
Neonatal Pneumothorax Pressures Surpass Higher Threshold in Lung
Recruitment Maneuvers: An In Vivo Interventional Study
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BACKGROUND: Causing pneumothorax is one of the main concerns of lung recruitment maneu-
vers in pediatric patients, especially newborns. Therefore, these maneuvers are not performed
routinely during anesthesia. Our objective was to determine the pressures that cause pneumothorax
in healthy newborns by a prospective experimental study of 10 newborn piglets (<48 h old) with
healthy lungs under general anesthesia. METHODS: The primary outcome was peak inspiratory
pressure (PIP) causing pneumothorax. Animals under anesthesia and bilateral chest tube cathe-
terization were randomly allocated to 2 groups: one with PEEP and fixed inspiratory driving
pressure of 15 cm H2O (PEEP group) and the second one with PEEP � 0 cm H2O and non-fixed
inspiratory driving pressure (zero PEEP group). In both groups, the ventilation mode was pressure-
controlled, and PIP was raised at 2-min intervals, with steps of 5 cm H2O until air leak was observed
through the chest tubes. The PEEP group raised PIP through 5-cm H2O PEEP increments, and the
zero PEEP group raised PIP through 5-cm H2O inspiratory driving pressure increments. RESULTS:
Pneumothorax was observed with a PIP of 90.5 � 15.7 cm H2O with no statistically significant
differences between the PEEP group (92 � 14.8 cm H2O) and the zero PEEP group
(89 � 18.2 cm H2O). The zero PEEP group had hypotension, with a PIP of 35 cm H2O; the PEEP
group had hypotension, with a PIP of 60 cm H2O (P � .01). The zero PEEP group presented
bradycardia, with PIP of 40 cm H2O; the PEEP group presented bradycardia, with PIP of 70 cm H2O
(P � .002). CONCLUSIONS: Performing recruitment maneuvers in newborns without lung disease
is a safe procedure in terms of pneumothorax. Pneumothorax does not seem to occur in the
clinically relevant PIPs of <50 cm H2O. Hemodynamic impairment may occur with high driving
pressures. More studies are needed to determine the exact hemodynamic impact of these procedures
and pneumothorax PIP in poorly compliant lungs. Key words: barotrauma, mechanical ventilation;
pediatrics; ventilator-induced lung injury; positive-pressure respiration; anesthesia [Respir Care
0;0(0):1–•. © 0 Daedalus Enterprises]

Introduction

Lung collapse invariably occurs during mechanical ven-
tilation and commonly after induction of general anesthe-

sia.1,2 The use of recruitment maneuvers has been pro-
posed as a useful technique to reverse atelectasis during
general anesthesia.3-6 Nevertheless, there is no standard,
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universally accepted method of performing recruitment
maneuvers.

There are many clinical trials described in the literature
where different types of recruitment maneuvers have been
used in trying to reopen collapsed lung regions, and dis-
cussion has focused on the minimum level of PEEP re-
quired to keep them open. Our goal was to determine the
range of peak inspiratory pressures (PIPs) producing pneu-
mothorax and compare it with the PIP range commonly
used in recruitment maneuvers of healthy newborns in the
operating theater setting.

One way of performing a recruitment maneuver was
described by Tusman7 and is based on the slow increase of
the inspiratory pressure with PEEP using step increments
and a fixed inspiratory driving pressure (PIP � PEEP) to
fully reopen collapsed lung regions, followed by a decre-
mental PEEP titration in order to set the ideal open-lung
PEEP that maintains the recruited lungs open. The aim of
such a strategy is to prevent ventilator-induced lung injury
by reversing lung collapse and hence avoiding cyclic tidal
recruitment and to minimize lung overdistention by limit-
ing the inspiratory driving pressure above the set open-
lung PEEP.7-11 These slow stepwise increments in PIP,
keeping inspiratory driving pressure �15 cm H2O, have
less hemodynamic impact, particularly in children, and
help to set the optimal PEEP. Other types of recruitment
maneuvers frequently used in the operating theater are
CPAP of 40 cm H2O for 8–40 s or a few breaths at a high
rate and high pressure (PIP � 50 cm H2O/PEEP �
5 cm H2O).

