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Chapter 11

Abstract

The effect of inflation length on the first inspiratory volume and functional residual capacity
(FRC) immediately after birth was investigated. Preterm rabbits (28 days) were randomized
into 4 groups toreceivea 1,5, 10 or 20 sec inflation (SI) followed by ventilation with 5 cmH,O
PEEP. Gas volumes were measured by plethysmography and uniformity of lung aeration
by phase contrast X-ray imaging for 7 minutes. The first inspiratory volume significantly (p
<0.001) increased with inflation duration; from a median (IQR) of 0.2 (0.1-3.1) ml/kg for 1 sec
inflation to 23.4 (19.3-30.4) ml/kg for 20 sec SI. The lung was uniformly aerated and FRC and
tidal volume fully recruited following 20 sec SI. A 10 sec Sl caused a higher FRC (p < 0.05) at
7 minutes and a 20 sec Sl caused a higher FRC (p < 0.05) at 20 sec and 7 minutes thana 1 or
5 sec SI. The mean (SD) time for 90% of the lung to aerate was 14.0 (4.1) sec using 35 c¢mH,0
PIP . In these rabbits, 10 and 20 sec Sl increased the inspiratory volume, produced a greater
FRC and a 20 sec Sl uniformly aerated the lung before ventilation started.
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Introduction

Many preterm infants need positive pressure ventilation during the transition to air
breathing at birth to assist lung aeration and the initiation of pulmonary gas exchange.
It is possible that an initial sustained inflation (SI) might overcome the long time constant
of a liquid-filled lung and facilitate early gas exchange to reduce the need for intubation
(1, 2). However, this procedure is not commonly used because of the risk of over-inflating
and damaging the lung during the initial inflation (3). Despite this, the international guide-
lines on neonatal resuscitation state that an initial S| may be beneficial during stabilisation
at birth (4). However, a recommended duration for the Sl was not provided (4) due to a
lack of evidence, as few studies have investigated the use of Sls during ventilation at birth.
Although a few physiological and clinical studies have examined the effect of different
durations of inflation (1, 2, 5-9), there is currently no consistent view whether it is beneficial
or what duration is most appropriate

We have recently used phase contrast X-ray imaging to determine the rate and spatial
pattern of lung aeration at birth in spontaneously breathing (10) and mechanically venti-
lated preterm rabbit pups (11). Using this technique, the entry of air into the lung and its
spatial distribution can be imaged and measured breath-by-breath (12).

In this study, we have investigated the effect of Ss of different durations on the recruitment
of FRC and tidal volumes from birth. We hypothesized that increasing the duration of the
first inflation would increase the recruitment of FRC and tidal volume from the first breath
after birth due to the longer time constant for the air/liquid interface to move into the distal
airways.

Methods

Animal experiments
All animal procedures were approved by the SPring-8 Animal Care and Monash Universi-
ty’s School of Biomedical Science’s Animal Ethics Committees. Studies were conducted in
experimental hutch 3 of beam line 20B2, in the Biomedical Imaging Centre at the SPring-8
synchrotron in Japan.

Experiments were performed on 6 litters of New Zealand white rabbits using 35 pups
delivered at 28 days gestation (term 32 days; 28 days correlates approximately with human
infants of 26-28 weeks of gestation). The does were anesthetized (Propofol; 12 mg/kg bolus,
100 mg/kg/h i.v. infusion, then isofluorane 1-2%), intubated and ventilated. The pups were
sequentially delivered by hysterotomy, leaving the fetal membranes over the nose and
mouth to prevent air entering the lungs. The pups were sedated (Nembutal 0.1 mg intra-
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peritoneal), a topical anesthetic (5% xylocaine) was applied and an endotracheal tube (18
gauge plastic catheter) inserted via tracheostomy; the endotracheal tube was blocked to
prevent air from entering the lung before imaging commenced. The fetal membranes were
then removed, the umbilical cord ligated and cut and the pup was placed in a water-filled
plethysmograph (see below). The pups were then ventilated for 7 minutes while they were
simultaneously imaged. After the experiment, pups were killed by anesthetic over-dose.

