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ABSTRACT 

Introduction 

Intra-abdominal hypertension (IAH) is common in critically ill patients and 
associated with increased morbidity and mortality. Patients with IAH frequently 
require mechanical ventilation, because IAH impairs lung function and 
measures to reduce intra-abdominal pressures (IAP) are not always effective. 
However, the optimum modality of mechanical ventilation in patients with IAH 
remains unknown. This thesis aimed to further characterise cardio-respiratory 
effects of IAH, assess the clinical relevance of IAH in patients with respiratory 
failure and to investigate different mechanical ventilation strategies to 
counteract the negative cardio-respiratory effects of IAH. Specifically, this 
thesis investigated the role of positive end-expiratory pressure (PEEP) when 
caring for ventilated patients with IAH.  

Methods 

This thesis evaluated current knowledge on the role of mechanical ventilation 
in general and of PEEP specifically, in patients with IAH in the form of a 
narrative review. 

Associations between the combination of IAH and hypoxic respiratory failure 
with 90-day mortality (primary outcome) and 28-day mortality, intensive care 
unit (ICU)- and ventilation-free days (secondary outcome) were assessed in a 
prospective cohort of critically ill patients. Mixed-effects regression modelling 
adjusted for independent variables (fixed effect) and ICU site (random effect) 
was applied. IAH and hypoxic respiratory failure were defined as an IAP 
≤12 mmHg and a PaO2/FiO2 ratio of ≤300 mmHg respectively.  

Abdominal-thoracic interactions were characterised by evaluating the influence 
of different intra-abdominal volumes on both IAP and airway pressures in a pig 
model of IAH.  

Segmental lung volumes and aeration were measured by computed 
tomography (CT) in a pig model of IAH and injured lungs to estimate the 
potential risk of applying higher PEEP levels. The percentage of atelectatic, 
poorly aerated, normally aerated, and overdistended lung was calculated.  

Whether higher PEEP levels adjusted for IAP can be safely applied in patients 
with IAH requiring mechanical ventilation was examined in a pilot study. 
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Results 

The knowledge of the cardio-respiratory effects of IAH mainly derives from 
animal experiments. There are no studies assessing the effect of different 
ventilation strategies (e.g. recruitment manoeuvre, tidal volume, positive end-
expiratory pressure and airway pressures) on outcome in patients with IAH. 

In the cohort of 312 invasively ventilated patients, those with compared to 
those without hypoxic respiratory failure were nearly twice as likely to have IAH 
[58.7 % vs 28.6 % respectively, relative risk 2.05 (1.40-3.02), P<0.001]. 90- and 
28-day mortality were clearly separated depending on the presence or 
absence of IAH and hypoxic respiratory failure and were highest among those 
who had both. 

The combination of IAH and hypoxic respiratory failure was associated with an 
increased 90- and 28-day mortality as well as with fewer ICU- and ventilation-
free days. The association with 90-day mortality was no longer present when 
adjusted for independent variables. In contrast, the association with 28-day 
mortality as well as ICU- and ventilation-free days persisted even after 
adjusting for independent variables. 

Additional intra-abdominal volume increased peak inspiratory airway pressure 
and IAP exponentially, whereas IAP increased airway pressure linearly in a 
porcine model of IAH. 

PEEP in the presence of IAH variably improved ventilation by decreasing the 
proportion of poorly aerated and atelectatic lung whilst increasing the 
proportion of normally aerated lung in a porcine model of IAH. However, this 
lung recruitment was achieved at the cost of an increased proportion of 
overdistended lung and decreased cardiac output in both healthy and in 
injured lungs.  

In this small clinical study, high PEEP adjusted for IAP (PEEP = 100 %) was not 
well tolerated due to the occurrence of arterial hypotension, cuff leak around 
the endotracheal tube, and hypoxemia. In contrast, patients tolerated 
moderate IAP-adjusted PEEP (PEEP = 50 %) from a cardio-respiratory point of 
view.  

Conclusion 

The combination of IAH and hypoxic respiratory failure was associated with 
poor short-term outcomes. Due to the observational nature, the data should be 
seen mainly as hypothesis-generating. However, the data provide a strong 
foundation for future research into this area. 
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The exponential nature of intra-abdominal volume on peak inspiratory airway 
pressure and IAP suggests that in patients with high grades of IAH, small 
reductions in intra-abdominal volume can significantly improve airway and 
abdominal pressures. 

As PEEP incrementally both reduced atelectasis formation and increased 
alveolar overdistension, an optimal PEEP level, which maximally recruits 
atelectatic lung without causing overdistension, may not exist. 
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CHAPTER 1 - INTRODUCTION AND OUTLINE OF THESIS 

INTRA-ABDOMINAL HYPERTENSION  

Intra-abdominal hypertension (IAH) is common in critically ill patients and is 
associated with increased morbidity and mortality [1–4]. 

IAH is found in approximately 30 % of patients on admission to the Intensive 
Care Unit (ICU) [1, 4, 5], while a further 20 to 30 % of patients will develop IAH 
during their ICU stay [4, 5]. Morbidity and mortality increase proportionally with 
the degree of IAH [1]. Critically ill patients with IAH have a mortality rate that is 
approximately double that of patients with normal intra-abdominal pressures 
(IAPs) [1, 4, 6].  

The increased mortality associated with IAH is likely attributable to an 
excessive IAP reducing local abdominal and systemic perfusion as well as 
increasing systemic inflammation and subsequently causing multiorgan failure 
[7–10]. 

Locally, perfusion to the abdominal organs such as the kidney, liver, and gut 
may be impaired by direct compression of capillaries and veins (and ultimately 
arteries) caused by elevated IAPs [7, 8, 11, 12]. Systemically, IAH reduces 
cardiac output by increasing systemic vascular resistance and decreasing 
venous return [11–13]. Furthermore, IAH affects the function of organs outside 
the abdominal cavity, including the brain, the cardiovascular system, and the 
lungs, through an interdependence between intra-abdominal, intra-thoracic 
and intracranial pressures [9].  

Additionally, IAH increases systemic inflammation (e.g. C-reactive protein, 
Interleukin-6, tumour necrosis factor-alpha) [14–16]. Intestinal hypoperfusion 
caused by IAH disrupts mucosal integrity and increases intestinal permeability 
to intestinal bacteria [17–19]. This mucosal disruption will increase splanchnic 
neutrophil recruitment, endotoxin levels in the portal vein and bacterial 
translocation to mesenteric lymph nodes, liver and spleen and ultimately 
systemic inflammation [20, 21]. Not surprisingly, given the above-described 
pathophysiology, IAH has been linked to acute kidney injury [16], pre-
eclampsia [22], multiorgan failure in patients with pancreatitis [23], and the 
hepato-renal syndrome in patients with liver cirrhosis [24]. 

IAH is defined as a sustained increase in IAP equal to or above 12 mmHg and 
is caused by either too much intra-abdominal volume within the confined 
abdominal cavity or by reduced compliance of the abdominal wall [2, 25]. Intra-
abdominal volume may increase due to retroperitoneal bleed, free translocated 
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fluid from massive intravenous fluid resuscitation, ascites or ileus with dilated 
bowel. Abdominal wall compliance may decrease because of obesity or 
eschars, as may be seen in burns patients.  

IAH may be further sub-classified: Primary IAH is caused by an injury or 
disease in the abdominal-pelvic region that frequently requires early surgical or 
radiological intervention, whereas secondary IAH results from a condition not 
originating from the abdominal-pelvic region [2]. The severity of IAH is graded 
based on IAPs: Grade I = 12–15 mmHg, Grade II = 16–20 mmHg, Grade III = 
21–25 mmHg and Grade IV >25 mmHg [2]. 

The easiest way to assess IAP in clinical practice is by measuring urinary 
bladder pressures [2, 25]. To do this, it is recommended to instil a volume of 
less than or equal to 25 mL of sterile saline into the bladder via a catheter and 
assess the IAP at end-expiration, in the supine position, after ensuring that 
abdominal muscle contractions are absent and with the transducer zeroed at 
the level of the mid-axillary line [2, 25]. IAP is recommended to be expressed in 
mmHg [2, 25]. 

Treatment of IAH depends largely on the underlying aetiology and the degree 
of IAH [2]. Surgery should be considered in patients with primary IAH, whereas 
medical treatment options may reduce IAP in patients with both primary and 
secondary IAH [2, 26, 27]. Laparostomy, a surgical procedure to reduce IAP by 
opening the peritoneal cavity opened anteriorly and deliberately left open, can 
be lifesaving for patients with a high degree of IAH, and who have not 
responded to other treatment options [28]. However, no specific treatment 
option thus far has been shown to improve the outcome of patients with IAH 
[2, 26, 27].  

INTRAABDOMINAL HYPERTENSION AND RESPIRATORY FUNCTION 

IAH and its negative effect on the respiratory system was first described over a 
hundred years ago [29]. Patients with IAH are more likely to develop respiratory 
failure or require mechanical ventilation than those without IAH [5, 30, 31]. 
Whether patients with respiratory failure are more likely to have IAH is not 
known. Furthermore, it remains unknown if patients with respiratory failure who 
develop IAH have a worse outcome than those who do not develop IAH.  

IAH causes a cephalad shift of the diaphragm thereby increasing intra-thoracic 
pressures and reducing chest wall compliance leading to atelectasis formation 
and reduced lung volumes [32–37]. Although the effect of additional intra-
abdominal volume on IAP has been studied, how additional intra-abdominal 
volume affects inspiratory airway pressures is not known.  
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The effect of IAH on oxygenation appears to depend on the underlying lung 
condition. In a porcine model, it has been shown that IAH is associated with a 
redistribution of blood flow from dependent atelectatic lungs to non-dependent 
better-ventilated lung regions thereby improving ventilation/perfusion matching 
[38]. This helps to explain why IAH in the context of non-injured lungs only 
minimally affects oxygenation in animals [33, 39, 40] and humans [41]. In 
contrast, in pigs with lung injury, IAH decreases oxygenation to a greater 
extent [32, 42]. 

In animal experiments, IAH causes systemic inflammation and is associated 
with lung injury with histopathological characteristics consistent with ventilator-
induced lung injury [14, 43–45]. Whether the ventilation settings per se also 
influenced these findings cannot be ascertained from the design of these 
animal experiments [14, 43, 44]. 

MECHANICAL VENTILATION IN PATIENTS WITH INTRA-ABDOMINAL 
HYPERTENSION 

Patients with IAH frequently require mechanical ventilation, not only because 
IAH impairs lung function, but also as other measures to reduce IAP can be 
ineffective and the clinician has to resort to mechanical ventilation. Despite IAH 
being common in critically ill patients requiring mechanical ventilation, the 
optimum modality of mechanical ventilation in patients with IAH remains 
unknown.  

Opposing mechanical ventilation settings have been recommended, especially 
in regards to optimal positive end-expiratory pressure (PEEP) to be applied in 
patients with IAH [8, 46]. 

Higher PEEP levels are suggested to counteract the negative respiratory 
effects of IAH and thus improve chest wall compliance, lung volumes, and 
oxygenation [33, 37, 39, 42, 46, 47]. Furthermore, higher PEEP levels may 
reduce the risk of ventilation-induced lung injury by preventing cyclic 
collapsing and reopening of alveoli in the dependent lung regions of patients 
with IAH [45, 48]. 

Arguments to use lower PEEP levels include the fact that intra-thoracic 
pressures can be reduced and therefore avoid haemodynamic compromise [8]. 
Indeed, higher PEEP levels have been shown to reduce cardiac output and 
blood pressure in the presence of IAH [33, 39, 42, 47]. Besides, higher PEEP 
levels can further increase IAP by impairing thoracic lymph drainage [49] or via 
the direct thoraco-abdominal transmission of PEEP to the abdominal cavity 
[50]. Furthermore, higher PEEP levels may cause alveolar over-distension in the 
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non-dependent lung regions, which itself is associated with ventilator-induced 
lung injury [45, 51]. The effect of different PEEP levels on the degree of 
overdistension in the presence of IAH is unknown. Furthermore, optimal 
methods of PEEP titration in patients with IAH is not known.  

Irrespective of these arguments, it is crucial to consider not only the respiratory 
effects of IAH but also the consequences of any underlying chronic lung 
disease or a newly acquired lung injury when aiming to optimise ventilatory 
management in patients with IAH. 

In summary, IAH is common in critically ill patients and is associated with 
increased morbidity and mortality. An optimised mechanical ventilation 
strategy may not only counteract the negative respiratory impact of IAH and 
thereby improve lung mechanics, lung volumes, and gas exchange but may 
also reduce the risk of lung injury and thereby improve the outcome of 
invasively ventilated patients with IAH. 

AIMS AND HYPOTHESES 

The main aim of my thesis was to further characterise cardio-respiratory 
effects of IAH, assess the clinical relevance of IAH in patients with respiratory 
failure and to investigate different mechanical ventilation strategies to 
counteract the negative cardio-respiratory effects of IAH. Specifically, this 
thesis investigated the role of PEEP when caring for ventilated patients with 
IAH.  

The overall hypothesis of my thesis is that there is a clinically significant 
interaction between IAH and the cardiac and respiratory systems, which can 
be counteracted by different ventilation strategies in general and specifically by 
applying higher levels of PEEP. 

The individual subsidiary aims and hypotheses if appropriate for each chapter 
are as follows: 

• Chapter 2 aims to objectively analyse and critically evaluate current 
knowledge of the current literature on interaction between IAH and the 
cardiac and respiratory systems and on the role of mechanical 
ventilation and that of PEEP in patients with IAH and present the 
knowledge in the form of a narrative review.  

• The sub-analysis in Chapter 3 aims to explore the relationship between 
IAH and hypoxic respiratory failure on outcome in a cohort of 
mechanically ventilated patients. The hypothesis in Chapter 3 was that 
the combination of IAH and hypoxic respiratory failure (P/F <300 mmHg) 
is an independent risk factor for the primary outcome, 90-day mortality, 
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and secondary outcomes, being 28-day mortality, ICU- and ventilation-
free days in patients receiving invasive ventilation IAH. A secondary aim 
included characterising differences in ventilation settings between the 
patient groups depending on the presence or absence of hypoxic 
respiratory failure and IAH.  As far as I can identify, no study compared 
IAP in patients with and without respiratory failure. 

• The animal experiment in Chapter 4 aims to characterize the influence of 
intra-abdominal volume on both IAPs and inspiratory airway pressures 
in a porcine model of IAH. The hypothesis in Chapter 4 was that the 
effect of changes in intra-abdominal volume on IAP and airway 
pressures can be characterized. A secondary aim was to examine the 
effect of different PEEP levels on the inspiratory airway pressure – 
abdominal volume curve. As far as I can identify, the effect of intra-
abdominal volume on airway pressures has not previously been 
investigated. 

• The animal experiment presented in Chapter 5 aims to assess the effect 
of different PEEP levels on degrees of lung aeration as measured by 
computed tomography (CT), as well as on prevention of atelectasis and 
over-distension in a pig model of IAH. The hypothesis in Chapter 5 was 
that an optimal PEEP range exists that will be high enough to reduce 
atelectasis formation while low enough to minimize over-distention as 
determined by analysis of CT lung images obtained in a pig model of 
IAH and lung injury. Hemodynamic parameters were also assessed. The 
effect of PEEP on the degree of overdistended lung has not been 
studied in the setting of IAH. 

• Chapter 6 aims to assess in a pilot study whether high PEEP levels 
adjusted for IAP can be safely applied in patients with IAH requiring 
mechanical ventilation. The hypothesis in Chapter 6 was that moderate 
(PEEP = 50 % of IAP) and high PEEP levels (PEEP = 100 % of IAP) 
adjusted to match IAP can be safely applied in patients with IAH 
requiring mechanical ventilation. 

OVERVIEW OF CHAPTERS 

To investigate different mechanical ventilation strategies to counteract the 
negative cardio-respiratory effects of IAH and more specifically to evaluate the 
role of PEEP when caring for ventilated patients with IAH, my thesis included a 
narrative review, a sub-analysis of a prospective observational study, two 
porcine models of IAH, and a pilot study in humans. 
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Chapter 1 provides a general introduction and outlines how my thesis is 
structured.  

Chapter 2 provides a detailed summary of current knowledge regarding how 
IAH affects the respiratory system and reviews all evidence for optimal 
mechanical ventilation management for patients with IAH. Theoretical concepts 
around abdominal-thoracic transmission and trans-pulmonary pressure in the 
context of IAH are introduced. 

Chapter 3 contains the results of a sub-analysis exploring the relationship of 
IAH and hypoxic respiratory failure on outcome in a cohort of mechanically 
ventilated patients.  

Chapters 4 and 5 present the findings derived from animal experiments: 
Chapter 4 assesses the relationship between intra-abdominal volume, intra-
abdominal and inspiratory airway pressures, whereas Chapter 5 assesses 
cardiac output, over-distension and atelectasis formation as potentially 
negative and positive effects of PEEP respectively. 

Chapter 6 presents the findings of a pilot study assessing the feasibility and 
safety of applying PEEP adjusted to the patient’s IAP.  

In Chapter 7, I integrated the results of the preceding chapters to answer the 
hypotheses of my thesis. References for the whole thesis are combined at the 
end of Chapter 7. 

The work contained in Chapters 2, 3, 4, and 6 have been published. The work 
contained in Chapter 5 received reviewer comments and will be re-submitted 
to the Journal after submission of this Thesis. These publications and preprint 
repository presented in Chapters 2 to 6 have been edited in style to provide a 
uniform appearance throughout this thesis. And different fonts are used to 
better distinguish these from the sections written as part of this thesis. Figures 
and tables occur at the end of each subsequent chapter after the chapter 
conclusion and are referenced throughout. 

For reference, unedited versions of these publications are presented in 
Appendices 1 to 4. Appendices 5 to 9 contain published supplemental material 
and additional unpublished information, including errata to work presented in 
Chapters 2 to 6.  

Appendix 10 details the publications, presentations and prizes arising from or 
related to this thesis. Appendix 11 contains individual authorship declarations 
relating to the thesis chapters. Appendix 12 provides all approvals for human 
research and animal ethics committee approvals. 
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CHAPTER 2 - THE ROLE OF MECHANICAL VENTILATION IN 
PATIENTS WITH INTRA-ABDOMINAL HYPERTENSION: A 
NARRATIVE REVIEW 

PREFACE 

In this chapter, I present the current knowledge regarding the effect of intra-
abdominal hypertension (IAH) on respiratory function, including lung 
mechanics, lung volumes, lymph drainage, and oxygenation. The concept of 
abdominal-thoracic transmission (ATT) is introduced and arguments on how 
IAH might be implicated in the development of lung injury are explained. The 
physiological effect of different ventilation settings including tidal volumes, 
positive end-expiratory pressures (PEEP) and peak and plateau inspiratory 
airway pressures in the context of IAH are presented. How IAH and PEEP 
affect cardiac function is discussed.  

The work of this chapter was published as a review in Annals of Intensive Care:  

Regli A, Pelosi P, Malbrain MLNG. Ventilation in patients with intra-abdominal 
hypertension: what every critical care physician needs to know. Ann Intensive Care. 
2019;9:52. 

This manuscript has been edited for style to create a uniform appearance 
throughout this thesis. Typographical errors have been corrected, and some 
sentences have been edited to improve comprehension without changing the 
content. An unedited version of the published version of this manuscript is 
provided in Appendix 1.  

In response to the suggestions made in the examiner’s report, I provide 
additional information and errata to this chapter in Appendix 5. 
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INTRODUCTION 

IAH is defined as a sustained increase in intra-abdominal pressure (IAP) equal to or above 
12 mmHg [2]. Critical care physicians around the world still underestimate the high 
incidence of IAH which is around 25 % in mixed ICU patients [4, 52].  

IAH is associated with increased morbidity and mortality [1, 4] and is mainly caused by 
too much intra-abdominal volume within the abdominal cavity [53, 54]. 

IAH directly impacts on organ function of the abdominal organs such as kidney and liver. 
Furthermore, IAH can affect the function of organs outside the abdominal cavity including 
the brain, the cardiovascular system and the lungs [9]. Figure 1 summarizes the 
pathophysiological effect of IAH on end-organ function. 

IAH affects mainly respiratory mechanics and only in part oxygenation. IAH causes a 
cephalad shift of the diaphragm thereby increasing intra-thoracic pressures and reducing 
chest wall compliance (CCW) and lung volumes [46]. Table 1 lists other factors that affect 
CCW. 

The aim of this review is to discuss the effects of IAH on respiratory function and the 
ventilatory management of patients with IAH. Needless to state that the ventilatory 
management of patients with IAH has to consider not only the respiratory effects of IAH 
but also the consequences of any underlying chronic lung disease or a newly acquired 
lung injury.  

EPIDEMIOLOGY * 

Around one in four to one in three patients present with IAH on admission to intensive 
care unit (ICU) while around one in two will develop IAH within the first week of ICU stay 
[4, 55] Moreover, one in twenty mixed ICU patients will develop overt abdominal 
compartment syndrome, a lethal syndrome with a mortality rate above seventy-five per 
cent when left untreated [1]. To this day, patients may have unrecognised IAH as 
awareness is still low [52]. The risk factors of IAH include abdominal surgery, surgery 
performed in the emergency setting, severe poly-trauma, abdominal trauma, severe 
haemorrhagic shock, severe burns, severe acute pancreatitis, large volume fluid 
resuscitation (especially crystalloid) resulting in fluid overload, ileus, and liver dysfunction 
[56]. 

Patients receiving mechanical ventilation are more likely to have IAH [5, 31]. Also, patients 
with respiratory failure PaO2/FiO2 ratio < 300 mmHg, or receiving PEEP > 10 cmH2O or 
having a peak airway pressure > 28 cmH2O are more likely to have IAH [30, 31]. Others 

                                            
* Appendix 5 contains a more detailed review on the epidemiology of IAH and respiratory failure 
in the context of IAH. 
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did not find an association between mechanical ventilation and IAH [57]. Table 2 lists the 
respiratory effects induced by IAH.  

In summary, the average incidence of IAH in critically ill patients is around 25 to 30 % on 
admission and 50 % during the first week of ICU stay. There is an association between 
patients having IAH and respiratory failure. 

EFFECTS OF INTRA-ABDOMINAL HYPERTENSION ON RESPIRATORY 
FUNCTION 

Effect of intra-abdominal hypertension on lung volumes 

IAH causes a cranial shift of the diaphragm thereby increasing intra-thoracic pressures 
affecting lung volumes and respiratory mechanics [46]. IAH is associated with reduced 
lung volumes as shown in many animal experiments [32, 33, 36, 39, 58]. Lung volumes 
decline with increasing degree of IAH [33, 39].  

In pigs, increasing IAP from baseline to 12, 18 and 22 mmHg decreased end-expiratory 
lung volumes by 30, 46 and 49 % respectively [39]. There are insufficient data to know at 
what level of IAP lung volumes reduce or atelectasis occurs. At least in pigs, lung volumes 
decline with increasing degree of IAH [33, 39]. For example. Mutoh et al. [59] inflated in 
piglets an abdominal balloon in small increments and found that end-expiratory lung 
volumes reduced even after small increases of IAP. Quintel et al. [32] applied in pigs an 
IAP of 15 mmHg and measured thoracic lung volumes using computer tomography. IAH 
increased the percentage of atelectatic as well as poorly aerated lungs. 

In a study including 16 patients undergoing decompressive laparotomy different lung 
volumes were calculated with computed tomography at baseline, before and after 
decompressive laparotomy [60]. IAP increased from 12 mmHg at baseline to 25 mmHg 
prior to laparotomy. Total lung volume decreased from 3.2 to 2.4 L and the percentage of 
atelectatic and poorly aerated lung increased. Following laparotomy, these lung changes 
partially reversed (Figure 2). In these patients, laparotomy reduced IAP from 25 to 
15 mmHg and improved lung volumes from 2.4 to 2.9 L [60]. Not only was the diaphragm 
cranially displaced but the lungs also expanded their sagittal diameter in compensation 
[60]. 

In summary, the presence of IAH is associated with a decrease in lung volumes while 
decompressive laparotomy results in an improvement in lung volumes. 

Effect of intra-abdominal hypertension on respiratory mechanics 

By using an oesophageal catheter, the total respiratory system compliance (CRS) can be 
compartmentalised and CCW and lung compliance (CL) are derived (see below). Table 1 
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summarizes the factors that might affect CCW and can be broadly divided into direct 
influence and indirect influence of chest wall via IAH. 

In pigs with IAH and healthy lungs, CRS has been shown to decline mainly due to a 
reduction in CCW [32, 39, 40]. With increasing IAP, both CRS and CCW decreases 
significantly [39, 40]. This decrease is more pronounced for the chest wall and shows a 
strong inverse correlation with IAP [40]. Previous studies in animals and human focusing 
on the importance of IAH showed that abdominal and subsequently CCW improves after 
abdominal decompression [36, 58].  

In humans, IAH also appears to impair CRS mainly through a reduction of CCW. Ranieri et 
al. [36] assessed respiratory mechanics in 18 patients with acute respiratory distress 
syndrome (ARDS). Half of these patients required major abdominal surgery. Before 
surgery, these patients had a smaller CRS and CCW in comparison to the patients that did 
not require abdominal surgery and their respiratory mechanics partially improved after 
decompressive laparotomy. Gattinoni et al. [37] equally assessed respiratory mechanics in 
9 patients with extrapulmonary ARDS and 12 patients with pulmonary ARDS. The patients 
with extra-pulmonary ARDS had higher IAP levels and smaller CCW. Despite IAH being a 
frequent cause of reduced CCW, it is still neglected by critical care physicians [53].  

In summary, the effects of IAH on respiratory function can be characterised by a decrease 
in CCW.  

Airway pressures and abdominal-thoracic transmission † 

IAH can increase intra-thoracic pressures and thereby affect airway pressures as well as 
pleural and central vascular pressures [9, 39, 60]. In this context abdominal-thoracic 
transmission (ATT) describes the percentage increase in thoracic pressures for each 
incremental increase of IAP [40].  

In pigs, peak and plateau airway pressures increase proportionally with raising IAP [50, 
61]. ATT for plateau pressure has been found to be between 40 and 50 % [40, 62, 63]. 
ATT for peak airway pressure has been found to be between 38 and 62 % [33, 40].  

Similarly, oesophageal pressure is subject to ATT. Mainly inspiratory pleural pressure 
increase due to IAH with reported inspiratory pleural pressure of between 35 and 63 % 
[39, 40]. In a pig study (n=11), IAH up to 30 mmHg resulted in an ATT between 17 to 
62 % when looking at end-expiratory and end-inspiratory oesophageal pressures 
respectively [40].  

Increasing intra-abdominal volume increases IAP exponentially [53, 54, 62, 64, 64]. In a 
pig model of IAH, increasing intra-abdominal volume has also been shown to increase 
peak airway pressures exponentially (Figure 3) [62]. This exponential pressure-volume 

                                            
† Appendix 5 contains a more detailed review on abdominal-thoracic transmission.  
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relationship is well-known from the Monroe-Kellie doctrine used in patients with intra-
cranial hypertension. Similarly, in patients with IAH that already have a large amount of 
additional intra-abdominal volume, small changes in intra-abdominal volume can 
significantly affect IAP and airway pressures [53, 54]. 

In humans, ATT for plateau pressure can be estimated to be 20 %. Torquato et al. [61] 
showed that placing 5 kg weights on the abdomen of mechanically ventilated critically ill 
patients increased IAP from 10.5 to 15.6 cmH2O and plateau airway pressures from 22.4 
to 23.6 cmH2O). In another study, ATT for peak airway pressure was around 62 % [60]. 

A pilot study in 14 mechanically ventilated patients with ARDS showed that the 
application of an abdominal Velcro belt increased IAP from 8.6 to 15.4 mmHg with a 
concomitant increase in alveolar plateau pressures from 18.0 to 23.3 cmH2O (data on 
file). ATT for plateau pressure was therefore 57 %. These changes were paralleled by a 
decrease in dynamic CRS from 37 to 28 ml/cmH2O. It might be important to note that the 
above studies were performed in the supine position yet we know that body position has 
a substantial influence on IAP and lung function [50].  

Trans-pulmonary pressures, the difference between airway and pleural pressures, and not 
the plateau pressures are thought to be responsible for causing ventilator-induced lung 
injury [48, 65]. Because IAH increases inspiratory peak airway, plateau and pleural 
pressures similarly, the impact on trans-pulmonary pressures is only minimal. This 
explains why suggested lung-protective ventilation strategies with maintaining plateau 
pressures below 30 cmH2O are difficult to apply in patients with IAH and diminished CCW. 

In summary, in animals and humans, ATT of peak and plateau airway pressure have been 
reported to be between 20 and 60 % [66]. In pigs, ATT of airway pressures and pleural 
pressures are similar. We suspect this to be the case also in humans. IAH has little 
influence on trans-pulmonary pressures as IAH increases both inspiratory airway and 
pleural pressures equally. 

Lung oedema and lymphatic drainage ‡ 

Fluid drainage from the lungs can take place via three mechanisms: trans-pleural, via the 
lung hilum or transabdominal [67]. 

In animals, mechanical ventilation with positive pressure per se as opposed to 
spontaneous ventilation decreases abdominal lymphatic drainage [68]. A landmark paper 
by Quintel and co-workers [32] showed that IAH causes an increase in lung oedema in a 
pig model of acute lung injury (induced by oleic acid). Increasing IAP from 0 to 20 cmH2O 
changed lung oedema distribution from the dorsobasal regions to the complete lung. In 

                                            
‡ Appendix 5 contains a more detailed review on how IAH affects abdominal and thoracic  
lymph drainage. 
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line with these results, Schachtrupp et al. [69] showed an increase in extravascular lung 
water (EVLW) and histological lung alterations at IAP levels of 30 cmH2O.  

The effects of different ventilatory settings and increasing IAP on thoracic and abdominal 
lymph flow was studied in a porcine endotoxin sepsis model [49]. The study was 
performed in 3 parts and data were collected from a total of 32 pigs. The authors found 
that lipopolysaccharide infusion increased IAP and abdominal (trans-diaphragmatic) 
lymphatic drainage, that PEEP increased IAP but impeded abdominal lymphatic drainage, 
that spontaneous breathing improved abdominal lymph drainage and finally that IAH 
diminished abdominal lymphatic drainage [70]. 

A retrospective observational study of 123 mechanically ventilated patients found that the 
patients that achieved a negative fluid balance in their first week of ICU stay had lower 
EVLW, IAP, and C-reactive protein over albumin ratios as well as a higher 28-day survival 
rate [71]. This correlation between IAP, fluid balance and EVLW suggests a link between 
sepsis, capillary leak, fluid overload, IAH and lung oedema. This may explain why active 
fluid removal or so-called “de-resuscitation” with PAL-treatment (PEEP in cmH2O set at 
the level of IAP in mmHg, followed by hyper-oncotic albumin 20 % and Lasix®) was able 
to reduce cumulative fluid balance, IAP, EVLW and 28-day mortality in a retrospective 
matched case-control study of 57 patients with acute respiratory failure [72, 73]. Different 
pathologies and treatments can markedly influence the pathophysiology of the lymphatics 
with dramatic effects on end-organ function. 

In summary, the presence of IAH affects lymphatic drainage between the thoracic and 
abdominal cavity and may play an important role in the development of oedema 
formation. 

Oxygenation and ventilation § 

In general, IAH results in a decreased oxygenation and an increase in hypercarbia caused 
by increased dead space ventilation and shunt and ventilation perfusion mismatch. 

In pigs, it has been shown that IAH is associated with a redistribution of blood flow from 
dependent atelectatic lungs to non-dependent better ventilated lung regions thereby 
improving ventilation/perfusion matching [38]. This helps to explain why IAH in the context 
of non-injured lungs only minimally affects oxygenation in animals [33, 39, 40] and 
humans [41]. 

In humans, results from a large meta-analysis on 1664 critically ill patients showed that 
IAH is correlated with respiratory sequential organ failure score [55]. 

In summary, the presence of IAH may result in decreased oxygenation. 

                                            
§ Appendix 5 contains a more detailed review on how IAH affects oxygenation. 



13 

 

Intra-abdominal hypertension and lung injury 

It is hypothesized that IAH may result in the opening and closing of lung units and this 
shear stress may result in ventilator-induced lung injury. 

Animal studies have shown that increasing IAP during mechanical ventilation may result in 
cytokine release and subsequent lung injury. Rezende-Neto et al. [14] showed in a study 
of 50 rats that 60 to 90 min of IAH (IAP of 20 mmHg via insufflated intra-peritoneal air) 
resulted in increased plasma levels of IL-6, increased polymorphonuclear leukocytes 
activity in lungs as evaluated by myeloperoxidase assay and intense pulmonary 
inflammatory infiltration including atelectasis and alveolar oedema on lung histology. The 
level of applied PEEP is not mentioned. Schachtrupp et al. [43] showed in a study of 
12 pigs that 24 hours of IAH (IAP of 30 mmHg) also resulted in histological findings similar 
to those found in lung injury (interstitial and alveolar leucocytes and fibrin) but also 
proximal tubular and paracentral necrosis in kidneys and the liver respectively. PEEP of 
2 cmH2O was applied. In a rat model of ARDS, IAH (15 mmHg) was associated with 
increased inflammation and fibrogenesis [74]. Lima et al. [75] found in a study of 20 rats 
that a 3-hour exposure to an IAP of 15 mmHg was sufficient to cause alveolar collapse, 
haemorrhage, interstitial oedema, and neutrophil in infiltration in the lungs and increased 
lung cell apoptosis despite application of lung-protective ventilation.  

No human data are available whether IAH is a promotor of ventilator induced lung injury. It 
is likely that low trans-pulmonary pressures in the context of IAH can promote shear 
stress with increased repetitive opening and closing of alveoli units, even when protective 
tidal volume is used [45]. 

In summary, the presence of IAH may add to the development of VILI. 

Summary effects of IAH on respiratory function 

In summary, the effects of IAH on respiratory function can be characterised by a decrease 
in lung volumes and CCW and an increase in airway pressures. Transmission of abdominal 
pressures to the thoracic cavity is estimated between 20 and 60 %, but more human data 
are required. IAH diminishes abdominal lymphatic drainage. The presence of IAH may 
impair ventilation and oxygenation. Although IAH is associated with lung injury, the exact 
mechanism is yet not fully understood.  
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RESPIRATORY EFFECT OF IAH IN THE CONTEXT OF SPECIFIC MEDICAL 
CONDITIONS 

Obesity 

Studies have shown that obese patients with a body mass index higher than 35-40 kg/m2 
have higher IAP values compared to non-obese patients [50, 76]. Similar to patients with 
IAH, the increased IAP values seen in obese patients will equally result in impairment in 
respiratory mechanics and gas-exchange, and decreased lung volumes particularly during 
sedation, paralysis and mechanical ventilation [77]. As a consequence, the mechanical 
load exerted on the diaphragm is increased, especially in the supine position both during 
spontaneous breathing and general anaesthesia [46]. 

Whereas CCW accounts in normal conditions for only 15 % of the CRS, this number may 
increase up to 50 % during patients with obesity or IAH with IAP above 20 mmHg (due to 
the stiffening of the chest wall) [37, 78–80]. With increasing IAP, both total CRS and CCW 
decrease significantly [39, 40]. This decrease is more pronounced for the chest wall and 
shows a strong inverse correlation with IAP [40]. In pigs with injured lungs, IAH has been 
found to decrease CRS by decreasing not only CCW but also CL [32]. Anaesthesia of obese 
patients for non-bariatric surgical procedures requires knowledge of typical comorbidities 
and their respective treatment options [77, 81]. A multimodal analgesia approach may be 
useful to reduce postoperative pulmonary complications [82]. 

Acute respiratory distress syndrome 

ARDS is a syndrome and not a disease. As a consequence, not all ARDS patients are the 
same which may be a possible explanation for some conflicting results in previous ARDS 
studies.  

The effect of IAH on the respiratory system appears to be strongly influenced by the 
presence of lung injury. In pigs with injured lungs, IAH has been found to decrease CRS by 
decreasing not only CCW but also CL [32, 42]. Furthermore, only in injured lungs, IAH has a 
profound effect on oxygenation [32, 42]. The decrease in CL and oxygenation in the 
context of IAH and injured lungs is significant and may help understand some differences 
found when applying ventilation strategies in patients with IAH. This is also relevant in 
understanding the pathophysiologic effects of proning in patients with secondary ARDS 
due to IAH [83]. 

Ranieri et al. [36] found that patients with ARDS had different respiratory 
mechanics depending upon the underlying aetiology and the presence of IAH. He found 
that surgical patients had stiffer chest walls compared to medical patients, probably due 
to the increased presence of abdominal distension. Respiratory system and CCW improved 
after decompressive laparotomy in these patients. Unfortunately, the effect of positive 
end-expiratory pressure (PEEP), forced residual capacity and IAP was not measured. 
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Mergoni and colleagues [84] studied partitioned respiratory system mechanics and 
showed that in a subgroup of ARDS patients in which the lower inflection point was 
mainly determined by CCW that PEEP was not as effective in improving oxygenation (CCW 

determined ARDS). However, PEEP was effective in ARDS patients in which the lower 
inflection point was determined by the CL (CL determined ARDS). 

In contrast to this, Gattinoni and colleagues [37] showed that primary ARDS resulted in a 
decreased CL but normal CCW (CL determined ARDS) while secondary ARDS presented 
with preserved CL but decreased CCW (CCW determined ARDS), and PEEP allows to recruit 
lung units only in secondary but not in primary ARDS. In this study the patients with 
secondary ARDS had IAH as opposed to the patients with primary ARDS [37]. The results 
imply that the application of PEEP in pulmonary ARDS without IAH may cause over 
distension of already open lung units, making these patients more prone to ventilator 
induced lung injury than patients with secondary ARDS and IAH. The differences found 
between these two studies can in part be explained by the difference in measurement 
manoeuvres and techniques as well as the assumptions used [37, 84]. 

The same phenomenon may be responsible for the change in respiratory mechanics seen 
in morbidly obese patients [80]. Therefore, measuring IAP may provide an easy bedside 
method to estimate altered chest wall mechanics and avert the need to measure 
oesophageal pressure (see below). IAP also influences the shape of the pressure-volume 
curve (with downward flattening and rightward shifting) of the total respiratory system and 
the chest wall while the lung mechanics remain unaffected [32]. 

In summary, the presence of lung injury appears to strongly influence how IAH affects 
respiratory mechanics and oxygenation. Ideally, IAP is measured in ARDS patients 
enrolled in clinical trials to account for any influence of potential coexisting IAH. 

Polycompartment syndrome  

The abdominal compartment has unique effects because it is anatomically situated “up-
stream” from the extremities and “down-stream” from the thorax and the cranium [9]. 
Therefore, IAH may influence the physiology and pathophysiology of each of these other 
compartments. Because the abdomen plays a major role in the interactions between 
different compartments, IAP affects portal and hepatic vein pressure hence facilitating 
blood shunting away from the lungs, sometimes referred to as hepato-abdominal-
pulmonary syndrome [9]. Similarly, IAP has been identified as the missing link triggering 
renal failure (via increased renal vein pressures) in patients with chronic congestive heart 
disease, referred to as cardio-abdominal-renal syndrome [85]. Likewise, deteriorating 
kidney function in patients with liver cirrhosis is called hepato-abdominal-renal syndrome. 
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PRACTICAL IMPLICATIONS AT THE BEDSIDE AND RESPIRATORY 
MANAGEMENT IN INTRA-ABDOMINAL HYPERTENSION 

Table 3 lists suggested ventilation strategies for patients with IAH and ARDS. 

Measuring intra-abdominal pressure 

The easiest way to assess IAP in clinical practice is by measuring bladder pressures [2, 
86, 87]. The reference standard for intermittent IAP measurement is via the bladder with a 
maximal instillation volume of 25 mL of sterile saline and IAP should be measured at end-
expiration in the supine position after ensuring that abdominal muscle contractions are 
absent and with the transducer zeroed at the level of the midaxillary line.  

Although abdominal contractions can falsely increase IAP values, we don’t recommend 
increasing sedation or using neuromuscular blocking agents to improve accuracy of IAP 
measurements. In our clinical experience, IAP can be accurately measured in patients that 
either receive assisted breaths during mechanical ventilation or don’t have any respiratory 
support. It is important however to sufficiently extend the observation period in order to 
capture the lowest end-expiratory pressure during which abdominal contractions are 
clinically (visible and palpable) absent.  

Measuring oesophageal pressure 

From dividing the tidal volume by the difference between plateau pressure and positive 
end-expiratory pressure (driving pressure), CRS can be calculated. By using an 
oesophageal catheter (as surrogate for intra-thoracic pressure), CCW and CL can also be 
estimated. In addition, trans-pulmonary pressures is the difference between airway and 
pleural pressures and is thought to be the main determinant in causing ventilator-induced 
lung injury [48, 65]. 

However, measuring oesophageal pressure is not easy due to some practical problems at 
the bedside [46, 88]. It requires a small air-filled balloon that can transmit the oesophageal 
pressure via catheter to a pressure transducer. Newer oesophageal catheters are 
integrated in to a nasogastric feeding tube. The catheter is first placed into the stomach, 
then withdrawn back into the oesophagus and requires an occlusion test to confirm the 
correct placement. In addition, the catheters are prone to under-and overestimate 
oesophageal pressures if too little or too much air is instilled. In some patients correct 
placement is not possible. 

Recruitment manoeuvres 

A recruitment manoeuvre (RM) uses a dynamic and transient increase in the trans-
pulmonary pressure to open non-aerated or poorly aerated lung areas [89]. The benefit of 
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improved oxygenation may be offset by a potential epithelial and endothelial cell damage 
and increased alveolar-capillary permeability [90, 91]. Furthermore, in a recent large 
randomised controlled trial, patients with ARDS receiving RM and PEEP titrated to their 
best CRS (lowest driving pressure during constant protective tidal volumes) as opposed to 
no RM and low PEEP had a reduced survival rate [92].  

Frequently a fast RM manoeuvre is performed by applying 40 cmH2O inspiratory pressure 
for 40 seconds (40-by-40 manoeuvre) [93, 94]. However, in recent years, following the 
results of several experimental studies [94–97] and clinical trials [93, 98] slow RM are 
preferred over fast RM since this is associated with improved oxygenation, less 
inflammation, and improved hemodynamic instability. In principle, slow RM are performed 
by gradually increasing and then decreasing PEEP and/or tidal volumes until plateau 
pressures of between 40 and 50 cmH2O are achieved while up keeping tidal ventilation 
[93, 99]. 

It is estimated that a trans-pulmonary opening pressure equal to 30 cmH2O is required to 
open atelectasis. In the setting of IAH with altered CL/CRS ratio from 0.85 to 0.5 the 
resulting trans-pulmonary pressure during a 40-by-40 recruitment manoeuvre may only 
be 20 cmH2O, hence the alveolar units with long time constants would remain collapsed 
[88]. Therefore, in the setting of IAH, higher opening pressures closer to may be required 
[65]. The rational for adding IAP in cmH2O/2 is due to the ATT being around 50 % [33, 39, 
40, 42, 61, 63]. However, applying higher inspiratory opening pressures during a RM is 
more likely to cause hemodynamic compromise. Therefore, RM should only if at all be 
applied in hemodynamically stable patients (e.g. not preload dependent) and their blood 
pressure needs to be closely monitored if RM is applied. 

In summary, no studies have been performed in patients with IAH assessing different RM 
methods. We therefore suggest to use RM manoeuvre with caution in patients with IAH. 

VENTILATOR SETTINGS DURING LUNG-PROTECTIVE VENTILATION IN 
PATIENTS WITH IAH 

It is generally recommended to provide protective lung ventilation in patients with IAH and 
ARDS [65]. Even in patients with non-injured lungs, protective lung ventilation is becoming 
more frequently applied as this has been associated with less inflammation and fewer 
pulmonary complications [100]. 

Tidal volumes 

There are no studies assessing optimal tidal volumes in patients with IAH. In a rat model 
of ARDS and IAH (15 mmHg), Santos et al [74] found that 10 mL/kg as opposed to 
6 mL/kg was associated with reduced inflammation in the subgroup with extrapulmonary 
ARDS and increased inflammation in the subgroup with pulmonary ARDS. However, there 
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are many studies demonstrating high tidal volumes in patients with ARDS worsens 
outcome [101]. 

The perioperative use of lower tidal volumes (6 to 8 mL/kg of predicted body weight) plus 
the application of PEEP as opposed to the use of higher tidal volumes (10 to 12 mL/kg of 
predicted body weight) and no PEEP is associated with reduced respiratory 
complications in patients undergoing major abdominal surgery [100]. However, other 
studies and meta-analysis showed that, even in clinical conditions characterized by higher 
IAH, the reduction in tidal volume and not higher PEEP per se was associated with 
improved postoperative outcome [102, 103]. 

In the absence of any evidence regarding optimal tidal volumes in patients with IAH, it is 
not unreasonable to apply lung-protective ventilation with low tidal volume of 6 to 8 mL/kg 
of predicted body weight also in all patients with IAH and particularly in patients with IAH 
and lung injury.  

Airway pressures 

Lung-protective ventilation implies opening the lungs with a RM (appropriate high alveolar 
pressures) and keeping the lungs open (with appropriate PEEP setting) [104]. The altered 
lung mechanics in the context of IAH may require higher than usual pressures to open 
airways and keep airways open exceeding those set out in current guidelines [42, 42]. 
Lung-protective ventilation is recommended using an upper limit goal for plateau 
pressures of 30 cmH2O in patients with severe ARDS [105]. These recommendations 
don’t take IAP into account. The rationale behind limiting the plateau pressure is to avoid 
increased trans-pulmonary pressures, alveolar over-distension and ultimately ventilator-
induced lung injury [106]. 

Ideally, to avoid alveolar over-distension one would measure oesophageal pressure in 
critically ill patients and aim for inspiratory trans-pulmonary pressures < 25 cmH2O 
respectively [65, 88, 106, 107]. However, oesophageal pressure measurements are not 
easy to perform and challenging [88, 108].  

As stated above, IAH is associated with raised airway pressures. ATT is around 50 % 
affecting oesophageal and airway pressures similarly [39, 40, 66]. This means that in the 
context of IAH, when applying appropriate PEEP levels and lung-protective tidal volumes 
of 6 mL/kg PBW, plateau pressure can exceed the recommended 30 cmH2O without 
necessary affecting trans-pulmonary pressures.  

It follows that in the presence of IAH airway pressures could be corrected by using ATT. 
In critically ill subjects, IAP is on average 10 mmHg = 13.6 cmH2O [1, 25, 55] and we can 
hypothesize that half of this pressure is normally transmitted in the presence of normal 
chest wall. Thus, corrected plateau pressure target in cmH2O may be calculated as 
follows: plateau pressure target in cmH2O + [ (IAP in mmHg * 1.36) - 13.36 (normal IAP in 
critical patients) ] / 2 or simplified: plateau pressure target - 7 + 0.7 * IAP in mmHg. 
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For example, for a target plateau pressure of 30 cmH2O and an IAP of 20 mmHg the 
corrected target plateau pressure would be: 30 – 7 + 0.7 * 20 * = 37 cmH2O. In the 
absence of IAH, plateau pressures target would not require any correction. For example, 
for target plateau pressure of 30 and IAP 10 mmHg the corrected plateau pressure target 
would be 23 + 10 * 0.7 = 30 cmH2O.  

In summary, although higher airway pressures might be acceptable in ARDS patients with 
IAH we are lacking any supporting clinical data to make any recommendations. 

Driving pressure 

In more recent years, driving pressure (pressure difference between plateau airway 
pressure and PEEP) as a measure of protective lung ventilation has gained more 
attention.  

Driving pressure appears to be helpful to optimize tidal volume and to avoid excessive 
dynamic strain. Using data from nine randomised trials and a total of 3562 patients with 
ARDS, it has been demonstrated that the driving pressure has a greater influence on 
mortality than plateau airway pressure, tidal volume or PEEP [109]. A large international 
observational study of 29144 ventilated patients found that a driving pressure of less than 
14 cmH2O is associated with improved hospital survival in patients with ARDS [110]. In 
obese ARDS patients however, an increased driving pressure was not associated with an 
increased mortality [111]. No studies specifically assess the effect of different driving 
pressure on outcome in patients with IAH or in obese patients with IAH. However, it is not 
unreasonable to apply a driving pressure of less than 14 cmH2O in patients with IAH. 

Driving pressure may also be useful in titrating PEEP and has been tested with promising 
physiological results in obese patients undergoing general anaesthesia [112, 113] and in 
obese patients with ARDS [114, 115]. An individual patient data meta-analysis showed 
that obese patients undergoing surgery receiving higher PEEP levels that resulted in an 
increased driving pressure had more postoperative pulmonary complications [116]. There 
are currently insufficient data to suggest using driving pressure to titrate PEEP might 
translate in improved survival of patients with IAH or obesity with or without ARDS. Thus, 
in our opinion driving pressure should be used to avoid excessive PEEP and not to 
“optimize” (increase) PEEP. 

PEEP 

To date, the best PEEP to be used in the setting of IAH remains unknown [117]. As stated 
above, in the setting of IAH the lung will collapse at higher closing pressures during 
expiration. There remains the fear that in the context of IAH, increased atelectotrauma due 
to increased atelectasis formation and an insufficient PEEP may contribute to the lung 
injury found in the presence of IAH [45, 46, 51]. Therefore, higher PEEP levels might be 
required to keep lungs open and reduce lung injury in the context of IAH. In contrast to 
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this, higher PEEP levels may not only have negative haemodynamic effects but also cause 
lung injury if alveolar over-distension occurs [43, 51]. 

Different animal studies have examined different levels of PEEP in the setting of IAH. A first 
study was conducted in 13 pigs with healthy lungs and IAH was created with an inflatable 
balloon, the PEEP levels (5, 8, 12 and 15 cmH2O) were unmatched to the level of IAP [33]. 
The conclusions were that commonly applied PEEP levels, set below the IAP level may 
not prevent end-expiratory lung volume decline. Noteworthy was that IAP reached 
18 mmHg or thus 25 cmH2O, while PEEP was only set up to a maximum of 15 cmH2O. In 
a second study, conducted in 9 pigs with healthy lungs, IAH was again created with an 
inflatable balloon, the PEEP levels were now matched for IAP [39]. The authors found 
preservation of end-expiratory lung volume without improvement in arterial oxygen tension 
but with a reduction in CO. In a third study, conducted in 8 pigs with lung injury induced 
by saline lavage and IAH created with CO2 insufflation up to 20 mmHg, the PEEP levels 
(27 cmH2O) were matched for IAP [47]. The major findings during PEEP application were 
lower inflection point, improved compliance, decreased alveolar-arterial gradient and less 
shunt. In a fourth animal study in 9 pigs, IAH induced by an inflatable balloon was 
combined with oleic acid-induced lung injury, and PEEP levels were matched to IAP [42]. 
The authors found better end-expiratory lung volumes, lower shunt fraction, lower dead 
space and a better oxygenation.  

There are only few clinical studies. Krebs et al. [118] examined different levels of PEEP in 
20 patients with ARDS, ten had normal (IAP of 8 mmHg) and 10 had grade II IAH (IAP of 
16 mmHg). No difference was found between the groups at baseline. This might explain 
why no differences were found between the groups regarding the effect of higher levels of 
PEEP on lung mechanics or oxygenation. In a different study Krebs et al. [119] examined 
two methods of PEEP titrated in 13 patients with moderate to severe ARDS. They found 
that in patients with IAH, the best PEEP set according to the best CRS, is not always 
associated with positive end-expiratory trans-pulmonary pressure.  

Gattinoni et al. [37] applied different levels of PEEP (5, 10, 15, and 20 cmH2O) in patients 
with ARDS. The patients with extra pulmonary ARDS had IAH (IAP of 16 mmHg) and 
PEEP improved CRS due to a reduction in CCW. In contrast, the patients with pulmonary 
ARDS had normal IAP (4 mmHg) and PEEP worsened CRS due to an increase in CL. 
Talmor and co-workers [65, 120] found that IAP (measured via the stomach) and 
oesophageal pressure (measured via an oesophageal balloon) closely correlated. 
Therefore, not only opening pressures but also closing pressures are increased during 
IAH and as such higher PEEP levels may be required to prevent end-expiratory lung 
collapse. In a pilot study of 15 patients with IAH (IAP of 17 mmHg), different levels of 
PEEP were applied that were matched to the level of IAP [121]. In contrast to PEEP = 
50 % of IAP, PEEP = 100 % of IAP (both parameters measured in equal units) was not 
well tolerated due to hypoxemia, hypotension or endotracheal cuff leak. 

It is difficult to draw any conclusions from these experimental and clinical studies. In 
principle, it makes sense to apply higher PEEP levels in the context of IAH. Furthermore, it 
is appealing to apply an easy to use bedside formula for setting the PEEP level in patients 
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with IAH e.g. PEEP (cmH2O) to be set to the level of IAP (mmHg). There is a concern that 
increasing PEEP can increase IAP. Many published studies found PEEP to have only 
minimal influence on IAP (increasing PEEP from as low as 0 to as high as 15 cmH2O and 
average IAP increase of 1 mmHg) [50]. In contrast to this, Verzilli and colleagues [122] 
examined the effect of raising PEEP from 0 to 12 cmH2O in 30 patients with ARDS and 
found that IAP increased predominantly in patients with IAH (i.e. IAP increased from 15 to 
20 cmH2O). 

