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Abstract Purpose: Ventilation
problems are common in critically ill
patients with intra-abdominal hyper-
tension. The aim of this study was to
investigate the effects of preserved
spontaneous breathing during
mechanical ventilation on hemody-
namics, gas exchange, respiratory
function and lung injury in experi-
mental intra-abdominal hypertension.
Methods: Twenty anesthetized pigs
were intubated and ventilated for 24 h
with biphasic positive airway pres-
sure without (BIPAPPC) or with
additional, unsynchronized spontane-
ous breathing (BIPAPSB). In 12
animals, intra-abdominal pressure
was increased to 30 mmHg for two
9 h periods followed by a 3 h pres-
sure relief each. Eight animals served
as controls and were ventilated for
24 h. Hemodynamics, gas exchange
and respiratory mechanics were
measured and lung injury was
determined histologically. Results:
Intra-abdominal hypertension caused
significant impairment of hemody-
namics and respiratory mechanics in
both modes. In the presence of intra-
abdominal hypertension, BIPAPSB

did not demonstrate superior respira-
tory mechanics and cardiovascular
stability as compared to BIPAPPC.

Although the decrease of dynamic
compliance and the increase of air-
way pressures were mitigated,
BIPAPSB failed to lower pulmonary
vascular resistance and caused
increased dead space ventilation
(p = 0.007). Blood pressures and
cardiac output increased in BIPAPSB,
caused by an increase in heart rate
(p \ 0.001), but not in stroke volume
(p = 0.06). BIPAPSB was associated
with an increased breathing effort,
decreased transpulmonary pressure
during inspiration and lower lobe
diffuse alveolar damage (p = 0.002).
Conclusions: In the presence of
severe intra-abdominal hypertension,
the addition of unsupported sponta-
neous breaths to BIPAP did not
improve hemodynamic and respira-
tory function and caused greater
histopathologic damage to the lungs.

Keywords Ventilator-induced lung
injury � Mechanical ventilation:
complications � Shock: experimental
studies � Respiratory monitoring

Intensive Care Med (2010) 36:1427–1435
DOI 10.1007/s00134-010-1827-3 EXPERIMENTAL

http://dx.doi.org/10.1007/s00134-010-1827-3


Introduction

Intra-abdominal hypertension (IAH) is an under-recog-
nized condition in critically ill patients. IAH may result
from increased intra-abdominal volume or a decreased
abdominal wall compliance in the course of abdominal
bleeding, peritonitis or trauma and may lead to abdominal
compartment syndrome [1], a life-threatening complica-
tion with a mortality rate up to 50% [2–5]. The most
severe form of IAH grade 3 consistent with abdominal
compartment syndrome includes a sustained intra-
abdominal pressure (IAP) [ 20 mmHg associated with
newly developed organ dysfunction or failure [3, 6–8].
IAH does not only impair intestinal organ perfusion but
also compromises chest wall movement [9], causing
worsening of lung mechanics and gas exchange. Post
mortem histological examinations have revealed tissue
necrosis and loss of organ integrity after untreated IAH
[10]. Depending on the severity of IAH, only decom-
pressive laparotomy can save organ function [4, 5, 11,
12], but might induce reperfusion injury [13, 14].

Respiratory mechanics and gas exchange are influenced
by the way mechanical ventilation is applied. It has been
demonstrated in various models of acute lung injury [15–
17] that preserved spontaneous breathing activity during
mechanical ventilation improves gas exchange as com-
pared to controlled mechanical ventilation. The addition of
unsupported spontaneous breathing during biphasic posi-
tive pressure ventilation (BIPAP) had resulted in an
increase of transpulmonary pressure without increasing
airway pressures, in recruitment of collapsed lung and in
improvement of ventilation/perfusion distributions [17]
[16]. Further beneficial effects of BIPAP ventilation were
decreased intrathoracic pressures, better perfusion of the
intestine and reduced sedation requirements contributing to
hemodynamic stabilization [17, 18]. The diaphragm is
relaxed during controlled mechanical ventilation, leading
to abdominal displacement predominately in the ventral
regions. Active contractions of the diaphragm during
spontaneous breathing thus improve ventilation to the
dorsal regions. The deleterious effects of IAH have been
shown to potentiate dorsal atelectasis formation [19]. We
tested the hypothesis that preserved spontaneous breathing
activity during BIPAP attenuates the sequelae of IAH on
hemodynamics, respiratory function and lung injury and
improves gas exchange in a porcine model of repeated IAH.
Some results of this investigation have been previously
reported in the form of an abstract [20].