Nevertheless, the recruitment maneuver has not yet
gained widespread acceptance in routine pediatric mechan-
ical ventilation. One of the main reasons is that there are
concerns regarding the risks associated with recruitment
maneuvers, including minor hemodynamic impairment,12,13

barotrauma,14,15 and tissue damage of the lung and distal
organs.16,17 Barotrauma is one of the major clinical con-
cerns, especially in neonates and infants, due to their in-
finite thorax compliance, which makes them particularly
sensitive to increases in airway pressure and prone to pneu-
mothorax.18,19 Most studies regarding recruitment maneu-
vers have been conducted in adult lungs with ARDS,1,10,11,20

and information regarding the response to recruitment ma-
neuvers in either healthy or sick pediatric patients is scarce.

The lungs of healthy neonates and infants easily col-
lapse after induction of anesthesia because their functional
residual capacity is always below the airway closing vol-
ume.21 Therefore, the development of atelectasis during
general anesthesia is a constant finding.5 There are reasons
to believe that the pressures needed to recruit the lungs and
the safety of recruitment maneuvers may differ in young
healthy lungs compared with adult diseased lungs. If rou-
tine recruitment maneuvers are to be implemented in pe-
diatric patients, their safety and efficacy must be explored

in more detail. Therefore, it is relevant to determine the
pressure range causing pneumothorax.

The aim of this study is to determine the PIPs causing
pneumothorax in an experimental model using healthy new-
born piglets. The hypothesis of the experiment is that re-
cruitment maneuvers involving increasing PIP without in-
creasing PEEP induce a greater degree of barotrauma and
risk of pneumothorax as compared with maneuvers that
maintain a constant �-pressure (PIP � PEEP). Therefore,
we want to determine as well whether there is any differ-
ence in the pneumothorax PIP using a ventilation strategy
with constant (PEEP group) or increasing inspiratory driv-
ing pressure (zero PEEP group).

We compared 2 different ventilation strategies producing
pneumothorax: one with a fixed inspiratory driving pres-
sure of 15 cm H2O and PIP raised upon PEEP increments
(PEEP group) and one with zero PEEP (PEEP � 0 cm H2O)
and PIP raised directly, thus having a non-fixed inspiratory
driving pressure on every breath cycle and risking the
production of cyclic overdistention and cyclic tidal recruit-
ment (zero PEEP group). It is not the purpose of this study
to determine the optimum PEEP after a recruitment ma-
neuver but rather to help the clinician set a range of PIPs
at which pneumothorax is likely to happen.

Methods

Ethics

The study was approved by the ethical committee for
experimental research of La Paz University Hospital (Eth-

QUICK LOOK

Current knowledge

Recruitment maneuvers are frequently employed to re-
verse atelectasis and improve gas exchange in mechan-
ically ventilated patients. Elevated pressures are com-
monly associated with hemodynamic embarrassment
and less commonly with air leaks or barotrauma. Com-
plications of recruitment maneuvers might occur.

What this paper contributes to our knowledge

In a neonatal piglet model with normal lung mechanics,
pressures resulting in pneumothorax following a re-
cruitment maneuver were greater than those typically
used clinically. Hemodynamic impairment was com-
monly seen, with animals at zero PEEP having greater
impairment that those at higher PEEP. Limiting driving
pressure during recruitment can reduce hemodynamic
compromise.
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ical Committee N9 32-2011) (Madrid, Spain) on Novem-
ber 10, 2011. The study was conducted in accordance with
ARRIVE (Animals in Research: In Vivo Experiments) stan-
dards. In addition, the prospective research was under-
taken in conformity with the national and institutional
guidelines for the care and use of experimental animals
(RD1201/2005).