In summary, while PEEP can counteract the negative effects of IAH on lung volume and 
CCW, there is no evidence that a certain PEEP level improves outcome in patients with 
IAH. In the absence of any evidence we recommend to set the PEEP according to the 
best CRS [51]. 

IAH mode of ventilation and assisted breathing  

Assisted breathing is the most common type of ventilation in critically ill patients [123] and 
even in patients with ARDS [110]. The potential advantages of assisted breathing include 
less need of sedation and hemodynamic impairment, minimal muscular atrophy, better 
lymph drainage and regional organ perfusion [49, 124]. 

Little is known about the optimal ventilation mode to be applied in patients with IAH but 
some experimental data exist.  

Several animal experiments in models of ARDS without IAH showed reduced lung injury 
during assisted ventilation when compared with controlled ventilation [125–128]. Recent 
results from an animal experiment suggests that assisted ventilation might be associated 
with improved oxygenation and less lung injury and inflammation in mild to moderate 
(extrapulmonary) ARDS in the presence of IAH (15 mmHg) [129]. This was likely due to 
reduced atelectasis and more homogeneous distribution of regional ventilation. However, 
other experimental evidence reported that addition of unsupported spontaneous breaths 
to BiPAP did not improve hemodynamic and respiratory function and caused greater 
histopathologic damage to the lungs, in the presence of severe IAH [44]. The difference in 
these results may be due to the amount of inspiratory effort reached during spontaneous 
breathing and/or different modalities of ventilation.  

In conclusion, we suggest a cautious use of assisted ventilation in patients, especially if in 
the presence of severe IAH. 

Prone and other positioning 

Prone position improves respiratory mechanics, oxygenation and reduces over distension 
[130]. Prone ventilation has been shown to improve outcome in patients with severe 
ARDS [131]. Placing ARDS patients in the prone or upright position does not result in 
unequivocal beneficial effects on respiratory mechanics and oxygenation parameters [80].  
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In the setting of IAH, there seems to be some merit by suspending and offloading the 
abdomen during prone ventilation. Mure and co-workers [132] demonstrated in an 
interesting animal model that the prone position improves pulmonary gas exchange to a 
greater degree in the presence of IAH as shown by increases in PaO2 and decreases in 
ventilation perfusion heterogeneity. The observed decrease in IAP (estimated via gastric 
pressure), resulting in a concomitant decrease in pleural pressure in the prone position 
may be a possible explanation for these observations, hence facilitating regional 
ventilation in the dependent lung zones near the diaphragm. 

In a recent experimental study in 12 pigs that underwent pulmonary saline lavage and 
injurious ventilation to simulate ARDS, the authors showed that prone position and PEEP 
independently improved CRS without interaction [35]. As expected, IAH (15 mmHg) 
increased the PEEP needed for the best CRS. However, best PEEP was not significantly 
different between prone (12.8 ± 2.4 cmH2O) and supine (11.0 ± 4.2 cmH2O) positions when 
targeting CRS. 

De Jong et al. [133] successfully applied prone positioning in obese and non-obese 
patients with ARDS. In obese patient oxygenation improved significantly more than in 
non-obese patients. Although not measured, these obese patients would likely have had 
higher IAP levels. Placing patients with ARDS in the prone position either does not change 
or only has mild influence on IAP levels with more pronounced effects in patients with IAH 
[50, 134]. For example, Jozwiak et al. [134] found a mild increase in IAP from 15 to 
18 mmHg when patients with ARDS were proned. The use of chest and pelvic 
suspension has a large influence on IAP pressures [135]. The pressure exerted by the 
chest suspension will result in a decreased CCW, while the suspension at the level of the 
symphysis pubis will ensure a free suspended abdomen and thereby limiting transmission 
of IAP towards the dorsobasal lung regions and diaphragm. This decreases IAP and 
improves abdominal compliance (CAB)) and reduces atelectasis via dorsobasal 
recruitment. The theoretical benefits of proning a patient with IAH need to be outweighed 
against the practical risks (e.g. patients with an open abdomen). Interestingly, 
weightlessness appears to be beneficial in the setting of IAH [136]. The combination of a 
weight placed on the chest with a vacuum shell placed on the abdomen has similar 
effects to that of weightlessness with reducing CCW and improving CAB (Figure 4).  

In summary, prone position appears to not increase IAP and likely improve oxygenation in 
patients with respiratory failure and IAH. However, further studies are required to compare 
the effectiveness on outcome of these different approaches in patients with IAH and 
respiratory failure. 
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POTENTIAL HEMODYNAMIC COMPROMISE IN PATIENTS WITH IAH AND 
THE APPLICATION OF PEEP 

Individual cardiovascular effect of IAP and PEEP ** 

The individual effect of IAH as well as high PEEP on the cardiovascular system is well 
described [8, 137–139]. Both IAH and high PEEP are associated with a reduced cardiac 
output. IAH decreases venous return mainly by abdominal compression of the inferior 
vena cava but central vascular filling pressures like central venous pressure and 
pulmonary artery occlusion pressure are elevated. Intra-thoracic pressure via ATT is 
elevated thereby raising right ventricular afterload. Left ventricular afterload is increased 
due to a direct compression of the abdominal capillary vessels and via an activation of the 
renin-angiotensin-aldosterone pathway. It is thought that in patients with IAH, cardiac 
output is mainly influenced by afterload [138]. 

PEEP exerts its cardiovascular influence by increasing intra-thoracic pressures [139]. 
Right and left ventricular venous return is reduced, right ventricular afterload is increased 
but left ventricular afterload is decreased. 

Combined cardiovascular effect of IAP and PEEP  

Few studies have assessed the combined hemodynamic effect of both IAP and PEEP. 
Both IAP and PEEP synergistically increase right ventricular afterload. In theory, IAP and 
PEEP have two possible antagonistic interactions. Firstly, left ventricular afterload is 
increased by IAH but decreased by high PEEP levels. Secondly, venous return from 
inferior vena cava to the right atrium is largely determined by the right atrial pressure (RAP) 
over IAP gradient [12].  

In the absence of IAH (RAP > IAP), increasing IAP levels can increase venous return and 
improve cardiac output by redistribution of blood from the abdominal to the thoracic 
compartment. In the presence of IAH however (RAP < IAP), venous return and cardiac 
output are reduced. It is possible that increasing PEEP in the presence of IAH might 
favourably change the RAP over IAP gradient (RAP > IAP) and thereby improving both 
venous return and cardiac output. 

There are only a few animal and human studies examining combined hemodynamic effect 
of IAH and PEEP. In animal studies PEEP (ranged of 4 to 22 mmHg) had a stronger 
negative impact on cardiac output than IAP (range of up to 26 mmHg) [33, 39, 42]. PEEP 
that was adjusted to half the IAP (PEEP = 50 % of IAP) did not significantly reduce cardiac 
output in contrast to PEEP that was fully adjusted to IAP.  

                                            
** Appendix 5 contains a more detailed review on how IAP and PEEP individually affect the 
cardiovascular system. 
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Krebs et al. [118] applied different PEEP levels of up to 15 mmHg (20 cmH2O) in 
20 patients with ARDS but did not find any cardiovascular differences between the 
patients with and without IAH. In a pilot study of 15 patients with IAH but healthy lungs 
different PEEP levels were applied and no difference in blood pressure or heart rate was 
found probably due to small sample size [121]. In 8 volunteers with inflated medical anti-
shock trousers (IAP not measured) additional PEEP of 10 cmH2O was applied and 
echocardiography was performed [140]. It was concluded that the increase in left 
ventricular afterload induced by medical anti-shock trousers inflation may be counteracted 
by the use of a PEEP.  

In summary, limited experimental and clinical data suggest that the negative 
hemodynamic effect of PEEP is to some degree counteracted in patients with IAH. 
However, it is difficult to draw any conclusions from above studies and the clinician 
should be cautious when applying higher PEEP levels in patients with IAH as 
cardiovascular response to higher PEEP levels is difficult to predict. 

MEDICAL MANAGEMENT OF INTRA-ABDOMINAL HYPERTENSION 

Medical management strategies for raised IAP may be divided into five categories 
according to their proposed mechanism of action. First, improvement of abdominal wall 
compliance (sedation and analgesia, neuromuscular blockade, epidural anaesthesia, and 
body positioning changes); second, evacuation of intra-luminal contents (nasogastric or 
rectal decompression and use of prokinetic agents); third, drainage of intra-abdominal 
fluid collections (paracentesis or percutaneous catheter drainage); fourth, avoidance of 
excessive fluid resuscitation and correction of a positive patient fluid balance (with 
judicious use of fluids, e.g. rather hypertonic solutions instead of crystalloids); and fifth, 
organ support (respiratory and cardiovascular monitoring as outlined above) [2, 26, 27]. It 
would be beyond the scope of this review to discuss the different medical management 
strategies into detail. An overview of the Abdominal Compartment Society (former World 
Society of Abdominal Compartment Syndrome, WSACS, www.wsacs.org) IAH/ 
abdominal compartment syndrome medical management algorithm (and the associated 
GRADES of recommendations) is shown in Figure 5. Specific to patients with IAH 
requiring mechanical ventilation it is worth noting that small reductions in intra-abdominal 
volume can significantly improve airway pressure and IAP [62].  

Monitoring extra-vascular lung water and pulmonary vascular permeability (calculated with 
trans-pulmonary thermodilution and defined as EVLW divided by pulmonary blood 
volume) can provide useful additional information. Deep sedation with a short course of 
neuromuscular blocking agents may be useful in selected patients or as a bridge towards 
decompressive laparotomy.  
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CONCLUSION 

Although considerable progress has been made over the past decades, some important 
questions remain relating to the optimal ventilation management in patients with IAH. 
When looking after patients with IAH and ARDS requiring mechanical ventilation, an 
important first step is to measure IAP and aim to reduce IAP in order to reduce airway 
pressures keeping in mind that small reductions in intra-abdominal volume can 
significantly reduce IAP and airway pressures [62]. 

Although challenging, the measurement of oesophageal pressure as surrogate for intra-
thoracic pressure can provide trans-pulmonary pressures that can help guide ventilation 
[51]. Of note that IAH can lead to the polycompartment syndrome with the associated 
interactions between different compartmental pressures [9]. Within this respect one 
should avoid head of bed elevation above 45° in patients with high body mass index as 
this is associated with increase in IAP.  

During lung-protective ventilation, we recommend the application of protective lung 
ventilation with low tidal volumes of 6 to 8 mL/kg and maximum driving pressure of 
15 cmH2O. Higher than recommended plateau pressures of 30 cmH2O might be required 
in the setting of IAH. Taking normal IAP of 10 mmHg and ATT of around 50 % into 
account, 23 cmH2O + 0.7 * IAP in mmHg might be an appropriate upper limit of plateau 
pressure. 

In addition, in patients with IAH, higher PEEP levels might be required to prevent end-
expiratory lung collapse. However, the best PEEP in the setting of IAH is still unknown. 
Pressure-volume loops or the use of oesophageal pressure might be useful to determine 
the best PEEP in patients with IAH. Knowing that the ATT is around 50 %, it may be 
appropriate to set PEEP (cmH2O) equal to 50 % of IAP in cmH2O. In the absence of any 
evidence we recommend to set the PEEP according to the best CRS. 

Anti-Trendelenburg or prone position with abdominal suspension may have beneficial 
effects on respiratory mechanics in patients with IAH. Monitoring the respiratory function 
and adapting the ventilator settings accordingly during anaesthesia and critical care is of 
great importance.  

With our improved understanding of the pathophysiology and epidemiology, future 
randomised studies should be focused on defining whether targeted or multifaceted 
medical (and minimally invasive surgical) interventions aimed at reducing IAP and 
improving CAB will ultimately improve outcomes in patients with IAH and abdominal 
compartment syndrome. 
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FIGURES 

Figure 1. Summary of the most important pathophysiologic effects of 
increased intra-abdominal pressure on end-organ function within and 
outside the abdominal cavity  

 
Summary of the most important pathophysiologic effects of increased intra-abdominal pressure 
(IAP) on end-organ function within and outside the abdominal cavity. AKI acute kidney injury, 
APP abdominal perfusion pressure, Cdyn dynamic respiratory compliance, CO cardiac output, 
CPP cerebral perfusion pressure, CVP central venous pressure, EVLW extravascular lung 
water, GFR glomerular filtration rate, GRV gastric residual volume, HR heart rate, ICP intra-
cranial pressure, ITP intra-thoracic pressure, MAP mean arterial pressure, PIP peak inspiratory 
pressure, Paw airway pressures, PCWP pulmonary capillary wedge pressure, pHi intra-mucosal 
gastric pH, PPV pulse pressure variation, Qs/Qt shunt fraction, RVP renal venous pressure, 
RVR renal vascular resistance, SMA superior mesenteric artery, SPV systolic pressure 
variation, SVR systemic vascular resistance, SVV stroke volume variation, Vd/Vt dead-space 
ventilation. Adapted from Malbrain et al. with permission [141]. 

  

Page 2 of 19Regli et al. Ann. Intensive Care            (2019) 9:52 

management of patients with IAH, needless to state 
that the ventilatory management of patients with IAH 
has to take into account not only the respiratory effects 
of IAH but also the consequences of any underlying 
chronic lung disease or a newly acquired lung injury.

Epidemiology
Intra-abdominal hypertension
Around one in four to one in three patients present with 
IAH on admission to intensive care unit (ICU) while 
around one in two will develop IAH within the first week 
of ICU stay [2, 9]. Moreover, one in twenty mixed ICU 
patients will develop overt abdominal compartment syn-
drome, a lethal syndrome with a mortality rate above 75% 
when left untreated [4]. To this day, patients may have 
unrecognized IAH as awareness is still low [3]. The risk 
factors for IAH include abdominal surgery, surgery per-
formed in the emergency setting, severe poly-trauma, 
abdominal trauma, severe haemorrhagic shock, severe 
burns, severe acute pancreatitis, large volume fluid resus-
citation (especially crystalloid) resulting in fluid overload, 
ileus, and liver dysfunction [10].

Respiratory failure and intra-abdominal hypertension
Patients receiving mechanical ventilation are more likely 
to have IAH [11, 12]. Also, patients with respiratory fail-
ure  PaO2/FiO2 ratio < 300  mmHg, or receiving positive 
end-expiratory pressure (PEEP) > 10 cmH2O or having a 
peak airway pressure > 28 cmH2O are more likely to have 
IAH [12, 13]. Others did not find an association between 
mechanical ventilation and IAH [14]. Table 2 lists the res-
piratory effects induced by IAH. 

Fig. 1 Summary of the most important pathophysiologic effects of increased intra-abdominal pressure on end-organ function within and outside 
the abdominal cavity. AKI acute kidney injury, APP abdominal perfusion pressure, Cdyn dynamic respiratory compliance, CO cardiac output, CPP 
cerebral perfusion pressure, CVP central venous pressure, EVLW extravascular lung water, GFR glomerular filtration rate, GRV gastric residual volume, 
HR heart rate, IAP intra-abdominal pressure, ICP intra-cranial pressure, ITP intra-thoracic pressure, MAP mean arterial pressure, PIP peak inspiratory 
pressure, Paw airway pressures, PCWP pulmonary capillary wedge pressure, pHi intra-mucosal gastric pH, PPV pulse pressure variation, Qs/Qt shunt 
fraction, RVP renal venous pressure, RVR renal vascular resistance, SMA superior mesenteric artery, SPV systolic pressure variation, SVR systemic 
vascular resistance, SVV stroke volume variation, Vd/Vt dead-space ventilation. Adapted from Malbrain et al. with permission [126]

Table 1 Factors that affect “chest wall” compliance

Direct effect on chest wall

 Pleural effusion

 Lung transplant

 Sternotomy (post-CABG)

 Obesity

 Fluid overload

 Rib fractures

Indirect effect on chest wall—intra-abdominal hypertension (IAH)

 Abdominal distension

 Ascites

 Fluid overload

 Obesity
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Figure 2. Effect of intra-abdominal hypertension and decompressive 
laparotomy on total lung volumes 

 
DL, decompressive laparotomy. Total lung volumes expressed percentages of different aerated 
lung volumes. Adapted from Zhou et al. [60]. 
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Figure 3. Exponential pressure-volume curves of intra-abdominal 
pressure and peak airway pressure in function of increasing additional 
intra-abdominal volume 

 
IAP, intra-abdominal pressure (dashed curve) and peak airway pressure (pPaw) (dotted curve). 
Data are derived from 7 pigs. Figure reproduced with permission from Regli et al. [62]. 
  

(5 cmH2O PEEP) and repeat inflation (15 cmH2O PEEP) were 55.3 (5.0) mL/cmH2O
and 62.0 (6.9) mL/cmH2O, respectively (p = 0.06).
With an increasing amount of additional IAV, IAP and to a lesser extent pPAW increased

exponentially (Fig. 2). There was a directly proportional relationship between delta pPAW
as a function of delta IAP, with a strong correlation (delta pPAW = 0.14 + 0.43 × delta IAP,
R2 = 0.83, p < 0.001). Hence, abdomino-thoracic transmission approximated 40% (Fig. 3).
With increasing IAP, CAB and CRS decreased (Fig. 4).
We calculated the effect of an additional IAV of 500 mL on pPAW and IAP (Table 1).

The addition of 500 mL IAV increased pPAW and IAP to a greater extent at higher grades
of IAH than at lower grades of IAH (i.e., reduced compliance at higher levels of IAH).

Discussion
The main findings in this animal model were that (a) raising IAV increased pPAW and
IAP in an exponential manner, (b) raising IAV decreased CAB and CRS, and (c) there
was approximately a 40% transmission of IAP to pPAW.

IAV increased pPAW and IAP in an exponential manner

We aimed to characterize how abdominal volumes influenced airway pressures and IAP. The
IAV that produced an IAP >40 cmH2O (30 mmHg) varied between subjects. We therefore
explored functions that could describe generic P-V curves of all the animals studied.
Functions have the advantage of allowing extrapolations even in the setting of a non-

linear curve if a certain number of pressure-volume (P-V) values are known. We first
tested the Venegas equation for the additional IAV—pPAW and IAP relationship fre-
quently used to describe a respiratory P-V curve [12]. The Venegas equation has been
used to describe P-V curves other than respiratory [13]. We found that our alternative
exponential function characterized the changes in pPAW and IAP with additional IAV
more accurately than the Venegas equation. Exponential equations have been used to
describe respiratory P-V curves [15].

Fig. 2 Pressure volume curves showing intra-abdominal pressure (IAP) (dashed curve) and peak airway pressure
(pPAW) (dotted curve) in centimeter of water in function of increasing additional intra-abdominal volume in liters.
An exponential equation was used to calculate IAP and pPAW for the average of all animals

Regli et al. Intensive Care Medicine Experimental  (2017) 5:11 Page 5 of 12
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Figure 4. Effects of positioning on chest and abdominal wall compliance. 

 
Panel A. Effects of prone positioning with abdominal suspension on chest (Ccw) and abdominal 
wall compliance (Cab). The suspension placed under the chest will reduce chest wall 
compliance while the abdominal suspension placed at the level of the symphysis will exert a 
gravitational effect that will increase abdominal wall compliance. This will result in recruitment of 
dorsal-basal lung regions.  

 
Panel B. Effects of supine positioning in combination with weight placed on the chest and 
vacuum bell on the abdomen. The weight placed on the chest will reduce chest wall compliance 
(Ccw) while the abdominal vacuum bell will increase abdominal wall compliance (Cab). This will 
result in recruitment of dorsobasal lung regions.  
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Figure 5. WSACS 2013 Intra-abdominal hypertension and abdominal 
compartment syndrome medical management algorithm 

 
Figure reproduced with permission from Kirkpatrick et al. [2]. Intra-abdominal hypertension (IAH) 
and the abdominal compartment syndrome (ACS): updated guidelines and consensus 
definitions from the Abdominal Compartment Society (WSACS) [142]. 
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TABLES 

Table 1. Examples of factors that affect “chest 
wall” compliance 

Direct effect on chest wall 

Pleural Effusion 

Lung transplant 

Sternotomy (post-coronary artery bypass graft) 

Obesity 

Fluid overload 

Rib fractures 

Indirect effect on chest wall - intra-abdominal hypertension 

Abdominal distension  

Ascites 

Fluid overload 

Obesity 
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Table 2. Pulmonary effects related to increased intra-
abdominal pressure  

1 Effects on respiratory mechanics (diaphragm elevation) 
Increased intra-thoracic pressure 

• Pleural pressure, increased 

• Peak airway pressure (volume controlled), increased 

• Mean airway pressure, increased 

• Plateau airway pressure, increased 

Decreased respiratory system compliance 

• Chest wall compliance, decreased 

• Lung compliance, unchanged 

Decreased lung volumes (pressure controlled) 

• Functional residual capacity, decreased 

• Compression atelectasis 

Increased pulmonary vascular resistance 

Deceased lower inflection point (PV curve) 

2 Effects on gas exchange (reduced gas exchange) 
Increased hypercarbia 

Decreased oxygenation 

• Dead-space ventilation, increased 

• Intra-pulmonary shunt, increased 

• Ventilation perfusion mismatch, increased 

• Alveolar oedema †† 

3 Clinical effects (difficult weaning) 
Increased oxygen consumption 

Increased work of breathing (metabolic requirements) 

4 Biological effects 
Activated lung neutrophils (experimental) 

Pulmonary inflammatory infiltration (experimental) 
  

                                            
†† Interstitial oedema is more appropriate than alveolar oedema as a caused by IAH. See 
erratum in Appendix 5  
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Table 3. Suggested ventilation strategies depending on the clinical 
situation 

 Normal ARDS IAH IAH and 
respiratory 
failure 

Tidal volume 6 to 8 mL/kg PBW 
may be beneficial 

Recommended 4–8 
mL/kg PBW (Grade 
1B) [143, 144] 

6 to 8 mL/kg PBW 
may be beneficial 

4–8 mL/kg PBW 
may be 
beneficial 

Inspiratory 
plateau 
pressure 

<20 cmH2O Recommended <30 
cmH2O to reduce 
risk of alveolar 
over-distension 
(Grade 1B) [143] 

Higher airway 
pressures may be 
acceptable and 
may arise due to 
reduced chest wall 
compliance. 
Corrected target 
plateau pressure = 
target plateau 
pressure - 7 + IAP 
(mmHg) * 0.7. 

Higher airway 
pressures may 
be acceptable 
and may arise 
due to reduced 
chest wall 
compliance. 
Corrected target 
plateau pressure 
= target plateau 
pressure - 7 + 
IAP (mmHg) * 
0.7. 

Driving 
pressure 

<14 cmH2O <14 cmH2O (Grade 
2B) [110] 

<14 cmH2O <14 cmH2O 

Inspiratory 
plateau trans-
pulmonary 
pressure 

<15 cmH2O is 
reasonable 

<25 cmH2O is 
reasonable [65] 

<25 cmH2O is 
reasonable 

<25 cmH2O may 
be a reasonable 
target 

PEEP  5 in cmH2O Higher PEEP levels 
in moderate to 
severe ARDS 
improves survival 
rate (Grade 2B) 
[143]. We suggest 
5-10 cmH2O in mild 
to moderate ARDS 
and 10-15 in 
moderate to severe 
ARDS. 

Higher PEEP 
levels may reduce 
atelectasis and 
atelecto-trauma. 
We suggest not to 
exceed 15 cmH2O. 

Higher than 
usual PEEP 
levels may be 
required to 
improve 
oxygenation and 
respiratory 
mechanics. We 
suggest not to 
exceed 15 
cmH2O. 

PEEP titration We suggest 
avoidance of 
excessive driving 
pressure. 

Optimal respiratory 
compliance, i.e. 
lowest driving 
pressure during 
constant protective 
tidal volume. 
Oesophageal 
pressure guided is 
a reasonable 
alternative. 

Optimal respiratory 
compliance, i.e. 
lowest driving 
pressure during 
constant protective 
tidal volume. We 
suggest PEEP in 
cmH2O = IAP in 
mmHg ‡‡ 

Optimal 
respiratory 
compliance, i.e. 
lowest driving 
pressure during 
constant 
protective tidal 
volume. 
Oesophageal 
pressure guided 
is a reasonable 
alternative. 

Recruitment 
Manoeuvre 
(RM) 

RM not routinely 
recommended 

RM improves 
oxygenation but 
outcome may be 
worsened with RM. 
Best RM method is 

RM not routinely 
recommended 

Higher airway 
pressures might 
be required for 
RM to be 
effective 

                                            
‡‡ An erratum to PEEP titration in patients with IAH is presented in Appendix 5.  
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unknown [92, 
143]. 
 

 Normal ARDS IAH IAH and 
respiratory 
failure 

Prone Not recommended Recommended as it 
improves 
oxygenation and 
survival rate in 
patients with ARDS 
(Grade 1B) [131, 
143]. 

Not recommended May reduce IAP 
and improve 
oxygenation 
Important to 
assure free 
hanging 
abdomen and 
absent IAP 
increase [65]. 

NMBA Not recommended Short term NMBA 
may be beneficial 
[145]. 

May reduce IAP 
[26] 

May reduce IAP 
and / or improve 
oxygenation 

Adjunctive 
therapy 

 Nitric oxide 

ECCO2R 

ECMO 

Negative fluid 
balance 

Ascites drainage 

Laparostoma [26, 
62] 

Negative fluid 
balance 

Ascites drainage 

Laparostoma 

Nitric oxide, 
ECCO2R, ECMO 

ARDS: acute respiratory distress syndrome, ECCO2R: extracorporeal CO2 removal, ECMO: 
extracorporeal membrane oxygenation, IAH: intra-abdominal hypertension, IAP: intra-abdominal 
pressure, PBW: predicted body weight, PEEP: positive end-expiratory pressure, RM: 
recruitment manoeuvre
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CHAPTER 3 – INTRA-ABDOMINAL HYPERTENSION AND 
HYPOXIC RESPIRATORY FAILURE TO PREDICT OUTCOME – A 
SUB-ANALYSIS OF A PROSPECTIVE COHORT 

PREFACE 

In this Chapter I present the results of a pre-planned sub-analysis of the 
Incidence, Risk Factors, and Outcomes of Intra-Abdominal Hypertension (IROI) 
study. The IROI study is a multicentre prospective observational cohort 
assessing incidence and outcome of intra-abdominal hypertension (IAH) in 491 
consecutive critically ill patients with a bladder catheter. The results of the IROI 
study have been published. 

Reintam Blaser A, Regli A, De Keulenaer B et al. Incidence, Risk Factors, and Outcomes 
of Intra-Abdominal Hypertension in Critically Ill Patients-A Prospective Multicenter Study 
(IROI Study). Crit Care Med. 2019 

In this sub-analysis of the IROI cohort, I further explored whether the 
combination of IAH and hypoxic respiratory failure (HRF) is an independent risk 
factor for 90 and 28-day mortality, as well as intensive care unit (ICU) and 
ventilation-free days in patients receiving invasive ventilation. I also assessed 
whether differences exist in ventilation settings between the patient groups 
depending on the presence or absence of hypoxic respiratory failure and IAH. 
The work of this Chapter was published in Journal of Critical Care. 

Regli A, Reintam Blaser A, De Keulenaer B et al. Intra-abdominal hypertension and 
hypoxic respiratory failure together predict adverse outcome - A sub-analysis of a 
prospective cohort. J Crit Care. 2021;64:165-172.  

This manuscript has been edited for style to create a uniform appearance 
throughout this thesis. Typographical errors have been corrected, and some 
sentences have been edited to improve comprehension without changing the 
content. An unedited version of the published version of this manuscript is 
provided in Appendix 2. Supplemental material is presented in Appendix 6. 
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INTRODUCTION 

IAH is associated with increased lung atelectasis, reduced chest wall compliance and 
lung volumes [13, 46]. Patients with IAH are more likely to develop respiratory failure and 
require mechanical ventilation [5, 30, 31]. Furthermore, data from animal studies and 
physiological experiments in humans indicate that lung mechanical properties change in 
the presence of IAH [13, 34–37, 39, 42, 146]. It is therefore possible that patients with 
HRF may be characterized by the presence or absence of IAH and that these two patient 
subgroups might differ in terms of outcome and treatment required. 

In 2019 we reported the results of an international multicentre prospective observational 
cohort study describing the incidence, risk factors and outcome of IAH in critically ill 
patients, the “Incidence, Risk Factors, and Outcomes of Intra-Abdominal (IROI) Study" [4]. 
Amongst 491 critically ill patients, IAH was present on admission in 34% or developed 
during ICU stay in another 15%. Their highest IAH grade was an independent predictor of 
90-and 28-day mortality [4].  

The primary aim of this sub-analysis was to assess whether the combination of IAH and 
HRF was an independent risk factor for 90-day mortality in patients receiving invasive 
ventilation. Secondary outcomes included 28-day mortality, ICU-free days and ventilator-
free days. 

METHODS 

Study design, participants and data source 

Patients included in this study were a subset of those enrolled in the IROI study [4]. The 
IROI study included 491 consecutive patients from 15 international sites (at least 20 
patients per site) between November 2011 and February 2016 with each site 
prospectively collecting IAP and other daily variables over a two-week period. The Ethics 
Committee of the South Metropolitan Health Service in Perth, Australia (#13/20) approved 
this study. A detailed description of the IROI study methods including methods of consent 
and the results have been published [4]. 

In this predefined subset of the original data, we present only the patients receiving 
invasive mechanical ventilation. A statistical plan of this sub-analysis has been published 
on the website of the Abdominal Compartment Society (www.wsacs.org) [147]. (Figure 1) 
The general and the ventilation management of the patients was left to the discretion of 
the treating physicians at each study site. 
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Measurements and definitions 

IAP was measured at least once every 8 hours throughout the study period (14 days or 
until ICU discharge) in accordance with the Guidelines of Abdominal Compartment 
Society Guidelines (www.wsacs.org) [2]. We used daily median IAP values to define IAH 
(IAP ≥ 12 mmHg). Grades of IAH I to IV were: IAP of 12 to 15, 16 to 20, 21 to 25 and 
> 25 mmHg respectively [2].  

Daily lowest arterial partial pressure of oxygen in relation to fractional inspiratory 
concentration of oxygen (P/F ratio), highest positive end-expiratory pressure (PEEP) and 
plateau airway pressure, highest expiratory tidal volume, highest respiratory rates were 
prospectively collected. Driving pressure (plateau airway pressure – PEEP) and tidal 
volume per predicted body weight were calculated [65]. 

We defined HRF as receiving invasive mechanical ventilation and having a P/F ratio 
≤300 mmHg. We graded HRF into mild (P/F ratio 200 to ≤300 mmHg), moderate (P/F 
ratio 100 to ≤200 mmHg), and severe (P/F ratio ≤100 mmHg) based on cut-off values 
used for grading acute respiratory distress syndrome (ARDS) [148].  

Daily fluid balance and daily cumulative fluid balance since admission were calculated, 
sequential organ failure assessment (SOFA) sub-scores for each organ system were 
assessed for each study day [149]. 

From these daily variables we identified each patient’s worst variables during their ICU 
stay. ICU stay was defined as the first seven days in ICU or until discharge to the ward or 
death, whichever came first. This approach was taken based on the IROI study showing 
that less than 2% of patients developed IAH between days 8 to 14 [4]. 

SOFA sub-scores allowed daily estimation of organ dysfunction including in patients 
without any laboratory value on that day. Using patients’ worst values during their first 
7 days in ICU of each variable reduced the bias caused by missing values.  

We categorized patients into four groups depending on the presence or absence of IAH 
or HRF during their first 7 days of ICU stay: Group 1 (neither), Group 2 (IAH), Group 3 
(HRF) and Group 4 (IAH and HRF). 

We further subdivided Group 4 into patients who did not have both IAH and HRF on 
admission but developed both during their first week in ICU. This allowed us to assess 
whether a time relation existed between the development of IAH and the development of 
HRF. 

Our primary outcome was 90-day mortality. Secondary outcomes were 28-day mortality, 
ICU- and ventilator-free days to day 14. The latter two were composite measures of death 
and ICU-length of stay or time spent on a ventilator censored at 14 days. The number of 
ICU-free and ventilation-free days were calculated as 14 minus the number of days in ICU 
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or spent on a ventilator (invasive ventilation only) and eliminate the mortality bias [150]. A 
tertiary outcome was the presence of IAH in patients with HRF. 

Statistical analysis 

The computer packages IBM SPSS Statistics for Mac, version 26.0 (IBM, St Leonards 
NSW, Australia) and Stata Statistical Software, release 16 (StataCorp., College Station, 
Texas, USA) were used for statistical analysis. Data are presented as proportions or 
median (interquartile range) if not stated otherwise. Variables were not normally distributed 
(Shapiro Wilkinson test). Mann-Whitney U-test or Kruskal Wallis test and Fisher’s exact 
test or chi-square test were applied to assess the statistical significance between groups 
for continuous and categorical variables, respectively. Kaplan-Meier analysis compared 
time to 90-day mortality by IAH/HRF subgroup. P<0.05 was considered statistically 
significant unless otherwise indicated. Clinically plausible variables with P<0.20 in 
bivariable analysis were considered for entry into the multivariable models.  

Variables with missing values for ≥10% of patients were not considered for regression 
analyses. Variables with missing values for <10% of patients were multiply imputed (x5) 
for input into the multivariable models and included PEEP, tidal volume, respiratory rate, 
lactate, pH, and creatinine. 

Multilevel mixed-effects logistic and linear regression (backward stepwise variable 
selection with P≥0.05 for removal) with random effects at the ICU site level, to account for 
potential within-site correlation, were employed for prognosis modelling and identification 
of risk factors. The multilevel mixed-effects method reveals both the fixed effects (as for an 
ordinary logistic or linear regression model) and the estimated variance component for site 
(σ2) with its standard error (SE). The fixed effects are presented as odds ratios (logistic 
regression) or regression coefficients (linear regression) and their 95% confidence 
intervals. A likelihood-ratio test which compares the mixed effects model with the ordinary 
logistic or linear regression model is also provided. A significant P-value shows the 
multilevel mixed-effects model to be superior to the ordinary one.  

Firstly, we established a mixed-effects model assessing the associations of the four 
subgroups (based on the presence or absence of IAH and HRF) on each outcome of 
interest. Secondly, we determined the most parsimonious mixed-effects model of 
independent associates of each outcome of interest. Finally, we ascertained whether the 
subgroups were independently associated with each outcome after adjusting for the 
respective most parsimonious model and removing IAP or P/F ratio from the most 
parsimonious model if applicable.  

We compared the time for IAH and for HRF to occur as well as the time for IAH and for 
HRF to be worst in the subset of patients who had or developed IAH and HRF during their 
first week in ICU using a Wilcoxon Signed Rank Test.  



39 

 

RESULTS 

Of the 491 patients in the IROI study, 160 did not receive invasive mechanical ventilation 
during their first week in ICU and a further 19 patients did not have any P/F ratios 
available, leaving 312 patients for the final sub-analysis (Figure 1).  

Intra-abdominal hypertension and hypoxic respiratory failure 

In this group of invasively ventilated patients, 162 (51.9%) had IAH and 242 (77.6%) had 
HRF at some point during their first week in ICU. Fifty (16.0%) never had IAH or HRF 
(Group 1), 20 (6.4%) only had IAH (Group 2), 100 (32.1%) only had HRF (Group 3) and 
142 (45.5%) had IAH and HRF (Group 4). Characteristics of the four subgroups are 
presented in Table 1 and Supplementary material 2. 

Overall, IAH was present in 162 (51.9%) and the severity distribution of IAH was as 
follows: Grade I = 79 (48.7%), grade II = 57 (35.3%), grade III = 18 (11.2%), and grade IV 
= 8 (5.0%) of the patients requiring invasive ventilation.  

HRF was present in 242 (77.6%) patients. Grades based on P/F ratios were mild (n= 107, 
44.2%), moderate (n= 90, 37.2%), severe (n= 45, 18.6%).  

Between day 8 and 14, an additional 3 patients required invasive ventilation, an additional 
8 developed IAH and no additional patients developed HRF. 

Primary outcome: 90-day mortality 

Among the patients receiving invasive ventilation, 90-day mortality was greatest in the 
presence of both IAH and HRF (Group 4, 48.6%) compared to only HRF (Group 3, 27.0%, 
P=0.001), or only IAH (Group 2, 30.0%, P=0.181), or neither IAH nor HRF (Group 1, 
16.0%, P <0.001) (Table 1, Figure 2). 

In patients with IAH, 74 out of 162 (45.7%) had died by day 90 as opposed to 35 out of 
150 (23.3%) in those without IAH, relative risk 1.96 (1.40-2.73), P<0.001. With HRF, 95 
out of 242 (39.3%) as opposed to 14 out of 70 (20.0%) without HRF had died by day 90, 
relative risk 1.96 (1.20-3.21), P=0.003. 90-day mortality increased with increasing IAH 
grade (P<0.001) and HRF grade (P=0.002). 

A list of variables tested for association with 90-day mortality and selection considerations 
is shown in Table 2 and Supplementary material 3. 

Associations of subgroups and independent variables with 90-day mortality are shown in 
Table 3. In ventilated patients, the combination of IAH and HRF was associated with an 
increased 90-day mortality [OR 5.2 (2.2-12.3), P<0.001]. However, this association was 
no longer significant when adjusted for independent variables (APACHE II, highest lactate, 
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highest dose of vasoactive) [OR 2.53 (0.92-6.98), P=0.071]. Neither IAH nor HRF alone 
was associated with 90-day mortality. 

Study centres influenced the association of IAH and HRF on 90-day mortality, but not 
when adjusted for independent variables (Likelihood ratio tests were P=0.039 and 
P=0.206, respectively, Table 3).  

See Figure 2 for post hoc calculated statistical power to detect subgroups differences. 

Secondary outcomes: 28-day mortality, ICU- and ventilation-free days 

Secondary outcomes for each group are shown in Table 1. Variables tested for 
association with 28-day mortality, ICU- and ventilation-free days and selection 
considerations are presented in Supplementary material 4 to 6, respectively. Associations 
of subgroups and independent variables with 28-day mortality are shown in Table 4 and 
with ICU- and ventilation-free days in Supplementary material 7 and 8, respectively.  

The combination of IAH and HRF was associated with an increased 28-day mortality [OR 
4.41 (2.17-11.6), P=0.003] which remained significantly associated after adjusting for the 
most parsimonious model (lowest pH, highest lactate, highest haematological and 
neurological SOFA) [OR 4.44 (1.15-17.1), P=0.030]. 

Both HRF alone as well as the combination of IAH and HRF failure were independently 
associated with a reduction in ICU- and ventilation-free days even after adjusting for the 
most parsimonious model (for ICU-free days: APACHE II, respiratory failure as admission 
diagnosis, respiratory rate, creatinine, dose of vasoactive, haematological and 
neurological SOFA; P=0.007 and P<0.001, respectively, and for ventilation-free days: 
APACHE II, respiratory failure as admission diagnosis, respiratory rate, lactate, dose of 
vasoactive, haematological and neurological SOFA; P=0.040 and P<0.001, respectively). 

Study centres influenced the association of IAH and HRF on 28-day mortality as well as 
ICU- and ventilation-free days (Likelihood ratio tests, P <0.05, Table 4, Supplementary 
material 7 and 8). 

Intra-abdominal hypertension in patients with hypoxic respiratory failure 

The relative risk of IAH in patients with HRF (142/242, 58.7%) as opposed to patients 
without HRF (20/70, 28.6%) was 2.05 (1.40-3.02), P<0.001. 

In patients with HRF, highest plateau pressure, applied PEEP, driving pressure and 
highest CO2 were higher in the patients with IAH (Group 4) than those without IAH (Group 
3). In contrast, the highest tidal volume or respiratory compliance was not different 
between these two groups (Supplementary material 9). Of note, there was a high number 
of missing respiratory compliance values.  
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In ventilated patients with HRF, APACHE II [OR (95% CI) 1.06 (1.01-1.11), P=0.012], 
highest CO2 [OR 1.07 (1.03-1.11) mmHg, P<0.001], absent bowel sounds, [OR 2.50 
(1.17-5.35), P=0.018], highest haematological SOFA [OR 1.47 (1.07-2.02), P=0.019] 
were found to be independently associated with IAH (Supplementary material 10). 

Time to intra-abdominal hypertension or hypoxic respiratory failure 

In the 142 patients with IAH and HRF (Group 4), HRF occurred before IAH in 39, after in 
12 and simultaneously in 91 (Supplemental Figure 1). The time to HRF was marginally less 
[0.5 (0.5-0.8) days] compared to the time to IAH [0.5 (0.5-1.5) days], P<0.001. There was 
no difference between the time to the lowest P/F ratio and highest IAP value, P=0.120. 

DISCUSSION 

Optimal ventilation management in patients with IAH is still debated [13, 35, 46, 151]. This 
pre-planned sub-analysis uniquely explored the impact of the combination of IAH and 
HRF (P/F ratio <300 mmHg) on ICU outcome. The results demonstrate that simultaneous 
presence of these two syndromes significantly attenuates the probability of survival.  

Intra-abdominal hypertension in patients with hypoxic respiratory failure  

Among the 312 ventilated patients with HRF, the presence of IAH was twice as likely 
compared to patients without HRF. We are the first to report that patients with HRF have 
a higher prevalence of IAH. Nevertheless, others noted that patients with IAH are more 
likely to receive mechanical ventilation [5, 30] or to have HRF than those who don’t have 
IAH [31]. 

In contrast to the higher IAH prevalence among patients with HRF, the overall IAH 
prevalence in this study of around 50% is comparable to what we previously reported for 
all 491 consecutive patients regardless of their ventilation status [4]. This finding suggests 
a stronger association between IAH and impaired oxygenation than with mechanical 
ventilation.  

Outcome of patients with hypoxic respiratory failure and intra-abdominal 
hypertension 

In patients receiving invasive ventilation, 90- and 28-day mortality was clearly separated 
depending on the presence or absence of IAH and HRF and was highest among those 
with both IAH and HRF. Although the combination of IAH and HRF was associated with 
increased 90-day mortality, when adjusted for the most parsimonious model, this 
association no longer remained significant. In contrast, the combination of IAH and HRF 
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was associated with 28-day mortality, ICU- and ventilation-free days even after adjusting 
for each most parsimonious model.  

Although both impaired oxygenation [149, 152, 153] and IAH [1, 4, 5, 31] have been 
associated with an impaired outcome, we are the first to report an association between 
the combined presence of IAH and HRF and outcome. In the IROI study, we found IAH 
was independently associated with mortality [4]. Current sub-analysis suggests, given P-
values >0.05 in the mixed-effects logistic regression, that IAH occurring without HRF may 
not increase mortality, but the number of patients in this subgroup was low (n=20). 

The fact that the combination of IAH and HRF was independently associated with 
secondary outcomes but not with 90-day mortality can be explained as follows: First, 
APACHE II score uses an aggregate of age, previous health status and worst 
physiological parameters from the first 24-hours of patients’ ICU stay [152]. 90-day 
mortality compared with 28-day mortality may be more influenced by chronic health 
status than by acute physiological parameters. Second, APACHE II and HRF are not 
exclusively independent as oxygenation capacity of lungs is included in APACHE II. Third, 
we cannot exclude that the combination of IAH and HRF might become independently 
associated with 90-day mortality in a larger cohort with more power (Type II error).  

The association between the combination of IAH and HRF with an impaired outcome 
underlines the importance of monitoring IAP in ventilated patients, especially in those with 
HRF. Also, it justifies further research on aiming to optimize ventilation strategies in 
patients with both IAH and HRF. 

Impaired oxygenation is a well-known prognostic marker and is used in APACHE and 
SOFA score [149, 152]. In a retrospective analysis of ventilated patients, a U-shaped 
association between P/F ratios and outcome was found with highest mortality amongst 
those with highest and lowest measured P/F ratios [154]. Following cardiac surgery, P/F 
ratio has been shown to independently predict hospital mortality [153]. 

An important shortcoming of the present study is that we did not prospectively collect 
information required to diagnose ARDS (e.g. new onset bilateral opacities on radiological 
image) [148]. To the best of our knowledge, the prevalence of IAH as well as the influence 
of IAH on mortality in patients with ARDS remains unknown.  

In invasively ventilated patients, ARDS is usually found in around 10% with reported 
mortality between 35 and 46% that depends on severity based on P/F ratio [110, 148]. In 
this study however, we found HRF in nearly three-quarters of ventilated patients and 
mortality also increased with higher grades of HRF similar to those found in patients with 
ARDS [148].  

Impaired oxygenation like ARDS may be seen as the end-result of many aetiologies [148]. 
Coronavirus Disease 2019 (COVID-19) has brought to light different phenotypes of ARDS 
(L-type and H-type) based on causative mechanics in terms of lung injury and impairment 
of oxygenation as well as disparate respiratory compliance and response to PEEP [155].  
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Similarly, the presentation of patients with IAH and HRF or ARDS is distinct. IAH has been 
shown in animal models and in humans to decrease respiratory compliance through an 
impaired chest wall compliance [32, 35–37, 42, 119]. Typically, PEEP improves chest wall 
compliance in the presence of IAH [35, 37, 42]. Indeed, an IAH-phenotype could be 
introduced for patients with HRF and IAH to help the clinician better distinguish from other 
phenotypes of HRF. At least the high mortality we found in this patient group would justify 
further research in patients with ARDS and IAH. 

Fluid balance and intra-abdominal hypertension or hypoxic respiratory 
failure 

Fluid balance is associated with respiratory failure and IAH [27, 156, 157]. Adherence to a 
conservative fluid protocol resulted in a reduced cumulative fluid balance, improved 
oxygenation, and more ventilation- and ICU-free days in patients with ARDS [156]. 
Similarly, a positive fluid balance is thought to be the most important risk factor for 
developing secondary IAH/ACS [27]. 

We found the subgroup without IAH or HRF had the smallest fluid balances with minimal 
differences between the other subgroups. Although the fluid balances were associated 
with an increased 90- and 28-day mortality as well as an increase in ventilation- or ICU-
free days, fluid balances were no longer independently associated with worse outcome 
after adjusting for independent variables.  

Time to intra-abdominal hypertension and to hypoxic respiratory failure  

We found that in patients with HRF, those with IAH had higher plateau pressures and 
marginally higher applied PEEP levels. Interestingly, tidal volume delivered and resulting 
respiratory compliance was not different between both groups. It would be expected that 
patients with IAH would have lower respiratory compliance due to a reduced chest wall 
compliance [36, 37]. However, we had a relatively high proportion of missing values for 
plateau pressure, respiratory compliance and driving pressure and these variables were 
not considered in the regression models. Although driving pressure has become a new 
focus in ventilation management [110], missing data restrict us from interpreting our 
results. Due to the nature of an observational study no conclusions can be made in 
regard to the optimal ventilation management in patients with IAH and HRF.  

Ventilation settings  

We found that in patients with HRF, those with IAH had higher plateau pressures and 
marginally higher applied PEEP levels. Interestingly, tidal volume delivered was the same 
in both groups. It would be expected that patients with IAH would have lower respiratory 
compliance due to a reduced chest wall compliance [36, 37]. However, we had a 
relatively high proportion of missing values for plateau pressure, respiratory compliance 
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and driving pressure and these variables were not considered in the regression models. 
Although driving pressure has become a new focus in ventilation management [110], 
missing data restrict us from interpreting our results. Due to the nature of an observational 
study no conclusions can be made in regard to the optimal ventilation management in 
patients with IAH and HRF.  

Strengths and limitations 

The strength of this study is that we uniquely explored the relationship between IAH and 
HRF using data from a relatively large multicentre prospective observational study. We 
found study centres to be heterogenous but accounted for the differences using multilevel 
mixed-effects regression analysis [158]. 

As we did not prospectively collect information required to diagnose ARDS (e.g. 
radiologically diagnosed bilateral opacities) [148] our data may not be applicable to 
patients with ARDS and IAH. Unfortunately, some of the variables of interest had too 
many missing values (e.g. plateau pressure, driving pressure and respiratory compliance) 
to be included in multivariable analyses. In addition, some subgroups were relatively small, 
thereby reducing statistical power (e.g. subgroup IAH included only 20 patients). 
Furthermore, we cannot exclude that the non-protocolized use of intravenous fluids might 
have influenced some of our results. 

