DG, Lavizzari A, Zonneveld CE, Rajapaksa A, Zannin E, Perkins

E, et al. An individualized approach to sustained inflation duration

at birth improves outcomes in newborn preterm lambs. Am J Physiol

Lung Cell Mol Physiol. (2015) 309:L1138–49. doi: 10.1152/ajplung.0027

7.2015

15. Tingay DG, Rajapaksa A, Zonneveld CE, Black D, Perkins EJ, Adler A, et al.

Spatiotemporal aeration and lung injury patterns are influenced by the first

inflation strategy at birth. Am J Respir Cell Mol Biol. (2016) 54:263–72.

doi: 10.1165/rcmb.2015-0127OC

16. Zannin E, Ventura ML, Dellaca RL, Natile M, Tagliabue P, Perkins EJ, et al.

Optimal mean airway pressure during high-frequency oscillatory ventilation

determined by measurement of respiratory system reactance. Pediatr Res.

(2014) 75:493–9. doi: 10.1038/pr.2013.251

17. De Jaegere A, Van Veenendaal MB, Michiels A, Van Kaam

AH. Lung recruitment using oxygenation during open lung

high-frequency ventilation in preterm infants. Am J Respir

Crit Care Med. (2006) 174:639–45. doi: 10.1164/rccm.2006

03-351OC

18. Vento G, Pastorino R, Boni L, Cota F, Carnielli V, Cools F, et al.

Efficacy of a new technique - INtubate-RECruit-SURfactant-Extubate - “IN-

REC-SUR-E” - in preterm neonates with respiratory distress syndrome:

study protocol for a randomized controlled trial. Trials (2016) 17:414.

doi: 10.1186/s13063-016-1498-7

19. Polglase GR, Tingay DG, Bhatia R, Berry CA, Kopotic RJ, Kopotic

CP, et al. Pressure- versus volume-limited sustained inflations at

resuscitation of premature newborn lambs. BMC Pediatr. (2014) 14:43.

doi: 10.1186/1471-2431-14-43

20. Hickling KG. Best compliance during a decremental, but not

incremental, positive end-expiratory pressure trial is related

to open-lung positive end-expiratory pressure: a mathematical

model of acute respiratory distress syndrome lungs. Am J Respir

Crit Care Med. (2001) 163:69–78. doi: 10.1164/ajrccm.163.1.99

05084

21. Miedema M, Mccall KE, Perkins EJ, Sourial M, Bohm SH,

Waldmann A, et al. First real-time visualization of a spontaneous

pneumothorax developing in a preterm lamb using electrical

impedance tomography. Am J Respir Crit Care Med. (2016) 194:1

16–8. doi: 10.1164/rccm.201602-0292LE

22. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement

with the Folin phenol reagent. J Biol Chem. (1951) 193:2

65–75.

23. Ikegami M, Jobe AH. Injury responses to different surfactants in

ventilated premature lamb lungs. Pediatr Res. (2002) 51:689–95.

doi: 10.1203/00006450-200206000-00005

24. Wallace MJ, Probyn ME, Zahra VA, Crossley K, Cole TJ,

Davis PG, et al. Early biomarkers and potential mediators

of ventilation-induced lung injury in very preterm

lambs. Respir Res. (2009) 10:19. doi: 10.1186/1465-9921-10-19

25. Pereira-Fantini PM, Rajapaksa AE, Oakley R, Tingay DG. Selection

of reference genes for gene expression studies related to lung injury

in a preterm lamb model. Sci Rep. (2016) 6:26476. doi: 10.1038/srep

26476

26. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25

years of image analysis. Nat Methods (2012) 9:671–75. doi: 10.1038/nmet

h.2089

27. Pereira-Fantini PM, Byars SG, Mccall KE, Perkins EJ, Oakley RB,

Dellaca RL, et al. Plasma proteomics reveals gestational age-specific

responses to mechanical ventilation and identifies the mechanistic

pathways that initiate preterm lung injury. Sci Rep. (2018) 8:12616.

doi: 10.1038/s41598-018-30868-x

28. Van Kaam AH, Dik WA, Haitsma JJ, De Jaegere A, Naber BA, Van Aalderen

WM, et al. Application of the open-lung concept during positive-pressure

ventilation reduces pulmonary inflammation in newborn

piglets. Biol Neonate (2003) 83:273–80. doi: 10.1159/000

069482

29. Van Der Burg PS, Miedema M, De Jongh FH, Frerichs I, Van

Kaam AH. Cross-sectional changes in lung volume measured by

electrical impedance tomography are representative for the whole

lung in ventilated preterm infants. Crit Care Med. (2014) 42:1524–30.

doi: 10.1097/CCM.0000000000000230

30. Frerichs I, Amato MB, Van Kaam AH, Tingay DG, Zhao Z, Grychtol

B, et al. Chest electrical impedance tomography examination,

data analysis, terminology, clinical use and recommendations:

consensus statement of the TRanslational EIT developmeNt stuDy

group. Thorax (2017) 72:83–93. doi: 10.1136/thoraxjnl-2016-208357

31. Tingay DG, Polglase GR, Bhatia R, Berry CA, Kopotic RJ, Kopotic

CP, et al. Pressure-limited sustained inflation vs. gradual tidal inflations

for resuscitation in preterm lambs. J Appl Physiol. (2015) 118:890–7.

doi: 10.1152/japplphysiol.00985.2014

32. Mead J, Takishima T, Leith D. Stress distribution in lungs: a

model of pulmonary elasticity. J Appl Physiol. (1970) 28:596–608.