Animals

Ten newborn piglets (�48 h old) of the Landrace-
Large White breed with an average weight of 3.2 � 0.4
kg were selected. The estimation of the sample size was
conducted taking similar studies as a reference.22,23 All
animals studied had been declared healthy after a vet-
erinary examination.

Animals were sedated with ketamine (10 mg kg�1 in-
tramuscularly), diazepam (0.3 mg kg�1 intramuscularly),
and atropine (0.01 mg kg�1 intramuscularly) 20 min be-
fore anesthesia induction with sevoflurane (6% inhaled),
fentanyl (1.5 �g kg�1 intravenously), and cisatracurium
(0.5 mg kg�1 intravenously). Anesthesia was maintained
with 1.5% sevoflurane and a fentanyl infusion (1 �g kg�1

h�1).

Preparation

Piglets were intubated with a 3.5-mm internal diameter
cuffed endotracheal tube and ventilated (Flow i C30,
MAQUET, Rastatt, Germany) in pressure-controlled mode
according to a randomization protocol (Table 1). Monitor-
ing (Omicron Altea Monitor, RGB Medical Devices, Ma-
drid, Spain) consisted of electrocardiography (lead II), pulse
oximetry, invasive blood pressure with carotid surgical
dissection, and temperature.

Bilateral chest tubes (10 French, Kendall Argyle, Covi-
dien, Dublin, Ireland) were inserted in a mid-anterior line
at the level of the front limbs. Careful surgical dissection

was performed, and before the insertion of each chest tube,
animals were disconnected from ventilation to ease lung
collapse and avoid any possible risk of iatrogenic lung
damage. Then each chest tube was carefully sutured to the
skin to prevent leakages and connected to water traps.
Tubes were covered by 1 cm H2O at their distal end in the
water traps.

Ventilation Protocol

All animals were ventilated for 1 h before the experi-
ment to allow atelectasis to occur with these same settings
(pressure-controlled ventilation, PIP � 15 cm H2O, zero
PEEP, 25 beats/min, I-E ratio 1:1, FIO2

60%, 1.0 L/min
fresh gas flow, and end-tidal sevoflurane concentration of
1.5% in an air/oxygen mix). They were then randomly
allocated to 2 groups. The first group (PEEP group) had a
constant driving pressure of 15 cm H2O, and PIP was raised
in 5-cm H2O PEEP increments every 2 min, starting from
zero PEEP, until 50-cm H2O PEEP was reached. If no air
leak was noticed, it was necessary to break the fixed �-pres-
sure to keep raising the PIP, since no anesthesia worksta-
tions in the market support PEEP levels �50 cm H2O.
From that point on, every step continued with 5-cm H2O
PIP increments (Fig. 1).

The second group (zero PEEP group) kept zero PEEP
during the whole experiment, and PIP was raised in
5-cm H2O increments every 2 min (Fig. 2), until bubbling
was noticed in the water traps. Each single experiment
lasted for a different time, until pneumothorax was wit-
nessed in the form of a continuous air leak in the PEEP
group or inspiratory air leak in the zero PEEP group.

Table 1. Peak Inspiratory Pressure Resulting in Pneumothorax
According to Group After Randomization

Animal Group
Pneumothorax Peak Inspiratory

Pressure, cm H2O

1 PEEP 70
2 Zero PEEP 65
3 PEEP 105
4 PEEP 95
5 Zero PEEP 85
6 Zero PEEP 85
7 Zero PEEP 115
8 Zero PEEP 95
9 PEEP 105
10 PEEP 85

Fig. 1. Ventilation protocol. The PEEP group raised peak inspira-
tory pressure (PIP) through 5-cm H2O PEEP increments every 2
min while keeping a fixed inspiratory driving pressure of 15 cm H2O.
There is no current anesthesia workstation available supporting
PEEP levels �50 cm H2O; therefore, breaking the fixed inspiratory
driving pressure was necessary in those animals that already had
reached PEEP of 50 cm H2O without signs of pneumothorax. In
those cases, PIP was increased directly while keeping PEEP con-
stant at 50 cm H2O.
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Hemodynamic monitoring started after the first hour of
ventilation with PIP of 15 cm H2O and zero PEEP.