Methods and materials

After approval by the Institutional Animal Care Com-
mittee, the study was conducted in compliance with
international guidelines [21].

Anesthesia was induced in 20 male domestic pigs
(46.3 ± 3.3 kg) and maintained with continuous infusions
of ketamine and pentobarbital. Ten animals each were
randomized to receive biphasic intermittent positive air-
way pressure without (BIPAPPC) or with unsupported
spontaneous breathing (BIPAPSB). In principle, BIPAP
without spontaneous breathing activity is equal to pressure
controlled ventilation. The high pressure level serves as
pressure controlled and time-cycled mechanical breath, the
low pressure level as positive end-expiratory pressure
(PEEP). During BIPAPSB, unsupported breathing is pos-
sible on both levels. In each group, six animals were
submitted to increased abdominal pressure and four ani-
mals served as controls. The absence of respiratory effort
during BIPAPPC was confirmed by monitoring the esoph-
ageal pressure trace.

After orotracheal intubation with an 8.0 mm ID cuffed
tube, the inspiratory oxygen fraction (FiO2) was set to 0.3
and the lower pressure level to 8 cmH2O. The high pres-
sure was set to achieve a tidal volume of 8 ml/kg BW with
an I:E ratio of 1:1.4 and the respiratory rate adjusted to a
PaCO2 of 40–45 mmHg (Evita IV, Draeger Medical,
Luebeck, Germany). The sedation in BIPAPSB was then
reduced to allow for interfaced unsupported spontaneous
breathing as seen on the esophageal pressure trace and
titrated against spontaneous movements of the limbs or
head. After induction of IAH, the upper level was adjusted
in both groups to maintain tidal volume. Intravenous fluids
were administered at 10 ml/kg/h, as this was necessary to
maintain stable hemodynamics in a 24-h model of IAH
found in previous investigations [22]. Blood pressures
were transduced via catheters inserted into the femoral
vessels. Cardiac output and stroke volume were calculated
from a pulmonary artery catheter inserted via the jugular
vein by pulmonary artery thermodilution (A/S3; Datex-
Ohmeda, Duisburg, Germany). Arterial and mixed venous
blood samples were analyzed immediately (Abl510;
Radiometer, Copenhagen, Denmark) and venous admix-
ture calculated according to standard formulas [23].
Expired gases were collected and dead space ventilation
(Vd/Vt) calculated from the Enghoff equation.

A balloon catheter (Bicore Inc. Irvine, USA) was placed
in the esophagus as described previously [24]. Airway
pressures and flow were measured by a differential pres-
sure transducer (CP100; Bicore). Flow and pressure signals
were recorded and tidal volume, respiratory rate and air-
way pressures were averaged over ten breaths. Dynamic
compliance was measured from the curves as described
previously [25]. The total work of breathing (WOBt) was
calculated by the pulmonary monitor as described by the
manufacturer (Bicore). Transpulmonary pressures were
calculated during inspiration and expiration as the differ-
ence between airway and esophageal pressures. IAH was
controlled by insufflation of carbon dioxide by a CO2-
insufflator (electronik-pneu, Storz, Tutlingen, Germany).
IAP was defined as the superimposed pressure provided by
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the insufflator. Urine output was monitored by a Foley
catheter inserted in the urinary bladder.

Experimental protocol

Baseline measurements were performed after instrumen-
tation; then IAP was increased to 30 mmHg in the IAH-
groups and kept constant for 9 h followed by a 3 h
pressure relief to simulate decompression and reperfusion
injury. The procedure was repeated once. Controls were
ventilated for 24 h with unchanged settings.