CONCLUSION 

In this study of ventilated patients, we demonstrated IAH to have a prevalence of around 
60% in the presence of HRF, which is around twice as likely compared to the prevalence 
of IAH in those without HRF. Importantly, the combination of IAH and HRF was not 
independently associated with 90-day mortality but independently increased the odds of 
28-day mortality, and reduced the number of ICU- and ventilation-free days. Our findings 
underline the importance of assessing IAP in ventilated patients especially in those with 
hypoxic respiratory failure.  
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FIGURES 

Figure 1. Flow diagram: Patient selection and subgrouping  

 
Flow diagram: Patient selection and subgrouping based on presence or absence of intra-
abdominal hypertension (IAH) and hypoxic respiratory failure (HRF) (P/F ratio < 300 mmHg) 
during their first week of ICU stay. 
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Figure 2. Kaplan-Meier survival curve 

 
90-day survival as a function of days since admission to intensive care for the four different 
groups based on the presence or absence of intra-abdominal hypertension (IAH) and hypoxic 
respiratory failure (HRF). Log rank test P-value and Power (%) as follows: Group 1 (neither) vs 
Group 2 (IAH), P=0.181, (27.9%); Group 1 vs Group 3 (HRF): P=0.156, (31.1%); Group 1 vs 
Group 4 (IAH and HRF): P<0.001, (99.4%); Group 2 vs Group 3: P=0.695, (4.9%); Group 2 vs 
Group 4: P=0.180, (33.4%); Group 3 vs Group 4: P=0.001, (93.2%). A P-value of 0.0083 was 
considered significant (Bonferroni correction for multiple pairwise comparisons). 
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TABLES 

Table 1. Characteristics of the four subgroups based on the presence or 
absence of intra-abdominal hypertension and hypoxic respiratory failure 
during their ICU stay 

 All No IAH or 
HRF 

IAH HRF IAH and 
HRF 

P 

N (%) 312 
(100%) 50 (16.0%) 20 (6.4%) 100 

(32.1%) 
142 

(45.5%)  

Age, years 59 [46-70] 54 [36-68] 59 [46-69] 62 [47-71] 59 [48-71] 0.276 

Sex, % male 18 
(59.6%) 24 (48.0%) 18 

(90.0%) 
58 

(58.0%) 
86 

(60.6%) 0.014 

BMI (kg/m2) 26 [24-31] 25 [22-27] 27 [24-29] 26 [23-32] 28 [25-33] 0.001 

Surgery, n (%) 199 
(63.8%) 39 (78.0%) 14 

(70.0%) 
68 

(68.0%) 
78 

(54.9%) 0.016 

Abdominal surgery, n (%) 107 
(34.3%) 15 (30.0%) 8 (40.0%) 38 

(38.0%) 
46 

(32.4%) 0.674 

APACHE II 18 [14-25] 13 [10-16] 18 [10-24] 18 [14-23] 22 [17-28] <0.001 

SOFA; highest score 8 [6-11] 5 [4-7] 6 [5-10] 7 [6-10] 10 [7-12] <0.001 
Lowest P/F ratio, (mm 
Hg) 

222 [140-
298] 

372 [326-
448] 

369 [320-
411] 

224 [176-
276] 

168 [102-
221] <0.001 

Highest IAP, mmHg 12 [8-16] 7 [5-8] 14 [12-16] 9 [7-10] 16 [14-19] <0.001 
Highest plateau pressure, 
cmH2O 20 [14-24] 12 [10-16] 15 [12-20] 18 [14-23] 23 [18-27] <0.001 

Highest PEEP, cmH2O 7 [5-10] 5 [5-5] 5 [5-15] 6 [5-8] 8 [6-11] <0.001 
Largest tidal volume, 
mL/kg PBW 

8.8 [7.8-
10.8] 

8.3 [7.8-
9.8] 

8.6 [7.5-
9.6] 

9.0 [7.5-
11.4] 

8.9 [7.9-
10.8] 0.690 

Highest driving pressure, 
cmH2O 11 [8-16] 8 [5-11] 9 [5-15] 12 [7-16] 13 [10-18] <0.001 

Lowest respiratory 
compliance mL/ cmH2O 44 [33-58] 49 [40-60] 42 [31-58] 44 [34-54] 43 [31-62] 0.470 

Highest daily fluid 
balance, L 

1.6 [0.6-
2.8] 0.8 [0-1.6] 1.9 [0.6-

2.7] 
1.6 [0.7-

3.0] 
2.0 [1.0-

3.5] <0.001 

Highest cumulative fluid 
balance, L 

2.1 [0.3-
4.7] 

0.8 [0.8-
1.8] 

2.6 [0.6-
4.9] 

1.8 [0.4-
5.3] 

3.0 [0.8-
6.0] <0.001 

Highest C-reactive protein 
level, mg/L 

158 [81-
271] 70 [29-110] 93 [40-

190] 
143 [89-

239] 
229 [124-

314] <0.001 

Highest lactate, mmol/L 2.6 [1.6-
5.0] 

2.0 [1.4-
2.8] 

2.1 [1-8-
7.1] 

2.4 [1.6-
4.1] 

3.0 [1.9-
8.0] 0.002 

Highest dose of 
vasoactive, mcg/kg/min 

1.3 [0-
13.3] 0 [0-0.4] 0 [0-8.0] 0.5 [0-

13.8] 
6.1 [0.3-

19.4] <0.001 

90-day mortality, n (%) 110 
(35.3%) 8 (16.0%) 6 (30.0%) 27 

(27.0%) 
69 

(48.6%) <0.001 

28-day mortality, n (%) 85 
(27.2%) 6 (12.0%) 5 (6.0%) 19 

(19.0%) 
55 

(36.6%) 0.001 

ICU-free days to day 14, 
d 5 [5-10] 12 [6-13] 10 [1-12] 6 [0-10] 0 [0-9] <0.001 
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Ventilation-free days to 
day 14, d 8 [0-13] 13 [11-13] 12 [1-13] 9 [0-13] 1 [0-9] <0.001 

Hospital stay, d 16 [7-30] 12 [8-20] 10 [5-17] 19 [9-35] 17 [6-32] 0.021 
Variables represent highest or lowest values during their first week of ICU stay. APACHE, acute 
physiology, age and chronic health score. BMI, body mass index. P/F ratio, arterial partial 
pressure of oxygen in relation to fractional inspiratory concentration of oxygen. PBW, predicted 
body weight. SOFA, sequential organ failure assessment score. Median [IQR] or n (%) are 
reported. Trend P-values across subgroups were derived from the Kruskal Wallis test for 
continuous variables and Fisher’s exact test for proportions. 
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Table 2. Variables associated with 90-day mortality 

 
N (%) 

90-day 
mortality 

Alive 
202 

(64.7%) 

Dead 
110 

(35.3%) 

P Missing 
values, n 

Selection 
criteria 

Age, years  58 [44-68] 62 [49-74] 0.033 0 contained in 
APACHE II 

Sex, % male  59.4% 60.0% 1.000 0 P> 0.2 

APACHE II  17 [12-21] 23 [17-30] <0.001 3 selected 

BMI, kg/m2  26 [24-31] 27 [24-32] 0.937 5 P> 0.2 

Lowest P/F ratio, mm 
Hg  244 [176-

315] 
191 [111-

259] <0.001 0 selected 

Hypoxic respiratory 
failure, n (%) 39.7% 146 

(72.3%) 
96 

(87.3%) 0.003 0 contained in 
above 

Worst P/F ratio, n (%):    0.002  contained in 
above 

≥300 20.0% 56 
(27.7%) 

14 
(12.4%)    

200-300 32.7% 72 
(35.6%) 

35 
(31.8%)    

100-200 41.1% 53 
(26.2%) 

37 
(33.6%)    

<100 53.3% 21 
(10.4%) 

24 
(21.8%)    

Highest IAP, mmHg  11 [8-14] 15 [10-18] <0.001  selected 

IAH, n (%) 46.3% 87 
(43.1%) 

75 
(68.2%) <0.001 0 contained in 

above 

IAH highest grade, n 
(%)    <0.001  contained in 

above 

No IAH 23.3% 115 
(56.9%) 

35 
(31.8%)    

Grade I 31.6% 54 
(26.7%) 

25 
(22.7%)    

Grade II 59.6% 23 
(11.4%) 

34 
(30.9%)    

Grade III 72.2% 5 (2.5%) 13 
(11.8%)    

Grade IV 37.5% 5 (2.5%) 3 (2.7%)    

Highest plateau 
pressure, cmH2O  18 [13-23] 22 [16-26] <0.001 77 > 10% 

missing data 

Highest PEEP, cmH2O  6 [5-8] 8 [5-10] 0.001 1 selected 

Highest driving 
pressure, cmH2O  11 [7-15] 14 [9-18] 0.005 72 > 10% 

missing data 

Largest tidal volume, 
mL/kg PBW  8.9 [7.8-

10.8] 
8.7 [7.4-

10.2] 0.265 20 selected 

Lowest respiratory 
compliance, 
mL/cmH2O 

 47 [34-60] 41 [29-50] 0.007 86 > 10% 
missing data 

Highest respiratory 
rate, n/min  16 [14-24] 20 [16-28] 0.005 3 selected 
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Highest CO2, mmHg  44 [40-52] 48 [40-57] 0.021 7 selected 

Lowest pH  
7.38 

[7.34-
7.44] 

7.39 
[7.28-
7.45] 

0.317 0 P> 0.2 

Highest daily fluid 
balance, L  1.4 [0.3-

2.5] 
2.1 [1.2-

3.7] <0.001 0 selected 

Highest daily 
cumulative fluid 
balance, L 

 1.6 [0-3.9] 3.3 [1.3-
6.9] <0.001 0 selected 

Highest lactate, 
mmol/L  2.2 [1.5-

3.5] 
3.5 [2.2-

9.3] <0.001 7 selected 

Highest creatinine, 
μmol/L  106 [76-

159] 
150 [98-

293] <0.001 4 selected 

Highest dose of 
vasoactive, 
mcg/kg/min 

 0.2 [0-8.5] 9.0 [1.0-
44] <0.001 0 selected 

Surgery, n (%)  135 
(66.8%) 

64 
(58.2%) 0.140  selected 

Laparotomy, n (%)  45 
(22.3%) 

37 
(33.6%) 0.032 0 selected 

Absent bowel sounds, 
n (%)  59 

(29.2%) 
57 

(51.8%) <0.001  selected 

Abdominal distension, 
n (%)  38 

(18.8%) 
36 

(32.7%) 0.006  selected 

SOFA; highest 
haematological score  0 [0-1] 1 [0-2] <0.001  selected 

SOFA; highest hepatic 
score  0 [0-1] 0 [0-2] <0.001  selected 

SOFA; highest 
neurological score  0 [0-3] 4 [3-4] <0.001  selected 

Variables represent highest or lowest values during their first week of ICU stay. IAP, intra-
abdominal pressure. APACHE, acute physiology, age and chronic health score. BMI, body 
mass index. P/F ratio, arterial partial pressure of oxygen in relation to fractional inspiratory 
concentration of oxygen. PBW, predicted body weight. SOFA, sequential organ failure 
assessment score. Median [IQR] or n (%) are reported. Fisher’s exact test for proportions and 
Mann-Whitney U-test for two medians were used.  
  



51 

 

Table 3. Mixed-effects logistic regression analysis showing the 
association of subgroups and independent variables with 90-day mortality 

Model: Subgroups Independent 
variables 

Subgroups and 
independent variables 

 OR (95% CI) P OR (95% CI) P OR (95% CI) P 

No IAH or HRF 
(reference) 1 (reference)    1 (reference)  

IAH 2.41 
(0.69,8.43) 0.170   1.56 (0.38,6.38) 0.534 

HRF 1.77 
(0.71,4.39) 0.220   1.32 (0.47,3.72) 0.595 

IAH and HRF 5.18 
(2.18,12.3) <0.001   2.54 (0.92,6.99) 0.071 

APACHE II   1.07 
(1.03,1.11) 0.001 1.07 (1.03,1.11) 0.001 

Highest lactate, mmol/L   1.11 
(1.02,1.20) 0.011 1.12 (1.03,1.21) 0.005 

Highest dose of 
vasoactive, mcg/kg/min   1.01 

(1.00,1.02) 0.023 1.01 (1.00,1.02) 0.028 

Highest IAP, mmHg   1.07 
(1.01,1.12) 0.016   

n 312  309 *  309 *  

Random effect at site 
level: 0.199 (0.177)  0.068 (0.141)  0.978 (0.151)  

Likelihood Ratio test 0.039  0.283  0.206  
Subgroups are based on the presence or absence of intra-abdominal hypertension (IAH) and 
hypoxic respiratory failure (HRF, P/F ratio < 300 mmHg) in 7-day ICU stay. Variables represent 
highest values during their first week of ICU stay. OR, odds ratio. APACHE II, acute physiology, 
age and chronic health score. IAP, intra-abdominal pressure. IAP was no longer associated with 
90-day mortality after entering subgroups into the model. Adjusted for ICU site as the random 
effect, presented as the estimate of variance with (standard error). * Three patients had missing 
APACHE II data. 
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Table 4. Mixed-effects logistic regression analysis showing the 
association of subgroups and independent variables with 28-day mortality 

Model: Subgroups Independent variables Subgroups and 
independent variables 

 OR (95% CI) P OR (95% CI) P OR (95% CI) P 

No IAH or HRF 
(reference) 1 (reference) -   1 (reference) - 

IAH 2.60 (0.66-
10.2) 0.170   2.95 (0.44-19.8) 0.264 

HRF 1.61 (0.57-
4.50) 0.366   2.19 (0.55-8.63) 0.264 

IAH and HRF 4.41 (1.68-
11.6) 0.003   4.44 (1.15-17.1) 0.030 

Lowest pH, units of 
0.01   0.02 (0.00-1.41) <0.001 0.01 (0.00-0.94) <0.001 

Highest lactate, 
mmol/L   1.15 (1.05-1.25) 0.002 1.14 (1.04-1.24) 0.004 

SOFA; highest 
haematological score   1.71 (1.22-2.38) 0.002 1.75 (1.25-2.45) 0.001 

SOFA; highest 
neurological score   1.97 (1.49-2.60) 0.002 2.04 (1.53-2.73) <0.001 

Lowest P/F ratio, mm 
Hg   0.995 

(0.992-0.999) 0.024   

n 312  312  312  

Random effect at site 
level: 0.319 (0.262)  1.205 (0.756)  1.459 (0.890)  

Likelihood Ratio test 0.024  <0.001  <0.001  
Subgroups are based on the presence or absence of intra-abdominal hypertension (IAH) and 
hypoxic respiratory failure (HRF, P/F ratio < 300 mmHg) in 7-day ICU stay. Variables represent 
highest or lowest values during their first week of ICU stay. OR, odds ratio. SOFA, sequential 
organ failure assessment score. P/F ratio; arterial partial pressure of oxygen in relation to 
fractional inspiratory concentration of oxygen. P/F ratio was removed in final model to test for 
association between subgroups with 28-day mortality. Analysis was adjusted for research site 
as the random effect and presented as estimated variance component (standard error).  
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CHAPTER 4 – THE RESPIRATORY PRESSURE – ABDOMINAL 
VOLUME CURVE IN A PORCINE MODEL 

PREFACE 

In this Chapter I present data from a porcine model of IAH in which the effect 
of intra-abdominal volume (IAV) on intra-abdominal and inspiratory airway 
pressure was assessed to gain an understanding of how IAV affects abdominal 
and respiratory compliance. I also examined how different PEEP levels affect 
inspiratory airway pressure – abdominal volume curves.  

The work of this Chapter has been published: 

Regli A, De Keulenaer BL, Singh B, Hockings LE, Noffsinger B, van Heerden PV. The 
respiratory pressure – abdominal volume curve in a porcine model. Intensive Care Med 
Exp 2017. 5:11. 

The manuscript has been edited for style to create a uniform appearance 
throughout this thesis. Typographical errors have been corrected, and some 
sentences have been edited to improve comprehension without changing the 
content. An unedited version of this manuscript can be found in Appendix 3. 
Additional information regarding our animal model is presented in Appendix 7. 
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INTRODUCTION 

Intra-abdominal hypertension (IAH) is defined as a sustained intra-abdominal pressure 
(IAP) ≥ 12 mmHg [2]. IAH is common in critically ill patients [30] and is associated with an 
increased morbidity and mortality [1]. IAH is caused by additional intra-abdominal volume 
(IAV) within the confined abdominal cavity (e.g. retroperitoneal bleed, free fluid from 
massive fluid resuscitation, ascites, ileus with dilated bowel etc.) or by reduced 
compliance of the abdominal wall (e.g. obesity or eschars in burns patients). If IAP is 
significantly increased or persists, an abdominal compartment syndrome may develop 
which is defined as a sustained IAP > 20 mmHg that is associated with new onset organ 
dysfunction [2]. Organ failure may include cardiac, respiratory, renal and/or gastro-
intestinal failure. 

It has long been thought that a linear relationship exists between IAV and IAP [159–161]. 
However, in a recent review article, by extracting all available human IAV and IAP 
measurements from current literature, we were able to demonstrate an exponential 
relationship between IAV and IAP [54]. The exponential relationship between IAV and IAP 
is of interest because of the clinical consequences of IAH. Patients with IAH often have 
impaired lung function due to a cephalad displacement of the diaphragm, associated with 
impaired lung volumes and increased airway pressures resulting in difficulties in 
maintaining adequate ventilation [162].  

Several therapeutic options exist to reduce IAP [26, 27]. These therapies are associated 
with small reductions in IAV and are therefore thought to have a small effect on IAP. 
However, due to the exponential relationship at higher IAP ranges, small reductions in IAV 
may indeed have significant effects on IAP.  

The effect of changes in IAV on airway pressures is not well known. We therefore aimed 
to characterize the influence of IAV on both IAP and airway pressures. 

METHODS 

Seven pigs were studied in a protocol to measure IAP and airway pressures caused by 
incremental increases in IAV. The Animal Ethics Committee of the University of Western 
Australia approved the study protocol (UWA RA/3/100/688). The study conformed to the 
regulations of the Australian code of practice for the care and use of animals for scientific 
purposes. Anaesthesia, mechanical ventilation, surgical preparation, and instrumentation 
were performed as previously described [33] and are briefly outlined below. 

Animals 

Seven Large White breed pigs [mean (SD) animal weight of 41.4 (+/-8.5) kg] received 
standardized anaesthesia including initial sedation using intra-muscular 
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zolazepam/tiletamine (Zoletil ®) and xylazine followed by a combination of Propofol, 
morphine, and ketamine for maintenance of anaesthesia. At the end of the experimental 
protocol the pigs were euthanized with intra-venous pentobarbitone. No neuromuscular 
blocking agents were used as they are infrequently used in our clinical practice and also 
to reduce the risk of awareness of pain in the animals. Adequacy of the depth of 
anaesthesia was regularly assessed (lack of muscle tone, absence of spontaneous 
ventilatory effort). 

Mechanical ventilation and airway parameters 

Mechanical ventilation (Servo 900, Siemens, Berlin, Germany) was maintained using 
constant tidal volumes of 8 ml/kg. Initial PEEP was 5 cmH20. Respiratory rate was 
adjusted to maintain an end-tidal CO2 between 35 and 45mmHg before the abdomen 
was inflated but not changed thereafter. Peak inspiratory airway pressure (pPAW) and 
dynamic respiratory system compliance (CRS) were obtained automatically from the 
ventilator. End-expiratory lung volume was measured at baseline IAP and PEEP of 5 
cmH2O using the multiple breath nitrogen wash-out method as previously described [33]. 
Pressure-volume (P-V) curves were performed at PEEP 5 cmH2O and then at PEEP 
15 cmH2O.  

Intra-abdominal pressure measurement  

Urinary bladder pressure was used to assess IAP. For this a 12F Foley catheter was 
placed in the urinary bladder via a caudal midline laparotomy and attached to a standard 
transducer system (Hospira, Lake Forest, IL). Mean pressures were measured from the 
mid-axillary line. Throughout the study the animals remained in the supine position. A 
standardized injection volume of 25 mL of 0.9 % NaCl (AbViser 300, Wolfe Tory Medical, 
Salt Lake City, UT) was used and 60 seconds relaxation time was allowed for before 
definitive measurement [2]. IAH was graded as recommended by the World Society of 
Abdominal Compartment Syndrome [2]. 

Abdominal pressure volume curve 

A large intra-abdominal balloon (200 g latex weather balloon, Scientific Sales, 
Lawrenceville, NJ) was placed in the peritoneal cavity via midline laparotomy. Even 
placement of the balloon in the abdomen was ensured by visual inspection and partial 
inflation. A one-litre precision syringe (Vitalograph, Hamburg, Germany) was used to add 
air to the IAV in one-litre incremental steps. After each addition to IAV we waited 
10 seconds to allow pressures to equilibrate before assessing all parameters. Abdominal 
inflation was not continued beyond an IAP of 40.8 cmH2O (30.0 mmHg).  
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Analysis and statistics 

Absolute abdominal pressure-volume points were entered in a spreadsheet and analysed 
using Excel (Microsoft, Redmond, Washington, USA). All pressures were converted from 
mmHg into cmH2O for better comparison between the IAP and pPAW (1 mmHg = 
1.3595 cmH2O). The change in IAV following addition of air to the intra-abdominal balloon 
was pressure-corrected using the Boyle equation [pressure corrected additional IAV = 
measured additional IAV x 1033 cmH2O (atmospheric pressure) / (1033 cmH2O + IAP in 
cmH2O)], to compensate for the compressibility of air.  

Two different equations were assessed for their accuracy at describing the IAP-IAV curve. 
First, the Venegas equation, V = a + [b/(1+e –(P-c)/d)], a logistic function was used. This has 
been used to describe the characteristic sigmoid shape of pulmonary [163] and other P-V 
curves [164]. In the original paper, V represents inflation or absolute lung volume, 
P represents airway opening or trans-pulmonary pressure, and a, b, c, and d represent 
fitting parameters. In the tested situation, V represented additional IAV, P represented 
absolute pressure (IAP or pPAW), and a, b, c, and d represent fitting parameters.  

Second, an alternate exponential equation, V = v + k *Ln (P0-p) where V represented 
additional IAV, P0 represented resting IAP (no additional IAV), and v, k, p represent fitting 
parameters, was tested. This equation has been used in the past to characterize lung 
elastic recoil and in other instances where pressures rise in near asymptotic fashion [165]. 
This exponential equation is single ended and exhibits near asymptotic shape at high 
volumes only whereas the Venegas equation exhibits true asymptotic shape at high and 
low volumes. 

For each corresponding P-V data set we used the Excel “Solver” function to find fitting 
parameters that best described the measured P-V curve. The best fit was defined as a 
curve resulting in the smallest root mean square between the measured and calculated P-
V points. Minimizing the Residual Sum of Squares (RSS) is a standard method employed 
for fitting curves. The mean fitting parameter of all study subjects was used to plot a 
mean P-V curve. 

Abdominal compliance (CAB) was defined as a measure of the ease of abdominal 
expansion, expressed as a change in IAV per change in IAP: AC = Δ IAV / Δ IAP [2]. CAB is 
given as ml/cmH2O for easier comparison with CRS.  

Man-Whitney Rank Sum Test or Wilcoxon Singed Rank Test were used as appropriate. A 
p-value of <0.5 was considered statistically significant.  

RESULTS 

The subjects had a mean (SD) weight of 41.4 (+/- 8.5) kg and end-expiratory lung volume 
of 1.68 (0.30) L. Baseline IAP was 5.0 cmH2O (3.7 mmHg). Expiratory tidal volume of 
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331 (68) ml and respiratory rate 34.1 (5.0) per minute were set at baseline (PEEP 
5 cmH2O, no abdominal inflation). At 5 cmH2O PEEP, the highest applied IAP ranged from 
42.1 to 55.7 cmH2O (31 to 41 mmHg), and additional IAV ranged from 7.7 L to 14.3 L.  

In comparison with the Venegas equation, the alternate exponential equation produced a 
P-V curve that better fitted the measured values (lower root mean square), see Figure 1 
and Table 1. 

We therefore subsequently used the alternate exponential equation. Figure 2 depicts P-V 
curves derived from the exponential equation of the average and of each individual of 
these animals. To calculate an expected IAP from a given additional IAV, the alternate 
exponential equation V = v + k *Ln (P0-p) can be rearranged to P0 = p + Exp (V-v) / k. 

After maximal abdominal inflation was achieved using on average 10.4 L (2.1) additional 
IAV, IAP after initial abdominal inflation at 5 cmH2O of positive end-expiratory pressure 
(PEEP) was higher than after subsequent abdominal re-inflation using the same additional 
IAV at 15 cmH2O of PEEP, 49.4 (4.1) vs 45.6 (2.3) cmH2O respectively (p=0.03) (Figure 3). 
The CAB at maximal IAV and IAP after initial (5 cmH2O PEEP) and repeat inflation 
(15 cmH2O PEEP) were 55.3 (5.0) mL/cmH2O and 62.0 (6.9) mL/cmH2O respectively 
(p=0.06).  

With an increasing amount of additional IAV, IAP and to a lesser extent pPAW increased 
exponentially (Figure 4). There was a directly-proportional relationship between delta pPAW 
as a function of delta IAP, with a strong correlation (Delta pPAW = 0.14 + 0.43 * delta IAP, 
R2 = 0.83, p<0.001). Hence, abdomino-thoracic transmission (ATT) approximated 40 % 
(Figure 5). With increasing IAP, CAB and CRS decreased (Figure 6). 

We calculated the effect of an additional IAV of 500 ml on pPAW. and IAP (Table 2). The 
addition of 500 ml IAV increased pPAW and IAP to a greater extent at higher grades of IAH 
than at lower grades of IAH (i.e. reduced compliance at higher levels of IAH). 

DISCUSSION 

The main findings in this animal model were that a) raising IAV increased pPAW and IAP in 
an exponential manner, b) raising IAV decreased CAB and CRS, c) there was approximately 
a 40 % transmission of IAP to pPAW.  

Intra-abdominal volume increased peak inspiratory airway pressure and 
intra-abdominal pressure in an exponential manner 

We aimed to characterize how abdominal volumes influenced airway pressures and IAP. 
The IAV that produced an IAP >40 cmH2O (30 mmHg) varied between subjects. We 
therefore explored functions that could describe generic P-V curves of all the animals 
studied.  
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Functions have the advantage of allowing extrapolations even in the setting of a non-linear 
curve if a certain number of pressure volume (P-V) values are known. We first tested the 
Venegas equation for the additional IAV – pPAW and IAP relationship frequently used to 
describe a respiratory P-V curve [163]. The Venegas equation has been used to describe 
P-V curves other than respiratory [164]. We found that our alternative exponential function 
characterized the changes in pPAW and IAP with additional IAV more accurately than the 
Venegas equation. Exponential equations have been used to describe respiratory 
P-V curves [36]. 

An exponential relationship between IAV and IAP has been found in a previous animal 
study [166]. In a recent review article, we extracted all available human IAV and IAP 
measurements from the current literature [54]. In contrast to previous studies, we 
analysed multiple IAV and IAP measurements that included multiple measurements and / 
or were derived from a larger IAP range (greater than 15 mmHg, the upper limit during 
laparoscopy). We found an exponential relationship between IAV and IAP. The pseudo-
linear relationship between IAV and IAP found in previous studies can be explained by the 
relatively low IAP range and / or small number of measurements examined [159–161]. To 
our knowledge we are the first to report an exponential relationship between IAV and 
pPAW. 

Abdominal compliance 

After completion of the first P-V curves at 5 cmH2O PEEP we performed a second set of 
P-V curves at 15 cmH2O PEEP levels. The higher CAB at 15 cmH2O of PEEP indicates a 
left shift of the P-V curves. This was opposite to what we anticipated and suggests that a 
considerable amount of “pre-stretching” occurred during the initial abdominal inflation 
rather than being a result of PEEP itself. We therefore only presented data obtained at 
PEEP of 5 cmH2O. Data from the literature suggest that stretching of the abdominal wall 
can lead to long-term changes in the elastic properties of the abdominal wall thereby 
improving CAB [54]. Unfortunately, we did not perform a third P-V curve at 5 cmH2O PEEP 
following the P-V curve at 15 cmH2O PEEP to confirm our hypothesis of the occurrence of 
“pre-stretching”.  

Conceptually three phases of abdominal pressure volume behaviour exist that occurs to 
some degree in parallel: the initial reshaping phase (minimal change in IAP despite large 
IAV change), the subsequent stretching phase and finally the pressurization phase (large 
IAP changes as a result of small IAV changes) [54]. Pre-stretching regularly occurs as an 
adaptive response to a chronic disease process (e.g. growing ascites or pregnancy), but 
it has also been shown to occur in the acute setting within a short period of time (e.g. 
during laparoscopy) [54]. 

The WSACS (www.wsacs.org) defines CAB as a measure of the ease of abdominal 
expansion, determined by the elasticity of the abdominal wall and diaphragm and 
expressed as a change in IAV per change in IAP (L/mm Hg) [2, 64, 167]. Not surprisingly 
additional IAV decreased CAB and CRS.  
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Abdomino-thoracic transmission  

We found approximately 40 % of ATT, whereby pPAW increased due to raising IAP. There 
is a paucity of literature examining the effect of various IAP on airway pressures. When 
averaging the results of three porcine studies we found an approximate 40 % ATT [33, 39, 
42]. In keeping with this, Cortes-Puentes and colleges found an approximate 50 % ATT in 
pigs [63]. These results should be treated with caution as ATT is likely to be different in 
critically ill patients. Factors such as obesity, presence of pleural effusions, and lung 
compliance may well substantially influence ATT [168]. We could only locate one study in 
human subjects from which ATT can be derived. Torquato et al. placed 5 kg weights on 
the abdomen of mechanically ventilated, critically ill patients. The average IAP increased 
from 10.5 to 15.6 cmH2O and plateau airway pressures from 22.4 to 23.6 cmH2O 
equating to an approximate 20 % ATT [61]. 

Thoraco-abdominal transmission 

Thoraco-abdominal transmission can be explored by assessing the effect of either 
different PEEP levels or different tidal volumes on IAP. We attempted to examine the 
influence of PEEP on IAP. However, as we did not randomize the levels of PEEP and as 
described above, we believe that the unexpected findings may be the result of pre-
stretching rather than the effect of different levels of PEEP. Therefore, we were unable to 
examine the influence of PEEP on thoraco-abdominal P-V curves.  

Published reports suggest that PEEP has either no or minimal effect on IAP in animals 
and in humans [50]. We found in an animal experiment that PEEP did not influence IAP 
[162]. In humans PEEP appears to increase IAP and the calculated thoraco-abdominal 
transmission ranges between 0.2 and 0.4 cmH2O increase in IAP for each cmH2O PEEP 
[61, 118, 122]. Other studies have found tidal volume to have a significant impact on IAP 
[36].  

The thoraco-abdominal transmission has been suggested to provide an estimate of the 
CAB by measuring the influence of different tidal volumes on the changes in IAP [167]. 

How is this study useful? 

It is important for the critical care physician to be aware of the exponential nature of 
respiratory and abdominal pressure – IAV curve. An exponential pressure-volume 
relationship is the well-known Monro-Kellie doctrine applied in patients with intra-cranial 
hypertension [169]. 

At the lower IAV spectrum (i.e. patients with normal IAP) the respiratory and abdominal 
pressure – IAV curve is flat. This means that the abdominal cavity can accommodate 
several litres of additional IAV (i.e. intra- or retro-peritoneal haemorrhage) with little effect 
on airway or abdominal pressures. In using our pigs of around 40 kg as examples, an 
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additional IAV of 4 litres increased IAP by only 0.7 cmH2O (0.5 mmHg) and the effect on 
airway pressures was negligible. Therefore, an absent rise in IAP does not exclude an 
intra-abdominal or retroperitoneal haemorrhage in the lower IAV spectrum.  

In the high IAV spectrum (i.e. patients with IAH) the respiratory and abdominal pressure – 
IAV curve is steep. Small changes in IAV can significantly affect airway pressure and IAP. 
Therefore, it is important to measure IAP regularly in patients at risk of developing IAH. 
Especially in patients with impending ACS, a small increase in IAV can easily progress to 
an ACS. 

There is a high incidence of IAH in patients with respiratory failure [56]. IAH contributes to 
morbidity and mortality in patients with acute respiratory distress syndrome (ARDS) [36, 
37, 118, 170]. Airway pressures are often high when ventilating patients with ARDS, and it 
has been suggested that plateau pressure should be limited to 30 cmH2O [48]. These 
recommendations do not take IAP into account even though IAH has been shown to 
increase airway pressures in this current study and in previous animal and human studies 
[162, 171]. At least in patients with ARDS, recent studies suggest it is more important to 
limit the driving airway pressure than it is to limit plateau airway pressure [172]. Of note is 
that a sudden rise in airway pressures may reflect an acute increase in IAV and should 
prompt an abdominal examination to exclude an intra-abdominal pathology. 

When aiming to reduce airway pressures and / or IAP in patients with IAH / abdominal 
compartment syndrome it is useful to understand that small reductions in IAV can 
significantly improve airway pressure and IAP. In example, in this study, at grade IV IAH, a 
500 mL reduction in IAV reduced pPAW by 4 cmH2O and IAP by 11 cmH2O (8 mmHg). 
This observation is similar to the applied Monro-Kellie principle where drainage of small 
amount of cerebral spinal fluid can significantly reduce intra-cranial pressure in patients 
with intra-cranial hypertension [169]. 

There are multiple methods of reducing IAV and the best management depends largely 
on the aetiology of IAH [2]. Apart from diuresis (e.g. furosemide), renal replacement 
therapy and surgery (e.g. removal of hematoma or decompressive laparotomy), 
percutaneous drainage of peritoneal fluid has been shown to be equally effective in 
reducing IAP [173–175]. In a case series, Reed et al present 12 patients in which 
percutaneous drains were inserted in patients with IAH [174]. In the patients with higher 
pre-drainage IAP of smaller amounts fluid removal led to greater decreases in IAP than in 
patients with smaller pre-drainage IAP. 

Limitations 

This study has several limitations: a) These findings have been obtained in an animal 
model, limiting the transfer of our results into clinical practice. b) We used a healthy lung 
model but critically ill patients frequently have injured lungs with reduced lung compliance. 
c) This model assessed the effect of increasing IAV but not that of decreasing abdominal 
wall compliance on pPAW and IAP. Although decreased abdominal wall compliance does 
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occur, increased IAV is the more dominant process in critically ill patients [54]. The 
abdominal closure may have decreased abdominal wall compliance [54]. d) In clinical 
practice IAH arises more often on the basis of excess in intra-abdominal fluid than of an 
excess in intra-abdominal gas. We used air to increase IAV but corrected the additional 
IAV to account for the compressibility of gas under pressure using the Boyle’s equation. 
Although we visually ensured even distribution of the abdominal balloon we can’t exclude 
potential asymmetrical IAP distribution. e) We measured mean IAP and not end-expiratory 
IAP as recommended by the WSACS [2]. f) We measured dynamic CRS and peak airway 
pressure and not plateau airway pressure and static CRS. We assume that the same 
principles apply for plateau pressure. In a previous animal experiment [39] we found that 
plateau pressure paralleled peak airway pressure (data not published). g) We did not 
observe any spontaneous diaphragmatic activity. However, we can’t totally rule out 
diaphragmatic activity potentially influencing our results as we did not use neuromuscular 
blocking agents. h) We did not perform a third P-V curve at 5 cmH2O PEEP following the 
P-V curve at 15 cmH2O PEEP to confirm our hypothesis that “pre-stretching” had 
occurred. 

CONCLUSION 

In conclusion, in an animal model, we found that raising IAV increased pPAW and IAP in an 
exponential manner. The exponential nature of IAV on pPAW and IAP suggests that the 
effect of a given change in IAV on pPAW and IAP will be greater at high than at low levels of 
IAP. In other words, in subjects with normal IAP, large increases in IAV will not affect 
airway pressure or IAP. But at high grades of IAH, small reductions in IAV can significantly 
improve airway and abdominal pressures.  
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FIGURES 

Figure 1. Intra-abdominal pressure in function of increasing additional 
intra-abdominal volume 

 
Example of one pig showing measured intra-abdominal pressure (IAP) values (crosses), 
calculated IAP values using Venegas equation (dotted curve) and exponential equation (dashed 
curve). Venegas equation: V = a + [b/(1+e –(P-c)/d)] [163], V represents additional intra-abdominal 
volume (IAV), P represents absolute IAP, and a, b, c, and d represents fitting parameters. 
Exponential equation: V = v + k *Ln (P-p) where V represents additional IAV, P represents 
absolute IAP, and v, k, p represents fitting parameters. 
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Figure 2. Pressure volume curves showing intra-abdominal pressure in 
function of increasing additional intra-abdominal volume 

 
An exponential equation was used to calculate intra-abdominal pressure (IAP) for individual 
animals (narrow dashed curve) and for the average of all animals (bold dashed curve). 
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Figure 3. Pressure-volume curves: intra-abdominal pressure at two 
positive end-expiratory pressures in function of increasing intra-
abdominal volume 

 
Pressure-volume curves showing intra-abdominal pressure in cmH2O at the initial positive end-
expiratory pressure (PEEP) level of 5 cmH2O (dashed curve) and the subsequent PEEP level of 
15 cmH2O (solid curve) in function of increasing additional intra-abdominal volume in L. 
  



65 

 

Figure 4. Pressure volume curves showing intra-abdominal and peak 
airway pressure in function of increasing additional intra-abdominal 
volume 

 
Pressure volume curves showing intra-abdominal pressure (IAP) (dashed curve) and peak 
airway pressure (pPAW) (dotted curve) in cmH2O in function of increasing additional intra-
abdominal volume in L. An exponential equation was used to calculate IAP and pPAW for the 
average of all animals. 
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Figure 5. Delta peak airway pressure as a function of delta intra-
abdominal hypertension 

 
IAP, intra-abdominal hypertension. PAW, peak airway pressure. Delta PAW = 0.14 + 0.43 *delta 
IAP, R2 = 0.83, p<0.001.  
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Figure 6. Abdominal compliance and dynamic respiratory system 
compliance as a function of increasing additional intra-abdominal volume 

 
Average abdominal compliance in mL/ cmH2O (dashed curve) was calculated from the 
difference of additional intra-abdominal volume per difference of resulting intra-abdominal 
pressure. Dynamic respiratory compliance in mL/ cmH2O (dotted curve) was taken from the 
ventilator. 
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CHAPTER 5 – EFFECT OF POSITIVE END-EXPIRATORY 
PRESSURE ON REGIONAL LUNG AERATION: A PORCINE 
MODEL OF INTRA-ABDOMINAL HYPERTENSION AND LUNG 
INJURY 

PREFACE 

In this Chapter I present data from a porcine model of intra-abdominal 
hypertension (IAH) in which the effect of different positive end-expiratory 
pressures (PEEP) on regional lung volumes and aeration was assessed using 
computed tomography (CT). While PEEP can in part reverse IAH-induced lung 
function decline and counteract atelectasis formation, it is equally important to 
investigate any potential PEEP-related side effects such as alveolar over-
distension or cardiac output.  

The work presented in this Chapter is prepared for submission to the journal 
Intensive Care Medicine Experimental and a preprint repository has been 
uploaded to Research Square (https://www.researchsquare.com/article/rs-
24022/v1). 

Regli A, Ahmadi-Noorbakhsh S, Mask GC, Reese DJ, Herrmann P, Firth MJ, Pillow JJ. 
Computed tomographic assessment of lung aeration at different positive end-expiratory 
pressures in a porcine model of intra-abdominal hypertension and lung injury. Research 
Square (Reprint Repository). [24th April 2020]:DOI:10.21203/rs.3.rs-24022/v1. 

Typographical errors have been corrected, and some sentences have been 
edited to improve comprehension without changing the content. Supplemental 
material as well as additional information on our animal model and a diagram 
explaining the experimental process is presented in Appendix 8. 
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INTRODUCTION 

IAH is defined as a sustained intra-abdominal pressure (IAP) above or equal to 12 mmHg 
[2] and occurs in around 30 % of critically-ill patients. Mortality increases in proportion to 
the degree of IAH [4]. IAH impairs function and causes permanent histological changes of 
various organ systems [43, 137, 176]. Furthermore, due to a cephalad shift of the 
diaphragm, IAH causes pulmonary atelectasis, impaired lung function and chest wall 
compliance (CCW) as well as reduced oxygenation [32, 33, 38, 42–44, 46]. 

The optimal mechanical ventilation, and more specifically, the optimal level of PEEP in 
patients with IAH remains unknown [8, 13, 46, 51]. Previous experimental results of our 
group show that high PEEP levels counteract the negative respiratory effects of IAH [33, 
39, 42]. However, high PEEP levels might cause alveolar over-distension in the non-
dependent lung regions, which is associated with ventilator-induced lung injury [45, 51]. 

Lung computed tomography (CT) is the only method besides electrical impedance 
tomography that informs on alveolar over-distension by quantification of lung volumes and 
tissue density [177–179]. We aimed to define an optimal PEEP range that would be high 
enough to reduce atelectasis formation while low enough to minimize overdistention from 
analysis of CT lung images obtained from a pig model of IAH and lung injury. We 
hypothesized that the inflection point for atelectasis would be lower than for over-
distension in the presence of IAH. 

METHODS 

The study conformed to the regulations of the Australian Code for the care and use of 
animals for scientific purposes [180] and was approved by the Animal Ethics Committees 
of Murdoch University (R2588/13) and of the University of Western Australia 
(RA/3/900/77). Studies were performed at Murdoch University Veterinary Hospital. 

Preparation of animals, anaesthesia, and ventilation  

Five female pigs (Large White x Landrace x Duroc breed) with a median (IQR) weight of 
29.3 (29.0 to 30.6) kg were included in this study. 

Anaesthesia was induced with a combination of intramuscular zolazepam, tiletamine and 
xylazine (2 mg/kg each) (Zoletil ®, Virbac, Milperra NSW, Australia and Xylazil 100, Ilium, 
Troy Laboratories, Glendenning NSW, Australia). The trachea was intubated and 
anaesthesia was maintained with total intravenous anaesthesia: thiopentone 9 mg/kg/h 
(Thiopentone, Troy Laboratories, Glendenning NSW, Australia); 15 mg/kg, morphine 0.1 
to 0.2 mg/kg/h, and ketamine 0.4 to 0.8 mg/kg/h. One gram of intravenous vancomycin 
(Hospira, Melbourne VIC, Australia) was administered over 30 min. Pancuronium bromide 
(AstraZeneca, North Ryde NSW, Australia) was administered as a neuromuscular blocking 
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agent with an intravenous bolus (0.1 mg/kg) followed by an intravenous infusion 
(0.1 mg/kg/h). The adequacy of paralysis was assessed with a peripheral nerve stimulator 
and a train of four stimulus pattern. 

The pigs were mechanically ventilated (Babylog VN500, Draeger, Lübeck, Germany) using 
the following settings: volume guaranteed pressure-controlled continuous mandatory 
ventilation (PC-CMV/VG), FiO2 0.6, inspiration time adjusted to obtain inspiration to 
expiration ratio = 1:1.5, inspiratory flow 30 L/min, tidal volume 8 mL/kg. The initial PEEP 
setting was 5 cmH2O and altered according to the experimental protocol (see below). The 
maximal airway pressure alarm was set above inspiratory airway pressure throughout the 
experiment to allow full delivery of the set tidal volume. The initial respiratory rate was 
adjusted to maintain an end-tidal CO2 of 35 to 45 mmHg. Subsequently, PEEP was the 
only ventilation setting altered throughout the remainder of the protocol. The cuff pressure 
was adjusted to 5 cmH2O above inspiratory pressure to minimize gas leak.  

The pigs were euthanized by intravenous injection of pentobarbitone (160 mg/kg, 
325 mg/mL Lethabarb, Jurox, Rutherford, NSW) at the end of the experiment. 

Respiratory mechanics and lung volumes 

Oesophageal pressure was recorded using a thin-walled latex balloon (10 cm long) sealed 
over one end of a polyethylene catheter (Cardinal Health, Hoechberg, Germany) 
connected to a pressure transducer. Following gastric insertion, the catheter was 
retracted stepwise until the optimal position in the oesophagus was confirmed from the 
pressure trace and ultimately using CT-guidance. 

Airway pressure was transduced at the proximal end of the endotracheal tube. End-
inspiratory (EI) and end-expiratory (EE) pressures were obtained after a pause of 3 seconds. 
The static compliance of the respiratory system (CRS), chest wall (CW) and lung (CL) and 
the trans-pulmonary pressures were derived as described previously [39, 42]. 

Arterial oxygen tension, oxygen saturation, carbon dioxide tension, haemoglobin 
concentration, mixed venous oxygen tension, and oxygen saturation were measured with 
a blood gas analyser immediately following blood collection (Rapidlab 1200, Siemens, 
Leverkusen, Germany). Arterial oxygen tension over fractional inspiratory oxygen 
concentration (P/F ratio), shunt and dead-space fraction were calculated using standard 
formulae [42]. 

Hemodynamic parameters 

The animals remained supine throughout the study. Mean arterial blood pressure was 
measured at the femoral artery. Cardiac output was measured by trans-pulmonary 
thermodilution (PiCCO, Pulsion Medical System, Feldkirchen, Germany) with ice-cold 
saline injected into the internal jugular vein [181]. All hemodynamic pressures and IAP 
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were zeroed at the mid-axillary line at the level of the sternum and measured during end-
expiration [2]. Pressure was sampled and stored continuously using Powerlab and 
LabChart (v7.0; ADI Instruments, Bella Vista, Australia). Data were analysed post-hoc in 
LabChart. 

Pigs were stabilized hemodynamically with 4 % succinylated gelatine solution (500 mL 
over the first 30 min followed by 1 mL/kg/h, Gelofusine®, B. Braun, Bella Vista NSW, 
Australia). Noradrenalin infusion (3 mg/50 mL) was administered if required to maintain a 
mean arterial pressure ≥ 70 mmHg.  

Intra-abdominal pressure generation and measurement 

A large bore orogastric tube was inserted to allow continuous gastric drainage. Intra-
abdominal hypertension of 27 cmH2O (20 mmHg) was created by the insufflation of air 
into the peritoneal cavity through an air-tight catheter. A three-way tap connected to a 
transducer allowed direct measurement of IAP.  

Experimental protocol 

Measurements, including a CT scan, were performed initially at baseline IAP (abdomen 
not inflated) and again after peritoneal inflation of air to an IAP of 27 cmH2O (20 mmHg). 
The initial PEEP level was set at 5 cmH2O. PEEP was incremented subsequently to 12, 
17, 22, and 27 cmH2O (“ascending”). These PEEP levels corresponded to 19, 44, 63, 81, 
and 100 % of IAP, respectively. PEEP levels were then decreased (“descending”) to 
ascertain an optimal “deflation” PEEP. Hysteresis was assessed by comparing 
measurements obtained at ascending and descending PEEP levels. Recruitment 
manoeuvres were not used. CT images and physiological measurements (see below) 
were obtained five minutes after a stabilization period. Ventilation settings were kept 
constant except for PEEP. 

Lung injury 

The experimental protocol was carried out first with healthy lungs, after which lung injury 
was created by injecting oleic acid (≥ 99 %, Sigma-Aldrich, Steinheim, Germany) into the 
internal jugular vein [42]: an initial bolus of 0.04 mL/kg oleic acid was followed by a further 
bolus of 0.01 mL/kg every 10 min until a P/F ratio of 200-300 mmHg was established.  

Computed tomography image acquisition and analysis  

A whole-lung helical CT scan (Siemens Somatom Emotion 16, Erlangen, Germany) was 
performed during an inspiratory pause followed by a repeat scan during an expiratory 
pause (each about 20 seconds) [182]. The scan parameters were standardized to 130 kV, 
110 effective mA, and 1.0 pitch. All scan acquisitions were reconstructed using 3 mm 
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slice thickness, with a 3 mm slice interval, and a lung kernel (B90s) at each tested PEEP 
level. 

Image analyses was performed with Maluna® software (MALUNA 3.17, Peter Herrmann, 
Department of Anaesthesiology, Emergency and Intensive Care Medicine, University of 
Göttingen, Göttingen, Germany). Lungs images were manually outlined and big vessels 
and airways were excluded in a blinded fashion. Lung volumes were calculated and three 
segments along the dorso-ventral axis were performed automatically. Left and right lungs 
were analysed separately, but combined in graphs and tables. Based on the degree of 
aeration/density of lung tissue, four aeration compartments were computed: 
overdistended tissue (-1,000 to -901 Hounsfield units [HU]), normally aerated tissue (-900 
to -501 HU), poorly aerated tissue (-500 to -101 HU), and non-aerated (atelectatic) tissue 
(-100 to 200 HU) [183]. Tissue mass was calculated as previously described [32]. 

CT lung volumes were analysed further in Excel (v 16 for Mac, Microsoft, Redmond, 
Washington, USA). Three different equations were applied to the data as outlined below.  

The Venegas equation (V = a + [b/(1+e –(P-c)/d)]) describes the characteristic sigmoid shape 
of pulmonary [163] and other P-V curves [62]. In the tested situation, V represented CT 
measured lung volume, P represented PEEP, and a, b, c, and d represented fitting 
parameters. In the original Venegas equation, a and b approximate the residual volume 
(lower asymptote volume) and the vital capacity (upper asymptote volume) respectively 
[163]. The upper and lower inflections points are defined as P=c+/-2d [163]. 

An exponential equation, V = e + f *Ln (P-g) where V represented CT measured lung 
volume, P represented PEEP, and e, f, g represented fitting parameters. 

A linear equation, V= h + i * P, where V represented CT measured lung volume, 
P represented PEEP, and h and i represented fitting parameters. 

The accuracy of each equation was assessed for describing the effect of different PEEP 
levels on CT volumes. Fitting parameters that best described the measured pressure-
volume curve were found for each corresponding pressure-volume data set using the 
Excel “Solver” function. The best fit was defined as a curve resulting in the smallest root 
mean square between the measured and calculated pressure-volume points. 

Statistics  

A linear mixed model was applied to assess the effect of factors (IAH, lung injury, 
ascending vs descending PEEP) and covariates (PEEP) on different variables using SPSS 
(v25, IBM, St Leonards NSW, Australia). This approach accounted for the correlation 
between the repeated measures on each pig. Main effect was used for analysis of 
respiratory and hemodynamic outcomes. Main effect plus an interaction with lung 
segments (PEEP and lung injury) was used for CT measured lung volumes. Laterality 
(left/right) was included as a fixed factor in the linear mixed model. Differences between 
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pigs were accounted for as a random effect. Missing values were imputed based on the 
average relative differences between any pig with missing data and the other animals. 
Linear regression was performed to assess for correlations. A p-value of <0.05 was 
considered statistically significant. For descriptive statistics, median (IQR) is reported. 

RESULTS 

One pig died during the protocol after lung injury was induced at the highest PEEP level of 
27cmH2O. Therefore, we were unable to perform CT analysis or cardio-respiratory 
measurements with descending PEEP levels. The remaining results of this pig were used 
as described above. All other pigs survived to study completion. 

Effect of oleic acid 

To create lung injury, we required 0.4 (0.4-0.8) mL/kg IV oleic acid. The resulting P/F ratio 
of injured lungs before abdominal inflation was 153 (146-232) mmHg (Table 1, Figure 1). 
Lung injury increased plateau airway and expiratory oesophageal pressure, and 
decreased Crs consequent to decreased CL. 

Effect of IAH 

Median (IQR) baseline IAP were 2 (0-5) cmH2O [2 (0-4) mmHg] with healthy lungs and 
3 (3-3) cmH2O [3 (2-3) mmHg] after oleic acid (lung injury). Overall IAH decreased 
oxygenation but this finding was not confirmed in a subgroup analyses of healthy or sick 
lungs (Figure 1, Table 1). Plateau airway and inspiratory oesophageal pressures, CW and 
CL increased in the presence of IAH (Table 1).  

Effect of lung injury and IAH on CT parameters 

Because lung aeration at end-inspiration paralleled those at end-expiration we only 
describe lung aeration measured during end-expiration. While lung injury decreased gas 
volumes, IAH decreased gas volumes only in healthy but not in injured lungs (Table 2). 
Neither lung injury nor IAH affected tissue mass. The effect of lung injury and IAH were 
more pronounced on a segmental level (Figure 2, Table 2, Table 4). In the dorsal 
dependent lung segments, lung injury and IAH decreased the segmental proportion of 
normally aerated lung due to an increase in atelectatic lung.  
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Effect of PEEP in healthy lungs 

In the presence of IAH and healthy lungs, high PEEP did not affect oxygenation but 
increased airway plateau and oesophageal pressure, and increased CRS due to increased 
CL (Figure 3, Table 5). 

Higher PEEP levels increased gas volumes but did not affect tissue mass (Table 3). The 
overall proportion of normally aerated lungs increased due to a decrease in poorly aerated 
and atelectatic lung, with a parallel increase in the overall proportion of overdistended 
lung. 

PEEP reduced normally aerated, poorly aerated and atelectatic lung predominantly in the 
dorsal lung segments but led to over-distension predominantly in the ventral lung 
segments (Figure 4, Table 6).  

Effect of PEEP in injured lungs 

In the presence of IAH and injured lungs, increased PEEP improved oxygenation. The 
effect of PEEP on plateau airway, end-expiratory, and end-inspiratory oesophageal 
pressures as well as CRS and CL paralleled those found in healthy lungs (Figure 2, Table 5). 

The effect of increased PEEP in the presence of IAH and injured lungs on gas volumes as 
well as on the overall and segmental aeration compartments (overdistended, normally 
aerated, poorly aerated and atelectatic lung) paralleled those found in healthy lungs 
(Figure 4, Table 3, Table 6). In contrast, PEEP increased tissue mass in the presence of 
IAH and injured lungs. 

Inflection points and regression analysis 

The Venegas equation best described the pressure-volume data sets when compared 
with the exponential and linear equations (smallest root mean square) (Table 7). The 
proportion of atelectatic lung correlated best with oxygenation, CRS and CL (Table 8). 

Throughout the different experimental conditions, atelectatic and poorly aerated lung were 
dominant in the dorsal dependent lung segments (Table 9). In contrast, overdistended 
lung was most prominent in the ventral lung segments. Normally aerated lung had a more 
even distribution and remained greatest in the medial lung segments. 

Hemodynamic effects 

Higher PEEP levels were associated with decreased blood pressure and cardiac output 
(Table 5).  
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DISCUSSION 

We aimed to define an optimal PEEP range that would be high enough to reduce 
atelectasis formation while low enough to minimize overdistention in the setting of IAH and 
lung injury using analysis of CT lung images obtained from pigs. In contrast to our 
hypothesis, inflections points for atelectasis and over-distension were not identifiable. 
Instead, we found that PEEP decreased atelectasis but simultaneously increased over-
distension with each incremental increase in applied PEEP.  

Healthy lungs 

Previously, we showed that the IAH induced lung changes including reduced end-
expiratory lung volumes and decreased CCW are reversed by increasing PEEP [33, 39]. 
The effect of different PEEP levels on CT measured lung parameters in the context of IAH 
was unknown. 

Regarding overall lung changes, our finding that IAH is associated with reduced lung gas 
volumes (as measured by CT) without affecting tissue mass and increased atelectatic lung 
is consistent with previous studies [32, 60]. In general, we were able to demonstrate that 
higher PEEP levels reversed the above changes induced by IAH. However, increasing 
PEEP also increased the proportion of overdistended lung in the ventral non-dependent 
lung segments, thereby increasing the risk of ventilator-induced lung injury [45, 51]. 

Regarding segmental lung changes, PEEP appeared to reverse the changes in lung 
aeration and volume linearly (Figure 4), whereas the Venegas equation showed a better fit 
than the linear equation. However, the Venegas equation does not adequately describe 
the “pressure-volume” data as the resulting constants representing residual volume, vital 
capacity, and inflection points were highly variable across the different experimental 
conditions without following any physiological rationale. Thus, in our experiment, we were 
unable to identify inflections points for any of the lung aeration compartments.  

The distribution of aeration compartments along the different lung segments appeared 
constant throughout the different experimental conditions while lung volumes decreased 
by lung injury and IAH and increased with incremental PEEP. Although lung injury, IAH 
and PEEP significantly affected this distribution, these differences were small. The 
consequence of a relatively constant segmental distribution of aeration compartments 
suggests that a PEEP level that solely decreases atelectasis without increasing over-
distension does not exist. 

Regarding the clinical consequences, we examined the effect of PEEP in the presence of 
IAH and healthy lung to allow comparison with the results obtained in injured lungs. As 
IAH and PEEP only minimally affect oxygenation in healthy lungs, the role of PEEP is to 
provide safe protective lung ventilation and not to improve oxygenation [13]. Whether 
patients with IAH and healthy lungs may benefit from higher PEEP levels to reduce the risk 
of atelectotrauma and ventilator-induced lung injury remains unknown [13, 45, 176]. 
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Injured lungs 

Oleic acid is directly toxic to endothelial cells causing a varying degree of interstitial and 
alveolar oedema, haemorrhagic infiltration and fibrin deposition [184]. An increase in 
tissue mass measured by CT is a surrogate marker for lung oedema [185]. Our finding 
that oleic acid reduced gas volume without affecting tissue mass suggests that alveolar 
collapse and not lung oedema predominated in our animal model. This finding contrasts 
with an increase in lung tissue mass in IAH following oleic acid described by other 
investigators [32, 42, 186]. The disparity between our results and previous studies may 
reflect different experimental protocols. We aimed to avoid fluid overload during the 
current protocol to align with contemporary clinical practice as fluid overload is associated 
with impaired lung function and increased duration of mechanical ventilation [156].  

Surprisingly, higher PEEP levels increased lung tissue mass in injured but not in healthy 
lungs. The oleic acid induced decrease in CL resulted in higher plateau airway and intra-
thoracic pressures for a given tidal volume, which may itself decrease thoracic lymph 
drainage [49] or increase intra-thoracic blood volume [13]. However, whether higher PEEP 
in patients with IAH and lung injury increases the risk of lung oedema remains debatable.  