doi: 10.1152/jappl.1970.28.5.596

33. High-frequency oscillatory ventilation compared with conventional

mechanical ventilation in the treatment of respiratory failure in preterm

infants. The HIFI study group. N Engl J Med. (1989) 320:88–93.

doi: 10.1056/NEJM198901123200204

34. Polglase GR, Hooper SB, Gill AW, Allison BJ, Mclean CJ, Nitsos

I, et al. Cardiovascular and pulmonary consequences of airway

recruitment in preterm lambs. J Appl Physiol. (2009) 106:1347–55.

doi: 10.1152/japplphysiol.91445.2008

35. Miedema M, De Jongh FH, Frerichs I, Van Veenendaal MB, Van Kaam

AH. Regional respiratory time constants during lung recruitment in

Frontiers in Pediatrics | www.frontiersin.org 10 January 2019 | Volume 6 | Article 436

https://doi.org/10.1203/00006450-200302000-00008
https://doi.org/10.1111/j.1440-1754.2007.01036.x
https://doi.org/10.1016/S0140-6736(10)60278-4
https://doi.org/10.1002/14651858.CD000104.pub4
https://doi.org/10.1164/rccm.200502-299OC
https://doi.org/10.1016/j.jpeds.2011.01.066
https://doi.org/10.1038/pr.2017.141
https://doi.org/10.1152/ajplung.00416.2016
https://doi.org/10.1038/pr.2013.218
https://doi.org/10.1152/ajplung.00277.2015
https://doi.org/10.1165/rcmb.2015-0127OC
https://doi.org/10.1038/pr.2013.251
https://doi.org/10.1164/rccm.200603-351OC
https://doi.org/10.1186/s13063-016-1498-7
https://doi.org/10.1186/1471-2431-14-43
https://doi.org/10.1164/ajrccm.163.1.9905084
https://doi.org/10.1164/rccm.201602-0292LE
https://doi.org/10.1203/00006450-200206000-00005
https://doi.org/10.1186/1465-9921-10-19
https://doi.org/10.1038/srep26476
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/s41598-018-30868-x
https://doi.org/10.1159/000069482
https://doi.org/10.1097/CCM.0000000000000230
https://doi.org/10.1136/thoraxjnl-2016-208357
https://doi.org/10.1152/japplphysiol.00985.2014
https://doi.org/10.1152/jappl.1970.28.5.596
https://doi.org/10.1056/NEJM198901123200204
https://doi.org/10.1152/japplphysiol.91445.2008
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Miedema et al. Recruitment in HFV Preterm Lambs

high-frequency oscillatory ventilated preterm infants. Intensive Care Med.

(2012) 38:294–9. doi: 10.1007/s00134-011-2410-2

36. Tingay DG, Wallace MJ, Bhatia R, Schmolzer GM, Zahra VA, Dolan MJ, et al.

Surfactant before the first inflation at birth improves spatial distribution of

ventilation and reduces lung injury in preterm lambs. J Appl Physiol. (2014)

116:251–8. doi: 10.1152/japplphysiol.01142.2013

37. Tissieres P, Myers P, Beghetti M, Berner M, Rimensberger PC. Surfactant

use based on the oxygenation response to lung recruitment during

HFOV in VLBW infants. Intensive Care Med. (2010) 36:1164–70.

doi: 10.1007/s00134-010-1838-0

38. Zivanovic S, Peacock J, Alcazar-Paris M, Lo JW, Lunt A, Marlow N,

et al. Late outcomes of a randomized trial of high-frequency oscillation

in neonates. N Engl J Med. (2014) 370:1121–30. doi: 10.1056/NEJMoa13

09220

39. Miedema M, De Jongh FH, Frerichs I, Van Veenendaal MB, Van Kaam

AH. Changes in lung volume and ventilation during surfactant treatment

in ventilated preterm infants. Am J Respir Crit Care Med. (2011) 184:100–5.

doi: 10.1164/rccm.201103-0375OC

Conflict of Interest Statement:AW is an employee of Swisstom AG, the company

producing commercial adult EIT and research devices. Swisstom customized the

EIT hard- and software for the preterm lamb model used in this report. AW

helped interpret the EIT data and revised the manuscript. All EIT hard- and

software used in this study was purchased by the Murdoch Children’s Research

Institute without restriction.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2019 Miedema, McCall, Perkins, Oakley, Pereira-Fantini, Rajapaksa,

Waldmann, Tingay and van Kaam. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org 11 January 2019 | Volume 6 | Article 436

https://doi.org/10.1007/s00134-011-2410-2
https://doi.org/10.1152/japplphysiol.01142.2013
https://doi.org/10.1007/s00134-010-1838-0
https://doi.org/10.1056/NEJMoa1309220
https://doi.org/10.1164/rccm.201103-0375OC
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

	Lung Recruitment Strategies During High Frequency Oscillatory Ventilation in Preterm Lambs
	Introduction
	Materials and Methods
	Animal Preparation
	Ventilation Protocol
	Physiological Data Collection and Analysis
	Pressure and Time Related Analysis
	Lung Injury Data Collection and Analysis
	Total Lung Protein 
	RNA Preparation and Quantitative PCR
	Histological Assessment

	Statistical Analysis

	Results
	Animal Characteristics
	Lung Recruitment Maneuvers
	Post-lung Recruitment Physiological Data
	Lung Injury Data

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