Measurements were performed at 1, 5, 9, 11, 13, 17, 21
and 24 h after baseline measurements. Afterwards, animals
were killed with a thiopentone overdose and biopsies were
taken from dorsal and ventral lung, fixated in 10% buffered
formaldehyde and stained with hematoxylin-eosin (HE).
Histological damage, identified by a pathologist blinded to
the underlying treatment (MA), was classified as none,
mild, moderate, or severe (grade 1–4) for each of the fol-
lowing criteria: alveolar and interstitial edema,
granulocytes, lymphocytes and erythrocytes, fibrinous
exudate and microthrombi. An overall score (maximum
40) was calculated as the sum of sub-scores [26].

Statistical analysis

All data are reported as means ± SD. The data were nor-
mally distributed. The effects of IAH over time (within
group) were tested with repeated measures analysis of var-
iance (ANOVA). In case of significant results, a post hoc
analysis was performed by Scheffe’s procedure. To test
differences between groups, controls and IAH animals were
analyzed separately. In the IAH groups, if no time effect was
found, cumulative data from the zero pressure phases (hours
0,11,24) were compared with the pressure phases (hours
1,5,9,13,17,21) between groups by independent t-test.
Statistical significance was accepted for p values less than
0.05 (SPSS WIN 10.0; SPSS Inc, Chicago, IL, USA).

Results

At baseline, there were no differences in hemodynamics, gas
exchange or respiratory mechanics between controls and
IAH animals and between BIPAPPC and BIPAPSB animals.

Controls without elevated abdominal pressure

Animals were stable over time and no significant changes
could be observed in ventilation parameters and lung

mechanics during 24 h of mechanical ventilation (supple-
mentary material). BIPAPSB resulted in lower airway
pressures and higher dynamic compliance (p \ 0.001)
(supplementary material, Table 1). Gas exchange
remained unchanged in both groups, but PaCO2 and oxy-
gen delivery were higher during BIPAPSB (supplementary
material, Table 2). During BIPAPSB, cardiac output was
higher and stroke volume increased (supplementary
material, Table 3; Fig. 1). Also, pulmonary vascular
resistance was lower in BIPAPSB (p = 0.019).

IAH group

Sedation medication was less during BIPAPSB (ketamine
3 ± 1 mg/kg/h; pentothal 3 ± 1 mg/kg.h) than during BI-
PAPPC (ketamine 5 ± 2 mg/kg.h; pentothal 8 ± 3 mg/
kg.h) to facilitate spontaneous breathing (p \ 0.001). All
animals completed the end of the first phase of IAH.
Hemodynamic instability in two cases and technical prob-
lems with the insufflator in one case precluded three animals
in the BIPAPSB group from receiving the second phase of
IAH. Their hemodynamic and respiratory data were exclu-
ded from the analysis of the respective period, but animals
were ventilated until the end of the 24 h period. The nine
remaining animals exhibited no differences between the
changes in the first and second pressurization phase.

Hemodynamic results

Fluid administration was equal. Animals received
6 ± 1 ml/kg/h of crystalloid and 5 ± 1 ml/kg/h of colloid
solutions in BIPAPPC and 6 ± 2 ml/kg/h of crystalloid and
5 ± 2 ml/kg/h of colloid solutions in BIPAPSB ventilation
(p = 0.708 and p = 0.083, respectively).

With the onset of IAH, mean arterial and pulmonary
pressures, central venous, pulmonary artery occlusion
pressure and pulmonary vascular resistance increased
significantly in all animals (Table 1). Only during
BIPAPSB, cardiac output increased with IAH, caused by an
increase in heart rate, but not in stroke volume (supple-
mentary material, Fig. 2). No reduction in pulmonary
vascular resistance was observed for BIPAPSB (Table 1).
An increasing variability of cardiac output and heart rate at
the end of both IAH phases was observed during BIPAPSB

(supplementary material, Fig. 2). During the phases of
pressure relief, BIPAPSB presented with more favourable
pressures, but no difference in cardiac output (Table 1).

Respiratory and gas exchange results

Gas exchange parameters worsened during the IAH pha-
ses in both modes (Table 2) and were fully reversible
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after pressure relief. BIPAPSB was characterized by a
smaller decrease in PaO2 and a greater increase in PaCO2

than BIPAPPC, but exhibited an equal increase in the
venous admixture.