Regarding the segmental lung changes, the effect of IAH on normally aerated and 
atelectatic lung was more pronounced in the injured lung compared with health lung. In 
contrast to poorly aerated lung, atelectatic lung represents a shunt region that does not 
take part in gas exchange [178]. We found the proportion of atelectatic lung to correlate 
best with oxygenation, CRS and CL suggesting that oxygenation improved due to a 
reduction in atelectasis. 

Regarding the clinical consequences, PEEP was able to reverse the IAH induced 
deoxygenation, lung volume reduction and alveolar collapse in the presence of injured 
lungs. However, the proportion of overdistended lung also increased with increasing level 
of PEEP. Therefore, we were not able to find an ideal PEEP level that maximally reduced 
atelectasis without increasing over-distension.  

Thus, to find an optimal PEEP level in patients with IAH and injured lungs, the clinician has 
to balance the potential benefit of improving oxygenation by increasing lung volumes and 
reducing atelectasis with the potential risks of alveolar distension, lung injury and 
hemodynamic compromise when applying higher PEEP levels. Medical and surgical 
treatment options to reduce IAH [13, 26, 27] are equally important when aiming to 
improve the outcome of patients with IAH and lung injury.  

Study limitations 

This study has several limitations. Our findings were obtained in an animal experiment, 
which may incompletely represent lung injury. However, we aimed to use a large animal 
model with strong similarity to human anatomy pertinent to our study and designed our 
methodology to best mimic clinical practice. Our sample size was relatively small and one 
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pig died mid-experiment so inferred data were used. Therefore, some of our results may 
have been underpowered. For obvious methodological reasons (e.g. non-reversibility of 
lung injury) our experiment was not randomized and change over time might have 
influenced our results. However, in our previous animal experiment using oleic acid, time 
did not appear to affect our results [42]. Examining more than five PEEP levels may have 
yielded physiologically more plausible Venegas equations. However, our findings of 
increased PEEP on bedside cardio-respiratory parameters are consistent with the 
literature in healthy [13, 33, 121] and in injured lungs [33, 42, 47, 118, 121], providing 
some confidence in the validity of our experimental model. 

CONCLUSION 

In this animal model, PEEP in the presence of IAH variably decreased the proportion of 
poorly aerated and atelectatic lung whilst increasing the proportion of normally aerated 
lung. However, this lung recruitment was achieved at the cost of an increased proportion 
of overdistended lung in both healthy and in injured lungs. Our findings suggest that an 
optimal PEEP level which maximally recruits atelectatic lung without causing over-
distension or hemodynamic compromise may not exist. 
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FIGURES 

Figure 1. Effect of intra-abdominal hypertension and lung injury on 
segmental end-expiratory lung volumes 

 
Positive end-expiratory pressure of 5 cmH2O was applied. Different experimental conditions are: 
not inflated (baseline) and inflated abdomen, and intra-abdominal hypertension (IAH) as well as 
healthy and injured lungs. Three lung segments are depicted at each condition with left to right 
representing ventral, medial and dorsal lung segment respectively. Segmental lung volumes are 
a composite of overdistended (light grey on the top, -1,000 to -901 HU), normally aerated (dark 
grey, -900 to -501 HU), poorly aerated (light grey third from top, -500 to -101 HU) and non-
aerated atelectatic atelectatic lung (black, -100 to 200 HU) as measured using CT. Mean and 
SE are shown. 
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Figure 2. Effect of decremental positive end-expiratory pressure on 
oxygenation 

 
Arterial oxygen tension / fractional inspiratory concentration of oxygen (P/F ratios) are measured 
in mmHg. Abdomen was inflated to an intra-abdominal pressure of 27cmH2O (20mmHg). PEEP 
was stepwise increased (white circles, “healthy ascending”) and then decreased (black circles, 
“healthy descending”) in healthy lungs before creation of lung injury with oleic acid. Thereafter 
PEEP was increased stepwise (unfilled square symbols, “sick ascending”) and then decreased 
(black square symbols, “sick descending”). Mean and SE are shown. Mixed linear model was 
applied. Overall oleic acid (p<0.01) decreased, PEEP increased (p=0.03) oxygenation. 
Descending as opposed to ascending PEEP was associated with increased oxygenation only in 
injured lungs (P<0.01). 
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Figure 3. Effect of positive end-expiratory pressure on lung 
volumes in the presence of intra-abdominal hypertension 

 

 
Healthy lungs (upper panel) and after creating lung injury (lower panel). Abdomen 
was inflated to an IAH of 27 cmH2O (20 mmHg). End-expiratory values are shown. 
Lung segments are depicted at each condition with left to right representing 
ventral, medial and dorsal lung segment respectively. Segmental lung volumes are 
a composite of overdistended (light grey, -1,000 to -901 HU), normally aerated 
(dark grey, -900 to -501 HU), poorly aerated (light grey third from top, -500 
to -101 HU) and non-aerated atelectatic lung (black, -100 to 200 HU) as measured 
using CT. Mean and SE are shown. 
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TABLES 

Table 1. Effect of intra-abdominal hypertension and lung injury on end-
expiratory lung parameters measured by computed tomography 

Abdomen Baseline IAH Baseline IAH     

Lungs Healthy Healthy Injured Injured     

Condition a b c d a vs 
b 

c vs 
d 

a vs 
c 

b vs 
d 

Total lung 
volume, L 

1.2 
(1.1,1.2) 

0.8 
(0.7,0.8) 

1.0 
(1.0,1.0) 

1.0 
(0.9,1.1) <0.01 1.0 0.6 0.5 

Lung gas 
volume, mL 

721 
(698,791) 

378 
(370,418) 

522 
(519,596) 

428 
(281,449) <0.01 0.1 0.02 1.0 

Lung tissue 
mass, g 

393 
(356,412) 

338 
(316,354) 

397 
(372,399) 

446 
(361,454) 1.0 1.0 1.0 0.9 

Overdistended, 
% 2 (2,2) 1 (1,2) 2 (2,3) 2 (1,2) 1.0 0.9 0.8 1.0 

Normally 
aerated % 82 (79,85) 56 (50,65) 61 (57,66) 44 (35,51) <0.01 0.1 0.03 0.5 

Poorly aerated, 
% 14 (11,16) 32 (27,36) 24 (22,26) 26 (22,31) 0.01 1.0 0.3 1.0 

Atelectatic, % 2 (1,4) 10 (7,15) 11 (8,13) 26 (15,35) 0.1 <0.01 0.1 <0.01 
Intra-abdominal hypertension (IAH). Intra-abdominal pressure (IAP) of 27 cmH2O (20 mmHg) 
was applied. P, significance. Median (IQR) are given. Mixed linear model was used for statistical 
testing. 
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Table 2. Effect of decremental positive end-expiratory pressure on end-
expiratory lung parameters measured by computed tomography in the 
presence of intra-abdominal hypertension 

PEEP, cmH2O 5 12 17 22 27 P,  

PEEP, % of IAP 19 44 63 81 100 PEEP 

Healthy lungs       

Total lung volume, 
L 

0.8 
(0.7,0.8) 

0.9 
(0.9,1.0) 

1.0 
(1.0,1.0) 

1.1 
(1.1,1.2) 1.3 (1.2,1.3) <0.01 

Lung gas volume, 
mL 

378 
(370,418) 

511 
(501,561) 

620 
(611,649) 

761 
(743,788) 903 (856,908) <0.01 

Lung tissue mass, 
g 

338 
(316,354) 

355 
(334,358) 

352 
(329,361) 

353 
(338,369) 351 (322,367) 0.6 

Overdistended, % 1 (1,2) 2 (1,3) 2 (2,4) 4 (3,5) 5 (4,7) <0.01 

Normally aerated, 
% 56 (50,65) 68 (63,74) 75 (70,80) 79 (76,83) 82 (82,86) <0.01 

Poorly aerated, % 32 (27,36) 23 (20,38) 18 (15,22) 14 (10,16) 9 (8,11) <0.01 

Atelectatic, % 10 (7,15) 5 (4,7) 3 (2,4) 3 (2,3) 2 (1,2) <0.01 

Injured lungs       

Total lung volume, 
L 

1.0 
(0.9,1.1) 

1.2 
(1.0,1.2) 

1.3 
(1.0,1.4) 

1.5 
(1.2,1.5) 1.7 (1.3,1.7) <0.01 

Lung gas volume, 
mL 

428 
(381,449) 

569 
(482,609) 

744 
(570,762) 

885 
(732,933) 

1024 
(827,1104) <0.01 

Lung tissue mass, 
g 

446 
(361,454) 

489 
(381,521) 

526 
(392,546) 

546 
(424,557) 548 (429,560) 0.01 

Overdistended, % 2 (1,2) 2 (2,3) 3 (2,3) 3 (3,3) 5 (4,6) <0.01 

Normally aerated, 
% 44 (35,51) 55 (45,59) 60 (53,65) 63 (58,70) 69 (65,74) <0.01 

Poorly aerated, % 26 (22,31) 25 (22,29) 24 (21,29) 24 (18,27) 19 (15,25) <0.01 

Atelectatic, % 26 (15,35) 18 (10,23) 11 (7,15) 6 (3,7) 3 (24) <0.01 
PEEP, positive end-expiratory pressure. Intra-abdominal pressure (IAP) of 27 cmH2O 
(20 mmHg) was applied. Median (IQR) are given. Mixed linear model was used for statistical 
testing. 
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CHAPTER 6 – CARDIO-RESPIRATORY EFFECT OF PEEP 
ADJUSTED FOR IAP: A PILOT STUDY 

PREFACE 

In this Chapter I present data from a small clinical study, in which the feasibility 
and safety of applying positive end-expiratory pressures (PEEP) adjusted to the 
patient’s intra-abdominal pressure (IAP) was assessed. Knowledge gained 
from such a pilot study may help plan future clinical studies.  

The work of this Chapter has been published: 

Regli A, De Keulenaer BL, Palermo A, van Heerden PV. Positive end-expiratory pressure 
adjusted for intra-abdominal pressure - a pilot study. Journal of Critical Care 2018. 
43:390-394. 

The manuscript has been edited for style to create a uniform appearance 
throughout this thesis. Typographical errors have been corrected, and some 
sentences have been edited to improve comprehension without changing the 
content. An unedited version of this manuscript can be found in Appendix 4. A 
flow diagram explaining the selection process is presented in Appendix 9. 
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INTRODUCTION 

Intra-abdominal hypertension (IAH) is defined as a sustained IAP ≥ 16 cmH2O (≥ 
12 mmHg) [2]. IAH is frequently found in critically ill patients, with the prevalence ranging 
from 30 to 60 % [31, 57] and is associated with increased morbidity and mortality [1, 2]. 

IAH can reduce thoracic lymph drainage, increase the formation of atelectasis and lung 
oedema, reduce lung volumes, oxygenation, and chest wall compliance (CCW) and 
increase airway pressures [32, 36, 37, 46, 49]. Conversely, patients with acute respiratory 
failure are at risk of developing IAH [5].  

The optimal level of positive end-expiratory pressure (PEEP) to be applied in mechanically 
ventilated patients with IAH remains unknown and both high and low levels of PEEP have 
been recommended [8, 46]. In a pig model of IAH prolonged mechanical ventilation with a 
low PEEP caused diffuse alveolar damage as is also seen in patients with ventilation 
associated lung injury [43, 187]. It is likely that a too low PEEP in the context of IAH may 
cause atelectotrauma by repetitive opening and closing of alveoli [48]. Animal and human 
data suggest that high PEEP levels can counteract IAH-induced changes in respiratory 
system mechanics and oxygenation [33, 37, 39, 42, 118, 188].  

However, the optimal PEEP levels to be applied in patients who have IAH and who are 
mechanically ventilated remains unknown. Such PEEP levels ideally would a) prevent lung 
volume reduction and improve oxygenation in patients with respiratory failure, 
b) counteract the cyclic opening and closing of alveoli associated with the development of 
atelectotrauma, and c) limit / reduce the extent of the expected negative haemodynamic 
consequences of the application of PEEP. 

In this pilot study, our primary aim was to assess whether high PEEP levels adjusted to 
match IAP can be safely applied in patients with IAH requiring mechanical ventilation. Our 
secondary aim was to assess the effect, beneficial or otherwise, of such PEEP levels on 
oxygenation and other cardio-respiratory parameters. 

METHODS 

Following Ethics Committee approval (Human Research Ethics Committee, South 
Metropolitan Area Health Service, 11/185), written informed consent was sought from the 
subject’s nominated representative prior to enrolment. 

Subjects 

All patients admitted to the Intensive Care Unit of the Fremantle Hospital (19 bed mixed 
medical and surgical unit) between November 2011 and August 2013 and receiving 
mechanical ventilation were screened for the presence of IAH.  
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Patients were included if they were aged 18 years and over, mechanically ventilated and 
had IAH (IAP > 16 cmH2O, 12 mmHg). Exclusion criteria were: patients who were a) 
unable to tolerate changes in body position, b) moribund (death perceived to be imminent 
or inevitable during the next month), c) pregnant, d) deemed not suitable by the medical 
team for any reason, or patients who had e) severe hypoxemia (PaO2/FiO2 ratio 
<80 mmHg), f) severe cardiac dysfunction (cardiac index <2.2 L/min/m2 where available) 
or high inotropic requirement (noradrenaline equivalent >30 mcg/min). 

Mechanical ventilation  

Mechanical ventilation was standardized as follows: pressure-controlled ventilation was 
used in all subjects. Inspiratory: expiratory ratio (I:E) and respiratory rate were adjusted 
according to expiratory flow characteristics to achieve arterial blood pH > 7.30. Inspiratory 
pressure was adjusted until either expiratory tidal volume of 8 mL/kg of predicted body 
weight in subjects with PaO2/FiO2 > 300 mmHg or expiratory tidal volume of 6 mL/kg of 
predicted body weight in the remaining subjects was achieved. Predicted body weight 
was calculated as previously described [65]. Sedation was adjusted, if required, to abolish 
spontaneous ventilation. No neuromuscular blocking agents were given. Endotracheal 
tube cuff pressure was set and maintained between 25 and 30 cmH2O. If required, cuff 
pressure was adjusted up to 35 cmH2O if an air leak was audible in the upper airway. 

Intervention 

The following PEEP levels (in cmH2O) were randomly applied: PEEP = 5 (low), PEEP = 
50 % of IAP (moderate IAP-adjusted), and PEEP = 100 % of IAP (high IAP-adjusted). To 
calculate the applicable PEEP levels, initial IAP was measured in the supine position with 
an applied PEEP of 5 cmH2O. Subsequently patients were kept in a 30° head up position 
throughout the study.  

After applying the randomised PEEP level, a standardised recruitment manoeuvre was 
performed as follows: 1) PEEP and inspiratory plateau pressure were increased by 
5 cmH2O (maintaining driving pressure), 2) a 30 second inspiratory hold manoeuvre was 
applied at inspiratory plateau pressure + 5 cmH2O, 3) 60 seconds of mechanical 
ventilation at the randomised PEEP level plus 5 cmH2O, 4) PEEP and inspiratory plateau 
pressure were set back to the randomised PEEP level.  

Measurements 

We allowed 30 minutes for equilibration after each PEEP setting before measuring arterial 
blood gases and cardio-respiratory parameters. Dynamic respiratory system compliance 
(CRS) and resistance, airway pressures and expiratory tidal volume were obtained from the 
ventilator. Driving pressure was calculated as inspiratory plateau pressure - PEEP. All 
hydrostatic pressures were taken with the patient in a 30° head up position and at end-
expiration. As a reference point for cardiovascular pressures and IAP, the mid-axillary line 
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at the level of the right heart and anterior superior iliac crest respectively were used. 
Cardiac output was only measured where clinically available. IAP was measured in 
patients via an indwelling catheter using the modified Kron technique and as 
recommended by the Abdominal Compartment Society normal saline using a 25 ml 
injectate (AbViser 300, AbViser, Wolfe Tory Medical, Salt Lake City, UT, USA) [2, 87]. For 
easier comparison, pressures are given in cmH2O unless otherwise indicated. Thoraco-
abdominal index was calculated as the delta IAP / delta PEEP [50]. 

Demographic data including age, gender, weight, height, acute physiological and chronic 
health evaluation (APACHE) II [152] and sequential organ failure (SOFA) score [149], 
intensive care unit (ICU) admission diagnosis, likely cause of IAH/ abdominal compartment 
syndrome and relevant past medical history were recorded. 

Safety of patients 

For patients' safety, the following pre-defined stopping criteria were applied: a) sustained 
(>1min) decrease in MAP >20 % baseline or MAP <55 mmHg or sustained (>10 min) 
increase in inotropic requirement >10 mcg/h despite an intravenous fluid bolus of 250 mL 
of colloid solution, b) new appearance of sustained (>1 min) arrhythmias other than atrial 
fibrillation, c) sustained (>1 min) desaturation <90 % or an increase in fractional inspired 
oxygen concentration (FiO2) >0.2 or the requirement of FiO2 = 1.0 or d) if the investigators 
or the medical team deemed the patient not suitable to continue on clinical grounds for 
any reason.  

Statistics  

As this was a pilot study, sample size was not calculated. Data are given as mean (SD). 
Friedman Repeated Measure Analysis of Variance and a post hoc Tukey Test were used 
to compare the effect of the different PEEP settings. P<0.05 was considered statistically 
significant.  

RESULTS 

Fifteen patients were enrolled. Baseline characteristics are given in Table 1. One of our 
patients had moderate acute respiratory distress syndrome (ARDS) [148]. On average the 
patients had an IAP of 23 (2) cmH2O equal to 17 (2) mmHg and were ventilated with a 
PEEP of 9 (2) cmH2O. No patient had abdominal compartment syndrome (ACS).  

An increase in sedation was required in 6 patients for the purposes of the study. The 
protocol was stopped in one patient (excluded from analysis) due to an unexpected 
hypertensive episode (drug error, unrelated to protocol). High PEEP was abandoned in 
4 patients: due to hypotension in 2, cuff leak in 2 (one patient experienced hypotension 
and had a cuff leak) and hypoxemia in 1. Hence, data from the 10 patients in whom high 
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PEEP levels were applied for 30 min were used for statistical analysis. All events leading 
to the abandonment of high PEEP levels occurred within 5 min of applying this level of 
PEEP. 

An additional two patients did not tolerate high PEEP levels (PEEP = 100 % IAP). The 
endotracheal cuff pressure had to be increased to 35 cmH2O in one patient and the 
recruitment manoeuvre was not tolerated in another due to hypotension. In both of these 
patients this PEEP level was continued and were included in the statistical analysis. This 
equates to six (42 %) patients that did not tolerate high levels of PEEP.  

The mean (SD) applied PEEP levels were 5 (0), 11 (1), and 21 (2) cmH2O at low, 
moderate and high PEEP respectively. In comparison, in the 4 patients in whom the high 
PEEP level had to be abandoned the high PEEP level was 25 (3) cmH2O (P=0.03).  

The effect of the different levels of PEEP on cardio-respiratory parameters is given in 
Table 2. Cardiac output was only measured in 2 patients and is therefore not presented. 
Figure 1 and 2 show the effect of different PEEP levels on CRS and P/F ratios. 

IAP increased from 23 (3) to 30 (3) cmH2O [or 17 (2) to 22 (2) mmHg] when changing the 
patient's position from supine to 30-degree head up (P<0.001). Increasing PEEP from low 
to moderate and from moderate to high PEEP resulted in thoraco-abdominal index of 
16 (17) and 6 (23) %. Increasing PEEP from low to high PEEP resulted in a thoraco-
abdominal index of 9 (14) %. Applying moderate and high PEEP levels did not significantly 
increase IAP.  

DISCUSSION 

Main findings  

In this pilot study, our main findings were that a) moderate PEEP (50 % of IAP) was well 
tolerated, and improved CRS but did not improve oxygenation; b) high PEEP (100 % of 
IAP) was not well tolerated (hypotension, endotracheal cuff leak, hypoxemia), and 
improved oxygenation but worsened CRS; and c) PEEP did not increase IAP in our 
subjects. 

PEEP in IAH 

IAH reduces lung volumes and decreases CRS by compromising chest wall compliance 
(CCW) [36, 37, 189]. Animal data suggest that higher PEEP levels can reverse IAH induced 
lung volume decline, CCW reduction and deoxygenation [33, 39, 42]. 

Human data are less clear. Suwanvanichkij and Curtis reported on the successful 
application of high PEEP in a patient who developed acute respiratory failure and had 
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clinical features of abdominal compartment syndrome (firm tympanitic abdomen, IAP not 
provided) [188]. PEEP was titrated to as high as 50 cmH2O. This high PEEP level 
improved oxygenation and was hemodynamically well tolerated. 

Others have only investigated higher PEEP levels in patients with IAH that also had ARDS 
but not in patients without ARDS. Gattinoni et al. applied different PEEP levels of up to 
15 cmH2O in 21 patients with at least moderate ARDS [37]. IAP was higher in patients 
with extra-pulmonary ARDS than patients with pulmonary ARDS 22 vs 8 mmHg. Patients 
with extra-pulmonary ARDS had a higher IAP (22 cmH2O = 16 mmHg), higher lung 
compliance (CL) but a smaller CCW in comparison to patients with pulmonary ARDS (IAP 
9 cmH2O = 6 mmHg). PEEP improved lung and CCW in patients with extra-pulmonary 
ARDS but decreased CL in patients with pulmonary ARDS. 

Krebs et al. applied different PEEP levels of up to 20 cmH2O in 20 patients with at least 
moderate ARDS [118]. There was no difference in oxygenation or respiratory system 
mechanics at baseline between the patients with (IAP 16 mmHg = 22 cmH2O) and 
without IAH (IAP 8 mmHg = 11 cmH2O). PEEP improved oxygenation in both groups but 
improved CL only in the patients with IAH.  

Overall, at least in patients with ARDS, PEEP appears to improve respiratory mechanics in 
patients IAH but how the PEEP should be adjusted in patients with IAH remains unclear. 

PEEP adjusted for IAP 

In this pilot study, moderate PEEP (50 % of IAP) was well tolerated. In contrast, high 
PEEP (100 % of IAP) was frequently not well tolerated due to hypotension, cuff leak or 
hypoxemia. Although PEEP levels between 18 and 24 cmH2O are used in patients with 
ARDS [190], arguably high PEEP levels above 20 cmH2O may not have been well 
tolerated irrespective of IAP. Of note, moderate PEEP (11 cmH2O) was close to the PEEP 
at baseline (9 cmH2O).  

To use PEEP adjusted for IAP has been suggested by Malbrain et al. [191]. The authors 
obtained multiple static PV curves in 5 patients with IAH (14 mmHg = cmH2O) and found 
a good correlation between pleural pressures, lower inflection point on the pressure-
volume curve and IAP.  

Our own experimental results to date suggest that to improve respiratory function, PEEP 
is best adjusted to the degree of the IAP [33, 39, 42]. To what degree PEEP should be 
adjusted to IAP remains unclear.  

In the setting of patients with IAH, it has been suggested to set PEEP in cmH2O equal to 
measured IAP in mmHg [46]. Such a simple bedside formula is appealing given IAP is 
generally provided in mmHg [2] and airway pressures in cmH2O and provides a 36 % 
additional PEEP for a given IAP.  



91 

 

Abdomino-thoracic index (ATT) describes how much of any increase in IAP is transmitted 
to the thoracic cavity and is derived from the delta IAP / delta airway pressures [137]. 
Although the largest number of measurements estimating the abdomino-thoracic index is 
derived from animal studies [40, 62, 63] the one study performed in human subjects also 
suggests ATT to be around 50 % [192]. Arguably the optimal PEEP in the setting of IAH 
might therefore be 50 % of IAP, as we used for the moderate PEEP in this pilot study. 
However, such a formula may be over simplified as it does not consider the patients' 
baseline IAP and functional PEEP.  

Oxygenation 

High but not moderate PEEP adjusted for IAP improved oxygenation. When high PEEP 
adjusted for IAP was applied one patient experienced hypoxemia without hypotension. 
This patient had a P/F ratio of 343 mmHg. Possibly high alveolar pressures diverted 
capillary blood flow from ventilated areas to non-ventilated areas of the lung, thereby 
worsening ventilation – perfusion ratios.  

Airway pressure 

It is generally recommended to limit inspiratory plateau pressure in patients with ARDS to 
< 30 cmH2O [144]. But most ventilation guidelines don’t take IAP into account. Higher 
driving pressure has been identified to affect outcome more than tidal volume or PEEP 
[109]. A driving pressure of > 14 cmH2O is associated with increased mortality [172]. We 
therefore think that in the context of IAH higher inspiratory plateau pressures are 
acceptable as long as driving pressure is maintained below 14 cmH2O. 

In this pilot study, applying moderate PEEP (11 cmH2O) resulted in inspiratory plateau 
(24 cmH2O) and driving pressure (13 cmH2O) below the above recommended safe limits. 
In contrast, applying high PEEP resulted in inspiratory plateau (37 cmH2O) and driving 
pressure (17 cmH2O) both exceeding the above recommendations. 

Cuff leak and pressure 

Higher PEEP levels are generally associated with a reduction in cuff leakage due to a 
redistribution of cuff to trachea pressure [193]. Despite this, three patients experienced 
cuff leak when high PEEP was applied. In two patients this PEEP level had to be 
abandoned and in one patient the leak resolved after inflating the cuff to a pressure of 
35 cmH2O for the duration this PEEP setting. We do not recommend the cuff pressure to 
remain above 30 cmH2O for an extended period of time due to the increased risk of 
tracheal mucosal ischemic lesions [194]. 
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Haemodynamic compromise  

In this pilot study three patients did not tolerate the high PEEP due to hypotension. MAP 
was highest when moderate PEEP was applied.  

The literature suggests that IAH has a biphasic effect on cardiac output [12]. Initially IAP 
increases cardiac output as compression of the splanchnic veins augments venous 
return. Once IAP oversteps a critical pressure the splanchnic veins collapse. Any further 
increase in IAP leads to a reduced effect on cardiac output and venous return. In this pilot 
study, CVP increased with increasing PEEP and is probably due to pressure transmission 
rather than right ventricular failure. In a previous porcine model of IAH, 50 % of PEEP was 
transmitted to CVP, pulmonary artery pressure and to pulmonary artery occlusion 
pressure [195]. 

Haemodynamic compromise is a known side effect of high PEEP [139]. A reduction in 
right ventricular output due to a decline in venous return is in part offset by the increased 
left ventricular output due to improved intra- to extra-thoracic pressure gradient. Less is 
known of the combined hemodynamic effect of high PEEP in the context of IAH.  

In our previous porcine models, high PEEP, but not moderate PEEP, reduced cardiac 
output [39, 42]. In the critically ill with ARDS, high levels of PEEP did not appear to affect 
cardiac output differently, depending on the presence of IAH [118]. 

Effect of PEEP on IAP 

In this pilot study PEEP did not significantly increase IAP. Others have found PEEP to 
increase IAP in patients with and without IAH [118]. In keeping with the literature, we 
found an average thoraco-abdominal index of around 10 % [50]. 

Limitations 

Our study has several limitations. Firstly, in the nature of a pilot study only a small number 
of patients were enrolled. As not all patients tolerated high PEEP less data sets were 
available for statistical analysis. Furthermore, we only applied the different PEEP settings 
for 30 minutes. Therefore, we don’t know how the different PEEP settings affect outcome.  

Secondly, only one of our patients had ARDS [148]. The presence of both ARDS and IAH 
appear to modify respiratory mechanical properties in animal experiments [39] [42] and in 
critically ill patients [36, 37]. Likely the effect of PEEP might have been different if we 
studied only patients with both ARDS and IAH. Furthermore, the lack of clear benefit of 
high PEEP levels in our cohort may reflect that lungs were well aerated and applying such 
PEEP levels was not required and potentially causing alveolar over-inflation in some 
patients. In addition, we did not assess the effect of high PEEP levels in patients without 
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IAH and whether the cardiorespiratory effect of PEEP differs in respect to the presence of 
IAH. 

Thirdly, we did not compare PEEP adjusted for IAP with other more established lung 
mechanical indices. Pressure-volume loops would have allowed assessment of the 
individual lower inflection points [191]. Oesophageal pressure measurements would have 
provided trans-pulmonary pressures as well as chest wall and CL. For example Talmor et 
al. demonstrated that a by applying PEEP guided by trans-pulmonary pressure, as 
opposed to PEEP selected by ARDSnet criteria (28), improved oxygenation and 
respiratory system mechanics with a trend to improved survival in 61 patients with ARDS 
[65]. It has been recommended to maintain trans-pulmonary pressures below 20 to 
25 cmH2O [48, 65]. Hodgson et al demonstrated a trend to better outcome, an improved 
CL and reduced inflammatory response when applying oxygenation-guided PEEP titration 
(after a staircase recruitment manoeuvrer) as opposed to ARDSnet selected PEEP in 
20 ARDS patients [93]. 

Fourthly, our recruitment manoeuvre may not have been effective as we only used a 
PEEP of 5 above the target PEEP.  

Fifthly, our measurements are limited to those already available at the bedside. Right heart 
catheter, echocardiographic, oesophageal pressure and static compliance measurements 
were not performed and might have provided useful physiological data. Similarly, 
abdomino-thoracic index can be assessed at the bedside [137]. Assessing abdomino-
thoracic index might have provided useful physiological data to better optimize PEEP 
management in patients with IAH and should be considered in future studies. 

CONCLUSION 

In summary, in this pilot study, high PEEP adjusted for IAP (PEEP = 100 % of IAP) was 
not well tolerated (hypotension, cuff leak, and hypoxemia). In contrast, moderate 
IAP-adjusted PEEP (PEEP = 50 % of IAP) was well tolerated hemodynamically and 
improved CRS, but not oxygenation.  

Based on our results we would not routinely recommend the application of high PEEP 
adjusted for IAP in patients with IAH. Also, whether moderate PEEP adjusted for IAP has 
any advantage over other methods of PEEP selection in patients with IAH remains to be 
determined. 
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FIGURES 

Figure 1. Dynamic respiratory system compliance in function of positive 
end-expiratory pressure adjusted to intra-abdominal pressure 

 
PEEP, positive end-expiratory pressure. Low PEEP = 5, moderate intra-abdominal pressure 
(IAP)-adjusted PEEP (0.5 x IAP), and high IAP-adjusted PEEP (1.0 x IAP) cmH2O. 
  



95 

 

Figure 2. P/F ratio in function of different levels of positive end-expiratory 
pressure adjusted to intra-abdominal pressure. 

 
PEEP, positive end-expiratory pressure in cmH2O; P/F ratio, arterial oxygen tension over 
fractional inspiratory oxygen concentration. Low PEEP = 5, moderate intra-abdominal pressure 
(IAP)-adjusted PEEP (0.5 x IAP), and high IAP-adjusted PEEP (1.0 x IAP) cmH2O. 
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TABLES 

Table 1. Baseline characteristics 

Patients, n 15 

Age, years 53.6 (13.4) 

Weight, kg 109 (31) 

Height, m 1.65 (0.10) 

BMI, kg/m2 40.9 (13.7) 

Male / female, n 8/7 

APACHE II 11.9 (6.5) 

SOFA 5.9 (3.4) 

Medical / surgical admission, n 8 / 7 

IAP in supine position, cmH2O / mmHg 22.8 (3.4) / 16.8 (2.5) 

Patients with PaO2/FiO2 >300 / 200 – 300 / < 200 mmHg, n 6 / 5 / 4 

Controlled / supported MV, n 8 / 7 

Inspiratory plateau pressure, cmH2O 22 (5) 

Positive end-expiratory pressure, cmH2O 9 (2) 

Driving pressure, cmH2O 15 (4) 

Tidal volume, ml 548 (121) 

Respiratory rate total, n/min 19 (5) 

Respiratory rate spontaneous, n/min 9 (9) 

Respiratory compliance, mL/cmH2O 56 (27) 

Respiratory resistance, cmH2O/L/s 10 (4) 

FiO2 0.37 (0.11) 

PaO2, mmHg 97 (27) 

PaO2/FiO2 ratio 278 (94) 

PaCO2, mmHg 40 (7) 

pH 7.40 (0.07) 

Mean arterial pressure, mmHg 82 (12) 

Heart rate, n/min 87 (21) 
Mean (SD) or n where applicable; BMI, body mass index; APACHE, acute 
physiology and chronic health evaluation score; SOFA, sequential organ 
failure assessment score; IAP, intra-abdominal pressure; MV, mechanical 
ventilation; FiO2, inspiratory fraction of oxygen; PaO2, partial pressure of 
arterial oxygen; PaCO2, partial pressure of carbon dioxide. 
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Table 2. Cardio-respiratory effect of different positive end-expiratory 
pressures 

PEEP level, cmH2O Low PEEP 

(5) 

Moderate 
IAP-
adjusted 
PEEP 
(0.5 x IAP) 

P 

BL vs 
Mod 

High  

IAP-
adjusted 
PEEP  
(1.0 x IAP) 

P 

BL vs 
High 

P  

mod vs 
High 

IAP at 30°, cmH2O 21 (2) 22 (3)  0.18 23 (3) 0.09 0.09 

PEEP, cmH2O 5 (0) 11 (1) <0.05 22 (2) <0.05 <0.05 

Inspiratory plateau 
pressure, cmH2O 

19 (4) 24 (4) NS 37 (4) <0.05 <0.05 

Vte, mL 478 (80) 489 (97) 0.27 493 (72) 0.27 0.27 

Driving pressure, 
cmH2O 

14 (4) 13 (4) 0.67 16 (4) 0.19 0.04 

Respiratory rate, n/min 22 (7) 21 (5) 0.42 20 (5) 0.42 0.42 

Respiratory compliance, 
mL/cmH2O 

42 (11) 50 (9) 0.07 39 (6) 0.58 0.01 

Resistance, cmH2O/L/s 10 (3) 9 (4) 0.15 11 (4) 0.15 0.15 

PaO2/FiO2 ratio 234 (68) 271 (99) 0.39 329 (107) 0.01 0.13 

PaCO2, mmHg 41 (8) 38 (7) 0.41 38 (6) 0.41 0.41 

Mean arterial pressure, 
mmHg 

77 (8) 82 (11) 0.03 75 (9) 0.78 0.01 

Central venous 
pressure, mmHg 

10 (5) 12 (4) 0.06 16 (4) <0.001 0.002 

Heart rate, n/min 92 (21) 91 (27) 0.87 92 (19) 0.87 0.87 

Noradrenaline, 
mcg/kg/min 

0.06 (0.09) 0.06 (0.10) 0.91 0.06 (0.10) 0.91 0.91 

Statistical analysis was performed on 10 patients tolerating high positive end-
expiratory pressure (PEEP) levels. Absolute values or % values (SD) values are 
given. Compliance and resistance are dynamic respiratory system values. IAP, 
intra-abdominal pressure; Vte, expiratory tidal volume. P value as compared 
with baseline. 
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CHAPTER 7 – DISCUSSION 

INTRODUCTION 

Intra-abdominal hypertension (IAH) is common in critically ill patients and is 
associated with increased morbidity and mortality. Patients with IAH frequently 
require mechanical ventilation due to IAH-related respiratory compromise and 
because treatment to reduce IAP is not always effective. Importantly, an 
optimised mechanical ventilation strategy may not only counteract the negative 
respiratory impact of IAH and thereby improve lung mechanics, lung volumes, 
and gas exchange but may in theory also reduce the occurrence of lung injury 
and thereby improve the outcome of ventilated patients with IAH. However, the 
optimum modality of mechanical ventilation in patients with IAH remains 
unknown. 

The main aim of my thesis was to further characterise cardio-respiratory 
effects of IAH, assess the clinical relevance of IAH in patients with respiratory 
failure and to investigate different mechanical ventilation strategies to 
counteract the negative cardio-respiratory effects of IAH. Specifically, my 
thesis investigated the role of positive end-expiratory pressure (PEEP) when 
caring for ventilated patients with IAH. The individual aims of each chapter are 
described in Chapter 1.  

This project was designed to test the hypothesis that different ventilation 
strategies in general and specifically by applying higher levels of PEEP can 
counteract interactions between IAH and the cardiac and respiratory systems. 

MAIN FINDINGS 

I would like to highlight the following relevant points taken from the narrative 
review in Chapter 2 that I think are useful when aiming to optimise mechanical 
ventilation in patients with IAH. For ease of understanding, I simplified 
abdominal-cardio-respiratory interactions in full awareness of a more complex 
nature. 

1. The knowledge of how IAH affects the cardio-respiratory system is 
predominantly derived from animal experiments. Human studies, due to ethical 
constraints, are mainly observational in nature and compare the cardio-
respiratory function of a) different patients with and without IAH, b) patients 
with and without external abdominal compression in the setting of 
physiological cross over design, or c) patients before and after abdominal 
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intervention e.g. laparotomy or drainage of ascites. Thus, our knowledge 
around how IAH affects the cardio-respiratory system in critically ill patients is 
limited and uncertain. 

2. Trans-pulmonary pressure, as opposed to absolute airway pressure, is 
thought to determine alveolar distension. By measuring oesophageal pressure 
using a catheter as a surrogate of pleural pressure, trans-pulmonary pressure, 
lung compliance and chest wall compliance can be estimated. Trans-
pulmonary pressures may help guide ventilation, especially in patients with 
IAH. However, oesophageal pressure measurements are challenging, not easy 
to perform and are sometimes unreliable. Thus, trans-pulmonary pressures are 
not regularly available to guide ventilation in critically ill patients. Also, there is 
no consensus on applicable trans-pulmonary pressures in critically ill patients, 
let alone in those with IAH. In the absence of trans-pulmonary pressures, the 
clinician limits plateau inspiratory airway pressures to avoid alveolar 
overdistension and applies other methods to titrate PEEP. 

3. Abdominal-thoracic transmission (ATT) describes the percentage increase in 
thoracic pressures for each incremental increase of IAP. Derived from a limited 
amount of human and animal studies, ATT for plateau inspiratory airway 
pressure appears to be around 38% and ATT for inspiratory pleural pressure to 
be around 49%. CRS influenced ATT and, together with differences in applied 
methods, may be responsible for some of the wide range of ATT found 
between the different studies.  

Importantly, IAH has little influence on inspiratory trans-pulmonary pressures 
as IAH increases both inspiratory plateau airway and pleural pressures.  

5. There are no studies assessing different upper limit of inspiratory plateau 
airway pressure in patients with IAH. 

Inspiratory plateau airway pressures of less than 30 cmH2O are recommended 
for patients with ARDS to minimise alveolar over-distension and ultimately 
reduce the risk of ventilator-induced lung injury. As IAH has little influence on 
inspiratory trans-pulmonary pressures, higher inspiratory airway pressures may 
be acceptable in patients with IAH, without increasing alveolar overdistension. 
In theory, the corrected upper limit of inspiratory plateau airway pressure in 
cmH2O for patients with IAH can be calculated as 30 cmH2O + ATT * [ IAP in 
mmHg * 1.36) - 13.6], given recommended inspiratory plateau airway pressure 
limit of 30 cmH2O, a conversion factor of 1.36 cmH2O per mmHg, and an 
assumed mean baseline IAP of 10 mmHg in critically ill patients.  

4. No studies have been performed in patients with IAH assessing different 
methods of recruitment manoeuvres.  
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Similar to above, as IAH has little influence on inspiratory trans-pulmonary 
pressures, when performing recruitment manoeuvres in ventilated patients with 
IAH as compared to those without IAH, higher applied airway pressures might 
be required to recruit atelectatic lung regions. However, performing recruitment 
manoeuvres cannot be recommended in patients with IAH, given that 
performing recruitment manoeuvres is associated with systemic inflammation 
in animal models and harm in patients with acute respiratory distress 
syndrome (ARDS). 

6. Only very few studies investigated different PEEP levels in patients with IAH. 
However, the best PEEP in the setting of IAH remains unknown. Similar to 
above, higher PEEP levels might be required to generate sufficient end-
expiratory trans-pulmonary pressure and thereby prevent atelectasis formation 
in patients with IAH.  

7. No studies assessed optimal tidal volume in patients with IAH. 

8. Higher levels of IAH and PEEP in the absence of left ventricular dysfunction 
can reduce cardiac output. Limited experimental and clinical data suggest that 
the negative hemodynamic effect of IAH may partially be counteracted by 
PEEP. In theory, IAP and PEEP synergistically increase right ventricular 
afterload, whereas IAP increases and PEEP decreases left ventricular afterload. 
Furthermore, PEEP may counteract IAP-related impairment of venous return.  

The main findings of the sub-analysis in Chapter 3 were:  

In this cohort of 312 invasively ventilated patients, the combination of IAH and 
hypoxic respiratory failure (P/F ratio ≤ 300 mmHg) was independently 
associated with 28-day mortality [odds ratio, OR 4.4 (1.2,17.1), P=0.030], 
intensive care unit (ICU) [OR -3.1 (-4.5,-1.8), P<0.001] and ventilation-free days 
[OR -3.5 (-5.1,-1.9), P<0.000] but not with 90-day mortality [OR 2.5 (0.9,7.0), 
P=0.071]. Furthermore, 90-day mortality, was greatest in patients with both 
IAH and hypoxic respiratory failure (49 %), followed by patients with either IAH 
or hypoxic respiratory failure (27 to 30 %), and lowest in patients with neither 
condition (16 %).  

Those with hypoxic respiratory failure were nearly twice as likely to have IAH 
compared with those who didn’t have hypoxic respiratory failure [59 % vs 
29 %, relative risk 2.1 (1.4-3.0), P<0.001.  

In patients with hypoxic respiratory failure, the highest inspiratory plateau 
airway pressure, applied PEEP, driving pressure and highest carbon dioxide 
were higher in the patients with IAH than those without IAH. Interestingly, data 
suggest that hypoxic respiratory failure occurred before IAH and warrants 
further investigation. Due to the nature of an observational study, no 
conclusions can be drawn.  
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The main findings of the animal experiment in Chapter 4 were:  

In a porcine model of IAH and healthy lungs, additional intra-abdominal volume 
increased IAP and peak inspiratory airway pressure exponentially. The 
exponential nature of intra-abdominal volume on IAP and peak inspiratory 
airway pressure suggests that the effect of a given change in IAV on peak 
inspiratory airway pressure and IAP will be greater at high than at low levels of 
IAP. These findings suggest that in patients with high grades of IAH, small 
reductions in intra-abdominal volume can significantly improve inspiratory 
airway and abdominal pressures.  

The main findings of the animal experiment in Chapter 5 were:  

In a porcine model of IAH and healthy as well as injured lungs, PEEP in the 
presence of IAH variably improved ventilation by decreasing the proportion of 
poorly aerated and atelectatic lung whilst increasing the proportion of normally 
aerated lung as assessed by computed tomography (CT). However, this lung 
recruitment was achieved at the cost of an increased proportion of over-
distended lung in both healthy and in injured lungs. Also, PEEP decreased 
cardiac output. These findings suggest that an optimal PEEP level which 
maximally recruits atelectatic lung without causing over-distension or 
compromising cardiac output may not exist. 

The main findings of the pilot study in Chapter 6 were:  

In this small clinical study, high PEEP adjusted for IAP (PEEP = 100 % of IAP) 
was not well tolerated due to the occurrence of arterial hypotension, cuff leak 
around the endotracheal tube, and hypoxemia. In contrast, moderate IAP-
adjusted PEEP (PEEP = 50 % of IAP) was well tolerated hemodynamically and 
improved respiratory system compliance, but not oxygenation.  

Interestingly, mean arterial pressure was highest with applied moderate PEEP 
compared to low or high PEEP. In contrast, heart rate or the amount of applied 
noradrenaline was not different between the different settings.  

SIGNIFICANCE OF FINDINGS 

I would like to highlight some key findings that deserve further discussion. 

First, my thesis, as described in Chapter 3, explored the relationship between 
IAH and hypoxic respiratory failure using data from a relatively large 
multicentre prospective observational study and found that the combination of 
IAH and hypoxic respiratory failure was independently associated with 28-day, 
ICU and ventilation-free days, although not with 90-day mortality. This 
association had not been described before. 
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The fact that the combination of IAH and hypoxic respiratory was associated 
with short-term (28-day mortality, ICU- and ventilation-free days) but not with 
long-term (90-day mortality) outcomes, has a few connotations.  

The significance of the findings is limited and the data should be seen as 
hypothesis generating only. Also, the impetus for measuring IAP and adjusting 
ventilation to IAH in these patients is questionable. Furthermore, IAH may 
represent a marker of severity instead of being an outcome modifiable clinical 
condition. Indeed, most studies only report short term outcomes [1, 3, 6, 196]. 
A counterargument is that IAH was independently associated with reduced 
long-term outcomes in the IROI study [4]. 

The fact that 90-day mortality lost significance after adjusting for Acute 
Physiology, Age and Chronic Health II score, lactate, and dose of vasoactive, 
can be explained by the relatively small number of patients examined in each 
group. For example, the IROI study found IAH to be independently associated 
with 90-day mortality when comparing 240 patients with and 251 without IAH 
[4]. In contrast, in our sub-analysis, we were not able to demonstrate IAH to be 
independently associated with 90-day mortality when comparing 50 with 
neither, 20 with IAH, 100 with hypoxic respiratory failure and 142 with both IAH 
and hypoxic respiratory failure. Therefore, it is not excluded that the presence 
of IAH in patients with hypoxic respiratory failure may become independently 
associated with worse long-term outcomes in a larger cohort. 

Most literature around safe mechanical ventilation in critically ill patients is 
focused on patients with ARDS [45, 48, 110, 197]. However, there are 
arguments to support the concept of hypoxic respiratory failure in the critical 
care setting. In general, the clinician selects the ventilation settings several 
hours before the diagnosis of ARDS is established (e.g. delay in radiological 
progression or performing echocardiography to exclude a cardiac cause). 
Furthermore, it is not excluded that patients who present with hypoxic 
respiratory failure and don’t have ARDS might benefit from protective 
ventilation that is different from that used in patients with ARDS.  

Unexpectedly, we found that hypoxic respiratory failure was present in 76 % of 
ventilated patients. Mortality rates were 33 %, 41 %, and 53 % using similar 
P/F ratio cut-off values as for mild, moderate and severe ARDS [110]. We did 
not assess radiological findings. Pham et al. [197] analysed a large cohort of 
critically ill patients receiving mechanical ventilation. Bellani et al. reported 
mortality rates of 35%, 40%, and 46 % for mild, moderate and severe ARDS 
[110]. Acute hypoxic respiratory failure with new infiltrates was present in 35 % 
of the cohort. These patients were divided into three groups: ARDS (69 %), 
congestive heart failure (8 %), or unilateral infiltrates (23 %). The hospital 
mortality of these three groups were 44 %, 39 % and 40 %.  



104 

 

Given the potentially relatively high incidence and mortality, the role of hypoxic 
respiratory failure and how hypoxic respiratory failure differs from that of ARDS 
in critically ill patients in terms of incidence and outcome supports further 
research. Conceivably, this project’s relatively high mortality rate may be 
explained by varying practices among participating study centres. 

Second, I would like to further discuss the relationship between volume and 
pressure in the abdomen and how this affects inspiratory airway pressures as 
described in Chapter 4. 

This project found that raising intra-abdominal volume increased IAP and 
airway pressures exponentially in a porcine model of IAH. In contrast, raising 
IAP increased inspiratory airway pressures linearly. These findings remind us 
that high airway pressure is not only the result of lung pathologies that either 
increase airway resistance or decrease lung compliance but, as previously 
noted, may also be caused by abdominal pathologies that increase intra-
abdominal volume, IAP and thereby decrease chest wall compliance.  

Although the exponential nature of the abdominal pressure-volume curve has 
been described before [54, 59, 166, 198, 198–201], we are the first to describe 
the effect of additional intra-abdominal volume on airway pressures. 

The finding that IAP increased inspiratory airway pressures linearly means that 
abdominal-thoracic transmission was relatively constant.  

We attempted to study the influence of different PEEP levels on interactions 
between intra-abdominal volume with IAP and airway pressures. Contrary to 
our expectation, we found lower IAPs and airway pressures in the presence of 
higher PEEP levels. Instead of randomizing PEEP levels, we applied higher 
levels after lower levels. Therefore, our findings are more likely the result pre-
stretching rather than the effect of different levels of PEEP [54]. Therefore, we 
were unable to examine the influence of PEEP on thoracic-abdominal P-V 
curves.  

The clinical applicability of these findings is that relatively small reductions in 
intra-abdominal volume can significantly improve abdominal and airway 
pressures in the presence of high grades of IAH. In contrast, in the presence of 
low IAP (e.g. <15 mmHg), large increases of intra-abdominal volume are well 
tolerated due to the relatively flat pressure-volume relationship found at low 
abdominal pressure.  

In summary, high inspiratory airway pressures may not only be of respiratory 
but also of abdominal origin. 

Third, I would like to expand on some of the findings described in Chapter 5.  
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The uniqueness about this animal experiment was that this study not only 
assessed segmental lung aeration, influenced by IAH, but also the way PEEP 
reversed such IAH-related lung changes. Besides electrical impedance 
tomography, lung CT is the only method that informs on alveolar over-
distension by quantification of lung volumes and tissue density [177–179]. As 
stated above, over-distension is implied in ventilation-induced lung injury [45, 
48, 155, 202]. 

This project aimed to define an optimal PEEP range that would be high enough 
to reduce atelectasis formation while low enough to minimize over-distention 
from analysis of CT lung images obtained from a pig model of IAH and lung 
injury.  

In large, this project reproduced the known negative effects of IAH on 
oxygenation, lung volume and lung mechanics in healthy and injured pig lungs: 
IAH reduced oxygenation mainly in injured lungs and respiratory system 
compliance was reduced due to a decrease in chest wall compliance [32–37, 
39, 42]. IAH reduced lung volumes and the proportion of normally aerated lung 
whilst increasing atelectasis formation [32, 60]. IAH did not decrease cardiac 
output [7, 8, 11, 12, 203]. These findings are consistent with the literature and 
provide some validity to the animal model used in this project. 

While inspiratory trans-pulmonary pressures remained similar, the expiratory 
trans-pulmonary pressures decreased slightly in keeping with an atelectasis 
formation [32, 34]. 

In line with previous work, PEEP in this project partially reversed the above 
changes induced by IAH: PEEP improved oxygenation, lung volumes and CRS. 
[33, 35, 37, 39, 42, 47]. 

Also, this project found that PEEP in the presence of IAH variably decreased 
the proportion of poorly aerated and atelectatic lung whilst increasing the 
proportion of normally aerated lung. Changes of atelectasis formation and 
over-distention occurred predominantly in the dependent and non-dependent 
lung segments respectively. However, this lung recruitment was achieved at 
the cost of an increased proportion of over-distended lung in both healthy and 
injured lungs, thereby increasing the risk of ventilator-induced lung injury [45, 
51]. 

More importantly, these changes all occurred seemingly proportional at each 
incremental change of PEEP without any predisposition in reducing atelectasis 
formation over increasing over-distension. Additionally, PEEP in the presence 
of IAH incrementally decreased cardiac output.  

Therefore, these findings suggest that an optimal PEEP level, which maximally 
recruits atelectatic lung without causing over-distension or compromised 
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cardiac output may not exist. Yet, without having performed any biological or 
histological measurements the clinical applicability of these findings remains 
elusive.  

Fourth, I would like to discuss further some of the results presented in 
Chapter 6 that illustrate the physical and physiological barriers of applying high 
PEEP levels in ventilated patients with IAH. 

As stated above, this pilot study assessed the feasibility and safety of applying 
PEEP adjusted for IAP in patients with IAH. In contrast to moderate 
IAP-adjusted PEEP (PEEP = 50 % of IAP), patients did not tolerate high 
IAP-adjusted PEEP (PEEP = 100 % of IAP). Given the small cohort, little 
guidance can be drawn from the results regarding PEEP adjustment to the 
level of IAP in patients with IAH. As a high number of patients did not tolerate 
high IAP-adjusted PEEP, this method of PEEP titration should be avoided in 
patients without severe ARDS. In patients with severe ARDS, generally 
accepted PEEP application methods should be followed. PEEP adjustment 
based on IAP should only be considered as part of an approved experimental 
protocol. 

The finding that mean arterial pressure was highest when moderate IAP-
adjusted PEEP was applied suggests that this PEEP level either improved 
cardiac output or increased systemic vascular resistance, or both in the 
presence of IAH. Unfortunately, we did not measure cardiac output. Of note, 
increasing PEEP has been shown to decrease cardiac output in critically ill 
patients with ARDS [118]. 

Importantly, applying higher PEEP levels in patients with IAH was not only 
limited by cardio-respiratory compromise but also by the degree of cuff leak as 
a consequence of the high inspiratory airway pressures in relation to 
acceptable cuff inflation pressures. 

In summary, while the central question of whether different ventilation 
strategies in general and specifically by applying higher levels of PEEP can 
counteract clinically significant interactions between IAH and the cardiac and 
respiratory systems cannot yet be fully answered, my thesis has provided 
important foundations to plan further research in this area. 

LIMITATIONS 

My thesis has several limitations with regards to optimising mechanical 
ventilation in patients with IAH. 
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Foremost, my thesis is primarily observational in nature rather than hypothesis 
testing. This is due to the fact that limited information was available on the 
topic of my thesis. My thesis now presents important foundations of 
knowledge which can be used in the future to plan larger multi-centre studies. 