Plethysmography

Lung gas volume changes were measured using water-based plethysmography (11). The
pup was placed in the plethysmograph (head out), which consisted of a sealed water-filled
(warmed to 37°C) perspex chamber open to the atmosphere via a water column. The pup’s
head was located outside the chamber and a rubber diaphragm formed a water-tight seal
around the pup’s neck. The increase in lung volume caused by lung aeration displaced
water from the chamber into the water column and the resulting increase in pressure was
recorded electronically using a computerised data acquisition system (Powerlab, ADInstru-
ments Sydney, Australia). The plethysmograph was calibrated before each experiment by
measuring the pressure change caused by injecting a known volume of water (1 mL) into
the sealed chamber. We recorded FRC, initial volume, tidal volume, minute volume, inspira-
tory and expiratory times, airway pressure, ventilator rate and gas flow.

Mechanical ventilation

A purpose-built small animal ventilator was used to ventilate pups with air in a time cycled,
pressure limited mode (positive pressure ventilation, PPV). Ventilation commenced with a
PIP of 35 cmH,0 and an inspiration time of 1, 5, 10 or 20 seconds, depending on the group
(see below). After the first inflation, pups were ventilated with a fixed inspiration and expi-
ration time (rate 24/min, 1:1.5 inspiration: expiration ratio), starting with a peak inspiratory
pressure of 35 cm H,0 which was then adjusted (increased or decreased by 2 cmH,O per
minute) to generate a tidal volume of about 10 ml/kg, PEEP was set at either 0 or 5cm H,0.

Protocol

The pups were randomly allocated to one of the four ventilation groups:
Group 1: PPV from the start (No SI).

Group 2: Inflation for 5 s followed by PPV (5 SI).

Group 3: Inflation for 10 s followed by PPV (70 S/).

Group 4: Inflation for 20 s followed by PPV (20 SI).

Phase contrast X-ray imaging

Phase contrast X-ray imaging was used to demonstrate the effect of Sl duration on the rate
and spatial pattern of lung aeration. Details describing the imaging and analytical procedures
have been reported previously (10, 13, 14). The X-ray energy used was 24 keV, the detector
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(Hamamatsu, C4742-95HR) was located 2.0 m down stream of the pups and a short exposure
time (50 msec) and a relatively long inspiration time (1 sec) were used to minimise motion
blur. Image acquisition was triggered by the ventilator at the onset of inspiration, which
triggered a sequence of images at 300 msec intervals. A shutter, located upstream from the
rabbit pup, prevented radiation exposure between image acquisitions and the timing of each
image acquisition was recorded digitally in unison with the plethysmograph recording.

During the 20 sec S, the rate of increase in air volume within different regions of the lung
was measured by dividing the images into quadrants and measuring the air volume in
each quadrant (at end-expiration or during the SI) using a phase retrieval analysis (11).
This analysis has recently been validated (11) and uses extra-thoracic landmarks to track
pup movement between consecutive images to ensure that the relative amount of lung
in each quadrant does not change over time. As the amount of lung (thus potential air
volume) varies between quadrants, the air volume of each quadrant at each time point was
expressed as a percentage of the maximum volume achieved in that quadrant following
complete lung aeration.

Analysis

The first inflation volume was calculated by measuring the gas volume at the end of the first
inflation. FRC was defined as the volume of air remaining in the lung at end expiration and
Vt recruitment refers to the gradual increase in Vt for a given pressure gradient.

FRC was calculated at 20 sec, 1, 3 and 7 min by determining the average FRC following four
consecutive inflations at these times. FRC was assumed to be zero at the start of ventilation.
To compare the first inflation volume and FRC between groups, a one-way ANOVA followed
by a Tukey HSD post-hoc test was used. Significance was defined as p<0.05 and data were
analysed using SPSS software (SPSS for windows, version 15.0, 2006, Chicago, IL).

Results

Twenty-six of 31 pups were delivered alive and studied. Two pups were excluded because of
equipment malfunction. None of the pups developed a pneumothorax, which was verified
using imaging. The average pup weight (SD) in each group was: group 1 (no SI) 34.4 (2.4) g,
group 2 (5 SI) 40.1 (5.4) g, group 3 (10 SI) 36.2 (2.1) g, Group 4 (20 SI) 37.9 (2.3) g. Each group
contained 6 pups.