During the IAH phases, BIPAPSB ventilated animals
demonstrated higher respiratory rates, minute ventilation
and dynamic compliance than animals without spontane-
ous breathing. Additional spontaneous breathing
accounted for 7% (during zero pressure phase) to 17%
(during IAH phases) of total minute ventilation during
BIPAPSB, contributing to an increased work of breathing
(supplementary material, Fig. 4), which was not seen in
controls (supplementary material, Fig. 3). Although
spontaneous breathing was encountered, a considerable
amount of this activity was interfaced, and not superim-
posed, with the mechanical breaths (Figs. 1, 2). During the
IAH phase, the transpulmonary pressures were decreased
with BIPAPSB (21 ± 11 vs. 29 ± 10, p = 0.003) in
inspiration, and plateau pressures were higher with
BIPAPPC (Table 3). The actual PEEP levels were higher
with BIPAPSB during IAH (9.6 ± 0.8 vs. 8.2 ± 0.7,
p \ 0.05), but not during zero pressure phases. No differ-
ences were observed for the expiratory transpulmonary
pressure (p = 0.224).

Histopathological analysis

In control animals without IAH, only minor histologic chan-
ges were observed with total lung damage scores of 20.8 ±
6.2 (BIPAPPC) and 21.4 ± 6.5 (BIPAPSB) (p = 0.803).

In contrast, phases of IAH caused significant histo-
logical damage, which was more profound in all six
BIPAPSB ventilated animals (p \ 0.002 vs. BIPAPPC)
(Fig. 3; Table 4). The histological damage was higher
graded in the lower lobe than in the upper lobe
(p = 0,015) after BIPAPSB ventilation, but not after BI-
PAPPC (p = 0.131) (supplementary material, Fig. 5).

Discussion

In this study the effects of preserved spontaneous
breathing activity on respiratory function and hemody-
namics were investigated in the presence of severely
elevated abdominal pressure. The addition of spontaneous
breathing to BIPAP during experimental IAH had no
beneficial effects on hemodynamics, gas exchange and
lung protection, in contrast to previous investigations in
acute lung injury.

IAH caused by peritonitis, pancreatitis, bowel
obstruction, sepsis, burns or trauma is a frequent, but
often under-recognized problem in critically ill patients.T
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Furthermore, elevated abdominal pressures exert adverse
effects on cardiac, pulmonary and renal function. Serial
measurements of IAP in patients at risk of developing
abdominal compartment syndrome have been recom-
mended [1–3, 27–29] but no recommendations as to
ventilatory management have been made. We have used a
model of hyperacute IAH, which is rarely seen in patients,
where IAH develops over several hours as a consequence
of excess fluid in the abdomen. However, temporary reliefT
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Fig. 1 Representative tracings of airway pressure (PAW), esopha-
geal pressure (PES), flow and tidal volume (VT) of an animal
ventilated with biphasic positive airway pressure without sponta-
neous breathing (BIPAPPC) during intra-abdominal hypertension
with an intra-abdominal pressure of 30 mmHg. Respiratory rate
30 min-1 (PTP transpulmonary pressure. Flow and VT arbitrary
units)

Fig. 2 Representative tracings of airway pressure (PAW), esopha-
geal pressure (PES), flow and tidal volume (VT) of an animal
ventilated with biphasic positive airway pressure with spontaneous
breathing (BIPAPSB) during intra-abdominal hypertension with an
intra-abdominal pressure of 30 mmHg. The mechanical respiratory
rate is 31 min-1, additional spontaneous breaths are present with
almost every machine breath. Interfaced spontaneous breathing
activity accounts for additional minute ventilation (hatched areas).
(PTP transpulmonary pressure. Flow and VT arbitrary units)

1431



by surgery and secondary relapse of IAH is a condition
not infrequently observed. IAP [ 25 mmHg has been
reported to happen in 5–32% of trauma or liver transplant
patients [3]. We could demonstrate that the consequences
of IAH on respiratory mechanics were fully reversible
after 9 h and after 24 h, but damage occurred to the lungs.
It is not known whether the consequences of IAH on
respiratory mechanics are different whether a model of
excess fluid or gas insufflation is used. There is a differ-
ence in the way pressure is relieved: Gas can be
evacuated, whereby laparostomy only is able to decrease
IAP rapidly in abdominal edema. From our clinical
experience, patients with IAH react to laparostomy with
improvements of respiratory mechanics in a way similar
to the observations made in this study.