I found that existing studies assessing different ventilation strategies in patients 
with IAH are limited (Chapter 2). As far as can be ascertained, no randomized 
control trials assessed different ventilation strategies in patients with IAH. 
Therefore, suggestions on ventilation strategies in these patients remain expert 
opinions and performing a systematic review or meta-analysis on this topic is 
not possible at present. 

The sub-analysis in Chapter 3 found, amongst a cohort of ventilated patients 
with hypoxic respiratory failure, that those with IAH as opposed to those 
without IAH had higher inspiratory plateau airway pressures and applied PEEP 
levels (Chapter 3). Due to its observational nature, these findings are 
associations only and are not informative in optimising ventilatory management 
of patients with IAH. 

Furthermore, my thesis didn’t focus on assessing biological, histological or 
clinical outcomes of different ventilation strategies in the context of IAH. 
Instead, my thesis determined the level of over-distension in addition to lung 
volumes and the degree of atelectasis formation in an animal model of IAH to 
better understand the potential side effect of applying high PEEP levels 
(Chapter 5). Likewise, to assess feasibility and safety aspects of applying 
higher PEEP levels in patients with IAH, my thesis assessed the effect of 
different PEEP levels on blood pressure, respiratory system compliance and 
oxygenation in a small pilot study (Chapter 6). However, to translate the 
findings into routine clinical practice further research is required.  

Additionally, the international multicentre observational study described in 
Chapter 3, did not prospectively collect information required to diagnose ARDS 
(e.g. radiologically diagnosed bilateral opacities) due to feasibility and financial 
constraints. While this project found that IAH was associated with worse 
outcome in patients with hypoxic respiratory failure the role of IAH on 
outcomes in patients with ARDS remains unknown. 

Furthermore, the pilot study described in Chapter 6 was designed 
conservatively to ensure the safety of participants and mainly aimed to assess 
the general tolerability of IAP-adjusted PEEP. Therefore, predominantly 
patients without ARDS were included. Consequently, the cardio-respiratory 
effect of IAP-adjusted PEEP warrants further evaluation in patients with ARDS.  

Additional limitations of the work described in the preceding Chapters are: 
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First, oesophageal pressures were not measured in the projects described in 
Chapter 3, 4, and 6. In theory, oesophageal pressure measurements would 
have allowed these projects to estimate the effect of different PEEP levels on 
chest wall compliance and lung compliance as well as trans-pulmonary 
pressure [48]. However, oesophageal catheters are rarely used in everyday 
clinical practice, as measuring oesophageal pressure is generally difficult and 
sometimes inaccurate or even impossible to measure in critically ill patients 
[88]. 

Second, the cohort study described in Chapter 3 defined hypoxic respiratory 
failure as having a P/F ratio < 300 mmHg as their worst value within one week 
but some patients might have had only one value below this threshold in this 
time period. Besides, hypoxic respiratory failure is not a standardised 
definition. Furthermore, this study had a relatively high number of missing 
values for the ventilation parameters of interest, including inspiratory plateau 
airway pressure, respiratory system compliance and driving pressure. Also, 
some subgroups were relatively small with reduced statistical power. Likewise, 
missing data together with research site and patient heterogeneity are relevant 
confounders. 

Third, this project used porcine models of IAH using a gas-filled abdominal 
balloon and pneumo-peritoneum for the work described in Chapter 4 and 5 
respectively. Having used two different models of IAH reduces comparability 
between the two animal experiments described in Chapters 4 and 5.  

Inflation of a large abdominal balloon to generate IAH has been described 
before [204–206]. In Chapter 4, using this model was crucial to determine an 
abdominal pressure-volume curve. We were able to employ a calibrated one-
litre syringe to inflate the balloon in one-litre steps. Yet, an abdominal balloon 
might not increase IAP homogenously throughout the abdominal cavity. 

In Chapter 5, we chose a pneumoperitoneum to create a homogenous 
increase in IAP throughout the abdominal cavity [207]. We used air as opposed 
to carbon dioxide to reduce the systemic absorption of carbon dioxide. This 
model has been employed by others [32, 63].  

Importantly, in clinical practice, IAH arises more often due to an excess in 
liquid than gas within the abdominal cavity [25, 207]. Nevertheless, the addition 
of gas into the abdominal cavity is by far the most frequently used porcine 
model of IAH in the literature [14, 32, 33, 39, 40, 42, 47, 59, 63, 207, 208]. We 
did not choose peritoneal fluids to generate IAH due to potential systemic 
cardio-respiratory effects when these fluids are absorbed. 

Fourth, the work described in Chapter 4 examined peak inspiratory airway 
pressure and mean intra-abdominal pressure instead of inspiratory plateau 
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airway and end-expiratory intra-abdominal pressure. The latter two pressures 
are thought to better correlate with alveolar pressure and being uninfluenced 
by diaphragmatic contraction respectively [2, 25, 48, 86]. Even so, it may be 
assumed that the principles of how intra-abdominal volume, mean intra-
abdominal pressure and peak inspiratory airway pressure interact will extend 
also to inspiratory plateau airway pressure and end-expiratory intra-abdominal 
pressure. In support of this, unpublished data from a previous animal 
experiment [39] suggest inspiratory plateau airway pressure to parallel peak 
inspiratory airway pressure. 

Fifth, the work described in Chapter 5 used only 5 animals. In addition, one 
animal died mid-experiment so data were in part imputed. Therefore, some of 
these results are likely underpowered. Examining more than five PEEP levels 
may have yielded more comprehensive results. However, the effect of 
increased PEEP on bedside cardio-respiratory parameters found in this project 
are consistent with the literature in healthy [13, 33, 121] and in injured lungs 
[33, 42, 47, 118, 121], providing some confidence in the validity of the 
experimental model. We employed a practical approach when selecting the 
five PEEP levels as we did not have any data derived from pilot studies or the 
literature for guidance. Also, a comparison of the ‘best PEEP’ of different 
titration methods in the context of IAH and lung injury might have been helpful. 

Finally, the work described in Chapter 6 assessed feasibility and safety of 
applying PEEP adjusted to the patient’s IAP. However, there exists no 
evidence that PEEP adjusted for IAP is superior to any other method of PEEP 
titration in such patients. Additionally, right heart catheterisation or 
echocardiographic measurements were not performed to provide additional 
useful haemodynamic data.  

FUTURE DIRECTIONS 

The knowledge gained by my thesis supports future research in optimising 
mechanical ventilation strategies in patients with IAH. The main arguments to 
support further research are: IAH is extremely common among ventilated 
patients with hypoxic respiratory failure and the combination of IAH and 
hypoxic respiratory failure appears to be independently associated with 
impaired outcome. 

There are several areas of further research to highlight.  

First, there is a strong rationale to perform a sufficiently large observational 
study to investigate the role of IAH in patients with ARDS. The aim would not 
only be to determine the incidence of IAH in patients with ARDS but also to 
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evaluate whether outcome is associated with the presence of IAH in such 
patients. 

Furthermore, this study should systematically collect data on ventilation 
parameters such as oxygenation, tidal volume, plateau pressure, PEEP, driving 
pressure and respiratory compliance. This study might thereby corroborate 
IAH-related differences in lung mechanics described in a small group of 
patients with ARDS [36, 37].  

Overall, such a study would have the potential to help further define an IAH 
type ARDS phenotype with characteristic lung mechanical properties and 
related outcome.  

Second, there is a strong argument to compare the incidence and outcome of 
patients with HRF as defined in this project to patients with ARDS. Such a 
comparison could be made by including this research question into the above 
proposed observational study or by performing a sub-analysis of existing large 
cohorts that include information on ARDS in collaboration with original 
investigators. 

Third, it will be important to perform further physiological studies in patients 
who have both ARDS and IAH to examine whether PEEP adjusted for IAP has 
any advantage over other methods of PEEP selection in such patients. This will 
be best performed by examining correlations of best PEEP titrated using 
recognised methods e.g. respiratory system compliance or P/F ratio with IAP, 
trans-pulmonary pressure and chest wall compliance.  

Fourth, further animal experiments measuring biological markers such as 
Angiopoietin-2 and RAGE [209], histological lung changes such as diffuse 
alveolar damage [210] might provide more clinical context. Such an experiment 
should assess the effect of different ventilation settings on biological markers 
and histological lung changes in sufficiently large groups of animals. Such 
findings would ideally be compared to atelectasis formation and over-
distension assessed by CT or to another bedside cardio-respiratory 
physiological parameters. 
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Ventilation in patients with intra-abdominal 
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Abstract 
The incidence of intra-abdominal hypertension (IAH) is high and still underappreciated by critical care physicians 
throughout the world. One in four to one in three patients will have IAH on admission, while one out of two will 
develop IAH within the first week of Intensive Care Unit stay. IAH is associated with high morbidity and mortality. 
Although considerable progress has been made over the past decades, some important questions remain regard-
ing the optimal ventilation management in patients with IAH. An important first step is to measure intra-abdominal 
pressure (IAP). If IAH (IAP > 12 mmHg) is present, medical therapies should be initiated to reduce IAP as small reduc-
tions in intra-abdominal volume can significantly reduce IAP and airway pressures. Protective lung ventilation with 
low tidal volumes in patients with respiratory failure and IAH is important. Abdominal-thoracic pressure transmission 
is around 50%. In patients with IAH, higher positive end-expiratory pressure (PEEP) levels are often required to avoid 
alveolar collapse but the optimal PEEP in these patients is still unknown. During recruitment manoeuvres, higher 
opening pressures may be required while closely monitoring oxygenation and the haemodynamic response. During 
lung-protective ventilation, whilst keeping driving pressures within safe limits, higher plateau pressures than normally 
considered might be acceptable. Monitoring of the respiratory function and adapting the ventilatory settings dur-
ing anaesthesia and critical care are of great importance. This review will focus on how to deal with the respiratory 
derangements in critically ill patients with IAH.
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Mechanical ventilation, Recruitment, Compliance, Positive end-expiratory pressure, Ventilator-induced lung injury, 
Protective ventilation, Driving pressure
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Background
Intra-abdominal hypertension (IAH) is defined as a sus-
tained increase in intra-abdominal pressure (IAP) equal 
to or above 12 mmHg [1]. Critical care physicians around 
the world still underestimate the high incidence of IAH 
which is around 25% in mixed ICU patients [2, 3].

IAH is associated with increased morbidity and mor-
tality [2, 4] and is mainly caused by too much intra-
abdominal volume within the abdominal cavity [5, 6].

IAH directly impacts on organ function of the abdomi-
nal organs such as kidney and liver. Furthermore, IAH 
can affect the function of organs outside the abdominal 
cavity including the brain, the cardiovascular system and 
the lungs [7]. Figure 1 summarizes the pathophysiologic 
effect of IAH on end-organ function.

IAH affects mainly respiratory mechanics and only 
in part oxygenation. IAH causes a cephalad shift of the 
diaphragm thereby increasing intra-thoracic pressures 
and reducing chest wall compliance and lung volumes 
[8]. Table  1 lists other factors that affect “chest wall” 
compliance.

The aim of this review is to discuss the effects of 
IAH on respiratory function and the ventilatory 
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management of patients with IAH, needless to state 
that the ventilatory management of patients with IAH 
has to take into account not only the respiratory effects 
of IAH but also the consequences of any underlying 
chronic lung disease or a newly acquired lung injury.

Epidemiology
Intra-abdominal hypertension
Around one in four to one in three patients present with 
IAH on admission to intensive care unit (ICU) while 
around one in two will develop IAH within the first week 
of ICU stay [2, 9]. Moreover, one in twenty mixed ICU 
patients will develop overt abdominal compartment syn-
drome, a lethal syndrome with a mortality rate above 75% 
when left untreated [4]. To this day, patients may have 
unrecognized IAH as awareness is still low [3]. The risk 
factors for IAH include abdominal surgery, surgery per-
formed in the emergency setting, severe poly-trauma, 
abdominal trauma, severe haemorrhagic shock, severe 
burns, severe acute pancreatitis, large volume fluid resus-
citation (especially crystalloid) resulting in fluid overload, 
ileus, and liver dysfunction [10].

Respiratory failure and intra-abdominal hypertension
Patients receiving mechanical ventilation are more likely 
to have IAH [11, 12]. Also, patients with respiratory fail-
ure  PaO2/FiO2 ratio < 300  mmHg, or receiving positive 
end-expiratory pressure (PEEP) > 10 cmH2O or having a 
peak airway pressure > 28 cmH2O are more likely to have 
IAH [12, 13]. Others did not find an association between 
mechanical ventilation and IAH [14]. Table 2 lists the res-
piratory effects induced by IAH. 

Fig. 1 Summary of the most important pathophysiologic effects of increased intra-abdominal pressure on end-organ function within and outside 
the abdominal cavity. AKI acute kidney injury, APP abdominal perfusion pressure, Cdyn dynamic respiratory compliance, CO cardiac output, CPP 
cerebral perfusion pressure, CVP central venous pressure, EVLW extravascular lung water, GFR glomerular filtration rate, GRV gastric residual volume, 
HR heart rate, IAP intra-abdominal pressure, ICP intra-cranial pressure, ITP intra-thoracic pressure, MAP mean arterial pressure, PIP peak inspiratory 
pressure, Paw airway pressures, PCWP pulmonary capillary wedge pressure, pHi intra-mucosal gastric pH, PPV pulse pressure variation, Qs/Qt shunt 
fraction, RVP renal venous pressure, RVR renal vascular resistance, SMA superior mesenteric artery, SPV systolic pressure variation, SVR systemic 
vascular resistance, SVV stroke volume variation, Vd/Vt dead-space ventilation. Adapted from Malbrain et al. with permission [126]

Table 1 Factors that affect “chest wall” compliance

Direct effect on chest wall

 Pleural effusion

 Lung transplant

 Sternotomy (post-CABG)

 Obesity

 Fluid overload

 Rib fractures

Indirect effect on chest wall—intra-abdominal hypertension (IAH)

 Abdominal distension

 Ascites

 Fluid overload

 Obesity
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Key message 1: Epidemiology and IAH
The average incidence of IAH in critically ill patients is 
around 25–30% on admission, and the cumulative inci-
dence is around 50% during the first week of ICU stay. 
There is an association between patients having IAH and 
respiratory failure.

Effects of intra-abdominal hypertension 
on respiratory function
Effect of intra-abdominal hypertension on lung volumes
Pathophysiology
IAH causes a cranial shift of the diaphragm, thereby 
increasing intra-thoracic pressures affecting lung vol-
umes and respiratory mechanics [8]. IAH is associated 
with reduced lung volumes as shown in many animal 
experiments [15–19]. Lung volumes decline with increas-
ing degree of IAH [18, 19].

Animal data
In pigs, increasing IAP from baseline to 12, 18 and 
22 mmHg decreased end-expiratory lung volumes by 30, 
46 and 49% respectively [19]. There are insufficient data 

to know at what level of IAP lung volumes reduce or 
atelectasis occurs. At least in pigs, lung volumes decline 
with increasing degree of IAH [18, 19]. For example, 
Mutoh et  al. [20] inflated in piglet an abdominal bal-
loon in small increments and found that end-expiratory 
lung volumes reduced even after small increases of IAP. 
Quintel et al. [15] applied in pigs an IAP of 15 mmHg and 
measured thoracic lung volumes using computer tomog-
raphy. IAH increased the percentage of atelectatic as well 
as poorly aerated lungs.

Human data
In another study including 16 patients undergoing 
decompressive laparotomy, different lung volumes were 
calculated with computed tomography at baseline, before 
and after decompressive laparotomy [21]. IAP increased 
from 12  mmHg at baseline to 25  mmHg prior to lapa-
rotomy. Total lung volume decreased from 3.2 to 2.4  L, 
and the percentage of atelectatic and poorly aerated lung 
increased. Following laparotomy, these lung changes 
partially reversed (Fig.  2). In these patients, laparotomy 
reduced IAP from 25 to 15  mmHg and improved lung 
volumes from 2.4 to 2.9  L [21]. Not only was the dia-
phragm cranially displaced but the lungs also expanded 
their sagittal diameter in compensation [21].

Key message 2: Effect of IAH on lung volumes
The presence of IAH is associated with a decrease in lung 
volumes, while decompressive laparotomy results in an 
improvement in lung volumes.

Effect of intra-abdominal hypertension on respiratory 
mechanics
Pathophysiology
By using oesophageal catheter, the total respiratory sys-
tem compliance (CRS) can be compartmentalized and 
chest wall (CCW) and lung compliance (CL) are derived 
(see below). Table  1 summarizes the factors that might 
affect CCW and can be broadly divided into direct influ-
ence and indirect influence of chest wall via IAH.

Animal data
In pigs with IAH and healthy lungs, respiratory com-
pliance has been shown to decline mainly due to a 
reduction in CCW [15, 19, 22]. With increasing IAP, 
both CRS and CCW compliances decrease significantly 
[19, 22]. This decrease is more pronounced for the 
chest wall and shows a strong inverse correlation with 
IAP [22]. Previous studies in animal and human focus-
ing on the importance of IAH showed that abdominal 
and subsequently chest wall compliance improves after 
abdominal decompression [16, 17].

Table 2 Respiratory effects related to increased IAP

1. Effects on respiratory mechanics (Diaphragm elevation)

 Intra-thoracic pressure ↑
 • Pleural pressure ↑
 • Peak airway pressure ↑ (volume controlled)

 • Mean airway pressure ↑
 • Plateau airway pressure ↑
 Respiratory system compliance ↓
 • Chest wall compliance ↓
 • Lung compliance =
 • Lung volumes ↓ (pressure controlled)

 Functional residual capacity (FRC) ↓
 Compression atelectasis ↑
 Pulmonary vascular resistance ↑
 Lower inflection point on PV curve ↑

2. Effects on gas exchange (Reduced gas exchange)

 Hypercarbia ↑
 Oxygenation ↓
 • Dead-space ventilation ↑
 • Intra-pulmonary shunt ↑
 • Ventilation perfusion mismatch ↑
 • Alveolar oedema ↑

3. Clinical effects (Difficult weaning)

 Oxygen consumption ↑
 Metabolic cost and work of breathing ↑

4. Biological effects

 Activated lung neutrophils (experimental) ↑
 Pulmonary inflammatory infiltration (experimental) ↑
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Human data
In humans, IAH also appears to impair respiratory 
system compliance mainly through a reduction of 
chest wall compliance. Ranieri et al. [16] assessed res-
piratory mechanics in 18 patients with acute respira-
tory distress syndrome (ARDS). Half of these patients 
required major abdominal surgery. Before surgery, 
these patients had a smaller CRS and CCW in com-
parison to the patients that did not require abdomi-
nal surgery and their respiratory mechanics partially 
improved after decompressive laparotomy.

Gattinoni et  al. [23] equally assessed respiratory 
mechanics in 9 patients with extrapulmonary ARDS 
and 12 patients with pulmonary ARDS. The patients 
with extrapulmonary ARDS had higher IAP levels and 
smaller CCW.

Despite IAH being a frequent cause of reduced chest 
wall compliance, it is still neglected by critical care 
physicians [5].

Key message 3: Effect of IAH on respiratory mechanics
The effects of IAH on respiratory function can be charac-
terized by a decrease in chest wall compliance.

Airway pressures and abdominal-thoracic transmission
Pathophysiology
IAH can increase intra-thoracic pressures and thereby 
affect airway pressures as well as pleural and central 

vascular pressures [7, 19, 21]. In this context, abdomi-
nal-thoracic transmission (ATT) describes the percent-
age increase in thoracic pressures for each incremental 
increase of IAP [22].

Animal data
In pigs, peak and plateau airway pressures increase pro-
portionally with raising IAP [24, 25]. ATT for plateau 
pressure has been found to be between 40 and 50% [22, 
26, 27]. ATT for peak airway pressure has been found to 
be between 38 and 62% [18, 22]. Similarly, oesophageal 
pressure is subject to ATT. Mainly inspiratory pleural 
pressure increase due to IAH with reported inspiratory 
pleural pressure of between 35 and 63% [19, 22]. In a pig 
study (n = 11), IAH up to 30 mmHg resulted in an ATT 
between 17 and 62% when looking at end-expiratory and 
end-inspiratory oesophageal pressures respectively [22].

Increasing intra-abdominal volume increases 
IAP exponentially [5, 6, 26, 28]. In a pig model 
of IAH, increasing intra-abdominal volume has 
also been shown to increase peak airway pres-
sures exponentially (Fig.  3) [26]. This exponential 
pressure-volume relationship is well-known from 
the Monroe–Kellie doctrine used in patients with 
intra-cranial hypertension. Similarly, in patients 
with IAH that already have a large amount of addi-
tional intra-abdominal volume, small changes in 

Fig. 2 Effect of abdominal hypertension and decompressive laparotomy (DL) on total lung volumes expressed percentages of different aerated 
lung volumes. Adapted from Zhou et al. [21]
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intra-abdominal volume can significantly affect 
IAP and airway pressures [5, 6].

Human data
In humans, ATT for plateau pressure can be estimated 
to be 20%. Torquato et  al. [24] showed that placing 
5  kg weights on the abdomen of mechanically venti-
lated critically ill patients increased IAP from 10.5 to 
15.6 cmH2O and plateau airway pressures from 22.4 to 
23.6  cmH2O). In another study, ATT for peak airway 
pressure was around 62% [21].

A pilot study in 14 mechanically ventilated 
patients with ARDS showed that the application of 
an abdominal Velcro belt increased IAP from 8.6 to 
15.4  mmHg with a concomitant increase in alveo-
lar plateau pressures from 18.0 to 23.3 cmH2O (data 
on file). ATT for plateau pressure was therefore 
57%. These changes were paralleled by a decrease 
in dynamic CRS from 37 to 28  mL/cmH2O. It might 
be important to note that the above studies were 
performed in the supine position yet we know that 
body position has a substantial influence on IAP 
and lung function [25].

Effect of abdominal-thoracic transmission 
on trans-pulmonary pressures
Trans-pulmonary pressures, the difference between 
airway and pleural pressures, and not the plateau 
pressures are thought to be responsible for causing 
ventilator-induced lung injury [29, 30]. Because IAH 
increases inspiratory peak airway, plateau and pleu-
ral pressures similarly, the impact on trans-pulmonary 

pressures is only minimal. This explains why suggested 
lung-protective ventilation strategies with maintain-
ing plateau pressures below 30  cmH2O are difficult to 
apply in patients with IAH and diminished chest wall 
compliance.

Key message 4: Effect and transmission of IAH on airway 
pressures
In summary, in animals and humans, ATT of peak 
and plateau airway pressure have been reported to be 
between 20 and 60% [31]. In pigs, ATT of airway pres-
sures and pleural pressures are similar. We suspect this 
to be the case also in humans. IAH has little influence on 
trans-pulmonary pressures as IAH increases both inspir-
atory airway and pleural pressures equally.

Lung oedema and lymphatic drainage
Pathophysiology
Fluid drainage from the lungs can take place via three 
mechanisms: trans-pleural, via the lung hilus or transab-
dominal [32].

Animal data
Mechanical ventilation with positive pressure per se as 
opposed to spontaneous ventilation decreases abdomi-
nal lymphatic drainage [33]. A landmark paper by Quin-
tel et al. [15] showed that IAH causes an increase in lung 
oedema in a pig model of acute lung injury (induced by 
oleic acid). Increasing IAP from 0 to 20 cmH2O changed 
lung oedema distribution from the dorsobasal regions to 
the complete lung. In line with these results, Schachtrupp 
et  al. [34, 35] showed an increase in extravascular lung 
water (EVLW) and histological lung alterations at IAP 
levels of 30 cmH2O.

The effects of different ventilatory settings and increas-
ing IAP on thoracic and abdominal lymph flow was 
studied in a porcine endotoxin sepsis model [36]. The 
study was performed in three parts, and data were col-
lected from a total of 32 pigs. In summary, the authors 
found that lipopolysaccharide infusion increased IAP and 
abdominal (trans-diaphragmatic) lymphatic drainage, 
that PEEP increased IAP but impeded abdominal lym-
phatic drainage, that spontaneous breathing improved 
abdominal lymph drainage, and finally that IAH dimin-
ished abdominal lymphatic drainage [37].

Human data
A retrospective observational study of 123 mechanically 
ventilated patients found that the patients that achieved a 
negative fluid balance in their first week of ICU stay had 

Fig. 3 Exponential pressure–volume curves of intra-abdominal 
pressure (IAP) (dashed curve) and peak airway pressure (pPAW) 
(dotted curve) in centimetre of water in function of increasing 
additional intra-abdominal volume in litres derived from 7 pigs. Figure 
reproduced with permission from Regli et al. [26]
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lower EVLW, IAP, and C-reactive protein over albumin 
ratios as well as a higher 28-day survival rate [38]. This 
correlation between IAP, fluid balance and EVLW sug-
gests a link between sepsis, capillary leak, fluid overload, 
IAH and lung oedema. This may explain why active fluid 
removal or so-called de-resuscitation with PAL-treat-
ment (PEEP in  cmH2O set at the level of IAP in mmHg, 
followed by hyperoncotic albumin 20% and  Lasix®) was 
able to reduce cumulative fluid balance, IAP, EVLW and 
28-day mortality in a retrospective matched case-control 
study of 57 patients with acute respiratory failure [39, 
40]. Different pathologies and treatments can markedly 
influence the pathophysiology of the lymphatics with 
dramatic effects on end-organ function.

Key message 5: Effect of IAH on lymphatic
The presence of IAH affects lymphatic drainage between 
the thoracic and abdominal cavity and may play an 
important role in the development of oedema formation.

Oxygenation and ventilation
Pathophysiology
In general, IAH results in a decreased oxygenation and 
an increase in hypercarbia caused by increased dead-
space ventilation and shunt and ventilation perfusion 
mismatch.

Animal data
In pigs, it has been shown that IAH is associated with a 
redistribution of blood flow from dependent atelectatic 
lungs to non-dependent better ventilated lung regions 
thereby improving ventilation/perfusion matching [41]. 
This helps to explain why IAH in the context of non-
injured lungs only minimally affects oxygenation in ani-
mals [18, 19, 22] and humans [42].

Human data
Results from a large meta-analysis on 1664 critically ill 
patients showed that IAH is correlated with the respira-
tory sequential organ failure subscore [9].

Key message 6: Effect of IAH on oxygenation
The presence of IAH may result in decreased 
oxygenation.

Intra-abdominal hypertension and lung injury
Pathophysiology
It is hypothesized that IAH may result in the opening and 
closing of lung units and this shear stress may result in 
ventilator-induced lung injury.

Animal data
Animal studies have shown that increasing IAP during 
mechanical ventilation may result in cytokine release 
and subsequent lung injury. Rezende-Neto et  al. [43] 
showed in a study of 50 rats that 60–90 min of IAH (IAP 
of 20 mmHg via insufflated intra-peritoneal air) resulted 
in increased plasma levels of IL-6, increased polymor-
phonuclear leucocytes activity in lungs as evaluated by 
myeloperoxidase assay and intense pulmonary inflamma-
tory infiltration including atelectasis and alveolar oedema 
on lung histology. The level of applied PEEP is not men-
tioned. Schachtrupp et  al. [44] showed in a study of 12 
pigs that 24 h of IAH (IAP of 30 mmHg) also resulted in 
histological findings similar to those found in lung injury 
(interstitial and alveolar leucocytes and fibrin) but also 
proximal tubular and paracentral necrosis in kidneys and 
the liver respectively. PEEP of 2  cmH2O was applied. In a 
rat model of ARDS, IAH (15 mmHg) was associated with 
increased inflammation and fibrogenesis [45]. Lima et al. 
[46] found in a study of 20 rats that a 3-h exposure to an 
IAP of 15 mmHg was sufficient to cause alveolar collapse, 
haemorrhage, interstitial oedema, and neutrophil in infil-
tration in the lungs and increased lung cell apoptosis 
despite application of lung-protective ventilation.

Human data
No human data is available whether IAH is a promotor of 
ventilator-induced lung injury. It is likely that low trans-
pulmonary pressures in the context of IAH can promote 
shear stress with increased repetitive opening and clos-
ing of alveoli units, even when protective tidal volume is 
used [47].

Key message 7: Effect of IAH on VILI
The presence of IAH may add to the development of 
VILI.

Summary effects of IAH on respiratory function
In summary, the effects of IAH on respiratory function 
can be characterized by a decrease in lung volumes and 
chest wall compliance and an increase in airway pres-
sures. Transmission of abdominal pressures to the tho-
racic cavity is estimated between 20 and 60%, but more 
human data is required. IAH diminishes abdominal lym-
phatic drainage. The presence of IAH may impair ven-
tilation and oxygenation. Although IAH is associated 
with lung injury, the exact mechanism is yet not fully 
understood.
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Respiratory effect of IAH in the context of specific 
medical conditions
Obesity
Studies have shown that obese patients with a body mass 
index higher than 35–40  kg/m2 have higher IAP values 
compared to non-obese patients [25, 48]. Similarly, to 
patients with IAH, the increased IAP values seen in obese 
patients will equally result in impairment in respiratory 
mechanics and gas exchange, and decreased lung vol-
umes particularly during sedation, paralysis and mechan-
ical ventilation [49]. As a consequence, the mechanical 
load exerted on the diaphragm is increased, especially in 
the supine position both during spontaneous breathing 
and general anaesthesia [8].

Whereas CCW accounts in normal conditions for only 
15% of the CRS, this number may increase up to 50% 
during patients with obesity or IAH with IAP above 
20  mmHg (due to the stiffening of the chest wall) [23, 
50–52]. With increasing IAP, both total CRS and CCW 
decrease significantly [19, 22]. This decrease is more pro-
nounced for the chest wall and shows a strong inverse 
correlation with IAP [22]. In pigs with injured lungs, IAH 
has been found to decrease CRS by decreasing not only 
CCW but also CL [15, 19]. Anaesthesia of obese patients 
for non-bariatric surgical procedures requires knowledge 
of typical comorbidities and their respective treatment 
options [49, 53]. A multimodal analgesia approach may 
be useful to reduce postoperative pulmonary complica-
tions [54].

Acute respiratory distress syndrome
ARDS is a syndrome and not a disease. As a consequence, 
not all ARDS patients are the same which may be a pos-
sible explanation for some conflicting results in previous 
ARDS studies.

The effect of IAH on the respiratory system appears to 
be strongly influenced by the presence of lung injury. In 
pigs with injured lungs, IAH has been found to decrease 
CRS by decreasing not only CCW but also CL [15, 55]. 
Furthermore, only in injured lungs, IAH has a profound 
effect on oxygenation [15, 55]. The decrease in CL and 
oxygenation in the context of IAH and injured lungs is 
significant and may help understand some differences 
found when applying ventilation strategies in patients 
with IAH. This is also relevant in understanding the 
pathophysiologic effects of proning in patients with sec-
ondary ARDS due to IAH [56].

Ranieri et  al. [16] found that patients with ARDS had 
different respiratory mechanics depending upon the 
underlying aetiology and the presence of IAH. He found 
that surgical patients had stiffer chest walls compared to 
medical patients, probably due to the increased presence 
of abdominal distension. Respiratory system and chest 

wall compliance improved after decompressive laparot-
omy in these patients. Unfortunately, the effect of positive 
end-expiratory pressure (PEEP), forced residual capacity 
and IAP was not measured. Mergoni and colleagues [57] 
studied partitioned respiratory system mechanics and 
showed that in a subgroup of ARDS patients in which 
the lower inflection point was mainly determined by CCW 
that PEEP was not as effective in improving oxygenation 
(CCW determined ARDS). However, PEEP was effective 
in ARDS patients in which the lower inflection point was 
determined by the CL (CL determined ARDS),

In contrast to this, Gattinoni et al. [23] showed that pri-
mary ARDS resulted in a decreased CL but normal CCW 
(CL determined ARDS) while secondary ARDS presented 
with preserved CL but decreased CCW (CCW determined 
ARDS), and PEEP allows to recruit lung units only in 
secondary but not in primary ARDS. In this study the 
patients with secondary ARDS had IAH as opposed to 
the patients with primary ARDS [23]. The results imply 
that the application of PEEP in pulmonary ARDS with-
out IAH may cause over-distension of already open 
lung units, making these patients more prone to venti-
lator-induced lung injury than patients with secondary 
ARDS and IAH. The differences found between these 
two studies can in part be explained by the difference in 
measurement manoeuvres and techniques as well as the 
assumptions used [23, 57].

The same phenomenon may be responsible for the 
change in respiratory mechanics seen in morbidly obese 
patients [52]. Therefore, measuring IAP may provide 
an easy bedside method to estimate altered chest wall 
mechanics and avert the need to measure oesophageal 
pressure (see below). IAP also influences the shape of the 
pressure–volume curve (with downward flattening and 
rightward shifting) of the total respiratory system and the 
chest wall while the lung mechanics remain unaffected 
[15].

In summary, the presence of lung injury appears to 
strongly influence how IAH affects respiratory mechan-
ics and oxygenation. Ideally, IAP is measured in ARDS 
patients enrolled in clinical trials to account for any influ-
ence of potential coexisting IAH.

Polycompartment syndrome
The abdominal compartment has unique effects because 
it is anatomically situated “up-stream” from the extremi-
ties and “down-stream” from the thorax and the cranium 
[7]. Therefore, IAH may influence the physiology and 
pathophysiology of each of these other compartments. 
Because the abdomen plays a major role in the interac-
tions between different compartments, IAP affects por-
tal and hepatic vein pressure hence facilitating blood 
shunting away from the lungs, sometimes referred to 
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as hepato-abdominal-pulmonary syndrome [7]. Simi-
larly, IAP has been identified as the missing link trigger-
ing renal failure (via increased renal vein pressures) in 
patients with chronic congestive heart disease, referred 
to as cardio-abdominal-renal syndrome [58]. Likewise, 
deteriorating kidney function in patients with liver cir-
rhosis is called hepato-abdominal-renal syndrome.

Practical implications at the bedside 
and respiratory management in intra-abdominal 
hypertension
Table 3 lists suggested ventilation strategies for patients 
with IAH and ARDS.

Measuring intra-abdominal pressure
The easiest way to assess IAP in clinical practice is by 
measuring bladder pressures [1, 59, 60]. The reference 
standard for intermittent IAP measurement is via the 
bladder with a maximal instillation volume of 25 mL of 
sterile saline and IAP should be measured at end-expira-
tion in the supine position after ensuring that abdominal 
muscle contractions are absent and with the transducer 
zeroed at the level of the midaxillary line.

Although abdominal contractions can falsely increase 
IAP values, we don’t recommend increasing sedation or 
using neuromuscular blocking agents to improve accu-
racy of IAP measurements. In our clinical experience, 
IAP can be accurately measured in patients that either 
receive assisted breaths during mechanical ventilation or 
don’t have any respiratory support. It is important how-
ever to sufficiently extend the observation period in order 
to capture the lowest end-expiratory pressure during 
which abdominal contractions are clinically (visible and 
palpable) absent.

Measuring oesophageal pressure
From dividing the tidal volume by the difference between 
plateau pressure and positive end-expiratory pressure 
(driving pressure), CRS can be calculated. By using an 
oesophageal catheter (as surrogate for intra-thoracic 
pressure), CCW and CL can also be estimated. In addition, 
trans-pulmonary pressures is the difference between air-
way and pleural pressures and is thought to be the main 
determinant in causing ventilator-induced lung injury 
[29, 30].

However, measuring oesophageal pressure is not easy 
due to some practical problems at the bedside [8, 61]. It 
requires a small air-filled balloon that can transmit the 
oesophageal pressure via catheter to a pressure trans-
ducer. Newer oesophageal catheters are integrated in to 
a nasogastric feeding tube. The catheter is first placed 
into the stomach, then withdrawn back into the oesopha-
gus and requires an occlusion test to confirm the correct 

placement. In addition, the catheters are prone to under-
and overestimate oesophageal pressures if to little or too 
much air is instilled. In some patients correct placement 
is not possible.

Recruitment manoeuvres
A recruitment manoeuvre (RM) uses a dynamic and tran-
sient increase in the trans-pulmonary pressure to open 
non-aerated or poorly aerated lung areas [62]. The ben-
efit of improved oxygenation may be offset by a poten-
tial epithelial and endothelial cell damage and increased 
alveolar-capillary permeability [63, 64]. Furthermore, in 
a recent large randomized controlled trial patients with 
ARDS receiving RM and PEEP titrated to their best res-
piratory system compliance (lowest driving pressure dur-
ing constant protective tidal volumes) as opposed to no 
RM and low PEEP to had a reduced survival rate [65].

Frequently a fast RM manoeuvre is performed by 
applying 40 cmH2O inspiratory pressure for 40 s (40-by-
40 manoeuvre) [66, 67].

However, in recent years, following the results of sev-
eral experimental studies [67–70] and clinical trials [66, 
71] slow RM are preferred over fast RM since this is asso-
ciated with improved oxygenation, less inflammation, 
and improved haemodynamical instability.

In principle, slow RM are performed by gradu-
ally increasing and then decreasing PEEP and/or tidal 
volumes until plateau pressures of between 40 and 
50 cmH2O are achieved while up keeping tidal ventilation 
[66, 72].

It is estimated that a trans-pulmonary opening pressure 
equal to 30 cmH2O is required to open atelectasis. In the 
setting of IAH with altered CL/CRS ratio from 0.85 to 0.5 
the resulting trans-pulmonary pressure during a 40-by-
40 recruitment manoeuvre may only be 20  cmH2O, 
hence the alveolar units with long time constants would 
remain collapsed [61]. Therefore, in the setting of IAH, 
higher opening pressures closer to may be required [29]. 
The rational for adding IAP in  cmH2O/2 is due to the 
ATT being around 50% [18, 19, 22, 24, 27, 55]. However, 
applying higher inspiratory opening pressures during a 
RM is more likely to cause haemodynamic compromise. 
Therefore, RM should only if at all be applied in haemo-
dynamically stable patients (e.g. not preload dependent) 
and their blood pressure needs to be closely monitored if 
RM is applied.

In summary, no studies have been performed in 
patients with IAH assessing different RM methods. We 
therefore suggest to use RM manoeuvres with caution in 
patients with IAH.
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Ventilator settings during lung-protective ventilation 
in patients with IAH
It is generally recommended to provide protective lung 
ventilation in patients with IAH and ARDS [29]. Even in 
patients with non-injured lungs, protective lung ventila-
tion is becoming more frequently applied as this has been 
associated with less inflammation and fewer pulmonary 
complications [73].

Tidal volumes
There are no studies assessing optimal tidal volumes 
in patients with IAH. In a rat model of ARDS and IAH 
(15  mmHg), Santos et  al. [45] found that 10  mL/kg as 
opposed to 6 mL/kg was associated with reduced inflam-
mation in the subgroup with extrapulmonary ARDS and 
increased inflammation in the subgroup with pulmonary 
ARDS. However, there are many studies demonstrating 
high tidal volumes in patients with ARDS worsens out-
come [74].

The perioperative use of lower tidal volumes (6–8 mL/
kg of predicted body weight) plus the application of 
PEEP as opposed to the use of higher tidal volumes 
(10–12  mL/kg of predicted body weight) and no PEEP 
is associated with reduced respiratory complications in 
patients undergoing major abdominal surgery [73]. How-
ever, other studies and meta-analysis showed that, even 
in clinical conditions characterized by higher IAH, the 
reduction in tidal volume and not higher PEEP per se was 
associated with improved postoperative outcome [75, 
76].

In the absence of any evidence regarding optimal tidal 
volumes in patients with IAH, it is not unreasonable to 
apply lung-protective ventilation with low tidal volume of 
6–8 mL/kg of predicted body weight also in all patients 
with IAH and particularly in patients with IAH and lung 
injury.

Airway pressures
Lung-protective ventilation implies opening the lungs 
with a RM (appropriate high alveolar pressures) and 
keeping the lungs open (with appropriate PEEP setting) 
[77]. The altered lung mechanics in the context of IAH 
may require higher than usual pressures to open airways 
and keep airways open exceeding those set out in current 
guidelines [55]. Lung-protective ventilation is recom-
mended using an upper limit goal for plateau pressures of 
30 cmH2O in patients with severe ARDS [78]. These rec-
ommendations don’t take IAP into account. The rationale 
behind limiting the plateau pressure is to avoid increased 
trans-pulmonary pressures, alveolar over-distension and 
ultimately ventilator-induced lung injury [79].

Ideally, to avoid alveolar over-distension one would 
measure oesophageal pressure in critically ill patients 
and aim for inspiratory trans-pulmonary pressures 
< 25  cmH2O respectively [29, 61, 79, 80]. However, 
oesophageal pressure measurements are not easy to per-
form and challenging [61, 81].

As stated above, IAH is associated with raised airway 
pressures. ATT is around 50% affecting oesophageal 
and airway pressures similarly [19, 22, 31]. This means 
that in the context of IAH, when applying appropriate 
PEEP levels and lung-protective tidal volumes of 6  mL/
kg PBW, plateau pressure can exceed the recommended 
30  cmH2O without necessary affecting trans-pulmonary 
pressures.

It follows that in the presence of IAH airway pres-
sures could be corrected by using ATT. In critically ill 
subjects IAP is on average 10  mmHg = 13.6  cmH2O [4, 
9, 82] and we can hypothesize that half of this pressure 
is normally transmitted in the presence of normal chest 
wall. Thus, corrected plateau pressure target in  cmH2O 
may be calculated as follows: plateau pressure target in 
 cmH2O + [(IAP in mmHg * 1.36) − 13.36 (normal IAP in 
critical patients)]/2 or simplified: plateau pressure target 
− 7 + 0.7 * IAP in mmHg.

For example, for a target plateau pressure of 30  cmH2O 
and an IAP of 20  mmHg the corrected target plateau 
pressure would be: 30 − 7 + 0.7 * 20 * = 37  cmH2O. In 
the absence of IAH, plateau pressures target would not 
require any correction. For example, for target plateau 
pressure of 30 and IAP 10 mmHg the corrected plateau 
pressure target would be 23 + 10 * 0.7 = 30 cmH2O.

In summary, although higher airway pressures might be 
acceptable in ARDS patients with IAH we are lacking any 
supporting clinical data to make any recommendations.

Driving pressure
In more recent years, driving pressure (pressure differ-
ence between plateau airway pressure and PEEP) as a 
measure of protective lung ventilation has gained more 
attention.

Driving pressure appears to be helpful to optimize tidal 
volume and to avoid excessive dynamic strain. Using data 
from nine randomized trials and a total of 3562 patients 
with ARDS, it has been demonstrated that the driving 
pressure has a greater influence on mortality than plateau 
airway pressure, tidal volume or PEEP [83]. A large inter-
national observational study of 29,144 ventilated patients 
found that a driving pressure of less than 14  cmH2O is 
associated with improved hospital survival in patients 
with ARDS [84]. In obese ARDS patients however, an 
increased driving pressure was not associated with an 
increased mortality [85]. No studies specifically assess 
the effect of different driving pressure on outcome in 
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patients with IAH or in obese patients with IAH. How-
ever, it is not unreasonable to apply a driving pressure of 
less than 14 cmH2O in patients with IAH.

Driving pressure may also be useful in titrating PEEP 
and has been tested with promising physiological results 
in obese patients undergoing general anaesthesia [86, 
87] and in obese patients with ARDS [88, 89]. An indi-
vidual patient data meta-analysis showed that obese 
patients undergoing surgery receiving higher PEEP levels 
that resulted in an increased driving pressure had more 
postoperative pulmonary complications [90]. There is 
currently insufficient data to suggest using driving pres-
sure to titrate PEEP might translate in improved survival 
of patients with IAH or obesity with or without ARDS. 
Thus, in our opinion driving pressure should be used to 
avoid excessive PEEP and not to “optimize” (increase) 
PEEP.

PEEP
To date, the best PEEP to be used in the setting of IAH 
remains unknown [91]. As stated above, in the setting 
of IAH the lung will collapse at higher closing pressures 
during expiration. There remains the fear that in the 
context of IAH, increased atelectrauma (also referred to 
as atelectotrauma) due to increased atelectasis forma-
tion and an insufficient PEEP may contribute to the lung 
injury found in the presence of IAH [8, 47, 92]. Therefore, 
higher PEEP levels might be required to keep lungs open 
and reduce lung injury in the context of IAH. In contrast 
to this, higher PEEP levels may not only have negative 
haemodynamic effects but also cause lung injury if alveo-
lar over-distension occurs [44, 92].

Different animal studies have examined different lev-
els of PEEP in the setting of IAH. A first study was con-
ducted in 13 pigs with healthy lungs and IAH was created 
with an inflatable balloon, the PEEP levels (5, 8, 12 and 
15 cmH2O) were unmatched to the level of IAP [18]. The 
conclusions were that commonly applied PEEP levels, 
set below the IAP level may not prevent end-expiratory 
lung volume decline. Noteworthy was that IAP reached 
18  mmHg or thus 25  cmH2O, while PEEP was only set 
up to a maximum of 15 cmH2O. In a second study, con-
ducted in 9 pigs with healthy lungs, IAH was again cre-
ated with an inflatable balloon, the PEEP levels were now 
matched for IAP [19]. The authors found preservation 
of end-expiratory lung volume without improvement in 
arterial oxygen tension but with a reduction in CO. In a 
third study, conducted in 8 pigs with lung injury induced 
by saline lavage and IAH created with  CO2 insuffla-
tion up to 20 mmHg, the PEEP levels (27 cmH2O) were 
matched for IAP [93]. The major findings during PEEP 
application were lower inflection point, improved com-
pliance, decreased alveolar-arterial gradient and less 

shunt. In a fourth animal study in 9 pigs, IAH induced 
by an inflatable balloon was combined with oleic acid-
induced lung injury, and PEEP levels were matched to 
IAP [55]. The authors found better end-expiratory lung 
volumes, lower shunt fraction, lower dead space and a 
better oxygenation.

There are only few clinical studies. Krebs et  al. [94] 
examined different levels of PEEP in 20 patients with 
ARDS, ten had normal (IAP of 8  mmHg) and 10 had 
grade II IAH (IAP of 16 mmHg). No difference was found 
between the groups at baseline. This might explain why 
no differences were found between the groups regarding 
the effect of higher levels of PEEP on lung mechanics or 
oxygenation.

In a different study Krebs et  al. [95] examined two 
methods of PEEP titrated in 13 patients with moderate 
to severe ARDS. They found that in patients with IAH, 
the best PEEP set according to the best compliance of the 
respiratory system, is not always associated with positive 
end-expiratory trans-pulmonary pressure.

Gattinoni et  al. [23] applied different levels of PEEP 
(5, 10, 15, and 20  cmH2O) in patients with ARDS. The 
patients with extrapulmonary ARDS had IAH (IAP of 
16 mmHg) and PEEP improved CRS due to a reduction in 
CCW. In contrast, the patients with pulmonary ARDS had 
normal IAP (4 mmHg) and PEEP worsened CRS due to an 
increase in CL.

Talmor et  al. [29, 96] found that IAP (measured via 
the stomach) and oesophageal pressure (measured via 
an oesophageal balloon) closely correlated. Therefore, 
not only opening pressures but also closing pressures 
are increased during IAH and as such higher PEEP levels 
may be required to prevent end-expiratory lung collapse.

In a pilot study of 15 patients with IAH (IAP of 
17  mmHg), different levels of PEEP were applied that 
were matched to the level of IAP [97]. In contrast to 
PEEP = 50% of IAP, PEEP = 100% of IAP (both param-
eters measured in equal units) was not well tolerated due 
to hypoxaemia, hypotension or endotracheal cuff leak.

It is difficult to draw any conclusions from these experi-
mental and clinical studies. In principle, it makes sense 
to apply higher PEEP levels in the context of IAH. Fur-
thermore, it is appealing to apply an easy to use bedside 
formula for setting the PEEP level in patients with IAH, 
e.g. PEEP  (cmH2O) to be set to the level of IAP (mmHg).

There is a concern that increasing PEEP can increase 
IAP. Many published studies found PEEP to have only 
minimal influence on IAP (increasing PEEP from as low 
as 0 to as high as 15  cmH2O and average IAP increase 
of 1  mmHg) [25]. In contrast to this, Verzilli et  al. [98] 
examined the effect of raising PEEP from 0 to 12 cmH2O 
in 30 patients with ARDS and found that IAP increased 
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predominantly in patients with IAH (i.e. IAP increased 
from 15 to 20 cmH2O).

In summary, while PEEP can counteract the negative 
effects of IAH on lung volume and chest wall compliance, 
there is no evidence that a certain PEEP level improves 
outcome in patients with IAH. In the absence of any evi-
dence we recommend to set the PEEP according to the 
best respiratory system compliance [92].

IAH mode of ventilation and assisted breathing
Assisted breathing is the most common type of ventila-
tion in critically ill patients [99] and even in patients with 
ARDS [84]. The potential advantages of assisted breath-
ing include less need of sedation and haemodynamic 
impairment, minimal muscular atrophy, better lymph 
drainage and regional organ perfusion [36, 100].

Little is known about the optimal ventilation mode to 
be applied in patients with IAH but some experimen-
tal data exist. Several experimental evidences of ARDS 
without IAH showed reduced lung injury during assisted 
ventilation [101–104]. Recent results from an animal 
experiment suggests that assisted ventilation might be 
associated with improved oxygenation and less lung 
injury and inflammation in mild to moderate (extrapul-
monary) ARDS in the presence of IAH (15 mmHg) [105]. 
This was likely due to reduced atelectasis and more 
homogeneous distribution of regional ventilation. How-
ever, other experimental evidence reported that addition 
of unsupported spontaneous breaths to BiPAP did not 
improve haemodynamic and respiratory function and 
caused greater histopathologic damage to the lungs, in 
the presence of severe IAH [106]. The difference in these 
results may be due to the amount of inspiratory effort 
reached during spontaneous breathing and/or different 
modalities of ventilation.

In conclusion, we suggest a cautious use of assisted 
ventilation in patients, especially if in the presence of 
severe IAH.

Prone and other positioning
Prone position improves respiratory mechanics, oxygen-
ation and reduces over-distension [107]. Prone ventila-
tion has been shown to improve outcome in patients with 
severe ARDS [108]. Placing ARDS patients in the prone 
or upright position does not result in univocal beneficial 
effects on respiratory mechanics and oxygenation param-
eters [52].

In the setting of IAH, there seems to be some merit 
by suspending and offloading the abdomen during 
prone ventilation. Mure et  al. [109] demonstrated in 
an interesting animal model that the prone position 
improves pulmonary gas exchange to a greater degree 
in the presence of IAH as shown by increases in  PaO2 

and decreases in ventilation perfusion heterogeneity. 
The observed decrease in IAP (estimated via gastric 
pressure), resulting in a concomitant decrease in pleu-
ral pressure in the prone position may be a possible 
explanation for these observations, hence facilitating 
regional ventilation in the dependent lung zones near 
the diaphragm.

In a recent experimental study in 12 pigs that under-
went pulmonary saline lavage and injurious ventila-
tion to simulate ARDS, the authors showed that prone 
position and PEEP independently improved lung com-
pliance without interaction [110]. As expected, IAH 
(15  mmHg) increased the PEEP needed for the best 
lung compliance. However, best PEEP was not signifi-
cantly different between prone (12.8 ± 2.4 cmH2O) and 
supine (11.0 ± 4.2  cmH2O) positions when targeting 
lung compliance.

De Jong et  al. [111] successfully applied prone posi-
tioning in obese and non-obese patients with ARDS. In 
obese patient, oxygenation improved significantly more 
than in non-obese patients. Although not measured, 
these obese patients would likely have had higher IAP 
levels.

Placing patients with ARDS in the prone position 
either does not change or only has mild influence on IAP 
levels with more pronounced effects in patients with IAH 
[25, 112]. For example, Jozwiak et al. [112] found a mild 
increase in IAP from 15 to 18 mmHg when patients with 
ARDS were proned.

The use of chest and pelvic suspension has a large influ-
ence on IAP pressures [113]. The pressure exerted by the 
chest suspension will result in a decreased CCW, while the 
suspension at the level of the symphysis pubis will ensure 
a free suspended abdomen and thereby limiting trans-
mission of IAP towards the dorsobasal lung regions and 
diaphragm. This decreases IAP and improves abdomi-
nal compliance and reduces atelectasis via dorsobasal 
recruitment. The theoretical benefits of proning a patient 
with IAH need to be outweighed against the practical 
risks (e.g. patients with an open abdomen).

Interestingly, weightlessness appears to be beneficial 
in the setting of IAH [114]. The combination of a weight 
placed on the chest with a vacuum shell placed on the 
abdomen has similar effects to that of weightlessness 
with reducing CCW and improving abdominal compli-
ance (Fig. 4).

In summary, prone position appears to not increase 
IAP and likely improve oxygenation in patients with res-
piratory failure and IAH. However, further studies are 
required to compare the effectiveness on outcome of 
these different approaches in patients with IAH and res-
piratory failure.
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Potential haemodynamic compromise in patients 
with IAH and the application of PEEP
Individual cardiovascular effect of IAP and PEEP
The individual effect of IAH as well as high PEEP on 
the cardiovascular system is well described [115–118]. 
Both IAH and high PEEP are associated with a reduced 
cardiac output. IAH decreases venous return mainly by 
abdominal compression of the inferior vena cava but cen-
tral vascular filling pressures like central venous pressure 
and pulmonary artery occlusion pressure are elevated. 
Intra-thoracic pressure via ATT is elevated thereby rais-
ing right ventricular afterload. Left ventricular afterload 
is increased due to a direct compression of the abdominal 
capillary vessels and via an activation of the renin–angio-
tensin–aldosterone pathway. It is thought that in patients 
with IAH, cardiac output is mainly influenced by after-
load [116].