First inflation volume

Compared to the volume achieved with a normal 1 second inflation (no SI) (median (IQR)),
a sustained inflation of 10 and 20 seconds, but not 5 seconds, significantly increased the
average volume of the first inflation (table 1, figures 1 and 2). Furthermore, the volume
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achieved by a 20 second Sl was significantly greater than that achieved by a 10 sec SI (P
< 0.05) and did not result in either total lung or regional over-inflation (figures 1, 2 and
4e-h). Indeed, the gas volume achieved by a 20 second SI (23.4 (19.3 - 30.4) ml/kg) was
similar to the end-inflation gas volume measured during the subsequent ventilation period
(figure 1), when the pups had recruited a FRC of ~13ml/kg and were ventilated to reach a

Table 1. Median (IQR) FRC at each time for each group.
FRC= Functional residual capacity; S| = Sustained inflation.

T First inspiratory FRC ) FRC
volume (ml/kg) 20 s (ml/kg) 1 min (ml/kg)
No Sl 0.2(0.1-3.1) 7.7 (28-11.7) 9.7 (9.0-13.6)
58I 45(3.6-13.8) 6.0(2.2-10.8) 10.2(3.4-11.3)
10SI 104 (9.0-134)* 84(59-105) 11.2(10.5-13.3)

205l 23.4(19.3-304)* 127 (11.5-14.2)* 125(9.2-13.1)

FRC FRC
3 min (ml/kg) 7 min (ml/kg)
9.6 (7.3-12.0) 8.9 (6.8-13.0)

121(34-124)
12.8(11.7-14.3)
12.7 (7.3 -14.0)

123(24-12.7)
13.8(12.0 - 14.8)*
124 (7.6 -15.3)*

* indicates significant difference (P < 0.05) compared to no sustained inflation ( No SI).
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Figure 1. Plethysmograph recordings
of lung gas volumes from newborn
rabbit pups delivered preterm and ven-
tilated from birth. The first inflation was
either not sustained (no Sl; ie. 1 sec in
duration) (A), or sustained for 5 (B), 10
(C) or 20 (D) seconds. Pups were then
ventilated initially with a positive end-
expiratory pressure (PEEP) of ScmHZO
and peak inflating pressure (PIP) of
35cmH,0, changing to achieve a tidal
volume of ~10ml/kg.
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C D

Figure 2. Phase contrast X-ray images acquired at the end of the first inflation after birth in prematurely
delivery newborn rabbit pups. The first inflation was either not sustained (No SI; ie. 1 sec in duration) (A) or
sustained for 5 (B), 10 (C) or 20 (D) seconds.
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Vt of ~10ml/kg (figure 1). Furthermore, during the 20 sec SI, although the upper (rostral)
regions of the lungs aerated faster than the lower (caudal) regions, resulting in significantly
greater volumes between 6-13 secs of the Sl (figure 3), relative air volumes were similar in all
regions by 20 sec. This indicates that, during a Sl, the increase in air volumes in the aerated
regions is eventually slow, allowing the other regions to “catch-up” (figure 3).

The phase contrast X-ray images and movie sequences (figures 4 and 5) clearly demonstrate
that the spatial pattern of lung aeration is not uniform and that a finite period (~15 secs;
figure 3) is required before the lung is uniformly aerated. As determined from the image
sequences, a 20 sec SI completely aerated the lungs in 5 of 6 pups, before the onset of
positive pressure ventilation (figures 1 and 4e-h). However, a 10 sec SI completely aerated
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Figure 3. The increase in air volume within different regions of the lung was measured during the 20 sec SI,
by dividing the phase contrast X-ray images into quadrants; (®) lower left (left caudal region); (®) lower right
(right caudal region); (V) upper left (left rostral region) and () upper right (right rostral region). Air volumes
in each quadrant were measured using a previously described and validated phase retrieval analysis. As the
amount of lung (thus potential air volume) varies between quadrants, the air volume of each quadrant was
expressed as a percentage of the maximum volume achieved in that quadrant to compare between regions.
The relative air volume was significantly greater in both upper (rostral) (¥, ), compared with both lower
(caudal) (@, ®), regions as indicated by the asterisks. Values are mean + SEM.
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t=1sec t=5sec t=10 sec t =20 sec