Statistical Analysis

Data are expressed as mean � SD for parametric data
and median (range) for non-parametric data. We used the
Student t test for independent data as a parametric test and
the Mann–Whitney U-test as a non-parametric test to com-
pare both groups. All statistical tests were considered bi-
lateral, and P � .05 was considered statistically signifi-
cant. The statistical analysis was performed using SAS 9.1
(SAS Institute, Cary, North Carolina).

Results

Pneumothorax Pressures

Peak inspiratory pressure causing pneumothorax for all
studied animals was 90.5 � 15.7 cm H2O. We found no
significant difference (P � .78) between the 2 groups. The
PEEP group reached a PIP of 92 � 14.8 cm H2O, and the
zero PEEP group reached a PIP of 89 � 18.2 cm H2O.
The highest PIP recorded causing pneumothorax was
115 cm H2O, and the lowest was 65 cm H2O. Results are
shown in Tables 1 and 2.

Hemodynamic Impact

The PEEP group had a higher PIP (mean PIP �
62.5 cm H2O) at which a 20% decrease in mean arterial
pressure from baseline was noted in comparison with the
zero PEEP group (mean PIP � 37.5 cm H2O) (P � .01).
Similar results were found for systolic blood pressure and
diastolic blood pressure (Table 3).

Regarding heart rate, the zero PEEP group presented a
20% decrease from baseline with a mean PIP of
42.5 cm H2O, whereas the PEEP group showed a pulse
decreased by 20% from baseline with mean PIP of
72.5 cm H2O. These differences were highly significant
(P � .002). Results are summarized in Table 3.

We found no significant (P � .058) difference in high-
est pulse values during the experiment between the zero
PEEP group (highest heart rate value corresponds to a PIP
of 22.5 � 2.9 cm H2O) and the PEEP group (PIP of
43.8 � 18.0 cm H2O), whereas there was a statistically
significant difference (P � .03) for highest mean arterial
pressure values (PEEP group, PIP 40.0 � 14.7 cm H2O;
zero PEEP group, PIP 18.8 � 4.8 cm H2O) achieved in the
experiment.

Mortality Analysis

PIP producing asystole in the PEEP group was
73.8 � 4.8 cm H2O, whereas the zero PEEP group pres-
sures for the same result reached 77.5 � 18.5 cm H2O. No
significant difference was found between the 2 groups.
Figure 3 shows a box plot comparison regarding PIPs
causing bradycardia, hypotension, asystole, and pneumo-
thorax.

Discussion

Data describing precise pneumothorax pressures either
in adults or in children are very scarce. In the current
study, the only relevant factor that determines pneumotho-
rax is the PIP. No difference was observed between the 2

Fig. 2. Zero PEEP ventilation protocol. The zero PEEP group raised
PIP directly in 5-cm H2O increments every 2 min while keeping
zero PEEP during the entire experiment.

Table 2. Pneumothorax Peak Inspiratory Pressure Values According
to Each Ventilation Group

Peak Inspiratory
Pressure

PEEP
(n � 5)

Zero PEEP
(n � 5)

All
(N � 10)

Mean � SD, cm H2O 92 � 14.8 89 � 18.2 90.5 � 15.7
Median, cm H2O 95 85 90
Maximum, cm H2O 105 115 115
Minimum, cm H2O 70 65 65

Table 3. Peak Inspiratory Pressures (mean � SD) in cm H2O
Corresponding to a 20% Decrease From Baseline for Each
Hemodynamic Value

PEEP
(n � 5)

Zero PEEP
(n � 5)

All
(N � 10)

P*

Systolic arterial pressure 62.5 � 16.6 37.5 � 8.7 50.0 � 18.1 .037
Diastolic arterial pressure 63.8 � 14.4 37.5 � 6.5 50.6 � 17.4 .02
Mean arterial pressure 63.8 � 14.4 33.8 � 7.5 48.8 � 19.2 .01
Pulse 72.5 � 6.5 41.3 � 10.3 56.9 � 18.5 .002