We used a model of capno-peritoneum, since it is easy
to deploy, does not interfere with fluid status and has been
studied in animals and humans undergoing laparoscopic
operations [30]. Similar to clinical conditions, the CO2 will
be re-absorbed, although this mechanism might be
impaired in conditions of increased abdominal pressure
[31]. In contrast to previous investigations without ele-
vated IAP [17], BIPAP ventilation with the addition of
spontaneous breathing did not facilitate better CO2 elimi-
nation than controlled ventilation. In the presence of IAH,
despite an increase in minute ventilation, dead space ven-
tilation and PaCO2 were significantly higher during
BIPAPSB. Previous investigations from our group per-
formed in a porcine lung injury model showed similar
results [16].

Oxygenation deteriorated during IAH with controlled
ventilation, which can also be observed in clinical situa-
tions. Basal compression atelectasis, leading to an increase
in venous admixture, is the likely reason. During BIPAPSB,T
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Fig. 3 Lung damage in animals subjected to two times of intra-
abdominal hypertension of 9 h and 3 h pressure relief, ventilated
with biphasic positive airway pressure without (BIPAPPC) and with
spontaneous breathing (BIPAPSB)
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no such deterioration in oxygenation occurred, despite
increased venous admixture. We have struggled to explain
improved oxygenation without reduction in intrapulmo-
nary shunt during BIPAP ventilation before. Using the
MIGET methodology to calculate ventilation-perfusion
distributions, we were able to show that the improvements
in oxygenation during BIPAPSB were mostly attributed to
an increase of blood flow through non-shunted lung
regions [18]. This was associated by an increase in cardiac
output facilitating higher oxygen delivery.

We speculate that increased cardiac output as
represented by a higher oxygen delivery caused the
better oxygenation during BIPAPSB ventilation.
Although it is likely that atelectasis formation was
more pronounced in BIPAPSB, the resolution of ate-
lectasis as found on CT correlates only poorly with
oxygenation improvement [32, 33]. Instead, respiration
mechanics better represented the condition of the lungs
in acute lung injury.

During BIPAPSB, the decrease of dynamic compliance
in the phases of IAH was less dramatic than with BIPAPPC.
Importantly, this was associated with an increase of total
work of breathing and inspiratory pressures in both groups.
Mechanical ventilation in critically ill patients is associated
with increased intrathoracic pressures, impaired hemody-
namics and the need for deep sedation. As it has been
shown in experimental and clinical studies, these adverse
effects are less if spontaneous breathing efforts during
mechanical ventilation are present. The blood flow through
the intestine is improved [34, 35]. The reduced need for
sedation will mitigate the direct circulatory depression
caused by sedative drugs [36].

These beneficial attributes of preserved spontaneous
breathing during mechanical ventilation have stimulated
us to investigate BIPAPSB in intra-abdominal hyperten-
sion, a condition itself associated with decreased organ
perfusion and altered respiratory mechanics [22]. Inter-
estingly, the behaviour of hemodynamic changes in the
presence of IAH was different from those found during
normal intra-abdominal pressures. In fact, despite higher
blood pressures and cardiac output, BIPAPSB ventilated
animals were more unstable, as characterized by a higher
heart rate and a greater variability of cardiac output and
arterial pressures. We speculate that the increased work of
breathing, which is considerably higher during BIPAPSB

than during other modes of partial ventilatory assistance
[16, 37, 38] has caused this. The complex mechanical
interactions at the diaphragm are greatly influenced by
abdominal pressure. If the chest wall is regarded as a
parallel of spring resistors, the chest wall elastance (EW)
is increasingly determined by the diaphragmal elastance
(ED) with rising abdominal pressure, since the elastance
of the thoracic cage (ETH) is low:

EW ¼ ETH þ ED: If ETH\\ED; then EW � ED

With increasing abdominal pressures, the total chest wall
compliance becomes mainly dependent on the diaphrag-
mal compliance [39]. The increasing trans-diaphragmal
work necessary to facilitate diaphragmal movements
might therefore outweigh the benefits from preserved
spontaneous breathing. Direct interactions of diaphragmal
activity with the heart, being in close proximity, are also
possible [29]. The increased oxygen consumption in
BIPAPSB and the mechanical irritation to the breathing
apparatus were sufficient to destabilize the animals, not in
the short-term, but during prolonged and repeated IAH.
The histopathological analysis revealed more injury and
collapse after BIPAPSB (Table 4), which has been dem-
onstrated in similar experiments with histological organ
damage as a result of disturbed microcirculation [22].
Dorsal diaphragmal movement was not able to attenuate
atelectasis formation and lung damage in the lower lobe.
This resulted in more inflammation and lung damage than
in animals without preserved spontaneous breathing. A
major mechanism seems to be a decrease in transpulmo-
nary pressure during inspiration, which might have been
caused by paradoxical movements of the diaphragm
towards the chest, but not the abdomen. Direct visuali-
zation of the diaphragm by fluoroscopy would have been
an advantage to explain the unanticipated results of this
study and should be used for future investigations.

Could BIPAPSB have been employed differently? Most
investigations, including those from our group, have
demonstrated improved gas exchange and hemodynamics
with the addition of spontaneous breathing to BIPAP in the
way it was done. It is questionable, whether the small
addition of breathing effort would exert such a huge effect
on lung stretch and strain. More likely, the massive pres-
sure from the abdomen could not be counterbalanced by
muscular effort, resulting in fatigue, de-synchronization
and instability. We designed the experiment with

Table 4 Histological subscores in the intra-abdominal hyperten-
sion (IAH) group

BIPAPPC BIPAPSB p value

Congestion 2.8 ± 0.6 3.0 ± 0.6 0.135
Edema, interstitial 2.9 ± 0.5 3.1 ± 0.6 0.204
Edema, alveolar 2.5 ± 0.5 2.8 ± 0.6 0.02
Granulocyte infiltrate, interstitial 2.5 ± 0.5 3.0 ± 0.3 0.001
Granulocyte infiltrate, alveolar 2.3 ± 0.5 2.9 ± 0.7 0.001
Erythrocyte infiltrate, interstitial 2.4 ± 0.6 2.8 ± 0.7 0.032
Erythrocyte infiltrate, alveolar 2.2 ± 0.7 2.4 ± 0.6 0.404
Lymphocyte infiltrate, interstitial 2.8 ± 0.4 3.0 ± 0.1 0.043
Microthrombi 1.8 ± 0.7 2.9 ± 0.7 \0.001
Fibrinous exudate, interstitial 2.3 ± 0.4 2.5 ± 0.6 0.04
Fibrinous exudate, alveolar 2.2 ± 0.4 2.4 ± 0.5 0.125
Cumulative score 26.7 ± 4.3 30.8 ± 4.5 0.002

BIPAPPC biphasic positive airway pressure without spontaneous
breathing, BIPAPSB with spontaneous breathing, grading as 1 no
changes, 2 mild, 3 moderate, 4 severe changes
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comparable tidal volumes and pressures, but failed to
balance minute ventilation. Comparable minute ventilation
could only be achieved by further reducing respiratory rate,
leaving more room for spontaneous breathing and desta-
bilization and the potential for worsening respiratory
acidosis. We speculate that in doing so, the outcome would
have been even worse. It seems that reducing the (intra-
thoracic) airway pressure support for the diaphragm
against intra-abdominal pressure is contra-productive in
severe IAH.

In conclusion, IAH of 30 mmHg resulted in impairment
of respiratory mechanics, gas exchange and hemodynam-
ics in BIPAP-ventilated animals with and without
spontaneous breathing. Although respiratory mechanics
and gas exchange seemed less affected during BIPAPSB

ventilation, adverse effects counterfeited the potential

benefits of added spontaneous breathing. BIPAPSB was
characterized by a higher work of breathing, decreased
transpulmonary pressures and deteriorating hemodynam-
ics towards the end of the intra-abdominal hypertension
phases and a higher degree of histopathologic lung injury.
This study could not demonstrate a superiority of adding
unsupported spontaneous breathing to BIPAP in the
presence of severe intra-abdominal hypertension.
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