PEEP exerts its cardiovascular influence by increasing 
intra-thoracic pressures [117]. Right and left ventricular 
venous return is reduced, right ventricular afterload is 
increased but left ventricular afterload is decreased.

Combined cardiovascular effect of IAP and PEEP
Not much studies have assessed the combined haemody-
namic effect of both IAP and PEEP. Both IAP and PEEP 
synergistically decrease increase right ventricular after-
load. In theory, IAP and PEEP have two possible antag-
onistic interactions. Firstly, left ventricular afterload is 
increased by IAH but decreased by high PEEP levels.

Secondly, venous return from inferior vena cava to the 
right atrium is largely determined by the right atrial pres-
sure (RAP) over IAP gradient [119].

In the absence of IAH (RAP > IAP), increasing IAP 
levels can increase venous return and improve cardiac 
output by redistribution of blood from the abdominal to 
the thoracic compartment. In the presence of IAH how-
ever (RAP < IAP), venous return and cardiac output are 
reduced. It is possible that increasing PEEP in the pres-
ence of IAH might favourably change the RAP over IAP 
gradient (RAP > IAP) and thereby improving both venous 
return and cardiac output.

There are only a few animal and human studies exam-
ining combined haemodynamic effect of IAH and PEEP. 
In animal studies PEEP (ranged of 4–22  mmHg) had a 
stronger negative impact on cardiac output than IAP 
(range of up to 26  mmHg) [18, 19, 55]. PEEP that was 
adjusted to half the IAP (PEEP = 50% of IAP) did not sig-
nificantly reduce cardiac output in contrast to PEEP that 
was fully adjusted to IAP.

Krebs et al. [94] applied different PEEP levels of up to 
15  mmHg (20  cmH2O) in 20 patients with ARDS but 
did not find any cardiovascular differences between the 
patients with and without IAH.

In a pilot study of 15 patients with IAH but healthy 
lungs, different PEEP levels were applied and no differ-
ence in blood pressure or heart rate was found probably 
due to small sample size [97].

In 8 volunteers with inflated medical anti-shock trou-
sers (IAP not measured), additional PEEP of 10 cmH2O 
was applied and echocardiography was performed [120]. 
It was concluded that the increase in left ventricular 
afterload induced by medical anti-shock trousers infla-
tion may be counteracted by the use of a PEEP.

In summary, limited experimental and clinical data 
suggest that the negative haemodynamic effect of PEEP 
is to some degree counteracted in patients with IAH. 
However, it is difficult to draw any conclusions from 
above studies and the clinician should be cautious when 
applying higher PEEP levels in patients with IAH as car-
diovascular response to higher PEEP levels is difficult to 
predict.

Fig. 4 Effects of positioning on chest and abdominal wall 
compliance. a Effects of prone positioning with abdominal 
suspension on chest and abdominal wall compliance. The suspension 
placed under the chest will reduce chest wall compliance (1) while 
the abdominal suspension placed at the level of the symphysis 
will exert a gravitational effect that will increase abdominal wall 
compliance (2). This will result in recruitment of dorsobasal lung 
regions (3). b Effects of supine positioning in combination with 
weight placed on the chest and vacuum bell on the abdomen. 
The weight placed on the chest will reduce chest wall compliance 
(1) while the abdominal vacuum bell will increase abdominal wall 
compliance (2). This will result in recruitment of dorsobasal lung 
regions (3)
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Fig. 5 WSACS 2013 Intra-Abdominal Hypertension/Abdominal Compartment Syndrome Medical Management Algorithm. Quality of evidence for 
each recommendation and strength of recommendation is rated along a four-point ordinal scale in accordance with Grading of Recommendations 
Assessment, Development and Evaluation (GRADE) guidelines (http://www.grade worki nggro up.org), in which each evidence grade is symbolized 
by a letter from D to A: very low (D), low (C), moderate (B), and high (A) and strength of recommendation is given by a number: strong (1) and 
weak (2). ACS abdominal compartment syndrome, IAH intra-abdominal hypertension, IAP intra-abdominal pressure. ©Copyright by WSACS, the 
Abdominal Compartment Society (http://www.wsacs .org). Figure reproduced and adapted with permission from Kirkpatrick et al. [1]
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Medical management of intra-abdominal 
hypertension
Medical management strategies for raised IAP may be 
divided into five categories according to their proposed 
mechanism of action. First, improvement of abdominal 
wall compliance (sedation and analgesia, neuromuscu-
lar blockade, epidural anaesthesia and body positioning 
changes); second, evacuation of intra-luminal contents 
(nasogastric or rectal decompression and use of proki-
netic agents); third, drainage of intra-abdominal fluid 
collections (paracentesis or percutaneous catheter drain-
age); fourth, avoidance of excessive fluid resuscitation 
and correction of a positive patient fluid balance (with 
judicious use of fluids, e.g. rather hypertonic solutions 
instead of crystalloids); and fifth, organ support (respira-
tory and cardiovascular monitoring as outlined above) [1, 
121, 122]. It would be beyond the scope of this review to 
discuss the different medical management strategies into 
detail. An overview of the WSACS IAH/ abdominal com-
partment syndrome medical management algorithm (and 
the associated GRADES of recommendations) is shown 
in Fig. 5. Specific to patients with IAH requiring mechan-
ical ventilation, it is worth noting that small reductions in 
intra-abdominal volume can significantly improve airway 
pressure and IAP [26].

Monitoring extravascular lung water and pulmo-
nary vascular permeability (calculated with trans-pul-
monary thermodilution and defined as EVLW divided 
by pulmonary blood volume) can provide useful addi-
tional information. Deep sedation with a short course 
of neuromuscular blocking agents may be useful in 
selected patients or as a bridge towards decompressive 
laparotomy.

Conclusions
Although considerable progress has been made over the 
past decades, some important questions remain relating 
to the optimal ventilation management in patients with 
IAH. When looking after patients with IAH and ARDS 
requiring mechanical ventilation, an important first 
step is to measure IAP and aim to reduce IAP in order 
to reduce airway pressures keeping in mind that small 
reductions in intra-abdominal volume can significantly 
reduce IAP and airway pressures [26].

Although challenging, the measurement of oesopha-
geal pressure as surrogate for intra-thoracic pressure can 
provide trans-pulmonary pressures that can help guide 
ventilation [92]. It is of note that IAH can lead to the 
polycompartment syndrome with the associated inter-
actions between different compartmental pressures [7]. 
Within this respect, one should avoid head of bed eleva-
tion above 45° in patients with high body mass index as 
this is associated with increase in IAP.

During lung-protective ventilation, we recommend the 
application of protective lung ventilation with low tidal 
volumes of 6–8 mL/kg and maximum driving pressure of 
15 cmH2O. Higher than recommended plateau pressures 
of 30  cmH2O might be required in the setting of IAH. 
Taking normal IAP of 10 mmHg and ATT of around 50% 
into account, 23  cmH2O + 0.7 * IAP in mmHg might be 
an appropriate upper limit of plateau pressure.

In addition, in patients with IAH, higher PEEP levels 
might be required to prevent end-expiratory lung col-
lapse. However, the best PEEP in the setting of IAH is still 
unknown. Pressure-volume loops or the use of oesopha-
geal pressure might be useful to determine the best PEEP 
in patients with IAH. Knowing that the ATT is around 
50%, it may be appropriate to set PEEP  (cmH2O) equal 
to 50% of IAP in  cmH2O. In the absence of any evidence, 
we recommend to set the PEEP according to the best CRS.

Anti-Trendelenburg or prone position with abdomi-
nal suspension may have beneficial effects on respiratory 
mechanics in patients with IAH. Monitoring the respira-
tory function and adapting the ventilator settings accord-
ingly during anaesthesia and critical care is of great 
importance.

With our improved understanding of the pathophysiol-
ogy and epidemiology, future randomized studies should 
be focused on defining whether targeted or multifaceted 
medical (and minimally invasive surgical) interventions 
aimed at reducing IAP and improving abdominal compli-
ance will ultimately improve outcomes in patients with 
IAH and abdominal compartment syndrome.
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Purpose: To assess whether the combination of intra-abdominal hypertension (IAH, intra-abdominal pressure ≥
12 mmHg) and hypoxic respiratory failure (HRF, PaO2/FiO2 ratio < 300 mmHg) in patients receiving invasive
ventilation is an independent risk factor for 90- and 28-day mortality as well as ICU- and ventilation-free days.
Methods:Mechanically ventilated patients who had blood gas analyses performed and intra-abdominal pressure
measured, were included from a prospective cohort. Subgroups were defined by the absence (Group 1) or the
presence of either IAH (Group 2) or HRF (Group 3) or both (Group 4). Mixed-effects regression analysis was per-
formed.
Results:Ninety-daymortality increased from 16% (Group 1, n=50) to 30% (Group 2, n=20) and 27% (Group 3,
n = 100) to 49% (Group 4, n = 142), log-rank test p < 0.001. The combination of IAH and HRF was associated
with increased 90- and 28-day mortality as well as with fewer ICU- and ventilation-free days. The association
with 90-day mortality was no longer present after adjustment for independent variables. However, the associa-
tion with 28-day mortality, ICU- and ventilation-free days persisted after adjusting for independent variables.
Conclusions: In our sub-analysis, the combination of IAH and HRF was not independently associatedwith 90-day
mortality but independently increased the odds of 28-day mortality, and reduced the number of ICU- and
ventilation-free days.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Intra-abdominal hypertension (IAH) is associated with increased
lung atelectasis, reduced chest wall compliance and lung volumes [1,2].
Patients with IAH are more likely to develop respiratory failure and
require mechanical ventilation [3-5]. Furthermore, data from animal
studies and physiological experiments in humans indicate that lung
mechanical properties change in the presence of IAH [2,6-12]. It is there-
fore possible that patients with hypoxic respiratory failure (HRF)may be
characterized by the presence or absence of IAH and that these two
patient subgroups might differ in terms of outcome and treatment
required.

In 2019 we reported the results of an international multicenter pro-
spective observational cohort study describing the incidence, risk fac-
tors and outcome of IAH in critically ill patients, the “Incidence, Risk
Factors, and Outcomes of Intra-Abdominal (IROI) Study” [13]. Among
491 critically ill patients, IAHwas present on admission in 34% or devel-
oped during ICU stay in another 15%. Their highest IAH gradewas an in-
dependent predictor of 90-and 28-day mortality [13].

The primary aimof this sub-analysis was to assess whether the com-
bination of IAH andHRFwas an independent risk factor for 90-daymor-
tality in patients receiving invasive ventilation. Secondary outcomes
included 28-day mortality, ICU-free days and ventilator-free days.

2. Material and methods

Patients included in this study were those enrolled in the IROI
study and receiving invasive ventilation [13]. The IROI study in-
cluded 491 consecutive patients from 15 international sites between
November 2011 and February 2016 with each site prospectively
collecting IAP and other daily variables over a two-week period.
The Ethics Committee of the South Metropolitan Health Service in
Perth, Australia (#13/20) approved this study. A detailed description
of the IROI study methods including methods of consent and the re-
sults have been published [13]. A statistical plan of this sub-analysis
has been published on the website of the Abdominal Compartment
Society (www.wsacs.org) [14] (Fig. 1). The general and the ventila-
tion management of the patients was left to the discretion of the
treating physicians at each study site. A detailed description of the
methods including statistical analysis is presented in Supplementary
material 1.

IAP was measured at least once every 8 h throughout the study
period and daily median values were used to define IAH (IAP ≥ 12
mmHg). Grades of IAH I to IV were: IAP of 12 to 15, 16 to 20, 21 to 25
and > 25 mmHg respectively [15].

Various daily lowest or highest bedside or laboratory parameters
were prospectively collected.We defined HRF as receiving invasive me-
chanical ventilation and having a P/F ratio ≤ 300mmHg.We graded HRF
into mild (P/F ratio 200 to ≤300 mmHg), moderate (P/F ratio 100 to
≤200 mmHg), and severe (P/F ratio ≤ 100 mmHg) based on cut-off
values used for grading acute respiratory distress syndrome (ARDS)
[16]. From these daily variables we identified each patient's worst vari-
ables during their ICU stay. ICU stay was defined as the first seven days
in ICU or until discharge to the ward or death, whichever came first.

We categorized patients into four groups depending on the presence
or absence of IAH or HRF during their first 7 days of ICU stay: Group 1
(neither), Group 2 (IAH), Group 3 (HRF) and Group 4 (IAH and HRF).
We further subdivided Group 4 into patients who did not have both
IAH and HRF on admission but developed both during their first week
in ICU. This allowed us to assess whether a time relation existed
between the development of IAH and the development of HRF.

Our primary outcome was 90-day mortality. Secondary outcomes
were 28-day mortality, ICU- and ventilator-free days to day 14. The
latter two were calculated as 14 minus the number of days in ICU or
on a ventilator (invasive ventilation only). A tertiary outcome was the
presence of IAH in patients with HRF.

Multilevel mixed-effects logistic and linear regression (backward
stepwise variable selection with P ≥ 0.05 for removal) with random
effects at the ICU site level, to account for potential within-site correla-
tion, were employed for prognosis modelling and identification of risk
factors.

3. Results

Of the 491 patients in the IROI study, 160 did not receive invasive
mechanical ventilation during their first week in ICU and a further 19
patients did not have any P/F ratios available, leaving 312 patients for
the final sub-analysis (Fig. 1).

3.1. Intra-abdominal hypertension and hypoxic respiratory failure

In this group of invasively ventilated patients, 162 (51.9%) had IAH
and 242 (77.6%) had HRF at some point during their first week in ICU.
Fifty (16.0%) never had IAH or HRF (Group 1), 20 (6.4%) only had IAH
(Group 2), 100 (32.1%) only had HRF (Group 3) and 142 (45.5%) had
IAH and HRF (Group 4). Characteristics of the four subgroups are pre-
sented in Table 1 and Supplementary material 2.

Overall, IAHwas present in 162 (51.9%) and the severity distribution
of IAHwas as follows:Grade I=79 (48.7%), grade II=57 (35.3%), grade
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Fig. 1. Flow diagram: Patient selection and subgrouping based on presence or absence of intra-abdominal hypertension (IAH) and hypoxic respiratory failure (HRF) (P/F ratio < 300
mmHg) during their first week of ICU stay.

Table 1
Characteristics of the four subgroups based on the presence or absence of intra-abdominal hypertension (IAH) and hypoxic respiratory failure (HRF) during their ICU stay.

All No IAH or HRF IAH HRF IAH and HRF P

N (%) 312 (100%) 50 (16.0%) 20 (6.4%) 100 (32.1%) 142 (45.5%)
Age, years 59 [46–70] 54 [36–68] 59 [46–69] 62 [47–71] 59 [48–71] 0.276
Sex, % male 18 (59.6%) 24 (48.0%) 18 (90.0%) 58 (58.0%) 86 (60.6%) 0.014
BMI (kg/m2) 26 [24–31] 25 [22–27] 27 [24–29] 26 [23−32] 28 [25–33] 0.001
Surgery, n (%) 199 (63.8%) 39 (78.0%) 14 (70.0%) 68 (68.0%) 78 (54.9%) 0.016
Abdominal surgery, n (%) 107 (34.3%) 15 (30.0%) 8 (40.0%) 38 (38.0%) 46 (32.4%) 0.674
APACHE II 18 [14–25] 13 [10–16] 18 [10–24] 18 [14–23] 22 [17–28] <0.001
SOFA; highest score 8 [6–11] 5 [4–7] 6 [5–10] 7 [6–10] 10 [7–12] <0.001
Lowest P/F ratio, (mm Hg) 222 [140–298] 372 [326–448] 369 [320–411] 224 [176–276] 168 [102−221] <0.001
Highest IAP, mmHg 12 [8–16] 7 [5–8] 14 [12–16] 9 [7–10] 16 [14–19] <0.001
Highest plateau pressure, cmH2O 20 [14–24] 12 [10–16] 15 [12−20] 18 [14–23] 23 [18–27] <0.001
Highest PEEP, cmH2O 7 [5–10] 5 [5–5] 5 [5–15] 6 [5–8] 8 [6–11] <0.001
Largest tidal volume, mL/kg PBW 8.8 [7.8–10.8] 8.3 [7.8–9.8] 8.6 [7.5–9.6] 9.0 [7.5–11.4] 8.9 [7.9–10.8] 0.690
Highest driving pressure, cmH2O 11 [8–16] 8 [5–11] 9 [5–15] 12 [7–16] 13 [10–18] <0.001
Lowest respiratory compliance mL/ cmH2O 44 [33–58] 49 [40–60] 42 [31–58] 44 [34–54] 43 [31–62] 0.470
Highest daily fluid balance, L 1.6 [0.6–2.8] 0.8 [0–1.6] 1.9 [0.6–2.7] 1.6 [0.7–3.0] 2.0 [1.0–3.5] <0.001
Highest cumulative fluid balance, L 2.1 [0.3–4.7] 0.8 [0.8–1.8] 2.6 [0.6–4.9] 1.8 [0.4–5.3] 3.0 [0.8–6.0] <0.001
Highest C-reactive protein level, mg/L 158 [81–271] 70 [29–110] 93 [40–190] 143 [89–239] 229 [124–314] <0.001
Highest lactate, mmol/L 2.6 [1.6–5.0] 2.0 [1.4–2.8] 2.1 [1–8-7.1] 2.4 [1.6–4.1] 3.0 [1.9–8.0] 0.002
Highest dose of vasoactive, mcg/kg/min 1.3 [0–13.3] 0 [0–0.4] 0 [0–8.0] 0.5 [0–13.8] 6.1 [0.3–19.4] <0.001
90-day mortality, n (%) 110 (35.3%) 8 (16.0%) 6 (30.0%) 27 (27.0%) 69 (48.6%) <0.001
28-day mortality, n (%) 85 (27.2%) 6 (12.0%) 5 (6.0%) 19 (19.0%) 55 (36.6%) 0.001
ICU-free days to day 14, d 5 [5–10] 12 [6–13] 10 [1−12] 6 [0−10] 0 [0–9] <0.001
Ventilation-free days to day 14, d 8 [0−13] 13 [11−13] 12 [1−13] 9 [0–13] 1 [0–9] <0.001
Hospital stay, d 16 [7–30] 12 [8–20] 10 [5–17] 19 [9–35] 17 [6–32] 0.021

Variables represent highest or lowest values during their first week of ICU stay. APACHE, acute physiology, age and chronic health score. BMI, body mass index. P/F ratio, arterial partial
pressure of oxygen in relation to fractional inspiratory concentration of oxygen. PBW, predicted body weight. SOFA, sequential organ failure assessment score. Median [IQR] or n (%)
are reported. Trend P-values across subgroups were derived from the Kruskal Wallis test for continuous variables and Fisher's exact test for proportions.
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III = 18 (11.2%), and grade IV= 8 (5.0%) of the patients requiring inva-
sive ventilation.

HRF was present in 242 (77.6%) patients. Grades based on P/F ratios
were mild (n=107, 44.2%), moderate (n=90, 37.2%), severe (n=45,
18.6%).

Between day 8 and 14, an additional 3 patients required invasive
ventilation, an additional 8 developed IAH and no additional patients
developed HRF.

3.2. Primary outcome: 90-day mortality

Among the patients receiving invasive ventilation, 90-day mortality
was greatest in the presence of both IAH andHRF (Group 4, 48.6%) com-
pared to only HRF (Group 3, 27.0%, P = 0.001), or only IAH (Group 2,
30.0%, P = 0.181), or neither IAH nor HRF (Group 1, 16.0%, P < 0.001)
(Table 1, Fig. 2).

In patients with IAH, 74 out of 162 (45.7%) had died by day 90 as
opposed to 35 out of 150 (23.3%) in those without IAH, relative risk
1.96 (1.40–2.73), P<0.001.With HRF, 95 out of 242 (39.3%) as opposed
to 14 out of 70 (20.0%) without HRF had died by day 90, relative risk
1.96 (1.20–3.21), P=0.003. 90-daymortality increasedwith increasing
IAH grade (P < 0.001) and HRF grade (P = 0.002).

A list of variables tested for association with 90-day mortality and
selection considerations is shown in Table 2 and Supplementary
material 3.

Associations of subgroups and independent variables with 90-day
mortality are shown in Table 3. In ventilated patients, the combination
of IAH and HRF was associated with an increased 90-day mortality
[OR 5.2 (2.2–12.3), P < 0.001]. However, this association was no longer
significantwhenadjusted for independent variables (APACHE II, highest
lactate, highest dose of vasoactive) [OR 2.53 (0.92–6.98), P = 0.071].
Neither IAH nor HRF alone was associated with 90-day mortality.

Study centers influenced the association of IAH and HRF on 90-day
mortality, but not when adjusted for independent variables (Likelihood
ratio tests were P = 0.039 and P = 0.206, respectively, Table 3).

See Fig. 2 for post hoc calculated statistical power to detect sub-
groups differences.

3.3. Secondary outcomes: 28-day mortality, ICU- and ventilation-free days

Secondary outcomes for each group are shown in Table 1. Variables
tested for association with 28-day mortality, ICU- and ventilation-free
days and selection considerations are presented in Supplementarymate-
rial 4 to 6, respectively. Associations of subgroups and independent var-
iables with 28-day mortality are shown in Table 4 and with ICU- and
ventilation-free days in Supplementary material 7 and 8, respectively.

The combination of IAH and HRF was associated with an increased
28-daymortality [OR 4.41 (2.17–11.6), P=0.003] which remained sig-
nificantly associated after adjusting for the most parsimonious model
(lowest pH, highest lactate, highest hematological and neurological
SOFA) [OR 4.44 (1.15–17.1), P = 0.030].

Both HRF alone as well as the combination of IAH and HRF fail-
ure were independently associated with a reduction in ICU- and
ventilation-free days even after adjusting for the most parsimonious
model (for ICU-free days: APACHE II, respiratory failure as admission
diagnosis, respiratory rate, creatinine, dose of vasoactive, hematological
and neurological SOFA; P = 0.007 and P < 0.001, respectively, and for
ventilation-free days: APACHE II, respiratory failure as admission diag-
nosis, respiratory rate, lactate, dose of vasoactive, hematological and
neurological SOFA; P = 0.040 and P < 0.001, respectively).

Study centers influenced the association of IAH and HRF on 28-day
mortality as well as ICU- and ventilation-free days (Likelihood ratio
tests, P < 0.05, Table 4, Supplementary material 7 and 8).

3.4. Intra-abdominal hypertension in patients with hypoxic respiratory
failure

The relative risk of IAH in patients with HRF (142/242, 58.7%) as
opposed to patients without HRF (20/70, 28.6%) was 2.05 (1.40–3.02),
P < 0.001.

In patients with HRF, highest plateau pressure, applied PEEP, driving
pressure and highest CO2 were higher in the patients with IAH (Group
4) than those without IAH (Group 3). In contrast, the highest tidal vol-
ume or respiratory compliance was not different between these two
groups (Supplementary material 9). Of note, there was a high number
of missing respiratory compliance values.

In ventilated patients with HRF, APACHE II [OR (95% CI) 1.06
(1.01–1.11), P = 0.012], highest CO2 [OR 1.07 (1.03–1.11) mmHg,
P < 0.001], absent bowel sounds, [OR 2.50 (1.17–5.35), P = 0.018],
highest hematological SOFA [OR 1.47 (1.07–2.02), P = 0.019] were
found to be independently associated with IAH (Supplementary
material 10).

3.5. Time to intra-abdominal hypertension or hypoxic respiratory failure

In the 142 patients with IAH and HRF (Group 4), HRF occurred
before IAH in 39, after in 12 and simultaneously in 91. The time to
HRF was marginally less [0.5 (0.5–0.8) days] compared to the time to
IAH [0.5 (0.5–1.5) days], P < 0.001. There was no difference between
the time to the lowest P/F ratio and highest IAP value, P = 0.120.

4. Discussion

Optimal ventilation management in patients with IAH is still de-
bated [1,2,12,17]. This preplanned sub-analysis uniquely explored the
impact of the combination of IAH and HRF (P/F ratio < 300 mmHg) on
ICU outcome. The results demonstrate that simultaneous presence of
these two syndromes significantly attenuates the probability of survival.

4.1. Intra-abdominal hypertension in patients with hypoxic respiratory
failure

Among the 312 ventilated patients with HRF, the presence of IAH
was twice as likely compared to patients without HRF. We are the first

Fig. 2. 90-day survival as a function of days since admission to intensive care for the four
different groups based on the presence or absence of intra-abdominal hypertension
(IAH) and hypoxic respiratory failure (HRF). Log rank test P-value and Power (%) as
follows: Group 1 (neither) vs Group 2 (IAH), P = 0.181, (27.9%); Group 1 vs Group 3
(HRF): P = 0.156, (31.1%); Group 1 vs Group 4 (IAH and HRF): P < 0.001, (99.4%);
Group 2 vs Group 3: P = 0.695, (4.9%); Group 2 vs Group 4: P = 0.180, (33.4%); Group
3 vs Group 4: P = 0.001, (93.2%). A P-value of 0.0083 was considered significant
(Bonferroni correction for multiple pairwise comparisons).
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to report that patientswith HRF have a higher prevalence of IAH. Never-
theless, others noted that patients with IAH are more likely to receive
mechanical ventilation [3,4] or to have HRF than those who don't have
IAH [5].

In contrast to the higher IAH prevalence among patients with HRF,
the overall IAH prevalence in this study of around 50% is comparable
to what we previously reported for all 491 consecutive patients regard-
less of their ventilation status [13]. This finding suggests a stronger

Table 2
Variables associated with 90-day mortality.

N (%) 90-day mortality Alive 202 (64.7%) Dead 110 (35.3%) P Missing values, n Selection criteria

Age, years 58 [44–68] 62 [49–74] 0.033 0 contained in APACHE II
Sex, % male 59.4% 60.0% 1.000 0 P > 0.2
APACHE II 17 [12−21] 23 [17–30] <0.001 3 selected
BMI, kg/m2 26 [24–31] 27 [24–32] 0.937 5 P > 0.2
Lowest P/F ratio, mm Hg 244 [176–315] 191 [111–259] <0.001 0 selected
Hypoxic respiratory failure, n (%) 39.7% 146 (72.3%) 96 (87.3%) 0.003 0 contained in above
Worst P/F ratio, n (%): 0.002 contained in above
≥300 20.0% 56 (27.7%) 14 (12.4%)
200–300 32.7% 72 (35.6%) 35 (31.8%)
100–200 41.1% 53 (26.2%) 37 (33.6%)
<100 53.3% 21 (10.4%) 24 (21.8%)

Highest IAP, mmHg 11 [8–14] 15 [10–18] <0.001 selected
IAH, n (%) 46.3% 87 (43.1%) 75 (68.2%) <0.001 0 contained in above
IAH highest grade, n (%) <0.001 contained in above
No IAH 23.3% 115 (56.9%) 35 (31.8%)
Grade I 31.6% 54 (26.7%) 25 (22.7%)
Grade II 59.6% 23 (11.4%) 34 (30.9%)
Grade III 72.2% 5 (2.5%) 13 (11.8%)
Grade IV 37.5% 5 (2.5%) 3 (2.7%)

Highest plateau pressure, cmH2O 18 [13−23] 22 [16–26] <0.001 77 > 10% missing data
Highest PEEP, cmH2O 6 [5–8] 8 [5–10] 0.001 1 selected
Highest driving pressure, cmH2O 11 [7–15] 14 [9–18] 0.005 72 > 10% missing data
Largest tidal volume, mL/kg PBW 8.9 [7.8–10.8] 8.7 [7.4–10.2] 0.265 20 selected
Lowest respiratory compliance, mL/cmH2O 47 [34–60] 41 [29–50] 0.007 86 > 10% missing data
Highest respiratory rate, n/min 16 [14–24] 20 [16–28] 0.005 3 selected
Highest CO2, mmHg 44 [40–52] 48 [40–57] 0.021 7 selected
Lowest pH 7.38 [7.34–7.44] 7.39 [7.28–7.45] 0.317 0 P > 0.2
Highest daily fluid balance, L 1.4 [0.3–2.5] 2.1 [1.2–3.7] <0.001 0 selected
Highest daily cumulative fluid balance, L 1.6 [0–3.9] 3.3 [1.3–6.9] <0.001 0 selected
Highest lactate, mmol/L 2.2 [1.5–3.5] 3.5 [2.2–9.3] <0.001 7 selected
Highest creatinine, μmol/L 106 [76–159] 150 [98–293] <0.001 4 selected
Highest dose of vasoactive, mcg/kg/min 0.2 [0–8.5] 9.0 [1.0–44] <0.001 0 selected
Surgery, n (%) 135 (66.8%) 64 (58.2%) 0.140 selected
Laparotomy, n (%) 45 (22.3%) 37 (33.6%) 0.032 0 selected
Absent bowel sounds, n (%) 59 (29.2%) 57 (51.8%) <0.001 selected
Abdominal distension, n (%) 38 (18.8%) 36 (32.7%) 0.006 selected
SOFA; highest hematological score 0 [0–1] 1 [0–2] <0.001 selected
SOFA; highest hepatic score 0 [0–1] 0 [0–2] <0.001 selected
SOFA; highest neurological score 0 [0–3] 4 [3–4] <0.001 selected

Variables represent highest or lowest values during their first week of ICU stay. IAP, intra-abdominal pressure. APACHE, acute physiology, age and chronic health score. BMI, body mass
index. P/F ratio, arterial partial pressure of oxygen in relation to fractional inspiratory concentration of oxygen. PBW, predicted body weight. SOFA, sequential organ failure assessment
score. Median [IQR] or n (%) are reported. Fisher's exact test for proportions and Mann-Whitney U test for two medians were used.

Table 3
Mixed-effects logistic regression analysis showing the association of subgroups and independent variables with 90-day mortality.

Model: Subgroups Independent variables Subgroups and independent
variables

OR (95% CI) P OR (95% CI) P OR (95% CI) P

No IAH or HRF (reference) 1 (reference) 1 (reference)
IAH 2.41 (0.69,8.43) 0.170 1.56 (0.38,6.38) 0.534
HRF 1.77 (0.71,4.39) 0.220 1.32 (0.47,3.72) 0.595
IAH and HRF 5.18 (2.18,12.3) <0.001 2.54 (0.92,6.99) 0.071
APACHE II 1.07 (1.03,1.11) 0.001 1.07 (1.03,1.11) 0.001
Highest lactate, mmol/L 1.11 (1.02,1.20) 0.011 1.12 (1.03,1.21) 0.005
Highest dose of vasoactive, mcg/kg/min 1.01 (1.00,1.02) 0.023 1.01 (1.00,1.02) 0.028
Highest IAP, mmHg 1.07 (1.01,1.12) 0.016
n 312 309a 309a

Random effect at site level: 0.199 (0.177) 0.068 (0.141) 0.978 (0.151)
Likelihood Ratio test 0.039 0.283 0.206

Subgroups are based on thepresence or absence of intra-abdominal hypertension (IAH) andhypoxic respiratory failure (HRF, P/F ratio<300mmHg) in 7-day ICU stay. Variables represent
highest values during their first week of ICU stay. OR, odds ratio. APACHE II, acute physiology, age and chronic health score. IAP, intra-abdominal pressure. IAP was no longer associated
with 90-day mortality after entering subgroups into the model. Adjusted for ICU site as the random effect, presented as the estimate of variance with (standard error).

a Three patients had missing APACHE II data.
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association between IAH and impaired oxygenation than with mechan-
ical ventilation.

4.2. Outcome of patients with hypoxic respiratory failure and intra-
abdominal hypertension

In patients receiving invasive ventilation, 90- and 28-day mortality
was clearly separated depending on the presence or absence of IAH
and HRF and was highest among those with both IAH and HRF.
Although the combination of IAH and HRF was associated with
increased 90-day mortality, when adjusted for the most parsimonious
model, this association no longer remained significant. In contrast, the
combination of IAH and HRF was associated with 28-day mortality,
ICU- and ventilation-free days even after adjusting for each most parsi-
monious model.

Although both impaired oxygenation [18-20] and IAH [4,5,13,21]
have been associated with an impaired outcome, we are the first to
report an association between the combined presence of IAH and HRF
and outcome. In the IROI study, we found IAH was independently asso-
ciatedwithmortality [13]. Current sub-analysis suggests, given P-values
>0.05 in the mixed-effects logistic regression, that IAH occurring with-
out HRF may not increase mortality, but the number of patients in this
subgroup was low (n = 20).

The fact that the combination of IAH and HRF was independently
associated with secondary outcomes but not with 90-day mortality
can be explained as follows: First, APACHE II score uses an aggregate
of age, previous health status and worst physiological parameters
from the first 24-h of patients' ICU stay [18]. 90-daymortality compared
with 28-daymortality may bemore influenced by chronic health status
than by acute physiological parameters. Second, APACHE II and HRF are
not exclusively independent as oxygenation capacity of lungs is in-
cluded in APACHE II. Third, we cannot exclude that the combination of
IAH andHRFmight become independently associatedwith 90-daymor-
tality in a larger cohort with more power (Type II error).

The association between the combination of IAH and HRF with an
impaired outcome underlines the importance of monitoring IAP in ven-
tilated patients, especially in those with HRF. Also, it justifies further
research on aiming to optimize ventilation strategies in patients with
both IAH and HRF.

Impaired oxygenation is a well-known prognostic marker and is
used in APACHE and SOFA score [18,19]. In a retrospective analysis of
ventilated patients, a U-shaped association between P/F ratios and out-
come was found with highest mortality among those with highest and
lowest measured P/F ratios [22]. Following cardiac surgery, P/F ratio
has been shown to independently predict hospital mortality [20].

An important shortcoming of the present study is that we did not
prospectively collect information required to diagnose ARDS (e.g. new
onset bilateral opacities on radiological image) [16]. To the best of our
knowledge, the prevalence of IAH as well as the influence of IAH on
mortality in patients with ARDS remains unknown.

In invasively ventilated patients, ARDS is usually found in around
10% with reported mortality between 35 and 46% that depends on
severity based on P/F ratio [16,23]. In this study however, we found
HRF in nearly three-quarters of ventilated patients and mortality also
increased with higher grades of HRF similar to those found in patients
with ARDS [16].

Impaired oxygenation like ARDS may be seen as the end-result of
many etiologies [16]. Coronavirus Disease 2019 (COVID-19) has
brought to light different phenotypes of ARDS (L-type and H-type)
based on causative mechanics in terms of lung injury and impairment
of oxygenation as well as disparate respiratory compliance and
response to PEEP [24].

Similarly, the presentation of patients with IAH and HRF or ARDS is
distinct. IAH has been shown in animal models and in humans to
decrease respiratory compliance through an impaired chest wall com-
pliance [7,9,10,12,25,26]. Typically, PEEP improves chest wall compli-
ance in the presence of IAH [7,10,12]. Indeed, an IAH-phenotype could
be introduced for patients with HRF and IAH to help the clinician better
distinguish from other phenotypes of HRF. At least the high mortality
we found in this patient groupwould justify further research in patients
with ARDS and IAH.

4.3. Time to intra-abdominal hypertension and to hypoxic respiratory
failure

Interestingly we found that HRF occurred before IAH, although time
to lowest P/F ratio and to highest IAP were not different. To the best of
our knowledge this time relationship has not been described before.

It is possible that patients with HRF received higher PEEP levels in
order to improve oxygenation [10]. Higher PEEP levels have been
shown to impair thoracic lymph drainage and can thereby increase
IAP [2,27]. Furthermore, PEEP itself can directly increase IAP via a
thoraco-abdominal transmission although the degree of influence is rel-
atively small [2,28]. On the other hand, lower P/F ratios have been asso-
ciated with prolonged ICU stay and ventilation time [29]. Sedation
required to facilitate mechanical ventilation may also lead to gastro-
intestinal dysfunction associated with increased IAP [30].

Indeed, our previously presented IROI data demonstrated that
patients with IAH more likely received a PEEP level above 7 cmH2O
[13]. In this cohort, the patients with HRF and IAH received amarginally

Table 4
Mixed-effects logistic regression analysis showing the association of subgroups and independent variables with 28-day mortality.

Model: Subgroups Independent variables Subgroups and independent
variables

OR (95% CI) P OR (95% CI) P OR (95% CI) P

No IAH or HRF (reference) 1 (reference) – 1 (reference) –
IAH 2.60 (0.66–10.2) 0.170 2.95 (0.44–19.8) 0.264
HRF 1.61 (0.57–4.50) 0.366 2.19 (0.55–8.63) 0.264
IAH and HRF 4.41 (1.68–11.6) 0.003 4.44 (1.15–17.1) 0.030
Lowest pH, units of 0.01 0.02 (0.00–1.41) <0.001 0.01 (0.00–0.94) <0.001
Highest lactate, mmol/L 1.15 (1.05–1.25) 0.002 1.14 (1.04–1.24) 0.004
SOFA; highest hematological score 1.71 (1.22–2.38) 0.002 1.75 (1.25–2.45) 0.001
SOFA; highest neurological score 1.97 (1.49–2.60) 0.002 2.04 (1.53–2.73) <0.001
Lowest P/F ratio, mm Hg 0.995 (0.992–0.999) 0.024
n 312 312 312
Random effect at site level: 0.319 (0.262) 1.205 (0.756) 1.459 (0.890)
Likelihood Ratio test 0.024 <0.001 <0.001

Subgroups are based on thepresence or absence of intra-abdominal hypertension (IAH) andhypoxic respiratory failure (HRF, P/F ratio<300mmHg) in 7-day ICU stay. Variables represent
highest or lowest values during their first week of ICU stay. OR, odds ratio. SOFA, sequential organ failure assessment score. P/F ratio; arterial partial pressure of oxygen in relation to frac-
tional inspiratory concentration of oxygen. P/F ratiowas removed infinalmodel to test for association between subgroupswith 28-daymortality. Analysiswas adjusted for research site as
the random effect and presented as estimated variance component (standard error).
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greater PEEP than if IAH was absent. However, lower P/F ratios in the
first groups would sufficiently justify higher applied PEEP levels.

Our findings imply that IAP should be monitored when a clinician
applies higher PEEP levels or when an interventional study assesses
the effect of two different PEEP levels in ventilated patients.

4.4. Fluid balance and intra-abdominal hypertension or hypoxic respiratory
failure

Fluid balance is associated with respiratory failure and IAH [31-33].
Adherence to a conservative fluid protocol resulted in a reduced cumu-
lative fluid balance, improved oxygenation, and more ventilation- and
ICU-free days in patients with ARDS [31]. Similarly, a positive fluid
balance is thought to be the most important risk factor for developing
secondary IAH/ACS [32].

We found the subgroup without IAH or HRF had the smallest fluid
balances with minimal differences between the other subgroups.
Although the fluid balances were associated with an increased 90- and
28-day mortality as well as an increase in ventilation- or ICU-free
days, fluid balances were no longer independently associated with
worse outcome after adjusting for independent variables.

4.5. Ventilation settings

We found that in patients with HRF, those with IAH had higher pla-
teau pressures and marginally higher applied PEEP levels. Interestingly,
tidal volume delivered and resulting respiratory compliance was not
different between both groups. It would be expected that patients
with IAH would have lower respiratory compliance due to a reduced
chestwall compliance [9,10]. However, we had a relatively high propor-
tion of missing values for plateau pressure, respiratory compliance and
driving pressure and these variables were not considered in the regres-
sionmodels. Although driving pressure has become a new focus in ven-
tilation management [23], missing data restricts us from interpreting
our results. Due to the nature of an observational study no conclusions
can be made in regard to the optimal ventilation management in
patients with IAH and HRF.

4.6. Strengths and limitations

The strength of this study is that we uniquely explored the relation-
ship between IAH andHRF usingdata froma relatively largemulticenter
prospective observational study.We found study centers to be heterog-
enous but accounted for the differences using multilevel mixed-effects
regression analysis [34].

As we did not prospectively collect information required to diagnose
ARDS (e.g. radiologically diagnosed bilateral opacities) [16] our datamay
not be applicable to patients with ARDS and IAH. Unfortunately, some of
the variables of interest had too many missing values (e.g. plateau pres-
sure, driving pressure and respiratory compliance) to be included inmul-
tivariable analyses. In addition, some subgroups were relatively small,
thereby reducing statistical power (e.g. subgroup IAH included only 20
patients). Furthermore, we cannot exclude that the non-protocolized
use of intravenous fluids might have influenced some of our results.

5. Conclusions

In this study of ventilated patients, we demonstrated IAH to have a
prevalence of around 60% in the presence of HRF, which is around twice
as likely compared to the prevalence of IAH in those without HRF.
Importantly, the combination of IAH and HRF was not independently
associated with 90-day mortality but independently increased the odds
of 28-day mortality, and reduced the number of ICU- and ventilation-
free days. Our findings underline the importance of assessing IAP in ven-
tilated patients especially in those with hypoxic respiratory failure.
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Abstract

Background: Increasing intra-abdominal volume (IAV) can lead to intra-abdominal
hypertension (IAH) or abdominal compartment syndrome. Both are associated with
raised morbidity and mortality. IAH can increase airway pressures and impair
ventilation. The relationship between increasing IAV and airway pressures is not known.
We therefore assessed the effect of increasing IAV on airway and intra-abdominal
pressures (IAP).

Methods: Seven pigs (41.4 +/−8.5 kg) received standardized anesthesia and
mechanical ventilation. A latex balloon inserted in the peritoneal cavity was inflated in
1-L increments until IAP exceeded 40 cmH2O. Peak airway pressure (pPAW), respiratory
compliance, and IAP (bladder pressure) were measured. Abdominal compliance was
calculated. Different equations were tested that best described the measured
pressure-volume curves.

Results: An exponential equation best described the measured pressure-volume
curves. Raising IAV increased pPAW and IAP in an exponential manner. Increases in IAP
were associated with parallel increases in pPAW with an approximate 40% transmission
of IAP to pPAW. The higher the IAP, the greater IAV effected pPAW and IAP.

Conclusions: The exponential nature of the effect of IAV on pPAW and IAP implies that,
in the presence of high grades of IAH, small reductions in IAV can lead to significant
reductions in airway and abdominal pressures. Conversely, in the presence of normal
IAP levels, large increases in IAV may not affect airway and abdominal pressures.

Keywords: Intra-abdominal pressure, Intra-abdominal hypertension, Abdominal
compliance, Airway pressures, Respiratory compliance, Abdominal volume

Background
Intra-abdominal hypertension (IAH) is defined as a sustained intra-abdominal pressure
(IAP) ≥ 12 mmHg [1]. IAH is common in critically ill patients [2] and is associated
with an increased morbidity and mortality [3]. IAH is caused by additional intra-
abdominal volume (IAV) within the confined abdominal cavity (e.g., retroperitoneal
bleed, free fluid from massive fluid resuscitation, ascites, ileus with dilated bowel, etc.)
or by reduced compliance of the abdominal wall (e.g., obesity or eschars in burns
patients). If IAP is significantly increased or persists, an abdominal compartment
syndrome may develop which is defined as a sustained IAP > 20 mmHg that is
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associated with new onset organ dysfunction [1]. Organ failure may include cardiac, re-
spiratory, renal, and/or gastro-intestinal failure.
It has long been thought that a linear relationship exists between IAV and IAP [4–6].

However, in a recent review article, by extracting all available human IAV and IAP
measurements from current literature, we were able to demonstrate an exponential
relationship between IAV and IAP [7]. The exponential relationship between IAV and
IAP is of interest because of the clinical consequences of IAH. Patients with IAH often
have impaired lung function due to a cephaled displacement of the diaphragm, associ-
ated with impaired lung volumes and increased airway pressures resulting in difficulties
in maintaining adequate ventilation [8].
Several therapeutic options exist to reduce IAP [9, 10]. These therapies are associated

with small reductions in IAV and are therefore thought to have a small effect on IAP.
However, due to the exponential relationship at higher IAP ranges, small reductions in
IAV may indeed have significant effects on IAP.
The effect of changes in IAV on airway pressures is well known. We therefore aimed

to characterize the influence of IAV on both IAP and airway pressures.

Methods
Seven pigs were studied in a protocol to measure IAP and airway pressures caused by in-
cremental increases in IAV. The Animal Ethics Committee of the University of Western
Australia approved the study protocol (UWA RA/3/100/688). The study conformed to
the regulations of the Australian code of practice for the care and use of animals for scien-
tific purposes. Anesthesia, mechanical ventilation, surgical preparation, and instrumenta-
tion were performed as previously described [11] and are briefly outlined below.

Animals

Seven Large White breed pigs [mean (SD) animal weight of 41.4 (+/−8.5) kg] received
standardized anesthesia including initial sedation using intramuscular zolazepam/tileta-
mine (Zoletil ®) and xylazine followed by a combination of propofol, morphine, and
ketamine for maintenance of anesthesia. At the end of the experimental protocol the
pigs were euthanized with intravenous pentobarbitone. No neuromuscular blocking
agents were used as they are infrequently used in our clinical practice and also to re-
duce the risk of awareness of pain in the animals. Adequacy of the depth of anesthesia
was regularly assessed (lack of muscle tone, absence of spontaneous ventilatory effort).

Mechanical ventilation and airway parameters

Mechanical ventilation (Servo 900, Siemens, Berlin, Germany) was maintained using
constant tidal volumes of 8 mL/kg. Initial PEEP was 5 cmH20. Respiratory rate was ad-
justed to maintain an end-tidal CO2 between 35 and 45 mmHg before the abdomen
was inflated but not changed thereafter. Peak inspiratory pressure (pPAW) and dynamic
respiratory system compliance (CRS) were obtained automatically from the ventilator.
End-expiratory lung volume was measured at baseline IAP and PEEP of 5 cmH2O
using the multiple breath nitrogen wash-out method as previously described [11].
Pressure-volume (P-V) curves were performed at PEEP 5 cmH2O and then at PEEP
15 cmH2O.

Regli et al. Intensive Care Medicine Experimental  (2017) 5:11 Page 2 of 12



157 

 

 

Intra-abdominal pressure measurement

Urinary bladder pressure was used to assess IAP. For this, a 12F Foley catheter was
placed in the urinary bladder via a caudal midline laparotomy and attached to a stand-
ard transducer system (Hospira, Lake Forest, IL). Mean pressures were measured from
the mid-axillary line. Throughout the study, the animals remained in the supine pos-
ition. A standardized injection volume of 25 mL of 0.9% NaCl (AbViser 300, Wolfe
Tory Medical, Salt Lake City, UT) was used and 60 s relaxation time was allowed for
before definitive measurement [1]. IAH was graded as recommended by the World
Society of Abdominal Compartment Syndrome [1].

Abdominal pressure-volume curve

A large intra-abdominal balloon (200 g latex weather balloon, Scientific Sales, Lawrenceville,
NJ) was placed in the peritoneal cavity via midline laparotomy. Even placement of the balloon
in the abdomen was ensured by visual inspection and partial inflation. A 1-L precision syr-
inge (Vitalograph, Hamburg, Germany) was used to add air to the IAV in 1-L incremental
steps. After each addition to IAV, we waited 10 s to allow pressures to equilibrate before
assessing all parameters. Abdominal inflation was not continued beyond an IAP of
40.8 cmH2O (30.0 mmHg).

Analysis and statistics

Absolute abdominal pressure-volume points were entered in a spreadsheet and
analyzed using Excel (Microsoft, Redmond, WA, USA). All pressures were converted
from millimeter of mercury into centimeter of water for better comparison between the
IAP and pPAW (1 mmHg = 1.3595 cmH2O). The change in IAV following addition of
air to the intra-abdominal balloon was pressure-corrected using the Boyle equation
(pressure-corrected additional IAV =measured additional × 1033/(1033 + IAP in centi-
meter of water), to compensate for the compressibility of air.
Two different equations were assessed for their accuracy at describing the IAP-

IAV curve. First, the Venegas equation, V = a + [b/(1 + e −(P − c)/d)], a logistic function
was used. This has been used to describe the characteristic sigmoid shape of pul-
monary [12] and other P-V curves [13]. In the original paper, V represents inflation
or absolute lung volume, P represents airway opening or transpulmonary pressure,
and a, b, c, and d represent fitting parameters. In the tested situation, V repre-
sented additional IAV, P represented absolute pressure (IAP or pPAW), and a, b, c,
and d represent fitting parameters.
Second, an alternate exponential equation,V = v + k × Ln (P0 − p) where V represented

additional IAV, P0 represented resting IAP (no additional IAV), and v, k, p represent
fitting parameters, was tested. This equation has been used in the past to characterize
lung elastic recoil and in other instances where pressures rise in near asymptotic
fashion [14]. This exponential equation is single ended and exhibits near asymptotic
shape at high volumes only whereas the Venegas equation exhibits true asymptotic
shape at high and low volumes.
For each corresponding P-V data set, we used the Excel “Solver” function to find

itting parameters that best described the measured P-V curve. The best fit was defined
as a curve resulting in the smallest root mean square between the measured and
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calculated P-V points. Minimizing the residual sum of squares (RSS) is a standard
method employed for fitting curves. The mean fitting parameter of all study subjects
was used to plot a mean P-V curve.
Abdominal compliance (CAB) was defined as a measure of the ease of abdominal

expansion, expressed as a change in intra-abdominal volume (IAV) per change in intra-
abdominal pressure (IAP): AC = ΔIAV/ΔIAP [1]. CAB is given as milliliter/centimeter of
water for easier comparison with respiratory compliance.
Mann-Whitney rank sum test or Wilcoxon signed rank test was used as appropriate.

A p value of <0.5 was considered statistically significant.

Results
The subjects had a mean (SD) weight of 41.4 (+/−8.5) kg and end-expiratory lung volume
of 1.68 (0.30) L. Baseline IAP was 5.0 cmH2O (3.7 mmHg). Expiratory tidal volume of 331
(68) mL and respiratory rate 34.1 (5.0) per minute were set at baseline (PEEP 5 cmH2O,
no abdominal inflation). At 5 cmH2O PEEP, the highest applied IAP ranged from 42.1 to
55.7 cmH2O (31 to 41 mmHg), and additional IAV ranged from 7.7 to 14.3 L.
In comparison with the Venegas equation, the alternate exponential equation produced

a P-V curve that better fitted the measured values (lower root mean square) (Additional
file 1: Figure S1—P-V curves using Venegas and exponential equation, Additional file 2:
Table S1—Equation parameters of intra-abdominal and airway pressure-volume curves).
We therefore subsequently used the alternate exponential equation. Figure 1 depicts P-V

curves derived from the exponential equation of the average and of each individual of these
animals. To calculate an expected IAP from a given additional IAV, the alternate exponential
equation V= v + k× Ln (P0− p) can be rearranged to P0 = p+ Exp (V − v)/k.
After maximal abdominal inflation was achieved using on average 10.4 L (2.1)

additional IAV, IAP after initial abdominal inflation at 5 cmH2O of positive end-
expiratory pressure (PEEP) was higher than after subsequent abdominal re-inflation
using the same additional IAV at 15 cmH2O of PEEP, 49.4 (4.1) vs 45.6 (2.3) cmH2O,
respectively (p = 0.03) (Additional file 3: Figure S3—P-V curves at PEEP of 5 and
15 cmH2O). The abdominal compliance (CAB) at maximal IAV and IAP after initial

Fig. 1 Pressure volume curves showing intra-abdominal pressure (IAP) in centimeter of water in function of
increasing additional intra-abdominal volume in liters. An exponential equation was used to calculate IAP
for individual animals (narrow dashed curve) and for the average of all animals (bold dashed curve)

Regli et al. Intensive Care Medicine Experimental  (2017) 5:11 Page 4 of 12



159 

 

 

(5 cmH2O PEEP) and repeat inflation (15 cmH2O PEEP) were 55.3 (5.0) mL/cmH2O
and 62.0 (6.9) mL/cmH2O, respectively (p = 0.06).
With an increasing amount of additional IAV, IAP and to a lesser extent pPAW increased

exponentially (Fig. 2). There was a directly proportional relationship between delta pPAW
as a function of delta IAP, with a strong correlation (delta pPAW = 0.14 + 0.43 × delta IAP,
R2 = 0.83, p < 0.001). Hence, abdomino-thoracic transmission approximated 40% (Fig. 3).
With increasing IAP, CAB and CRS decreased (Fig. 4).
We calculated the effect of an additional IAV of 500 mL on pPAW and IAP (Table 1).

The addition of 500 mL IAV increased pPAW and IAP to a greater extent at higher grades
of IAH than at lower grades of IAH (i.e., reduced compliance at higher levels of IAH).

Discussion
The main findings in this animal model were that (a) raising IAV increased pPAW and
IAP in an exponential manner, (b) raising IAV decreased CAB and CRS, and (c) there
was approximately a 40% transmission of IAP to pPAW.