* P values refer to a t test between the PEEP and zero PEEP group means.
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ventilation strategies used. The pneumothorax pressures
that we describe greatly surpass the recommended recruit-
ment PIPs in the literature, even in severely sick lungs.
According to our results, a PIP of 90.5 � 15.7 cm H2O
causes pneumothorax in healthy newborn piglets. Similar
data were described in adult cadavers (100–110 cm H2O
pressure range) by Malhotra and Wright in 1961.24 These
data are also compatible with the results from a newborn
ex vivo open thorax model (50–70-cm H2O PIP range)
done by García-Fernández et al22 in healthy rabbits. In the
latter study, pneumothorax PIPs are slightly lower, prob-
ably due to the fact that it used an open thorax model
without any chest wall protection; these authors have al-
ready suggested that pneumothorax pressures in patients
with an intact chest wall should be higher, since a closed
system reduces transpulmonary pressure by raising pleural
pressure, although a child’s chest wall is elastic, and the
protection it supports is limited compared with adults, a
hypothesis that our study supports. In the Malhotra and
Wright study24 done with cadavers, barotrauma pressures
rose up to the wide range of 180–260 cm H2O if external

chest wall compression was applied, thus reducing the
transpulmonary pressure. Therefore, as described in the
literature, transpulmonary pressure plays a key role in baro-
trauma development.25,26

In our study, pneumothorax was observed mainly within
the first 4–6 breaths rather than at the end of the 2-min
pressure level. Just 1 of the 10 animals developed pneu-
mothorax at the end of the pressure step. Therefore, PIP
could be more relevant than the duration of pressure. Pneu-
mothorax was found to be mainly an early dynamic event
at excessive pressures; however, it remains possible that
certain lungs may rupture when high pressures are main-
tained over a prolonged time. These results are consistent
with the data obtained in the open thorax model discussed
previously.22

Although our study was not originally designed to as-
sess the hemodynamic implications of these high pressures
producing pneumothorax, we found interesting data that
need to be discussed because barotrauma and hemody-
namic impairment are among the main concerns of clini-
cians during recruitment maneuvers. The zero PEEP group
did have greater hemodynamic impact than the PEEP ven-
tilatory strategy. Hypotension is significantly greater in the
zero PEEP group, with a 20% decrease from baseline in
mean arterial pressure, systolic arterial pressure, and dia-
stolic arterial pressure at the PIP range of 35–40 cm H2O,
whereas in the PEEP group, pressures associated with hy-
potension start at PIP � 60 cm H2O/PEEP � 45 cm H2O.
Therefore, it was safe for the PEEP group to reach pres-
sures up to 50 cm H2O, both in terms of risk for pneumo-
thorax development and hemodynamic repercussions,
stressing the relevance of limiting driving-pressures when
performing recruitment maneuvers, probably at inspiratory
driving pressures �15 cm H2O as recently described for
adults.27 Pulse showed the highest endurance to high pres-
sures: the zero PEEP group presented bradycardia signif-
icantly earlier, at PIPs of 40 cm H2O, whereas the PEEP
group showed bradycardia at PIP � 70 cm H2O/PEEP �
50 cm H2O. Bradicardia in the pediatric population is a
well-known side effect of the sustained 40-cm H2O CPAP
recruitment maneuver, whose use is now strongly discour-
aged.23

One of the more significant findings of the study is that
hemodynamic compromise occurred in the zero PEEP
group at considerably lower PIPs than those that caused
pneumothorax. This important but unexpected finding, that
a larger �-pressure seems to induce more hemodynamic
compromise with the same PIP, suggests that perhaps ve-
nous return is more compromised in this condition. There-
fore, we find that hypotension and bradycardia, when an
inspiratory driving pressure �15 cm H2O is not preserved,
are important side effects of PIP that actually occurred
sooner than barotrauma in our experiment and, what is
more important, at a common range of pressures in the