Figure 4. Phase contrast X-ray images acquired at 1 (a &e), 5 (b &f), 10 (c & g) and 20 (d & h) seconds after
birth in prematurely delivery newborn rabbit pups ventilated from birth. The first inflation was either not
sustained (1 sec in duration; top panel; images a, b, ¢ & d) or sustained for 20 seconds (bottom panel; images
e, f, g &h). The double asterisks (**) indicate images acquired at the end of the first inflation. Images acquired
after the first inflation were acquired at end-inspiration.

the lungsin only 1 of 6 pups, whereas no pups had completely aerated their lungs following
a 5 sec Sl (figures 1 and 5a-d).

Assuming the pressure gradient (35 cmH,0O) remained constant throughout the Sl, the mean
maximum lung inflation rate and minimum resistance for moving the air/liquid interface
into the distal airways, was calculated. During the 20 sec S, the mean lung inflation rate was
3.5 (3.5) mL/kg/sec (range 1.6 to 9.6 mL/kg/sec) whereas after aeration was complete, lung
inflation rates during PPV were more than 20 fold higher (81.7 (32.1) mL/kg/sec), despite a
lower mean pressure gradient (26 (4.2) cmH,0). The resistance to lung inflation was 25.3
(29.6) cmH,O/(mL/kg/sec) during the 20 sec Sl whereas during PPV in the same pups, the
resistance was nearly a 100 fold lower (0.38 (0.08) cmH,0/(mL/kg/sec)). The mean time
taken to reach 90% (21.5 (5.5) mL/kg) of the 20 sec SI volume was 14.0 (4.1) secs and also
varied considerably between pups (8.6 secs to >20 secs).
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t=1sec t=5sec t=10 sec t =20 sec

Figure 5. Phase contrast X-ray images acquired at 1 (a&e), 5 (b &f), 10 (c & g) and 20 (d & h) seconds after
birth in prematurely delivery newborn rabbit pups ventilated from birth. The first inflation was sustained for
either 5 seconds (top panel; images a, b, c & d) or 10 seconds (bottom panel; images e, f, g & h). The double
asterisks (**) indicate images acquired at the end of the first inflation. Images acquired after the first inflation
were acquired at end-inspiration.

FRC

The median (IQR) FRC of each group at each time point is shown in table 1 and figure 6.
Compared to a 1 sec inflation (No SI), a 5 sec Sl did not result in a significantly higher FRC at
any of the time points measured. However, a 10 sec Sl resulted in a significantly higher FRC
at 7 minutes after birth and a 20 sec Sl resulted in a significantly higher FRC at 20 sec and 7
minutes after birth.

Tidal volume

Following a 20 seconds SI, the tidal volume (Vt) did not increase after the first inflation
(figures 1 and 7). As a result, over the first 7 inflations, the mean (SD) expired tidal volumes
in the 20 seconds Sl group (14.1 (5.1) mL/kg) group were significantly greater than the first
7 inflations in all other groups (No SI, 2.0 (1.8) ml/kg, P <0.05; 5 SI, 4.9 (3.8) ml/kg, P < 0.001;
10 SI, 6.6 (2.3) ml/kg, P < 0.05). Pups receiving a 10 sec Sl gradually recruited Vt over the first
10 breaths. They had significantly (p<0.05) larger Vt than pups receiving a 5 sec Sl or no Sl
(figures 1 and 7). Pups not receiving a Sl had the slowest tidal volume recruitment.
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Figure 6. Mean FRC increase with time. Values were derived from prematurely delivery preterm rabbit pups
ventilated from birth. The first inflation was either not sustained (1 sec in duration; A) or sustained for 5 (V¥),
10 (@) or 20 (@) seconds. A , ¥V, ®, ® = points of measurement at T= 20 seconds, 1, 3, 7 minutes. Values are
mean + SEM.
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Figure 7. Tidal volume recruitment in prematurely delivered newborn rabbit pups ventilated from birth. The
first inflation was either not sustained (1 sec in duration; No Sl)) or sustained for 5 (5 SI), 10 (10 SI) or 20 (20 SI)
seconds. Values are mean + SEM.
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Discussion