IAV increased pPAW and IAP in an exponential manner

We aimed to characterize how abdominal volumes influenced airway pressures and IAP. The
IAV that produced an IAP >40 cmH2O (30 mmHg) varied between subjects. We therefore
explored functions that could describe generic P-V curves of all the animals studied.
Functions have the advantage of allowing extrapolations even in the setting of a non-

linear curve if a certain number of pressure-volume (P-V) values are known. We first
tested the Venegas equation for the additional IAV—pPAW and IAP relationship fre-
quently used to describe a respiratory P-V curve [12]. The Venegas equation has been
used to describe P-V curves other than respiratory [13]. We found that our alternative
exponential function characterized the changes in pPAW and IAP with additional IAV
more accurately than the Venegas equation. Exponential equations have been used to
describe respiratory P-V curves [15].

Fig. 2 Pressure volume curves showing intra-abdominal pressure (IAP) (dashed curve) and peak airway pressure
(pPAW) (dotted curve) in centimeter of water in function of increasing additional intra-abdominal volume in liters.
An exponential equation was used to calculate IAP and pPAW for the average of all animals
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An exponential relationship between IAV and IAP has been found in a previous animal
study [16]. In a recent review article, we extracted all available human IAV and IAP mea-
surements from the current literature [7]. In contrast to previous studies, we analyzed
multiple IAV and IAP measurements that included multiple measurements and/or were
derived from a larger IAP range (greater than 15 mmHg, the upper limit during laparos-
copy). We found an exponential relationship between IAV and IAP. The pseudo-linear re-
lationship between IAV and IAP found in previous studies can be explained by the
relatively low IAP range and/or small number of measurements examined [4–6]. To our
knowledge, we are the first to report an exponential relationship between IAV and pPAW.

Abdominal compliance

After completion of the first P-V curves at 5 cmH2O PEEP, we performed a second set of
P-V curves at 15 cmH2O PEEP levels. The higher CAB at 15 cmH2O of PEEP indicates a

Fig. 3 Delta peak airway pressure (pPAW) in centimeter of water as a function of delta IAP in centimeter of
water. Delta pPAW = 0.14 + 0.43 × delta IAP, R2 = 0.83, p < 0.001

Fig. 4 Average abdominal compliance in milliliter per centimeter of water (dashed curve) and dynamic
respiratory system compliance in milliliter per centimeter of water (dotted curve) as a function of increasing
additional intra-abdominal volume in liters. Abdominal compliance was calculated from the difference of
additional intra-abdominal volume per difference of resulting intra-abdominal pressure. Dynamic respiratory
compliance was taken from the ventilator
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left shift of the P-V curves. This was opposite to what we anticipated and suggests that a
considerable amount of “pre-stretching” occurred during the initial abdominal inflation
rather than being a result of PEEP itself. We therefore only presented data obtained at
PEEP of 5 cmH2O. Data from the literature suggests that stretching of the abdominal wall
can lead to long-term changes in the elastic properties of the abdominal wall thereby im-
proving abdominal compliance [7]. Unfortunately, we did not perform a third P-V curve
at 5 cmH2O PEEP following the P-V curve at 15 cmH2O PEEP to confirm our hypothesis
of the occurrence of pre-stretching.
Conceptually, three phases of abdominal pressure-volume behavior exist that occurs

to some degree in parallel: the initial reshaping phase (minimal change in IAP despite
large IAV change), the subsequent stretching phase, and finally, the pressurization
phase (large IAP changes as a result of small IAV changes) [7]. Pre-stretching regularly
occurs as an adaptive response to a chronic disease process (e.g., growing ascites or
pregnancy), but it has also been shown to occur in the acute setting within a short
period of time (e.g., during laparoscopy) [7].
The WSACS (www.wsacs.org) defines abdominal compliance as a measure of the ease

of abdominal expansion, determined by the elasticity of the abdominal wall and
diaphragm and expressed as a change in IAV per change in IAP (L/mmHg) [1, 17, 18].
Not surprisingly additional IAV decreased CAB and CRS.

Abdomino-thoracic transmission

We found approximately 40% of abdomino-thoracic transmission, whereby pPAW in-
creased due to raising IAP. There is a paucity of literature examining the effect of vari-
ous IAP on airway pressures. When averaging the results of three porcine studies, we
found an approximate 40% abdomino-thoracic transmission [11, 19, 20]. In keeping
with this, Cortes-Puentes and colleges found an approximate 50% abdomino-thoracic
transmission in pigs [21]. These results should be treated with caution as abdomino-
thoracic transmission is likely to be different in critically ill patients. Factors such as obes-
ity, presence of pleural effusions, and lung compliance may well substantially influence
abdomino-thoracic transmission [22]. We could only locate one study in human subjects
from which abdomino-thoracic transmission can be derived. Torquato et al. placed 5 kg
weights on the abdomen of mechanically ventilated, critically ill patients. The average IAP
increased from 10.5 to 15.6 cmH2O and plateau airway pressures from 22.4 to
23.6 cmH2O equating to an approximate 20% abdomino-thoracic transmission [23].

Thoraco-abdominal transmission

Thoraco-abdominal transmission can be explored by assessing the effect of either
different PEEP levels or different tidal volumes on IAP. We attempted to examine the
influence of PEEP on IAP. However, as we did not randomize the levels of PEEP and as
described above, we believe that the unexpected findings may be the result of pre-
stretching rather than the effect of different levels of PEEP. Therefore, we were unable
to examine the influence of PEEP on thoraco-abdominal P-V curves.
Published reports suggest that PEEP has either no or minimal effect on IAP in

animals and in humans [24]. We found in an animal experiment that PEEP did not
influence IAP [8]. In humans, PEEP appears to increase IAP and the calculated
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thoraco-abdominal transmission ranges between 0.2 and 0.4 cmH2O increase in IAP
for each centimeter of water of PEEP [23, 25, 26]. Other studies have found tidal
volume to have a significant impact on IAP [15].
The thoraco-abdominal transmission has been suggested to provide an estimate of the

CAB by measuring the influence of different tidal volumes on the changes in IAP [18].

How is this study useful?

It is important for the critical care physician to be aware of the exponential nature of respira-
tory and abdominal pressure—IAV curve. An exponential pressure-volume relationship is the
well-known Monro-Kellie doctrine applied in patients with intra-cranial hypertension [27].
At the lower IAV spectrum (i.e., patients with normal IAP), the respiratory and abdom-

inal pressure—IAV curve is flat. This means that the abdominal cavity can accommodate
several liters of additional IAV (i.e., intra- or retro-peritoneal hemorrhage) with little effect
on airway or abdominal pressures. In using our pigs of around 40 kg as examples, an add-
itional IAV of 4 L increased IAP by only 0.7 cmH2O (0.5 mmHg) and the effect on airway
pressures was negligible. Therefore, an absent rise in IAP does not exclude an intra-
abdominal or retroperitoneal hemorrhage in the lower IAV spectrum.
In the high IAV spectrum (i.e., patients with IAH), the respiratory and abdominal

pressure—IAV curve is steep. Small changes in IAV can significantly affect airway pres-
sure and IAP. Therefore, it is important to measure IAP regularly in patients at risk of
developing IAH. Especially in patients with impending ACS, a small increase in IAV
can easily progress to an ACS.
There is a high incidence of IAH in patients with respiratory failure [28]. IAH con-

tributes to morbidity and mortality in patients with acute respiratory distress syndrome
(ARDS) [15, 25, 29, 30]. Airway pressures are often high when ventilating patients with
ARDS, and it has been suggested that plateau pressure should be limited to 30 cmH2O
[31]. These recommendations do not take IAP into account even though IAH has been
shown to increase airway pressures in this current study and in previous animal and
human studies [8, 32]. At least in patients with ARDS, recent studies suggest it is more
important to limit the driving airway pressure than it is to limit plateau airway pressure
[33]. Of note is that a sudden rise in airway pressures may reflect an acute increase in
IAV and should prompt an abdominal examination to exclude an intra-abdominal
pathology.
When aiming to reduce airway pressures and/or IAP in patients with IAH/ab-

dominal compartment syndrome, it is useful to understand that small reductions in
IAV can significantly improve airway pressure and IAP. In example, in this study,
at grade IV IAH, a 500-mL reduction in IAV reduced pPAW by 4 cmH2O and IAP
by 11 cmH2O (8 mmHg). This observation is similar to the applied Monro-Kellie
principle where drainage of small amount of cerebral spinal fluid can significantly
reduce intra-cranial pressure in patients with intra-cranial hypertension [27].
There are multiple methods of reducing IAV, and the best management depends

largely on the etiology of IAH [1]. Apart from diuresis (e.g., furosemide), renal replace-
ment therapy, and surgery (e.g., removal of hematoma or decompressive laparotomy),
percutaneous drainage of peritoneal fluid has been shown to be equally effective in
reducing IAP [34–36]. In a case series, Reed et al. present 12 patients in which
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percutaneous drains were inserted in patients with IAH [35]. In the patients with
higher pre-drainage IAP of smaller amount fluid removal led to greater decreases in
IAP than in patients with smaller pre-drainage IAP.

Limitations

This study has several limitations: (a) These findings have been obtained in an animal
model, limiting the transfer of our results into clinical practice. (b) We used a healthy
lung model but critically ill patients frequently have injured lungs with reduced lung
compliance. (c) This model assessed the effect of increasing IAV but not that of de-
creasing abdominal wall compliance on pPAW and IAP. Although decreased abdominal
wall compliance does occur, increased IAV is the more dominant process in critically ill
patients [7]. The abdominal closure may have decreased abdominal wall compliance
[7]. (d) In clinical practice IAH arises more often on the basis of excess in intra-
abdominal fluid than of an excess in intra-abdominal gas. We used air to increase IAV
but corrected the additional IAV to account for the compressibility of gas under pres-
sure using the Boyle’s equation. Although we visually ensured even distribution of the
abdominal balloon we cannot exclude potential asymmetrical IAP distribution. (e) We
measured mean IAP and not end-expiratory IAP as recommended by the WSACS [1].
(f ) We measured dynamic respiratory compliance and peak airway pressure and not
plateau airway pressure and static respiratory compliance. We assume that the same
principles apply for plateau pressure. In a previous animal experiment [19], we found
that plateau pressure paralleled peak airway pressure (data not published). (g) We did
not observe any spontaneous diaphragmatic activity. However, we cannot totally rule
out diaphragmatic activity potentially influencing our results as we did not use neuro-
muscular blocking agents. (h) We did not perform a third P-V curve at 5 cmH2O PEEP
following the P-V curve at 15 cmH2O PEEP to confirm our hypothesis that pre-
stretching had occurred.

Conclusions
In conclusion, in an animal model, we found that raising IAV increased pPAW and IAP in
an exponential manner. The exponential nature of IAV on pPAW and IAP suggests that
the effect of a given change in IAV on pPAW and IAP will be greater at high than at low
levels of IAP. In other words, in subjects with normal IAP, large increases in IAV will not
affect airway pressure or IAP. But at high grades of IAH, small reductions in IAV can sig-
nificantly improve airway and abdominal pressures.

Additional files

Additional file 1: Figure S1. Intra-abdominal pressure (IAP) in centimeter of water in function of increasing
additional intra-abdominal volume (IAV) in liters. Example of one pig showing measured IAP values (crosses),
calculated IAP values using Venegas equation (dotted curve) and exponential equation (dashed curve). Venegas
equation: V = a + [b/(1 + e−(P − c)/d)] [12], V represents additional IAV, P represents absolute IAP, and a, b, c, and d
represents fitting parameters. Exponential equation: V = v + k × Ln (P − p ) where V represents additional IAV, P
represents absolute IAP, and v, k, p represents fitting parameters. (TIF 384 kb)

Additional file 2: Table S1. Equation parameters of intra-abdominal and airway pressure-volume curves. (DOCX 55 kb)

Additional file 3: Figure S3. Pressure-volume curves showing intra-abdominal pressure in centimeter of water at
the initial PEEP level of 5 cmH2O (dashed curve) and the subsequent PEEP level of 15 cmH2O (solid curve) in
function of increasing additional intra-abdominal volume in liters. (TIF 445 kb)
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Positive end-expiratory pressure adjusted for intra-abdominal pressure –
A pilot study☆
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a b s t r a c ta r t i c l e i n f o

Purpose: Intra-abdominal hypertension (IAH) is associated with impaired respiratory function. Animal data sug-
gest that positive end-expiratory pressure (PEEP) levels adjusted to intra-abdominal pressure (IAP) levels may
counteract IAH-induced respiratory dysfunction.
In this pilot study, our aimwas to assesswhether PEEP adjusted for IAP can be applied safely in patients with IAH.
Materials and methods: We included patients on mechanical ventilation and with IAH. Patients were excluded
with severe cardiovascular dysfunction or severe hypoxemia or if the patient was in imminent danger of
dying. Following a recruitment manoeuvre, the following PEEP levels were randomly applied: PEEP of
5 cmH2O (baseline), PEEP = 50% of IAP, and PEEP = 100% of IAP. After a 30 min equilibration period we mea-
sured arterial blood gases and cardio-respiratory parameters.
Results: Fifteen patients were enrolled. Six (41%) patients did not tolerate PEEP = 100% IAP due to hypoxemia,
hypotension or endotracheal cuff leak. PaO2/FiO2 ratios were 234 (68), 271 (99), and 329 (107) respectively.
The differences were significant (p = 0.009) only between baseline and PEEP = 100% IAP.
Conclusions: PEEP=100% of IAPwas notwell-tolerated and onlymarginally improved oxygenation in ventilated
patients with IAH.

© 2017 Elsevier Inc. All rights reserved.
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Abdominal compartment syndrome
Cuff leak

1. Introduction

Intra-abdominal hypertension (IAH) is defined as a sustained intra-
abdominal pressure (IAP) ≥ 16 cmH2O (≥12 mm Hg) [1]. IAH is fre-
quently found in critically ill patients, with the prevalence ranging
from 30 to 60% [2,3] and is associated with increased morbidity and
mortality [1,4].

IAH can reduce thoracic lymph drainage, increase the formation
of atelectasis and lung oedema, reduce lung volumes, oxygenation,

and chest wall compliance and increase airway pressures [5-9]. Con-
versely, patients with acute respiratory failure are at risk of developing
IAH [10].

The optimal level of positive end-expiratory pressure (PEEP) to be
applied in mechanically ventilated patients with IAH remains unknown
and both high and low levels of PEEP have been recommended [9,11]. In
a pig model of IAH prolonged mechanical ventilation with a low PEEP
caused diffuse alveolar damage as is also seen in patients with ventila-
tion associated lung injury [12,13]. It is likely that a too low PEEP in
the context of IAH may cause atelectotrauma by repetitive opening
and closing of alveoli [14]. Animal and human data suggest that high
PEEP levels can counteract IAH-induced changes in respiratory system
mechanics and oxygenation [8,15-19].

However, the optimal PEEP levels to be applied in patients who have
IAH andwho aremechanically ventilated remains unknown. Such PEEP
levels ideally would a) prevent lung volume reduction and improve ox-
ygenation in patients with respiratory failure, b) counteract the cyclic
opening and closing of alveoli associated with the development of
atelectotrauma, and c) limit/reduce the extent of the expected negative
haemodynamic consequences of the application of PEEP.
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In this pilot trial, our primary aim was to assess whether high PEEP
levels adjusted to match IAP can be safely applied in patients with IAH
requiring mechanical ventilation. Our secondary aim was to assess the
effect, beneficial or otherwise, of such PEEP levels on oxygenation and
other cardio-respiratory parameters.

2. Material and methods

Following Ethics Committee approval (Human Research Ethics
Committee, South Metropolitan Area Health Service, 11/185), written
informed consentwas sought from the subject's nominated representa-
tive prior to enrolment.

2.1. Subjects

All patients admitted to the Intensive Care Unit of the Fremantle
Hospital (19 bed mixed medical and surgical unit) between November
2011 and August 2013 and receiving mechanical ventilation were
screened for the presence of IAH.

Patientswere included if theywere aged 18 years and over, mechan-
ically ventilated and had IAH (IAP N 16 cmH2O, 12 mm Hg). Exclusion
criteria were: patients who were a) unable to tolerate changes in body
position, b) moribund (death perceived to be imminent or inevitable
during the next month), c) pregnant, d) deemed not suitable by the
medical team for any reason, or patients who had e) severe hypoxemia
(PaO2/FiO2 ratio b80 mm Hg), f) severe cardiac dysfunction (cardiac
index b2.2 L/min/m2 where available) or high inotropic requirement
(noradrenaline equivalent N30 mcg/min).

2.2. Mechanical ventilation

Mechanical ventilation was standardized as follows: pressure con-
trolled ventilation was used in all subjects. Inspiratory: expiratory
ratio (I:E) and respiratory rate were adjusted according to expiratory
flow characteristics to achieve arterial blood pH N 7.30. Inspiratory pres-
sure was adjusted until either expiratory tidal volume (Vte) of 8 mL/kg
of predicted body weight in subjects with PaO2/FiO2 N 300 mm Hg or
Vte of 6 mL/kg of predicted body weight in the remaining subjects
was achieved. Predicted body weight was calculated as previously de-
scribed [20]. Sedation was adjusted, if required, to abolish spontaneous
ventilation. No neuromuscular blocking agents were given. Endotrache-
al tube cuff pressurewas set andmaintained between25 and 30 cmH2O.
If required, cuff pressurewas adjusted up to 35 cmH2O if an air leakwas
audible in the upper airway.

2.3. Intervention

The following PEEP levels (in cmH2O)were randomly applied: PEEP
= 5 (low), PEEP = 50% of IAP (moderate IAP-adjusted), and PEEP =
100% of IAP (high IAP-adjusted). To calculate the applicable PEEP levels,
initial IAP was measured in the supine position with an applied PEEP of
5 cmH2O. Subsequently patients were kept in a 30° head up position
throughout the study.

After applying the randomised PEEP level, a standardized recruit-
ment manoeuvre was performed as follows: 1) PEEP and inspiratory
plateau pressurewere increased by 5 cmH2O (maintaining driving pres-
sure), 2) a 30 s inspiratory hold manoeuvre was applied at inspiratory
plateau pressure + 5 cmH2O, 3) 60 s of mechanical ventilation at the
randomised PEEP level plus 5 cmH2O, 4) PEEP and inspiratory plateau
pressure were set back to the randomised PEEP level.

2.4. Measurements

We allowed 30 min for equilibration after each PEEP setting before
measuring arterial blood gases and cardio-respiratory parameters. Dy-
namic respiratory system compliance and resistance, airway pressures

and Vte were obtained from the ventilator. Driving pressure was calcu-
lated as inspiratory plateau pressure - PEEP. All hydrostatic pressures
were taken with the patient in a 30° head up position and at end-expi-
ration. As a reference point for cardiovascular pressures and IAP, the
mid-axillary line at the level of the right heart and anterior superior
iliac crest respectively were used. Cardiac output was only measured
where clinically available. IAP wasmeasured in patients via an indwell-
ing catheter using the modified Kron technique and as recommended
by the Abdominal Compartment Society normal saline using a 25 mL
injectate (AbViser 300, AbViser, Wolfe Tory Medical, Salt Lake City, UT,
USA) [1,21]. For easier comparison, pressures are given in cmH2O unless
otherwise indicated. Thoraco-abdominal index was calculated as the
delta IAP/delta PEEP [22].

Demographic data including age, gender, weight, height, acute phys-
iological and chronic health evaluation (APACHE) II [23] and sequential
organ failure (SOFA) score [24], intensive care unit (ICU) admission di-
agnosis, likely cause of IAH/abdominal compartment syndrome and rel-
evant past medical history were recorded.

2.5. Safety of patients

For patients' safety, the following pre-defined stopping criteria were
applied: a) sustained (N1 min) decrease in MAP N 20% baseline or MAP
b 55 mm Hg or sustained (N10 min) increase in inotropic requirement
N10 mcg/h despite an intravenous fluid bolus of 250 mL of colloid solu-
tion, b) new appearance of sustained (N1 min) arrhythmias other than
atrial fibrillation, c) sustained (N1min) desaturation b90% or an increase
in fractional inspired oxygen concentration (FiO2) N0.2 or the require-
ment of FiO2= 1.0 or d) if the investigators or the medical team deemed
the patient not suitable to continue on clinical grounds for any reason.

2.6. Statistics

As this was a pilot study, sample size was not calculated. Data are
given as mean (SD). Friedman Repeated Measure Analysis of Variance
and a post hoc Tukey Test were used to compare the effect of the differ-
ent PEEP settings. p b 0.05 was considered statistically significant.

3. Results

Fifteen patients were enrolled. Baseline characteristics are given in
Table 1. One of our patients had moderate acute respiratory distress
syndrome (ARDS) [25]. On average the patients had an IAP of 23 (2)
cmH2O equal to 17 (2) mm Hg and were ventilated with a PEEP of 9
(2) cmH2O. No patient had abdominal compartment syndrome (ACS).

An increase in sedationwas required in 6 patients for the purposes of
the study. The protocolwas stopped in onepatient (excluded fromanal-
ysis) due to an unexpected hypertensive episode (drug error, unrelated
to protocol). High PEEP was abandoned in 4 patients: due to hypoten-
sion in 2, cuff leak in 2 (one patient experienced hypotension and had
a cuff leak) and hypoxemia in 1. Hence, data from the 10 patients in
whomhigh PEEP levels were applied for 30minwere used for statistical
analysis. All events leading to the abandonment of high PEEP levels oc-
curred within 5 min of applying this level of PEEP.

An additional two patients did not tolerate high PEEP levels (PEEP=
100% IAP). The endotracheal cuff pressure had to be increased to
35 cmH2O in onepatient and the recruitmentmanoeuvrewas not toler-
ated in another due to hypotension. In both of these patients this PEEP
level was continued and were included in the statistical analysis. This
equates to six (42%) patients that did not tolerate high levels of PEEP.

The applied PEEP levels were 5 (0), 11 (1), and 21 (2) cmH2O at low,
moderate and high PEEP respectively. In the 4 patients in whom the
high PEEP level had to be abandoned the PEEP level was 25 (3)
cmH2O (p = 0.03).

The effect of the different levels of PEEP on cardio-respiratory pa-
rameters is given in Table 2. Cardiac output was only measured in 2

391A. Regli et al. / Journal of Critical Care 43 (2018) 390–394



169 

 

 

patients and is therefore not presented. Figs. 1 and 2 show the effect of
different PEEP levels on respiratory system compliance and P/F ratios.

Mean IAP increased from 23 (3) to 30 (3) cmH2O (or 17 (2) to 22 (2)
mm Hg) when changing the patient's position from supine to 30° head
up (p b 0.001). Increasing PEEP from low to moderate and frommoder-
ate to high PEEP resulted in thoraco-abdominal index of 16 (17) and 6
(23) %. Increasing PEEP from low to high PEEP resulted in a thoraco-ab-
dominal index of 9 (14) %. Applying moderate and high PEEP levels did
not significantly increase IAP.

4. Discussion

4.1. Main findings

In this pilot study, our main findings were that a) moderate PEEP
(50% of IAP) was well tolerated, improved respiratory system compli-
ance but did not improve oxygenation, b) high PEEP (100% of IAP)

was not well tolerated (hypotension, endotracheal cuff leak, hypox-
emia), improved oxygenation butworsened respiratory system compli-
ance, and c) PEEP did not increase IAP in our subjects.

4.2. PEEP in IAH

IAH reduces lung volumes and decreases respiratory compliance by
compromising chestwall compliance [7,8,26]. Animal data suggests that
higher PEEP levels can reverse IAH induced lung volume decline, chest
wall compliance reduction and deoxygenation [15-17].

Human data is less clear. Suwanvanichkij and Curtis reported on the
successful application of high PEEP in a patientwho developed acute re-
spiratory failure and had clinical features of abdominal compartment
syndrome (firm tympanitic abdomen, IAP not provided) [18]. PEEP
was titrated to as high as 50 cmH2O. This high PEEP level improved ox-
ygenation and was hemodynamically well tolerated.

Others have only investigated higher PEEP levels in patients with
IAH that also had ARDS but not in patients without ARDS. Gattinoni et
al. applied different PEEP levels of up to 15 cmH2O in 21 patients with
at least moderate ARDS [8]. IAP was higher in patients with extra-pul-
monary ARDS than patients with pulmonary ARDS 22 vs 8 mm Hg. Pa-
tients with extra-pulmonary ARDS had a higher IAP (22 cmH2O =
16mmHg), higher lung compliance but a smaller chestwall compliance
in comparison to patients with pulmonary ARDS (IAP 9 cmH2O =
6 mm Hg). PEEP improved lung and chest wall compliance in patients

Table 1
Baseline characteristics.

Patients, n 15

Age, years 53.6 (13.4)
Weight, kg 109 (31)
Height, m 1.65 (0.10)
BMI, kg/m2 40.9 (13.7)
Male/female, n 8/7
APACHE II 11.9 (6.5)
SOFA 5.9 (3.4)
Medical/surgical admission, n 8/7
IAP in supine position, cmH2O/mm Hg 22.8 (3.4)/16.8 (2.5)
Patients with PaO2/FiO2 N 300/200–300/ b 200 mm Hg, n 6/5/4
Controlled/supported MV, n 8/7
Inspiratory plateau pressure, cmH2O 22 (5)
Positive end-expiratory pressure, cmH2O 9 (2)
Driving pressure, cmH2O 15 (4)
Tidal volume, mL 548 (121)
Respiratory rate total, n/min 19 (5)
Respiratory rate spontaneous, n/min 9 (9)
Respiratory compliance, mL/cmH2O 56 (27)
Respiratory resistance, cmH2O/L/s 10 (4)
FiO2 0.37 (0.11)
PaO2, mm Hg 97 (27)
PaO2/FiO2 ratio 278 (94)
PaCO2, mm Hg 40 (7)
pH 7.40 (0.07)
Mean arterial pressure, mm Hg 82 (12)
Heart rate, n/min 87 (21)

Mean (SD) or n where applicable; BMI, body mass index; APACHE, acute physiology and
chronic health evaluation score; SOFA, sequential organ failure assessment score; IAP,
intra-abdominal pressure; MV, mechanical ventilation; FiO2, inspiratory fraction of oxy-
gen; PaO2, partial pressure of arterial oxygen; PaCO2, partial pressure of carbon dioxide.

Table 2
Cardio-respiratory effect of different PEEP levels.

PEEP level, cmH2O Low PEEP (5) Moderate IAP-adjusted PEEP
(0.5 × IAP)

p value bl vs mod High IAP-adjusted PEEP
(1.0 × IAP)

p value BL vs high p value mod vs high

IAP at 30°, cmH2O 21 (2) 22 (3) 0.18 23 (3) 0.09 0.09
PEEP, cmH2O 5 (0) 11 (1) b0.05 22 (2) b0.05 b0.05
Inspiratory plateau pressure, cmH2O 19 (4) 24 (4) NS 37 (4) b0.05 b0.05
Vte, mL 478 (80) 489 (97) 0.27 493 (72) 0.27 0.27
Driving pressure, cmH2O 14 (4) 13 (4) 0.67 16 (4) 0.19 0.04
Respiratory rate, n/min 22 (7) 21 (5) 0.42 20 (5) 0.42 0.42
Respiratory compliance, mL/cmH2O 42 (11) 50 (9) 0.07 39 (6) 0.58 0.01
Resistance, cmH2O/L/s 10 (3) 9 (4) 0.15 11 (4) 0.15 0.15
PaO2/FiO2 ratio 234 (68) 271 (99) 0.39 329 (107) 0.01 0.13
PaCO2, mm Hg 41 (8) 38 (7) 0.41 38 (6) 0.41 0.41
Mean arterial pressure, mm Hg 77 (8) 82 (11) 0.03 75 (9) 0.78 0.01
Central venous pressure, mm Hg 10 (5) 12 (4) 0.06 16 (4) b0.001 0.002
Heart rate, n/min 92 (21) 91 (27) 0.87 92 (19) 0.87 0.87
Noradrenaline, mcg/kg/min 0.06 (0.09) 0.06 (0.10) 0.91 0.06 (0.10) 0.91 0.91

Statistical analysiswas performed on 10 patients tolerating high PEEP levels. Absolute values or % values (SD) values are given. Compliance and resistance are dynamic respiratory system
values. p value as compared with baseline.

Fig. 1.Dynamic respiratory systemcompliance inmL/cmH2O in function of different levels
of positive end-expiratory pressure (PEEP) in cmH2O adjusted to intra-abdominal
pressure (IAP). Low PEEP = 5, moderate IAP-adjusted PEEP (0.5 × IAP), and high IAP-
adjusted PEEP (1.0 × IAP) cmH2O.
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with extra-pulmonary ARDS but decreased lung compliance in patients
with pulmonary ARDS.

Krebs et al. applied different PEEP levels of up to 20 cmH2O in 20 pa-
tients with at least moderate ARDS [19]. There was no difference in ox-
ygenation or respiratory system mechanics at baseline between the
patients with (IAP 16 mm Hg = 22 cmH2O) and without IAH
(IAP 8 mm Hg = 11 cmH2O). PEEP improved oxygenation in both
groups but improved lung compliance only in the patients with IAH.

Overall, at least in patients with ARDS, PEEP appears to improve re-
spiratorymechanics in patients IAH but how the PEEP should be adjust-
ed in patients with IAH remains unclear.

4.3. PEEP adjusted for IAP

To use PEEP adjusted for IAP has been suggested by Malbrain et al.
[27]. The authors obtained multiple static PV curves in 5 patients with
IAH (14mmHg= cmH2O) and found a good correlation between pleu-
ral pressures, lower inflection point on the pressure-volume curve and
IAP. Therefore these authors suggested setting PEEP in cmH2O to be
equal to IAP (in mm Hg) [27].

Our experimental results to date suggest that to improve respiratory
function, PEEP is best adjusted to the degree of the abdominal pressure
[15-17].

In this pilot trial, moderate PEEP (50% of IAP) was well tolerated. In
contrast, high PEEP (100% of IAP) was frequently not well tolerated
due to hypotension, cuff leak or hypoxemia. Although PEEP levels be-
tween 18 and 24 cmH2O are used in patients with ARDS [28], arguably
high PEEP levels above 20 cmH2O may not have been well tolerated ir-
respective of IAP. Of note, moderate PEEP (11 cmH2O) was close to the
PEEP at baseline (9 cmH2O).

4.4. Oxygenation

High but notmoderate PEEP adjusted for IAP improved oxygenation.
When high PEEP adjusted for IAP was applied one patient experienced
hypoxemia without hypotension. This patient had a P/F ratio of
343 mm Hg. Possibly high alveolar pressures diverted capillary blood
flow from ventilated areas to non-ventilated areas of the lung, thereby
worsening ventilation – perfusion ratios.

4.5. Airway pressure

It is generally recommended to limit inspiratory plateau pressure in
patients with ARDS to b30 cmH2O [29]. But most ventilation guidelines

don't take IAP into account. Higher driving pressure has been identified
to affect outcome more than tidal volume or PEEP [30]. A driving pres-
sure of N14 cmH2O is associated with increased mortality [31]. We
therefore think that in the context of IAH higher inspiratory plateau
pressures are acceptable as long as driving pressure is maintained
below 14 cmH2O.

In this pilot study, applying moderate PEEP (11 cmH2O) resulted in
inspiratory plateau (24 cmH2O) and driving pressure (13 cmH2O)
below the above recommended safe limits. In contrast, applying high
PEEP resulted in inspiratory plateau (37 cmH2O) and driving pressure
(17 cmH2O) both exceeding the above recommendations.

4.6. Cuff leak and pressure

Higher PEEP levels are generally associated with a reduction in cuff
leakage due to a redistribution of cuff to trachea pressure [32]. Despite
this, three patients experienced cuff leak when high PEEP was applied.
In two patients this PEEP level had to be abandoned and in one patient
the leak resolved after inflating the cuff to a pressure of 35 cmH2O for
the duration this PEEP setting. We do not recommend the cuff pressure
to remain above 30 cmH2O for an extended period of time due to the in-
creased risk of tracheal mucosal ischemic lesions [33].

4.7. Haemodynamic compromise

In this pilot study three patients did not tolerate thehigh PEEP due to
hypotension. MAP was highest when moderate PEEP was applied.

The literature suggests that IAH has a biphasic effect on cardiac out-
put [34]. Initially IAP increases cardiac output as compression of the
splanchnic veins augments venous return. Once IAP oversteps a critical
pressure the splanchnic veins collapse. Any further increase in IAP leads
to a reduced effect on cardiac output and venous return. In this pilot
study, CVP increased with increasing PEEP and is probably due to pres-
sure transmission rather than right ventricular failure. In a previous por-
cine model of IAH, 50% of PEEP was transmitted to CVP, pulmonary
artery pressure and to pulmonary artery occlusion pressure [35].

Haemodynamic compromise is a known side effect of high PEEP
[36]. A reduction in right ventricular output due to a decline in venous
return is in part offset by the increased left ventricular output due to im-
proved intra- to extrathoracic pressure gradient. Less is known of the
combined hemodynamic effect of high PEEP in the context of IAH.

In our previous porcine models, high PEEP, but not moderate PEEP,
reduced cardiac output [16,17]. In the critically ill with ARDS, high levels
of PEEP did not appear to affect cardiac output differently, depending on
the presence of IAH [19].

4.8. Effect of PEEP on IAP

In this pilot study PEEP did not significantly increase IAP. Others
have found PEEP to increase IAP in patients with and without IAH
[19]. In keeping with the literature we found an average thoraco-ab-
dominal index of around 10% [22].

4.9. Limitations

Our study has several limitations. Firstly, in the nature of a pilot
study only a small number of patients were enrolled. As not all patients
tolerated high PEEP less data sets were available for statistical analysis.
Furthermore, we only applied the different PEEP settings for 30 mins.
Therefore we don't know how the different PEEP settings affect
outcome.

Secondly, only one of our patients had ARDS [25]. The presence of
both ARDS and IAH appear to modify respiratory mechanical properties
in animal experiments [16,17] and in critically ill patients [7,8]. Likely
the effect of PEEP might have been different if we studied only patients
with both ARDS and IAH. Furthermore, the lack of clear benefit of high

Fig. 2. PaO2/FiO2 (P/F) ratio in mm Hg in function of different levels of positive end-
expiratory pressure (PEEP) in cmH2O adjusted to intra-abdominal pressure (IAP). Low
PEEP = 5, moderate IAP-adjusted PEEP (0.5 × IAP), and high IAP-adjusted PEEP (1.0
× IAP) cmH2O.
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PEEP levels in our cohort may reflect that lungs were well aerated and
applying such PEEP levels was not required and potentially causing al-
veolar over-inflation in some patients. In addition, we did not assess
the effect of high PEEP levels in patients without IAH and whether the
cardiorespiratory effect of PEEP differs in respect to the presence of IAH.

Thirdly, we did not compare PEEP adjusted for IAP with other
more established lung mechanical indices. Pressure-volume loops
would have allowed assessment of the individual lower inflection
points [27]. Oesophageal pressure measurements would have provided
transpulmonary pressures as well as chest wall and lung compliance.
For example Talmor et al. demonstrated that a by applying PEEP guided
by trans-pulmonary pressure, as opposed to PEEP selected by ARDSnet
criteria (28), improved oxygenation and respiratory system mechanics
with a trend to improved survival in 61 patients with ARDS [20]. It has
been recommended to maintain transpulmonary pressures below 20
to 25 cmH2O [14,20]. Hodgson et al. demonstrated a trend to better out-
come, an improved lung compliance and reduced inflammatory re-
sponse when applying oxygenation-guided PEEP titration (after a
staircase recruitment manoeuvrer) as opposed to ARDSnet selected
PEEP in 20 ARDS patients [37].

Fourthly, our recruitmentmanoeuvremay not have been effective as
we only used a PEEP of 5 above the target PEEP.

Fifthly, our measurements are limited to those already available at
the bedside. Right heart catheter, echocardiographic, oesophageal pres-
sure and static compliance measurements were not performed and
might have provided useful physiological data.

5. Conclusions

In summary, in this pilot study, high PEEP adjusted for IAP (PEEP =
100% of IAP) was not well tolerated (hypotension, cuff leak, and hypox-
emia). In contrast, moderate IAP-adjusted PEEP (PEEP = 50% of IAP)
was well tolerated hemodynamically and improved respiratory system
compliance, but not oxygenation.

Based on our results we would not routinely recommend the appli-
cation of high PEEP adjusted for IAP in patients with IAH. Also, whether
moderate PEEP adjusted for IAP has any advantage over other methods
of PEEP selection in patients with IAH remains to be determined.
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APPENDIX 5 –ADDITIONAL INFORMATION AND ERRATUM TO 
CHAPTER 2  

In response to the suggestions made in the examiner’s report, I provide either 
additional information to the sections: Epidemiology, Airway pressures and 
abdominal-thoracic transmission, Lung oedema and lymphatic drainage, 
Oxygenation and ventilation, and Individual cardiovascular effect of intra-
abdominal pressure (IAP) and positive end-expiratory pressure (PEEP) and 
errata to Table 2 and 3 of Chapter 2. 

Epidemiology 

The summary statement “the average incidence of intra-abdominal 
hypertension (IAH) in critically ill patients is around 25 to 30 % on admission 
and 50 % during the first week of ICU stay” represents an over-generalisation. 
I herewith present a more objective overview of the epidemiology of IAH as 
well as IAH and respiratory failure. 

Indeed, reported incidences of IAH vary depending on the cohort of patients. In 
critically ill patients admitted to mixed surgical and medical intensive care units 
(ICUs), incidences of IAH vary between 23 and 50% on admission [1, 3–5, 30]. 
An additional 11 to 31% will develop IAH during their ICU stay [3, 5, 31]. The 
overall incidence of IAH on admission or during their ICU stay is between 30 
and 50% [1, 3, 5, 30, 31, 57, 196, 211]. 

IAH is more common in patients admitted to ICU following surgery when 
compared to medical patients [196]. For example, patients admitted to ICU 
following abdominal surgery were found to have IAH in 62% as opposed to 
30% in those without surgery [196]. Even higher incidences of up to 75% are 
reported in patients with burns or trauma [212, 213]. 

Many risk factors for the presence of IAH have been identified [4, 56]. A meta-
analysis of 14 studies and 2500 patients concluded that in a mixed ICU, 
obesity (odds ratio, OR 5.1), sepsis (OR 2.4), abdominal surgery (OR 1.9), ileus 
(OR 2.1), and large volume fluid resuscitation (OR 2.2) were independently 
associated with IAH [56]. A multicentre observational study in 491 mixed 
critically ill patients identified BMI ≥ 27 kg/m2, Acute Physiology And Chronic 
Health Evaluation Score II ≥18, presence of abdominal distension or absence 
of bowel sounds, and PEEP ≥7 cmH2O, as being independently associated 
with IAH [4]. 

IAH is independently associated with worse outcomes [1, 3, 4, 6, 196]. Others 
have not been able to find an independent association between IAH and 
outcome, possibly due to sample size [57]. One can argue that IAH is merely a 
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marker of severity given most studies only report short term outcomes (28-day 
or hospital mortality) [1, 3, 6, 196]. A counterargument is that IAH grade II and 
above was independently associated with reduced long-term outcomes (90-
day mortality) in the IROI study [4]. 

Relevant to my thesis is that there is an association between IAH and 
respiratory failure [56]. Patients with IAH are more likely to be receiving 
mechanical ventilation [3, 5, 31, 214]. Also, patients with IAH are more likely to 
have impaired oxygenation, or receiving higher PEEP levels or having an 
elevated peak airway pressure [4, 6, 31, 31, 196, 214]. Others did not find an 
association between IAH and mechanical ventilation [57, 215] or did not report 
on any potential respiratory associations with IAH [212]. 

Importantly, as far as I can identify, no studies compare intra-abdominal 
pressure (IAP) in patients with and without respiratory failure. Although, one 
small study (n=100) measured IAP in patients receiving and not receiving 
mechanical ventilation and found higher IAP values and a higher incidence of 
IAH in those receiving mechanical ventilation [214].  

It is unclear whether the association between IAH and patients requiring 
mechanical ventilation is cause or effect. IAH may increase respiratory failure 
by compromising respiratory mechanics via a cranial diaphragmatic shift. In 
contrast, IAH may result from the increase in intra-thoracic pressures 
associated with mechanical ventilation and high levels of PEEP. Furthermore, 
IAH and respiratory failure may result from a common aetiology, e.g. sepsis. 
Therefore, it has been argued that IAH may represent a symptom rather than a 
treatable pathophysiological condition. 

In summary, the average incidence of IAH in critically ill patients is around 
between 30 and 50% during their ICU stay, although it varies depending on the 
cohort of patients. There is an association between IAH and respiratory failure, 
although a potential increased prevalence of IAH among patients with 
respiratory failure has not been investigated before.  

Airway pressures and abdominal-thoracic transmission 

I provide a critical evaluation of abdominal-thoracic-transmission (ATT), as I 
had not provided any explanation in regards to the wide range of ATT. On 
further review of the literature, I identified additional animal [216–218] and 
human studies [219–221] that provide IAP and airway or oesophageal pressure 
at two or more conditions allowing the calculation of ATT. I also provide an 
improved explanation of how IAP affects airway and trans-pulmonary 
pressures as well as how this relates to ATT. 
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IAP increases intra-thoracic pressures and thereby affect airway pressures as 
well as pleural and central vascular pressures [54, 64, 167].  

Inspiratory airway and pleural pressures appear to rise proportionally with 
raising IAP [54, 64, 167, 222]. In this context ATT describes the percentage 
increase in thoracic pressures for each incremental increase of IAP [40]. ATT 
can be calculated by the difference in airway pressure over the corresponding 
difference in IAP.  

Calculated ATT for peak- and plateau inspiratory airway pressure as well as for 
pleura pressure has a wide range between the different porcine studies [33, 39, 
40, 47, 63, 216–218, 222]. 

Average ATT for peak-, plateau-, and pleura pressure in animal experiments 
are given in Supplemental Tables B and C. Overall average (range) ATT for 
plateau inspiratory airway pressure was 44 (22 - 75) %.  

ATT for peak compared with plateau pressure appears to be higher. For 
example, in two animal experiments, ATT for peak and plateau pressures were 
70 and 63% as opposed to 69 % and 43% respectively [40, 218]. Compared 
with plateau pressure, the higher ATT for peak pressure can be attributed to 
the smaller associated CRS. Indeed, ATT for peak and plateau pressure is 
negatively correlated with CRS but not with IAP. See Supplemental Figure A. 

Similarly, pleural pressure is subject to ATT. ATT for inspiratory or mean pleural 
pressure overall average was 49 (range between 44 and 70) % in pigs [39, 40, 
216–218, 222].  

ATT for expiratory pleural pressure are either negligible [7, 32, 39] or around 
50% [32, 47]. Likely different measurement techniques explain these 
differences.  

Two studies measured both inspiratory and expiratory pleural pressures. 
Mainly inspiratory, as opposed to expiratory pleural pressures, increased due 
to IAH [39, 222]. Valenza et al. [222], defined the dynamic component as the 
difference between inspiratory and expiratory pressure. In contrast to the 
expiratory pleura pressure, the dynamic component of pleura pressure is highly 
correlated with IAP (R2 0.708, p<0.001).  

CRS appears to influence ATT. In an open chest experiment, IAP did not affect 
pleural pressures [217]. Furthermore, sternotomy reduced mean peak airway 
pressure and subsequent ATT (ATT decreased from 106 to 66 %) [217].  

Contrarily, PEEP does not appear to influence ATT. Cortes et al. [63] examined 
the respiratory effect of two PEEP levels, 1 and 10 cmH2O, in a pig model of 
IAH. In this study, ATT for plateau pressure were similar at both PEEP levels 
(mean ATT 22 and 28% respectively) [63]. 
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Also, the presence of lung injury does not appear to influence ATT. In a pig 
model of IAH, calculated ATT for plateau pressure were 73 and 69 % before 
and after lung injury caused by bronchoalveolar lavage [47]. 

In humans, mean calculated ATT for airway pressure are 37% and ranged 
between 10 and 68% [60, 61, 219–221]. See Supplemental Table D. 

Different applied methods of measuring airway, pleural pressures, and IAPs in 
these studies may explain the wide range of ATT found in humans. Torquato et 
al. [61] simultaneously assessed IAP and plateau inspiratory airway pressure 
before and after placing 5 kg weights on the abdomen of mechanically 
ventilated critically ill patients. Others determined IAP and peak inspiratory 
airway pressure before and after decompressive laparotomy without providing 
any information on mechanical ventilation [60, 219–221]. Furthermore, 
guidelines recommend avoidance of cuff pressures of endotracheal tubes 
above 30 cmH2O for an extended period to reduce the risk of tracheal mucosal 
ischemic lesions [194]. Insufficient cuff pressure in relation to IAP can cause 
leakage, thereby underestimating airway pressures and ATT. In addition, the 
overall number of animals and subjects in the above studies was small. 

Trans-pulmonary pressures, the difference between airway and pleural 
pressures, and not the plateau pressures are thought to be responsible for 
causing ventilator-induced lung injury [48, 65]. 

Given that ATT for inspiratory plateau- and pleura pressures are similar (44 and 
49% in pigs, respectively), IAH increases both inspiratory plateau and pleural 
pressures. Therefore, the impact of IAH on trans-pulmonary pressures is less 
than would be assumed from plateau pressures alone. 

In a pig study, increasing IAP from baseline to 16, 25, and 30 cmH2O increased 
inspiratory plateau- and pleura pressures proportionally, resulting in a relative 
constant inspiratory trans-pulmonary pressure of between 5 and 7 cmH2O at 
each level of IAP [39].  

However, trans-pulmonary pressures were less consistent in two other porcine 
studies with a decrease from 7 to 1 cmH2O (IAP increased from baseline to 
41 cmH2O) in one and an increase from 9 to12 cmH2O (IAP increased from 
baseline 22 to 42 cmH2O) in the other [40, 222]. Despite this variability, raised 
plateau inspiratory airway pressures in the presence of IAH do not 
automatically translate to elevated inspiratory trans-pulmonary pressures. This 
explains why suggested lung-protective ventilation strategies with maintaining 
plateau pressures below 30 cmH2O are difficult to apply in patients with IAH 
and diminished CCW. 

Likewise, limiting plateau pressures might result in insufficient trans-pulmonary 
pressures in the presence of IAH. Equally, standard PEEP in the presence of 
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IAH might be insufficient and promote atelectasis formation as well as promote 
shear stress with increased repetitive opening and closing of alveoli units, even 
when protective tidal volume is used [45]. 

In summary, the estimated ATT for airway pressure in humans is around 37 %, 
although this ranges from 10 to 68 % between the different studies. ATT for 
peak, as opposed to plateau inspiratory pressure, is higher. In animals, ATT for 
plateau inspiratory airway and pleura pressure were 38 % and 49 %. PEEP and 
IAP appear to bear little influence on ATT, suggesting a linear relationship 
between IAP and airway pressures. CRS influences ATT and may be responsible 
for some of the wide range of ATT found between the different studies. The 
impact of IAH on trans-pulmonary pressures is less than would be assumed 
from plateau pressures alone. Consequently, higher limits in inspiratory plateau 
airway pressures and PEEP may be acceptable and required, respectively.  

Lung oedema and lymphatic drainage 

I provide a revised section, ‘lung oedema and lymphatic drainage’, as 
information on lung oedema were incomplete, and some aspects regarding the 
direction of lymph drainage were not evident. 

Several animal studies report an association between IAH and lung oedema 
[32, 43, 69, 75, 176]. Lima et al. [75] found in 20 anaesthetised rats that a 
3-hour exposure to an IAP of 15 mmHg was sufficient to cause alveolar 
collapse, alveolar haemorrhage, interstitial lung oedema, and neutrophil in 
infiltration in the lungs and increased lung cell apoptosis despite the 
application of lung-protective mechanical ventilation (expiratory tidal volume of 
6 mL/kg, PEEP of 6 cmH2O). However, the authors also included a group of 
rats exposed to hypovolemia. The lungs of these rats also showed increased 
alveolar collapse, interstitial oedema and neutrophil infiltration. A shortcoming 
of this study is that the amount of fluids administered is not provided. As both 
groups also received intra-vascular fluids to maintain a blood pressure target, it 
remains unclear if the interstitial lung oedema resulted due to fluid 
administration or IAH.  

Quintel et al. [32] assessed the cardio-respiratory effect of IAH 
(pneumoperitoneum of 20 cmH2O) in seven pigs before and after inducing lung 
injury with intravenous oleic acid. They used lung tissue mass measured by 
computer tomography as a surrogate marker of lung oedema [185]. IAH alone 
did not increase lung tissue mass. In contrast, oleic acid increased lung tissue 
mass, which IAH further increased. The IAH induced tissue mass increase 
predominated at the lung base and not in the gravity-dependent dorsal lung 
regions. The settings were not randomised, and ‘IAH in injured lungs’ occurred 
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last. Furthermore, fluid management was not specified. Arguably, lung oedema 
might have been caused by fluid accumulation over time or by IAH. 

In a series of experiments, histological organ changes in pigs exposed to 
24 hours of IAH (CO2 pneumoperitoneum) were examined [43, 69, 176]. They 
found that 24 hours of IAH caused medium-grade interstitial oedema and 
atelectasis formation in the lower lobes when compared with the control group 
[69, 176]. Atelectasis was deemed moderate and severe in the pigs exposed to 
IAP of 15 and 30 mmHg IAP respectively. Interstitial granulocytes, 
erythrocytes, and lymphocytes, as well as alveolar granulocytes, erythrocytes, 
oedema, or fibrin, was similar in both the IAH and the control group [69, 176]. 
Furthermore, there were no differences found in terms of microthrombi and 
hyaline membranes. Importantly, intravenous fluid administration was kept 
constant in all groups.  

In contrast, in a similar experiment, 24 hours of IAP of 30 mmHg resulted in 
increased interstitial granulocytes, erythrocytes, and lymphocytes, as well as 
alveolar granulocytes, erythrocytes and fibrin deposits when compared with 
the control group [43]. The authors also observed increased interstitial fibrin 
and the development of micro-thrombosis. These changes are similar to those 
found in patients with ventilator-induced lung injury [45]. However, the groups 
exposed to IAH also received more intravenous fluids (10.6 L compared to 
3.9 L) as this experiment aimed to reverse the cardiac instabilities associated 
with IAH [43]. The findings of this experiment suggest that fluid overload was at 
least partially responsible for causing the histological changes associated with 
ventilator-induced lung injury. 

Excess interstitial fluid is drained via the lymphatic system following the rules 
of the Starling equation [223]. The abdominal compartment drains lymph into 
the cisterna and through the diaphragm via the thoracic duct into left 
subclavian and internal jugular vein junction [67]. The thoracic compartment 
drains lymph into the left-sided thoracic duct as well as the right lymphatic 
duct. Lymphatic drainage is thought to be unidirectional due to the valves 
within the lymphatic ducts [67]. 

The influence of different conditions on abdominal and thoracic lymph flow has 
been studied in various animal models [49, 223, 224]. Lymph flow increases 
due to either an increase in lymph production or resistance to lymph flow [223]. 
This, together with differences in applied methods, help explain some of the 
discrepancies found between the different studies. 

Interestingly, IAH appears to reduce lymph flow, probably due to IAH causing 
backflow pressure that impacts lymph drainage [49]. The increased incidence 
of IAH in patients receiving mechanical ventilation may be explained by the 
higher intra-thoracic pressures impairing abdominal-thoracic lymph drainage. 
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Oleic acid and endotoxin unsurprisingly increase abdominal and thoracic 
lymph flow due to increased capillary leak [49, 186, 223]. 

Spontaneous breathing (negative intra-thoracic pressure), as opposed to 
controlled mechanical ventilation (positive intra-thoracic pressure), increases 
abdominal and thoracic lymph flow [49, 223]. This increased flow represents 
improved lymph drainage given the favourable transmural pressure gradient 
seen throughout spontaneous breathing [68]. 

Higher PEEP probably increases the amount of lymph generated in the 
abdominal cavity but decreases thoracic lymph drainage into the venous 
system. PEEP increased abdominal lymph flow when drained against 
atmospheric pressure [49, 223]. Still, abdominal lymph flow decreased when 
drained against the higher central venous pressure caused by higher PEEP 
levels [49, 224]. Furthermore, higher PEEP reduced isolated thoracic lymph 
flow [223]. Whether PEEP impairs thoracic lymph drainage or reduces the rate 
of lymph production due to a raised alveolar pressure cannot be determined 
from these experiments [223]. However, the isolated abdominal lymph flow is 
in the tenfold magnitude of the thoracic lymph flow [223] suggesting that 
abdominal- as opposed to thoracic lymph drainage is a more significant 
determinant of fluid balance. 

In summary, it appears that IAH alone is associated with interstitial lung 
oedema without histological signs of ventilator-induced lung injury. In contrast, 
fluid overload in the context of IAH may be responsible for alveolar oedema. 
Furthermore, the presence of IAH appears to impair abdominal lymphatic 
drainage, whereas PEEP impairs thoracic lymph drainage. 

Oxygenation and ventilation 

I herewith provide a more detailed review on how IAH affects oxygenation to 
overcome the somewhat superficial and uncritical synthesis provided in 
Chapter 2. 

The effect of IAH on oxygenation has been studied in various animal models of 
IAH and patients undergoing elective laparoscopic abdominal surgery or 
unplanned decompressive laparotomy.  