Fig. 3. Box plots comparing peak inspiratory pressures (PIP) caus-
ing the 4 main experimental outcomes: bradycardia, hypotension,
asystole, and pneumothorax. Both PEEP and zero PEEP groups
are compared for each outcome. Bradycardia and hypotension
are defined by a 20% decrease from baseline. The dashed line
denotes the 35-cm H2O threshold, and the solid line shows the
50-cm H2O threshold. All animals in the zero PEEP group pre-
sented bradycardia significantly earlier (P � .002) than those in the
PEEP group, the former even at the range of clinically relevant
pressures. The zero PEEP group also presented hypotension
sooner than the PEEP strategy (P � .01). Finally, all animals during
the experiment suffered asystole before pneumothorax. These 2
last outcomes happened considerably above the higher peak in-
spiratory pressure threshold commonly used in recruitment ma-
neuvers for healthy patients. Box plots show the first and third
quartiles, with the center line denoting the median and whiskers
showing the minimum and maximum.
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clinical setting. Moreover, all animals suffered asystole
before pneumothorax during our experiments. This fact
stresses the relevance of the hemodynamic impact of high
PIPs in the neonatal population and should raise concern
about the hemodynamic impact and risk of death at pres-
sures somewhat lower than those causing pneumothorax.

Regarding the mean arterial pressure highest values, in
the PEEP group, these were achieved �35 cm H2O, the
usual PIP goal during recruitment maneuvers, whereas the
zero PEEP strategy reached maximum values at the level
of 20 cm H2O and thereafter started hypotension. These
findings add to the relevance that a fixed inspiratory driv-
ing pressure �15 cm H2O may have in the hemodynamics
of recruitment maneuvers.27 Animals in the PEEP group
slowly turned more tachycardic during the experiment,
reaching the highest pulse values with PIPs of
45 cm H2O/PEEP of 30 cm H2O. This phenomenon could
be due to a positive sympathetic stimulation with the in-
creasing high pressures.28

The main limitation of our study may be the fact that it
was done in healthy lungs, with no lung injury group with
which to compare the results. Our idea was primarily to
determine the pressures producing pneumothorax in healthy
lungs, since this side effect may deter clinicians from per-
forming recruitment maneuvers in the usual clinical set-
ting of the operating theater. We found interesting data
regarding hypotension and bradycardia that should be com-
pared as well with lung-injured patients. Healthy lungs
could, however, present earlier hemodynamic impairment
than sick lungs due to their greater elasticity and the more
efficient pressure transmission to the lung capillaries, thus
being more likely to collapse.

There are, however, other limitations to our study: We
did not perform computed tomography scanning to deter-
mine whether subtle lung damage was produced before
pleural leaks were witnessed; nor did we check for other
signs of barotrauma, such as pneumomediastinum. We did
not make histological assessment of the lung afterward;
nevertheless, there are studies available that have focused
on high-pressure histologic lung lesions.29 Hemodynamic
impact was a secondary goal, and the study was not de-
signed for that purpose. Therefore, we did not measure
cardiac output; nor was the preload status of our animals
thoroughly assessed. A larger sample size could have shown
significance in some values as mentioned previously.

Conclusions

This study is the first one to our knowledge measuring
pneumothorax pressures in an in vivo model, either adult
or pediatric, and shows similar data as those done ex vivo.
According to our results, the recruitment maneuver pres-
sures used in the clinical setting of the operating theater

are considerably lower than those PIPs producing pneu-
mothorax in our in vivo healthy newborn model.

We found unexpected results regarding hemodynamics:
Animals in both groups had hemodynamic impact, but
there are data pointing toward better hemodynamic per-
formance to high ventilatory pressures when limiting in-
spiratory driving pressure, probably �15 cm H2O; a large
�-pressure seems to induce more hemodynamic compro-
mise with the same PIP, and all animals suffered asystole
and subsequently died before presenting pneumothorax.
More studies should be performed specifically to assess
the hemodynamic impact and barotrauma pressures in se-
verely injured lungs.
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