This study has shown that an initial sustained inflation of 20 sec significantly increased the
volume of air entering the lung during the first inflation in preterm rabbit pups ventilated
from birth using PPV. The phase contrast X-ray images demonstrated that, although the
spatial pattern of lung aeration is not uniform during the first sustained inflation, by the
end of 20 sec, the lung had completely and uniformly aerated before the onset of PPV. Our
data also demonstrated that lung aeration requires a finite time, occurring at a maximum
rate of 3.5 (3.5) mL/kg/sec and results in 90% lung aeration within 14.0 (4.1) seconds using
an inflating pressure of 35cmH,0. Furthermore, increasing the duration of the Sl from 5 to
10 to 20 seg, significantly increased the FRC at 20 sec and both a 10 and 20 sec Sl resulted in
a small, but significant increase in FRC at 7 minutes compared to no SI. The phase contrast
images show that a 20 sec SI progressively aerated the entire lung without causing over-
expansion of regions that rapidly aerated (upper lobes), while slower regions continued to
aerate (lower lobes). Over-expanded, regions of the lung bulge out between the ribs and
can be clearly seen in the phase contrast images (unpublished observations). However, in
figure 4h (acquired at the end of a 20 second Sl), gaps between the ribs and the edge of the
lung are clearly visible.

In contrast to a 10 and 20 sec S, almost no gas entered the lung during a 1 sec inflation
in pups not receiving a Sl (figures 1, 2 & 4). Furthermore, although the application of PEEP
facilitated the rapid accumulation of an FRC, during a 1 sec inflation, tidal expansion of the
lung was restricted to aerated regions (figure 4). In contrast, tidal expansion of the lung
after a 20 sec Sl occurred evenly throughout the lung and was comparable to the volume
observed after the first breath of spontaneously breathing term rabbit pups.(15).

The inspiratory volume measured during the first breath in healthy term infants were in
a similar range to that observed following a 10 sec SI (2, 16-18). Vyas et al, found a strong
positive correlation between the first inspiratory volume and the FRC reached after the
first breath (16), which is consistent with the findings of this study (figures 1,2,4 &5). The
same inspiratory volume was achieved in asphyxiated infants when an initial inflation of
5 seconds was given (2), but not with standard ventilation (19). In our study, because the
lung was fully recruited after the 20 sec S, the pressures used for subsequent inflations
were initially too large, resulting in a Vt of ~12mL/kg. Despite reducing the PIP to 26 (4.2)
c¢mH,0, the Vt remained high, indicating that lung compliance was continuing to increase
throughout this period (figure 7).

The FRC measured following the 10 or 20 second initial Sl were in the same range as the FRC
measured in spontaneously breathing term rabbit pups (10-20 ml/kg) over the same time
period (15). This could explain why, in clinical studies, a 10 to 20 SI was more successful in
improving gas exchange than a 5 second SI (5, 7-9).
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Very preterm infants commonly have problems clearing their airways of liquid at birth. When
respiratory support is needed, our results indicate that an initial SI would allow more air to
enter the lung before the start of PPV (2, 9). The first breath of spontaneously breathing
infants is characterised by a long and deep inspiration followed by a prolonged expiratory
phase, which can incorporate expiratory braking manoeuvres (20, 21). During the 20 sec
Sl, an initial pressure gradient of 35cmH,O produced a maximal gas flow rate into the lung
(lung inflation rate) of only 3.5 (3.5) mL/kg/sec (mean (SD)), compared with 81.7 (32.1) mL/
kg/sec during PPV. This indicates that the resistance for moving the air/liquid interface from
the proximal into the distal airways during the first inflation is very high (~100 fold higher
than during PPV) and that several seconds are required to overcome this resistance and
achieve an adequate lung volume for a given inflating pressure. Given the large viscosity
difference between air and liquid, it is not surprising that resistance to the first inflation is so
much greater than similar inflations following lung aeration.

The high resistance and low flow rates during the first inflation, clearly indicate that inflation
times of a second or less are likely to be insufficient to achieve an adequate lung gas volume
inan apnoeic animal. This is evident in the phase contrast X-ray images which demonstrated
that following a 1 sec inflation, no air entered the distal gas exchange regions of the lung
(figures 2 & 4). Some regions were aerated by a 5 sec Sl and the numbers of regions were
increased further by a 10 sec Sl, whereas the lung was fully aerated following a 20 sec SI.
These observations are supported by the finding that the mean time taken to aerate 90% of
the lung during a Sl with an inflating pressure of 35cmH, 0 was 14.0 (4.1) secs. However, this
time varied considerably between individuals and will be determined by the initial pressure
gradient. As the pressure gradient increases, the time constant for complete lung aeration
will obviously decrease, but the possibility of over-expansion in lung regions aerating first
is likely to be high. Thus, lower pressures and a longer first inflation time would appear
preferable.

Although a Sl of 20 seconds increased the FRC created at the onset of tidal ventilation, the
beneficial effect of a Sl on FRC rapidly decreased with increasing ventilation time. As lung
gas volume can be lost very quickly in these immature pups in the absence of PEEP, it is not
surprising that using PEEP during PPV is more important for maintaining FRC than an initial
SI. As all groups were ventilated with PEEP this explains why the difference in FRC observed
between groups when measured after 7 minutes of ventilation was small. In the absence of
PEEP, we have demonstrated only a very small FRC was achieved with a 20 sec SI, indicating
that an initial Sl should always be combined with the application of PEEP (9).

The FRC varied markedly between individuals which limited our ability to detect differences

between groups. This large variability most likely results from differences in lung maturity
between pups. However, it is interesting that the variation in FRC was markedly less at one
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minute (table 1, figure 6) in pups receiving a 20 sec Sl than in all other groups. It is possible
that a 20 sec Sl at 35 cm H,O was enough to overcome all the different factors that contrib-
ute to the time constant for lung aeration, leading to less variation in FRC. This suggestion is
consistent with the finding that the time taken to achieve 90% lung aeration varies consid-
erably (8.6 to >20 sec), but with most (5 of 6) pups fully aerating their lungs within 20 sec.

We used ventilated preterm rabbit pups to demonstrate the principles of how initial infla-
tions of different durations affect FRC, tidal volumes and the uniformity of lung aeration.
Although very preterm infants resuscitated under different circumstances (e.g. in a horizon-
tal position), may have partially aerated lungs before ventilation starts due to spontaneous
breathing, we believe that the principles displayed in this study are likely to apply to preterm
infants. Indeed, the high viscosity of liquid, compared to air, will always increase the resis-
tance to lung inflation in liquid-filled versus air-filled airways, no matter what the species.
Thus, a Slinflation of sufficient duration will over-come the different time constants, caused
for example by different sized airways, allowing more uniform aeration before PPV begins.
On the other hand, if the lung is only partially aerated, during PPV air will preferentially
enter and inflate aerated regions because air-filled airways have a much (100 fold) lower
resistance than liquid-filled airways. In liquid-filled regions, the air/liquid interface will move
distally only after the pressure in the aerated regions exceeds the pressure gradient required
to overcome the resistance to liquid movement. If the inflation time is short (<1sec), the
airway pressure will only exceed the required pressure briefly during inspiration, thereby
greatly increasing the time and number of inflations required to fully aerate and recruit the
lung. This contention is supported by the finding that for a given inflating pressure, tidal
volumes recruit more slowly in the absence of a Sl and that increasing the duration of the SI
increases the rate of lung recruitment (figure 7).

In conclusion, during positive pressure ventilation with PEEP after birth, increasing the
duration of the initial inflation to 10 or 20 seconds, increased the gas volume entering the
lung, allowing ventilation of the distal gas exchange regions from the first inflation. The
results demonstrate that uniform lung aeration requires a finite period of time due to the
long time constant caused by the high resistance for the air/liquid interface to move through
the airways. As a result, in ventilated preterm rabbit pups, a mean initial sustained inflation
of 14.0 (4.1) secs is required to mostly (90%) aerate the lungs. Although we measured a
larger FRC at 7 minutes with a Sl of 10-20 seconds, the effect of a Sl on FRC rapidly decreases
with increasing ventilation time, indicating that the application of PEEP is also important.
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