Most animal studies found in healthy lungs that IAH up to IAP of 30 mmHg only 
minimally impairs oxygenation [32, 33, 39, 40, 217]. A compensatory 
redistribution of blood from non-ventilated to ventilated lung regions is thought 
responsible for reducing shunt fraction and improving oxygenation in the 
presence of IAH (see below) [38, 41]. 
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In contrast, in pigs with injured lungs, oxygenation is markedly reduced in the 
presence of IAH [32, 42, 47]. IAH was found to increase in shunt fraction in the 
presence of lung injury [42]. Moreover, Quintel et al. [32]. Conceivably, the 
compensatory redistribution of blood from non-ventilated dependent to 
ventilated non-dependent lung regions fails in the presence of injured lungs. 

The effect of a pneumoperitoneum on lung function and oxygenation has been 
extensively studied in healthy patients scheduled for elective laparoscopic 
abdominal surgery. The peritoneal cavity is inflated with CO2 whilst avoiding 
IAP above 15 mmHg [54]. Anaesthesia is associated with reduced oxygenation, 
reduced functional residual capacity, increased atelectasis formation in the 
dependent lung region and a ventilation-perfusion mismatch due to an 
increase in shunting [225, 226]. Although pneumoperitoneum shifts the 
diaphragm cranially, reduces lung volumes and increases atelectasis formation 
in dependent lung regions, pneumoperitoneum is associated with improved 
oxygenation [38, 41].  

In 9 patients scheduled for elective cholecystectomy, pneumoperitoneum 
decreased shunt fraction assessed by multiple inert gas elimination technique 
[41]. In 14 pigs with healthy lungs subjected to CO2 pneumoperitoneum of 
12 mmHg and single-photon emission computed tomography and multiple 
inert gas elimination technique was used to assess ventilation-perfusion 
distribution [38]. Pneumoperitoneum caused a redistribution of blood flow 
away from the non-ventilated dependent lung regions to the ventilated non-
dependent lung regions and thereby improving V/Q matching [38]. This 
redistribution of blood from non-ventilated to ventilated lung regions is thought 
responsible for reducing shunt fraction and improving oxygenation during 
pneumoperitoneum [38, 41]. However, the results from studies using CO2 
pneumoperitoneum may not translate to critically ill patients with IAH as 
hypercarbia can increase hypoxic pulmonary vasoconstriction and thereby 
improve V/Q matching [38]. 

In humans, decompressive laparotomy is associated with improvements in 
oxygenation [60, 219–221, 227]. However, decompressive laparotomy may 
also improve oxygenation through other mechanisms via improvement in 
cardiac- and renal function [227]. Also, many of these patients may have a 
degree of lung injury.  

In summary, the effect of IAH on oxygenation largely depends on the lung 
condition. IAH has little effect in the presence of healthy lungs but a marked 
effect in the injured lung. Probably the IAH induced compensatory 
redistribution of blood from non-ventilated to ventilated lung regions fails in the 
presence of injured lungs. 
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Individual cardiovascular effect of IAP and PEEP 

I provide a more detailed review on how IAH and PEEP affect the 
cardiovascular system as Chapter 2 oversimplifies these effects.  

First, the effect of IAH on the cardiovascular system is more complex than is 
illustrated in Chapter 2. IAH appears to have a biphasic effect on cardiac 
output. Lower IAP levels don’t influence or even increase cardiac output. In 
contrast, higher IAP levels decrease cardiac output [7, 8, 11, 12, 203]. In part, 
the biphasic effect of IAH on cardiac output is explained by its impact on the 
venous return to the right heart. Lower IAP levels redistribute venous blood 
from the abdominal cavity towards the intra-thoracic cavity, whereas higher 
IAP levels decrease flow through the inferior vena cava. As pointed out in 
Chapter 2, IAH also increases systemic vascular resistance via direct 
compression of the abdominal capillary vessels and via activation of the renin-
angiotensin-aldosterone pathway [8, 137–139]. Additionally, catecholamine 
levels increase due to IAH [7]. However, we can still summarise that overall IAH 
is associated with decreased cardiac output.  

Second, the effect of PEEP on the cardiovascular system is described in a 
simple form in Chapter 2. The effect of PEEP is also complex [228]. PEEP 
increases pulmonary artery pressures and pulmonary vascular resistance 
thereby increasing central venous pressure (right atrial pressure) but 
decreasing right-sided and ultimately left sided venous return [139, 229].  

PEEP exerts its cardiovascular influence by increasing intra-thoracic pressures 
[139]. Right and left ventricular venous return is reduced, right ventricular 
afterload increases, but left ventricular afterload is decreased [229, 230]. In 
patients with normal cardia function, PEEP reduces cardiac output as left 
ventricular function is predominantly preload dependent [230]. 

In contrast, in patients with dysfunctional left ventricular function, PEEP may 
be beneficial [230]. The cardiac function in these patients is sensitive to 
changes in afterload due to the coupled metabolic demand [230]. Non-invasive 
ventilation with the application of PEEP improves haemodynamic and 
respiratory function in patients with congestive heart failure when compared 
with oxygen therapy alone [230]. Similarly, invasively ventilated patients with 
left ventricular dysfunction may hemodynamically benefit from higher PEEP 
levels [230]. 

Erratum to Table 2 

Table 2 should read interstitial and not alveolar oedema as a cause of impaired 
oxygenation as caused by IAH as shown in many  
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Erratum to Table 3 

Table 3 makes the following suggestions regarding ventilatory management in 
patients with IAH: a) not to exceed 15 cmH2O and b) to select PEEP in cmH2O 
= IAP in mmHg. However, for any patients with IAH (IAP of ≥12 mmHg 
(16 ≥cmH2O), the suggested PEEP would be 16 cmH2O, exceeding the 
suggested 15 cmH2O. Hence, the two suggestions are incompatible. The 
sentence: “We suggest PEEP in cmH2O = IAP in mmHg” is misplaced. 
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Supplemental Figure A. Abdominal-thoracic transmission for Inspiratory 
airway pressures as a function of respiratory system compliance 

 
Abdominal-thoracic transmission describes the percentage increase in thoracic pressures for 
each incremental increase of IAP [40]. ATT can be calculated by the difference in airway 
pressure over the corresponding difference in IAP. 
  



184 

 

Supplemental Table B - Plateau inspiratory airway pressure 

Study Animals IAP generation, IAP 
measurement, 

ventilation 

CRS, 
mL/cmH2O 

IAP, 
cmH2O 

Plateau 
pressure, 

cmH2O 

ATT 

Valenza et 
al., [222] 

6 pigs, 
18.7 kg 

Helium 
pneumoperitoneum, 
bladder pressure, 

inspiratory oesophageal 
balloon, tidal volume 

13.3 mL/kg 

36.0 21.5 16.9  

13.7 42.2 28.1 0.54 

      0.54 

da Silva et 
al., [47] 

8 pigs,  
38 kg 

CO2 
pneumoperitoneum, 
direct pressure, tidal 

volume 8 mL/kg, PEEP 
5 cmH2O 

60.8 5.3 15  

14.5 27.2 31 0.73 

      0.73 

Kubiak et 
al., 2010 
[218] 

5 pigs, 
40.0 kg 

CO2 
pneumoperitoneum, 

bladder pressure, tidal 
volume 8 mL/kg, PEEP 

5 cmH2O 

 5.3 * 19.2  

21.3 6.8 20.0 0.54 

16.8 13.6 24.0 0.59 

12.7 20.4 30.2 0.91 

10.7 27.2 35.0 0.71 

8.8 34.0 41.2 0.91 

8.1 40.8 46.8 0.50 

Mean 
(median)      0.69 

(0.65) 

Wauters et 
al., 2012 
[40] 

11 pigs, 
45.0 kg 

Abdominal saline, trans-
diaphragmatic 

abdominal balloon 
catheter, tidal volume 8 
mL/kg, PEEP 5 cmH2O 

 8.2 16.0  

33.8 13.6 17.0 0.18 

21.3 27.2 24.0 0.51 

15.0 40.8 32.0 0.59 

Mean 
(median)      0.43 

(0.51) 

Regli et al., 
2012 [39] 

9 pigs, 
48.0 kg 

Gas inflation of 
abdominal balloon, 

bladder pressure, tidal 
volume 8 mL/kg, PEEP 

5 cmH2O 

 3.7 14  

34.9 16.3 16 0.16 

24.0 24.5 21 0.61 

21.3 29.9 23 0.37 

Mean 
(median)      0.38 

(0.37) 

Cortes-
Puentes et 
al., 2013 
[63] 

9 pigs, 
46.2 kg 

Air pneumoperitoneum, 
bladder pressure, tidal 

volume 10 mL/kg, PEEP 
1 cmH2O 

38.4 1.9 12.7  

28.4 5.7 13.0 0.05 

23.2 11.3 17.3 0.41 

19.1 15.7 20.9 0.44 

17.5 22.3 25.2 0.35 

38.4 30.0 27.5 0.16 
Mean 
(median)      0.28 

(0.35) 
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Cortes-
Puentes et 
al., 2013 
[63] 

9 pigs, 
46.2 kg 

Air pneumoperitoneum, 
bladder pressure, tidal 

volume 10 mL/kg, PEEP 
1 cmH2O 

49.9 3.0 19.6  

42.4 4.4 19.3 -0.12 

33.4 11.3 20.9 0.13 

25.1 15.6 23.9 0.37 

20.3 22.1 28.4 0.38 

49.9 29.0 32.7 0.34 
Mean 
(median)      0.22 

(0.34) 

Overall 
mean 
(median) 

     0.44 
(0.48) 

CRS, estimated respiratory system compliance estimated from expiratory tidal volume divided by 
plateau inspiratory airway pressure minus PEEP; ATT, abdominal-thoracic transmission as the 
difference in airway pressure over the corresponding difference in IAP. All studies applied a PEEP of 5 
cmH2O and a fixed respiratory to achieve normocapnia. *, baseline IAP estimated from [33, 39, 40]. 
Overall average and median are weighted by animal number. SPSS (IBM SPSS Statistics for 
Mac, version 26.0 (IBM, St Leonards NSW, Australia). Linear regression = 0.873 – 0.019 (-
0.026 to -0.013) estimated respiratory system compliance in mL/cmH2O (p<0.001, R2 0.656). 
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Supplemental Table C – Inspiratory Pleural pressure 

Study Animals IAP generation, IAP 
measurement, pleura 

pressure measurement, 
ventilation 

CRS, 
mL/cmH2O 

IAP, 
cmH2O 

Pleura 
pressure, 

cmH2O 

ATT 

Ridings et 
al., 1995 
[216] 

6 pigs, 
17.5 kg 

Abdominal ethylene 
glycol, bladder pressure, 

mean direct pleural 
pressure estimated from 

figure, tidal volume 
15 mL/kg 

 5.3* 8.6  

16.1 13.6 16.1 0.91 

9.3 20.4 17.7 0.24 

7.4 27.2 22.5 0.71 

6.2 34.0 28.9 0.94 

Mean 
(median)      0.70 

(0.81) 

Bloomfield et 
al.,1997 
[217] 

9 pigs, 
17.5 kg 

Fluid filling of abdominal 
balloon, bladder pressure, 

mean direct pleural 
pressure estimated from 

figure, tidal volume 
15 mL/kg 

 5.3* 5.8  
21.8 13.6 7.7 0.23 
16.3 20.4 10.9 0.48 

12.1 27.2 13.6 0.40 

9.0 34.0 17.2 0.53 

Mean 
(median)      0.41 

(0.44) 

Valenza et 
al., [222] 

6 pigs, 
18.7 kg 

Helium 
pneumoperitoneum, 
bladder pressure, 

inspiratory oesophageal 
balloon, tidal volume 

13.3 mL/kg 

- 21.5 8.1  

- 42.2 16.6 0.41 

      0.41 

Kubiak et al., 
2010 [218] 

5 pigs, 
40.0 kg 

CO2 pneumoperitoneum, 
bladder pressure, mean 

oesophageal balloon 
pressure, tidal volume 

8 mL/kg 

 5.3 * 16.3  

21.3 6.8 16.0 0.20 

16.8 13.6 20.9 0.72 

12.7 20.4 25.2 0.63 

10.7 27.2 29.4 0.62 

8.8 34.0 31.4 0.29 

8.08 40.8 35.0 0.53 

Mean 
(median)      0.43 

(0.57) 

Wauters et 
al., 2012 [40] 

11 pigs, 
45.0 kg 

Abdominal saline, trans-
diaphragmatic abdominal 

balloon catheter, 
inspiratory oesophageal 
balloon pressure, tidal 

volume 9 mL/kg 

 8.2 9.5  

33.8 13.6 12.2 0.50 

21.3 20.4 21.8 0.70 

15.0 27.2 31.3 0.70 

Mean 
(median)      0.63 

(0.70) 

Regli et al., 
2012 [39] 

9 pigs, 
48.0 kg 

Gas inflation of abdominal 
balloon, bladder pressure, 
inspiratory oesophageal 
balloon pressure, tidal 

volume 8 mL/kg 

 3.7 7  

34.9 16.3 11 0.32 

24.0 24.5 14 0.37 

21.3 29.9 16 0.37 
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Mean 
(median)      0.35 

(0.37) 

Overall 
mean 
(median) 

     0.49 
(0.55) 

CRS, estimated respiratory system compliance from expiratory tidal volume divided by plateau 
inspiratory airway pressure minus PEEP; ATT, abdominal-thoracic transmission as the difference 
in airway pressure over the corresponding difference in IAP. All studies applied a PEEP of 5 cmH2O and a 
fixed respiratory to achieve normocapnia. *, baseline IAP estimated from [33, 39, 40]. Overall mean and 
median are weighted by animal number.  
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Supplemental Table D – Inspiratory Airway pressure: humans 

Study Subjects Airway pressure, 
ventilation 

IAP, 
cmH2O 

Airway 
pressure, 

cmH2O 

ATT 

Meldrum et al., 
1997 [219] 

Trauma requiring 
decompression, n=21 

Peak inspiratory airway 
pressure, ventilation not 

specified 

36.7 44  

19.0 32 0.68 

Dolores-
Velásquez et 
al., 2002 [221] 

General requiring 
decompression, n=10 

Peak inspiratory airway 
pressure, ventilation not 

specified 

30.2 41.7  

11.1 39.7 0.10 

Balogh et al., 
2003 [220] 

Trauma requiring 
decompression, n=26 

Peak inspiratory airway 
pressure, ventilation not 

specified 

49.0 49  

23.1 38 0.43 

Torquato et al., 
2009 [61] 

Ventilated plus 5 kg 
abdominal weight, 

n=30 

Plateau inspiratory 
airway pressure, 

constant tidal volume, 
PEEP 0 cmH2O 

8.7 18.3  

14.3 20.0 0.31 

PEEP 10 cmH2O 
12.3 26.6  

16.8 27.2 0.14 

Zhou et al., 
2010 [60] 

General requiring 
decompression, n=16 

Peak inspiratory airway 
pressure, ventilation not 

specified 

34 42.8  

20 33.3 0.67 

Overall 
average     0.37 

ATT, abdominal-thoracic transmission as the difference in airway pressure over the 
corresponding difference in IAP. Overall average is weighted by number of subjects.  
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APPENDIX 6 – SUPPLEMENTAL MATERIAL TO CHAPTER 3 

Supplementary unabridged methods  

Study design, participants and data source 
Patients included in this study were a subset of those enrolled in the IROI study [4]. The IROI 
study included 491 consecutive patients from 15 international sites (at least 20 patients per 
site) between November 2011 and February 2016 with each site prospectively collecting IAP 
and other daily variables over a two-week period. The Ethics Committee of the South 
Metropolitan Health Service in Perth, Australia (#13/20) approved this study. A detailed 
description of the IROI study methods including methods of consent and the results have been 
published [4]. 

In this predefined subset of the original data, we present only the patients receiving invasive mechanical 
ventilation. A statistical plan of this sub-analysis has been published on the website of the 
Abdominal Compartment Society (www.wsacs.org) [147]. (Figure 1) The general and the 
ventilation management of the patients was left to the discretion of the treating physicians at 
each study site. 

Measurements and definitions 
IAP was measured at least once every 8 hours throughout the study period (14 days or until 
ICU discharge) in accordance with the Guidelines of Abdominal Compartment Society 
Guidelines (www.wsacs.org) [2]. We used daily median IAP values to define IAH (IAP ≥ 
12  mmHg). Grades of IAH I to IV were: IAP of 12 to 15, 16 to 20, 21 to 25 and > 25 mmHg 
respectively [2].  

Daily lowest arterial partial pressure of oxygen in relation to fractional inspiratory concentration 
of oxygen (P/F ratio), highest positive end-expiratory pressure (PEEP) and plateau airway 
pressure, highest expiratory tidal volume, highest respiratory rates were prospectively 
collected. Driving pressure (plateau airway pressure – PEEP) and tidal volume per predicted 
body weight were calculated [65]. 

We defined HRF as receiving invasive mechanical ventilation and having a P/F ratio 
≤300 mmHg. We graded HRF into mild (P/F ratio 200 to ≤300 mmHg), moderate (P/F ratio 
100 to ≤200 mmHg), and severe (P/F ratio ≤100 mmHg) based on cut-off values used for 
grading acute respiratory distress syndrome (ARDS) [148].  

Daily fluid balance and daily cumulative fluid balance since admission were calculated, 
sequential organ failure assessment (SOFA) sub-scores for each organ system were assessed 
for each study day [149]. 

From these daily variables we identified each patient’s worst variables during their ICU stay. 
ICU stay was defined as the first seven days in ICU or until discharge to the ward or death, 
whichever came first. This approach was taken based on the IROI study showing that less than 
2% of patients developed IAH between days 8 to 14 [4]. 



190 

 

SOFA sub-scores allowed daily estimation of organ dysfunction including in patients without 
any laboratory value on that day. Using patients’ worst values during their first 7 days in ICU of 
each variable reduced the bias caused by missing values.  

We categorized patients into four groups depending on the presence or absence of IAH or 
HRF during their first 7 days of ICU stay: Group 1 (neither), Group 2 (IAH), Group 3 (HRF) and 
Group 4 (IAH and HRF). 

We further subdivided Group 4 into patients who did not have both IAH and HRF on admission 
but developed both during their first week in ICU. This allowed us to assess whether a time 
relation existed between the development of IAH and the development of HRF. 

Our primary outcome was 90-day mortality. Secondary outcomes were 28-day mortality, ICU- 
and ventilator-free days to day 14. The latter two were composite measures of death and ICU-
length of stay or time spent on a ventilator censored at 14 days. The number of ICU-free and 
ventilation-free days were calculated as 14 minus the number of days in ICU or spent on a 
ventilator (invasive ventilation only) and eliminate the mortality bias [150]. A tertiary outcome 
was the presence of IAH in patients with HRF. 

Statistical analysis 
The computer packages IBM SPSS Statistics for Mac, version 26.0 (IBM, St Leonards NSW, 
Australia) and Stata Statistical Software, release 16 (StataCorp., College Station, Texas, USA) 
were used for statistical analysis. Data are presented as proportions or median (interquartile 
range) if not stated otherwise. Variables were not normally distributed (Shapiro Wilkinson test). 
Mann-Whitney U-test or Kruskal Wallis test and Fisher’s exact test or chi-square test were 
applied to assess the statistical significance between groups for continuous and categorical 
variables, respectively. Kaplan-Meier analysis compared time to 90-day mortality by IAH/HRF 
subgroup. P<0.05 was considered statistically significant unless otherwise indicated. Clinically 
plausible variables with P<0.20 in bivariable analysis were considered for entry into the 
multivariable models.  

Variables with missing values for ≥10% of patients were not considered for regression 
analyses. Variables with missing values for <10% of patients were multiply imputed (x5) for 
input into the multivariable models and included PEEP, tidal volume, respiratory rate, lactate, 
pH, and creatinine. 

Multilevel mixed-effects logistic and linear regression (backward stepwise variable selection 
with P≥0.05 for removal) with random effects at the ICU site level, to account for potential 
within-site correlation, were employed for prognosis modelling and identification of risk factors. 
The multilevel mixed-effects method reveals both the fixed effects (as for an ordinary logistic or 
linear regression model) and the estimated variance component for site (σ2) with its standard 
error (SE). The fixed effects are presented as odds ratios (logistic regression) or regression 
coefficients (linear regression) and their 95% confidence intervals. A likelihood-ratio test which 
compares the mixed effects model with the ordinary logistic or linear regression model is also 
provided. A significant P-value shows the multilevel mixed-effects model to be superior to the 
ordinary one.  

Firstly, we established a mixed-effects model assessing the associations of the four subgroups 
(based on the presence or absence of IAH and HRF) on each outcome of interest. Secondly, 
we determined the most parsimonious mixed-effects model of independent associates of each 
outcome of interest. Finally, we ascertained whether the subgroups were independently 
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associated with each outcome after adjusting for the respective most parsimonious model and 
removing IAP or P/F ratio from the most parsimonious model if applicable.  

We compared the time for IAH and for HRF to occur as well as the time for IAH and for HRF to 
be worst in the subset of patients who had or developed IAH and HRF during their first week in 
ICU using a Wilcoxon Signed Rank Test.  

Supplemental Figure1. Flow Diagram: Patient selection to calculate time 
to IAH or hypoxic respiratory failure  

 
Patient selection within a subgroup of 142 ventilated patients who had intra-abdominal 
hypertension (IAH) and hypoxic respiratory failure (P/F ratio <300 mmHg) during their 7-day ICU 
stay. 

Supplemental Figure 1. Flow Diagram: Time to IAH or hypoxic respiratory failure  
Online Figure. Patient selection within a subgroup of 142 ventilated patients who had intra-abdominal hypertension (IAH) and hypoxic 
respiratory failure (P/F ratio <300 mmHg) during their 7-day ICU stay.  
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Supplemental Table 1. Variables associated with 28-day mortality  

 
N (%) 

Alive 
230 (73.7%) 

Dead 
82 (26.3%) 

P # Selection 
criteria 

Age, years 59 [44-69] 59 [48-73] 0.375 0 P> 0.2 

Sex, % male 59.6% 59.8% 1.000 0 P> 0.2 

APACHE II 17 [13-22] 24 [18-31] <0.001 2/1 selected 

Admission profile, %   0.016 0 contained in 
APACHE II 

-elective surgery 26.1% 11.0%    

-medical 36.1% 46.3%    

-emergency surgery 37.8% 42.7%    

BMI, kg/m2 26 [24-31] 27 [24-32] 0.832 3/2 P> 0.2 

Lowest P/F ratio, mm Hg 239 [164-307] 188 [100-259] <0.001 0 selected 

Hypoxic respiratory failure, n 
(%) 

171 (74.3%) 71 (86.6%) 0.023 0  

Worst P/F ratio, n (%):    0.001   

≥300 59 (25.7%) 11 (13.4%)    

200-300 84 (36.5%) 23 (28.0%)    

100-200 63 (27.4%) 27 (32.9%)    

<100 24 (10.4%) 21 (25.6%)    

Highest IAP, mmHg 11 [8-14] 15 [11-19] <0.001  selected 

IAH, n (%) 105 (45.7%) 57 (69.5%) <0.001 0  

Highest plateau pressure, 
cmH2O 

18 [13-23] 23 [16-26] <0.001 52 / 15 > 10% 
missing data 

Highest PEEP, cmH2O 6 [5-9] 8 [5-10] 0.020 1 / 0 selected 

Highest driving pressure, 
cmH2O 

11 [8-15] 14 [9-18] 0.034 55 / 16 > 10% 
missing data 

Largest tidal volume, mL/kg 
PBW 

8.9 [7.8-10.9] 8.5 [7.3-9.9] 0.082 12 / 8 selected 

Lowest respiratory 
compliance, mL/cmH2O 

46 [34-60] 40 [28-50] 0.014 61 / 25 > 10% 
missing data 

Highest respiratory rate, 
n/min 

18 [14-25] 19 [16-25] 0.167 3 / 0 selected 

Highest CO2, mmHg 44 [40-52] 48 [40-57] 0.120 4 / 3 selected 

Lowest pH  7.39 [7.35-
7.45] 

7.37 [7.21-
7.43] 

0.001 0 selected 

Highest daily fluid balance, L 1.4 [0.3-2.6] 2.1 [1.2-3.9] <0.001 0 selected 

Highest cumulative fluid 
balance, L 

1.7 [0-4.2] 3.2 [1.3-7.3] <0.001 0 selected 

Highest lactate, mmol/L 2.2 [1.5-3.5] 5.7 [2.2-10.3] <0.001 2 / 0 selected 

Highest creatinine, μmol/L 107 [76-164] 181 [106-300] <0.001 3/1 selected 

Highest dose of vasoactive, 
mcg/kg/min 

0.3 [0-10.6] 11.3 [1.6-51] <0.001 0 selected 
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 Alive Dead P # Selection 
criteria 

Surgery during ICU stay, n 
(%) 

151 (65.7%) 48 (58.5%) 0.250  P> 0.2 

Abdominal surgery during 
ICU stay, n (%) 

74 (32.2%) 33 (40.2%) 0.186  selected 

Laparotomy during ICU stay, 
n (%) 

54 (23.5%) 28 (34.1%) 0.060 0 selected 

Absent bowel sounds, n (%) 71 (30.9%) 45 (54.9%) <0.001  selected 

Abdominal distension, n (%) 43 (18.7%) 31 (37.8%) 0.001  selected 

SOFA; highest respiratory 
score  

2 [1-3] 3 [2-4] <0.001  contained in 
PF ratio 

SOFA; highest 
haematological score  

0 [0-1] 1 [0-2] <0.001  selected 

SOFA; highest hepatic score  0 [0-1] 0 [0-2] <0.001  selected 

SOFA; highest cardiovascular 
score  

3 [0-4] 4 [3-4] <0.001  Information 
contained in 

above 

SOFA; highest neurological 
score  

0 [0-3] 4 [1-4] <0.001  selected 

SOFA; highest renal score  1 [0-1] 1 [0-2] <0.001  Information 
contained in 

above 

Study centres 230 (100%) 82 (100%) 0.003 0 selected 

Ventilation-free days 11 [6-13] 0 [0-0] 0.001 0  

ICU-free days 8 [3-12] 0 [0-0] 0.001 0  

Hospital stay (d) 21 [12-38] 4 [2-9] <0.001 1/0  
Highest, lowest or presence of variables as during their first week of ICU stay. IAP, intra-
abdominal pressure. APACHE, acute physiology, age and chronic health score. BMI, body mass 
index. P/F ratio, arterial partial pressure of oxygen in relation to fractional inspiratory 
concentration of oxygen. PBW, predicted body weight. SOFA, sequential organ failure 
assessment score. Median [IQR] or n (%) are reported. Fisher’s exact test for proportions and 
Mann-Whitney U-test for two medians were used. #, number of missing values. 
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Supplemental Table 2. Variables associated with ICU-free days 

 All 
(n=312) 

R2 Regression 
coefficient, b 

P # Selection criteria 

Age, years 59 [46-70] 0.004 -0.060 0.273 0 P>0.2 

Sex, % male 186 
(59.6%) 

0.000 -0.010 0.849 0 P>0.2 

APACHE II 18 [14-25] 0.213 -0.461 <0.001 3 selected 

Admission profile, n (%):     0 contained in above 

-elective surgery 69 
(21.1%) 

     

-medical 121 
(38.8%) 

0.084 -0.290 <0.001  selected 

-emergency surgery 122 
(39.1%) 

0.004 -0.060 0.273  selected 

BMI (kg/m2) 27 [25-31] 0.000 -0.019 0.732 5 P>0.2 

Lowest P/F ratio, mm Hg 222 [140-
298] 

0.210 0.458 <0.001 0 selected 

Pneumonia, n (%) 57 
(18.3%) 

0.052 -0.228 <0.001  selected 

Respiratory failure as 
admission diagnosis, n 
(%) 

50 
(16.1%) 

0.033 -0.182 0.001 1 selected 

Highest IAP, mmHg 12 [8-16] 0.129 -0.359 <0.001  selected 

Highest plateau 
pressure, cmH2O 

20 [14-24] 0.195 -0.441 <0.001 67 > 10% missing data 

Highest PEEP, cmH2O 7 [5-10] 0.117 -0.342 <0.001 1 selected 

Highest driving pressure, 
cmH2O 

11 [8-16] 0.117 -0.343 <0.001 71 > 10% missing data 

Largest tidal volume, 
mL/kg PBW 

8.8 [7.8-
10.8] 

0.001 -0.030 0.585 20 P>0.2 

Lowest respiratory 
compliance, ml/cmH2O 

44 [33-58] 0.000 -0.011 0.860 86 P>0.2 

Highest respiratory rate, 
n/min 

18 [15-25] 0.075 -0.274 <0.001 3 selected 

Highest CO2, mmHg 45 [40-53] 0.076 -0.275 <0.001 7 selected 

Lowest pH 7.39 
[7.34-
7.44] 

0.001 0.034 0.536 0 P>0.2 

Highest daily fluid 
balance, L 

1.6 [0.6-
2.8] 

0.029 -0.170 <0.001 0 Selected, fluid 
balance more 

relevant 

Highest daily cumulative 
fluid balance, L 

2.1 [0.3-
4.7] 

0.059 -0.243 <0.001 0 Selected, fluid 
balance more 

relevant 

Highest daily amount of 
fluids given, L 

3.8 [2.7-
5.3] 

0.051 -0.227 <0.001 0 lower significance 
than above 

Total given fluid volume, 
L 

12.4 [6.0-
20.6] 

0.219 -0.468 <0.001 0 lower significance 
than above 
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 All 
(n=312) 

R2 Regression 
coefficient, b 

P # Selection criteria 

Total given crystalloid, L 5.8 [2.3-
10.1] 

0.106 -0.326 <0.001 0 lower significance 
than above 

Highest CRP level, mg/L 158 [81-
271] 

0.086 -0.294 <0.001 93 > 10% missing data 

Highest CVP, mmHg 14 [9-19] 0.036 -0.191 0.004 89 > 10% missing data 

Highest lactate, mmol/L 2.6 [1.6-
5.0] 

0.095 -0.308 <0.001 7 selected 

Lowest albumin level, 
mg/L 

28 [23-32] 0.123 0.351 <0.001 75 Missing data 

Highest creatinine, 
μmol/L 

121 [81-
207] 

0.098 -0.314 <0.001 4 selected 

Highest dose of 
vasoactive, mcg/kg/min 

1.3 [0-13] 0.060 -0.250 <0.001 0 selected 

Surgery, n (%) 199 
(63.8%) 

0.068 0.262 <0.001  selected 

Abdominal surgery, n (%) 107 
(34.3%) 

0.000 -0.012 0.822  P>0.2 

Laparotomy, n (%) 82 
(26.3%) 

0.001 -0.037 0.508 0 P>0.2 

Absent bowel sounds, n 
(%) 

116 
(37.2%) 

0.068 -0.261 <0.001  selected 

Abdominal distension, n 
(%) 

74 
(23.7%) 

0.020 -0.143 0.009  selected 

SOFA; highest 
respiratory score  

2 [2-3] 0.159 -0.398 <0.001  contained in P/F 
ratio 

SOFA; highest 
haematological score  

0 [0-2] 0.081 -0.284 <0.001  selected 

SOFA; highest hepatic 
score 

0 [0-1] 0.074 -0.272 <0.001  selected 

SOFA; highest 
cardiovascular score  

3 [0-4] 0.142 -0.377 <0.001  contained in 
vasopressor 

SOFA; highest 
neurological score  

1 [0-3] 0.087 -0.294 <0.001  selected 

SOFA; highest renal 
score  

1 [0-2] 0.155 -0.393 <0.001  contained in 
creatinine 

ICU-free days as a composite measure of death and ICU-length of stay censured at 7 days. 
Unless otherwise indicated, highest, lowest or presence of variables as during their first week of 
ICU stay. IAP, intra-abdominal pressure. APACHE, acute physiology, age and chronic health 
score. BMI, body mass index. P/F ratio, arterial partial pressure of oxygen in relation to 
fractional inspiratory concentration of oxygen. PBW, predicted body weight. SOFA, sequential 
organ failure assessment score. Median [IQR] or n (%) are reported. #, number of missing 
values. 
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Supplemental Table 3. Variables associated with ventilation-free days  

 All 
(n=312) 

R2 Regression 
coefficient, b 

P # Selection 
criteria 

Age (years) 59 [46-70] 0.005 -0.069 0.227 0 P>0.2 

Sex (% male) 186 
(59.6%) 

0.000 0.001 0.993 0 P>0.2 

APACHE II 18 [14-25] 0.188 -0.434 <0.001 2/1 selected 

Admission profile (%):     0  

-elective surgery 69 
(21.1%) 

     

-medical 121 
(38.8%) 

0.071 -0.267 <0.001  contained in 
APACHE II 

-emergency surgery 122 
(39.1%) 

0.000 -0.014 0.808  P>0.2 

BMI (kg/m2) 27 [25-31] 0.000 -0.016 0.777 3/2 P>0.2 

Lowest PF ratio, mm Hg 222 [140-
298] 

0.190 0.436 <0.001 0 selected 

Pneumonia during ICU 
stay, n (%) 

57 
(18.3%) 

0.044 -0.210 <0.001 0 selected 

Respiratory failure as 
admission diagnosis, n (%) 

50/311 
(16.1%) 

0.024 -0.155 0.006 1 selected 

Highest IAP, mmHg 12 [8-16] 0.156 -0.396 <0.001   

Highest plateau pressure, 
cmH2O 

20 [14-24] 0.194 -0.440 <0.001 67 > 10% missing 
data 

Highest PEEP, cmH2O 7 [5-10] 0.121 -0.348 <0.001 1 selected 

Highest driving pressure, 
cmH2O 

11 [8-16] 0.112 -0.335 <0.001 71 > 10% missing 
data 

Largest tidal volume, mL/kg 
PBW 

8.8 [7.8-
10.8] 

0.004 -0.063 0.269 20 P>0.2 

Lowest respiratory 
compliance, ml/cmH2O 

44 [33-58] 0.000 -0.018 0.786 86 P>0.2 

Highest respiratory rate, 
n/min 

18 [15-25] 0.064 -0.252 <0.001 3 selected 

Highest CO2, mmHg 45 [40-53] 0.080 -0.283 <0.001 7 selected 

Lowest pH 7.39 [7.34-
7.44] 

0.006 0.075 0.184 0 selected 

Highest daily fluid balance, 
L 

1.6 [0.6-
2.8] 

0.035 -0.188 <0.001 0 selected 

Highest daily cumulative 
fluid balance, L 

2.1 [0.3-
4.7] 

0.068 -0.260 <0.001 0 selected 

Highest CRP level, mg/L 158 [81-
271] 

0.078 -0.280 <0.001 93 > 10% missing 
data 

Highest CVP, mmHg 14 [9-19] 0.051 -0.226 0.001 89 > 10% missing 
data 

Highest lactate, mmol/L 2.6 [1.6-
5.0] 

0.114 -0.337 <0.001 7 selected 

Lowest albumin level, mg/L 28 [23-32] 0.118 0.344 <0.001 75 Missing data 
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 All 
(n=312) 

R2 Regression 
coefficient, b 

P # Selection 
criteria 

Highest creatinine, μmol/L 121 [81-
207] 

0.070 -0.265 <0.001 4 selected 

Highest dose of vasoactive, 
mcg/kg/min 

1.3 [0-13] 0.100 -0.316 <0.001 0 selected 

Surgery, n (%) 199 
(63.8%) 

0.056 0.237 <0.001  selected 

Abdominal surgery, n (%) 107 
(34.3%) 

0.000 -0.020 0.727  P<0.2 

Laparotomy, n (%) 82 
(26.3%) 

0.002 -0.045 0.429 0 P<0.2 

Absent bowel sounds, n 
(%) 

116 
(37.2%) 

0.060 -0.246 <0.001  selected 

Abdominal distension, n 
(%) 

74 
(23.7%) 

0.017 -0.130 0.022  selected 

SOFA; highest respiratory 
score  

2 [2-3] 0.159 -0.399 <0.001  contained in P/F 
ratio 

SOFA; highest 
haematological score  

0 [0-2] 0.087 -0.296 <0.001  selected 

SOFA; highest hepatic 
score 

0 [0-1] 0.071 -0.267 <0.001  selected 

SOFA; highest 
cardiovascular score  

3 [0-4] 0.146 -0.382 <0.001  contained in 
vasopressor 

SOFA; highest neurological 
score  

1 [0-3] 0.084 -0.289 <0.001  selected 

SOFA; highest renal score  1 [0-2] 0.112 -0.335 <0.001  contained in 
creatinine 

Ventilation-free days as a composite measure of death and ICU-length of stay censured at 
7 days. Unless otherwise indicated, highest, lowest or presence of variables as during their first 
week of ICU stay. IAP, intra-abdominal pressure. APACHE, acute physiology, age and chronic 
health score. BMI, body mass index. P/F ratio, arterial partial pressure of oxygen in relation to 
fractional inspiratory concentration of oxygen. PBW, predicted body weight. SOFA, sequential 
organ failure assessment score. Median [IQR] or n (%) are reported. #, number of missing 
values. 
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Supplemental Table 4. Mixed-effects linear regression analysis on 
associations with ICU-free days  

Model: Subgroups Independent  

variables 

Subgroups and 

independent variables 

 Coefficient 
(95% CI) P Coefficient 

(95% CI) P Coefficient 
(95% CI) P 

No IAH or HRF 
(reference) 1.00    1.00  

IAH -1.82 (-4.14, 
0.50) 0.125   -0.58 (-2.46, 

1.31) 0.549 

HRF -2.78 (-4.33, -
1.22) <0.001   -1.78 (-3.07, -

0.48) 0.007 

IAH and HRF -5.63 (-7.14, -
4.12) <0.001   -3.14 (-4.49, -

1.78) <0.001 

APACHE II   -0.10 
(-0.16, -0.04) 0.002 -0.09 

(-0.15,-0.02) 0.007 

Respiratory failure as 
admission diagnosis   -1.70 

(-2.92, -0.47) 0.007 -1.60 
(-2.80,-0.40) 0.009 

Highest respiratory 
rate, n/min   -0.11 

(-0.17,-0.05) 0.001 -0.10 
(-0.16,-0.04) 0.001 

Highest creatinine, 
units of 100 μmol/L   -0.39 

(-0.72,-0.06) 0.019 -0.39 
(-0.71,-0.07) 0.017 

Highest dose of 
vasoactive, 
mcg/kg/min 

  -0.02 
(-0.03,-0.01) 0.001 -0.02 

(-0.03,-0.01) <0.001 

SOFA; highest 
haematological score    -0.83 

(-1.24, -0.42) <0.001 -0.80 
(-1.20, -0.40) <0.001 

SOFA; highest 
neurological score   -1.06 

(-1.38, -0.73) <0.001 -1.06 
(-1.37, -0.74) <0.001 

Absent bowl sounds   -1.31 
(-2.32,-0.30) 0.011   

Highest PEEP, cmH2O   -0.17 
(-0.32,-0.02) 0.026   

n 312  309 *  309 *  

Random effect 
parameter (site): 3.351 (1.617)  4.227 (1.973)  4.117 (1.870)  

Likelihood Ratio test <0.001  <0.001  <0.001  
Subgroups are based on the presence or absence of intra-abdominal hypertension (IAH) and 
hypoxic respiratory failure (HRF, P/F ratio < 300 mmHg) in 7-day ICU stay. Variables represent 
highest, lowest or presence during their first week of ICU stay. APACHE, acute physiology, age 
and chronic health score. P/F ratio, arterial partial pressure of oxygen in relation to fractional 
inspiratory concentration of oxygen. IAP, intra-abdominal pressure. SOFA, sequential organ 
failure assessment score. Analysis was adjusted for research site as the random effect and 
presented as estimated variance component (standard error). * Three patients had missing 
APACHE II data. 
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Supplemental Table 5. Mixed-effects linear regression analysis on 
association with ventilation-free days  

Model: Subgroups Independent variables Subgroups and 
independent variables 

 Coefficient 
(95% CI) P Coefficient 

(95% CI) P Coefficient (95% 
CI) P 

No IAH or HRF 
(reference) 1 (reference)    1 (reference) - 

IAH -2.36 (-4.94, 
0.21) 0.072   -0.82 (-3.02,1.38) 0.464 

HRE -2.55 
(-4.28, -0.83) 0.004   -1.58 

(-3.08,-0.07) 0.040 

IAH and HRF -5.95 
(-7.62, -4.28) <0.001   -3.47 

(-5.05,-1.89) <0.000 

APACHE II   -0.09 
(-0.17,-0.02) 0.015 -0.09 

(-0.16,-0.02) 0.012 

Respiratory failure as 
admission diagnosis   -1.90 

(-3.31,-0.49) 0.008 -1.78 
(-3.17,-0.38) 0.012 

Highest respiratory 
rate, n/min   -0.08 

(-0.15,-0.02) 0.017 -0.08 
(-0.15,-0.02) 0.018 

Highest lactate, 
mmol/L   -0.22 

(-0.36,-0.08) 0.002 -0.19 
(-0.33,-0.05) 0.009 

Highest dose of 
vasoactive, 
mcg/kg/min 

  -0.02 
(-0.03,-0.01) 0.002 -0.02 

(-0.04,-0.01) <0.001 

SOFA; highest 
haematological score    -0.87 

(-1.34,-0.39) <0.001 -0.74 
(-1.21, -0.27) 0.002 

SOFA; highest 
neurological score   -0.89 

(-1.26, -0.53) <0.001 -0.91 
(-1.27, -0.55) <0.001 

Highest CO2, mmHg   -0.06 
(-0.11,-0.02) 0.013   

Highest creatinine, 
units of 100 μmol/L   -0.45 

(-0.82,-0.08) 0.017   

n 312  309 *  309 *  

Random effect at site 
level: 2.83 (1.51)  2.93 (1.58)  2.92 (1.56)  

Likelihood Ratio test <0.001  <0.001  <0.001  
Subgroups are based on the presence or absence of intra-abdominal hypertension (IAH) and 
hypoxic respiratory failure (HRF, P/F ratio < 300 mmHg) in 7-day ICU stay. Variables represent 
highest, lowest or presence during their first week of ICU stay. APACHE, acute physiology, age 
and chronic health score. P/F ratio; arterial partial pressure of oxygen in relation to fractional 
inspiratory concentration of oxygen. IAP, intra-abdominal pressure. SOFA, sequential organ 
failure assessment score. Analysis was adjusted for research site as the random effect and 
presented as estimated variance component (standard error). * Three patients had missing 
APACHE II data.  
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Supplemental Table 6. Characteristics of patients with hypoxic respiratory 
failure without and with intra-abdominal hypertension  

Risk factor Group 3 –  

without IAH 

Group 4-  

with IAH 

P # 

N (%) 100 (41.3%) 142 (58.7%)   

Age (years) 62 [47-71] 59 [48-71] 0.756 0 

Sex (% male) 58.0% 60.6% 0.692 0 

Admission profile (%):   0.146 0 

-elective surgery 19 (19.0%) 23 (16.2%)   

-medical 36 (36.0%) 69 (48.6%)   

-emergency surgery 45 (45.0%) 50 (35.2%)   

APACHE II 18 [14-23] 22 [17-28] <0.001 2 

BMI (kg/m2) 26 [23-32] 28 [24-33] 0.079  

Hypoxic respiratory failure (PF < 300) on admission, 
n (%) 

87/99 (87.9%) 117/139 
(84.2%) 

0.458 4 

PF ratio on admission (mm Hg) 246 [188-291] 217 [130-267] 0.022 4 

Respiratory failure as main reason for admission, n 
(%) 

23/100 
(23.0%) 

25/141 (17.7%) 0.330 1 

Lowest PF ratio, mm Hg 225 [176-276] 168 [102-221] <0.001 0 

Worst PF ratio grade, n (%)   <0.001 0 

200-300 58 (58%) 49 (34.5%)   

100-200 32 (32%) 58 (40.8%)   

<100 10 (10%) 35 (24.6%)   

Pneumonia, n (%) 23 (23%) 34 (23.9%) 0.879  

IAH on admission, n (%) 0/88 (0%) 85/123 (69.1%) <0.001 31 

IAP on admission, mmHg 8 [6-9] 13 [10-17] <0.001 31 

Highest IAP, mmHg 9 [7-10] 16 [14-19] <0.001 0 

IAH highest grade, n (%)   <0.001  

No IAH 100 (100%) -   

Grade I - 65 (45.8%)   

Grade II - 51 (35.9%)   

Grade III - 18 (12.7%)   

Grade IV - 8 (5.6%)   

Highest plateau pressure, cmH2O 18 [14-23] 23 [18-27] <0.001 43 

Highest PEEP, cmH2O 6 [5-8] 8 [6-11] <0.001 0 

Highest driving pressure, cmH2O 12 [7-16] 13 [10-18] 0.019 46 

Largest tidal volume, mL/kg PBW 9.0 [7.4-11.4] 8.9 [7.9-10.8] 0.828 14 

Lowest respiratory compliance, ml/cmH2O 44 [34-54] 43 [31-62] 0.738 63 

Highest respiratory rate, n/min 18 [15-25] 20 [16-27] 0.150 0 

Highest CO2 mmHg 43 [39-50] 50 [43-58] <0.001 4 

Lowest pH  7.39 [7.35-
7.44] 

7.40 [7.34-
7.45] 

0.875 0 
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Risk factor without IAH with IAH P # 

Highest daily fluid balance, L 1.6 [0.7-3.0] 2.0 [1.0-3.5] 0.120 0 

Cumulative fluid balance L 1.8 [0.4-5.3] 3.0 [0.8-6.0] 0.088 0 

Highest CRP level, mg/L 143 [89-238] 229 [124-314] 0.005 66 

Highest CVP, mmHg 12 [8-17] 17 [13-21] <0.001 65 

Highest lactate, mmol/L 2.4 [1.6-4.1] 3.0 [1.9-8.0] 0.029 0 

Lowest albumin level, mg/L 29 [25-33] 25 [20-30] 0.180 77 

Highest creatinine, μmol/L 109 [82-164] 154 [90-297] 0.002 2 

Highest dose of vasoactive, mcg/kg/min 0.5 [0-13.8] 86.1 [0.3-19.4] 0.875 0 

Surgery, n (%) 68 (68%) 78 (54.9%) 0.046 0 

Abdominal surgery, n (%) 38 (38%) 46 (32.4%) 0.411 0 

Laparotomy, n (%) 30 (30%) 35 (24.6%) 0.379 0 

Absent bowel sounds, n (%) 35 (35%) 69 (48.6%) 0.048 0 

Abdominal distension, n (%) 13 (13%) 50 (35.2%) <0.001 0 

SOFA; highest respiratory score 2 [2-3] 3 [2-3] <0.001 0 

SOFA; highest haematological score  0 [0-1] 1 [0-2] 0.001 0 

SOFA; highest hepatic score  0 [0-1] 0 [0-2] 0.141 0 

SOFA; highest cardiovascular score  3 [0-4] 3 [3-4] 0.003 0 

SOFA; highest neurological score  0 [0-3] 2 [0-4] 0.002 0 

SOFA; highest renal score  1 [0-1] 1 [0-2] <0.001 0 

90-day mortality, n (%) 27 (27.0%) 69 (48.6%) 0.001 0 

28-day mortality, n (%) 19 (19.0%) 52 (36.6%) 0.004 0 

ICU-free days 6 [0-10] 0 [0-9] 0.002 0 

Ventilation-free days 9 [0-13] 1 [0-9] 0.051 0 

Hospital stay, d 19 [9-35] 17 [6-32] 0.177 0  
Highest, lowest or presence of variables as during their first week of ICU stay. IAH, intra-
abdominal hypertension. IAP, intra-abdominal pressure. APACHE, acute physiology, age and 
chronic health score. BMI; body mass index, P/F ratio; arterial partial pressure of oxygen in 
relation to fractional inspiratory concentration of oxygen. PBW, predicted body weight. SOFA, 
sequential organ failure assessment score. Median [IQR] or n (%) are reported. Fisher’s exact 
test for proportions and Mann-Whitney U-test for two medians were used. #, number of missing 
values. 
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Supplemental Table 7. Mixed-effects logistic regression analysis on 
associations patients with hypoxic respiratory failure  

 OR (95% CI) P 

APACHE II 1.060 (1.013-1.109) 0.012 

Highest CO2, mmHg 1.070 (1.031-1.111) <0.001 

Absent bowel sounds 2.501 (1.170-5.349) 0.018 

SOFA; highest haematological score  1.467 (1.065-2.020) 0.019 

Random effect at site level: 1.069 (0.591)  

Likelihood ratio test <0.001  
Variables represent highest values or presence of a condition during their first week of ICU stay. 
OR, odds ratio. APACHE, acute physiology, age and chronic health score. SOFA, sequential 
organ failure assessment score Analysis was adjusted for research site as the random effect 
and presented as estimated variance component (standard error). 
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APPENDIX 7 – SUPPLEMENTAL MATERIAL TO CHAPTER 4 

I herewith provide further information in support of our animal model.  

Validation of the animal model 

Regarding the validation of our animal model: In large, there are four different 
animal models of IAH [207]. One model of intra-abdominal hypertension (IAH) 
creates a pneumoperitoneum by inflating the abdominal cavity with gas (mainly 
carbon dioxide or air). Another model of IAH instils a fluid into the peritoneal 
cavity, e.g. large molecular starch solution. Yet another model uses a large 
balloon placed inside the abdominal cavity via laparotomy and fills this with 
gas or fluids. More complex IAH models generate a pathology that leads to 
IAH, e.g. caecal ligation. 

No IAH model is superior to other models, and each has its own issue [207]. An 
intra-abdominal balloon might not increase IAP homogenously throughout the 
abdominal cavity. Absorbed carbon dioxide from applying a 
pneumoperitoneum can influence hemodynamic parameters. And peritoneal 
fluids can exert systemic cardio-respiratory effects when absorbed. 

We applied a large intra-abdominal balloon and inflated this with air to 
generate intra-abdominal pressure (IAP), as has been used before [204–206]. 
More importantly and crucial to determine an abdominal pressure-volume 
curve, we were able to use a calibrated one-litre syringe to inflate the 
abdominal balloon in one-litre steps. 
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APPENDIX 8 – SUPPLEMENTAL MATERIAL TO CHAPTER 5 

I herewith provide further information in support of our animal model and a diagram 
outlining the experimental process.  

Validation of the animal model 

As outlined above in Appendix 7, different experimental models of intra-abdominal 
hypertension (IAH) exist [207]. We chose a pneumoperitoneum to create a 
homogenous increase in IAP throughout the abdominal cavity [207]. We used air as 
opposed to carbon dioxide to reduce the systemic absorption of carbon dioxide. 
This model has been employed by others [32, 63]. Having used two different models 
of IAH reduces comparability between the animal experiments described in 
Chapters 4 and 5.  

Oleic acid to create lung injury has been used before [32, 186]. In a previous animal 
experiment, we showed that oxygenation and cardiac output were relatively stable 
between 30 and 240 min after intravenous injection of oleic acid [42] (Supplemental 
Table B). These findings are in line with the results published by others [32, 186].  
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Supplemental Figure A. Experimental process 

 
IAP, intra-abdominal pressure; PEEP, positive end-expiratory pressure.  

  

 

Animal preparation 
¨   Tidal volume 8 mL/kg, PEEP 5 cmH2O 
¨   Femoral artery catheter (blood gas) 
¨   Oesophageal catheter (pleura pressure) 
¨   Pulmonary artery catheter (cardiac output) 
¨   Bladder catheter (IAP measurement) 
¨   Peritoneal catheter (air pneumoperitoneum) 

Cardio-respiratory 
assessment 

• Arterial blood gas 
• Inspiratory- and 

expiratory airway and 
pleural pressure 

• Cardiac output 
• IAP 

Baseline IAP, healthy lung, PEEP 5 cmH2O 

Computed 
tomography  

• Lung aeration 
according to 
Hounsfield units 

• Ventral, medial, and 
dorsal lung segments 

IAP 27 cmH2O, healthy lung, ascending PEEP 
¨   5 / 12 / 17 / 22 cmH2O 

IAP 27 cmH2O, healthy lung, ascending PEEP 
¨   27 / 22 / 17 / 12 / 5 cmH2O 

Baseline IAP, injured lung, PEEP 5 cmH2O 

IAP 27 cmH2O, injured lung, ascending PEEP 
¨   5 / 12 / 17 / 22 cmH2O 

IAP 27 cmH2O, injured lung, ascending PEEP 
¨   27 / 22 / 17 / 12 / 5 cmH2O 

Lung injury, PEEP 5 cmH2O 
¨   Oleic acid until PF ratio < 300 mmHg  
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Supplemental Table B. Effect of oleic acid on oxygenating and cardiac output 
over time 

Minutes after oleic 
acid 

PF ratio C.O. 

Pig 1 Pig 2 Pig 1 Pig 2 

Baseline 573 582 5.4 3.6 

30 102 150 4.0 2.3 

60 112 180 4.0 2.4 

90 109 257 5.1 2.8 

120 105 258 4.5 2.5 

150 106 267 3.7 2.4 

180 102 270 3.7 2.2 

210 104 275 4.0 2.2 

240 105 253 3.5 2.0 

Data derived from a previous published animal model using similar methods as described in Chapter 5 
[42]. PF ratio P/F ratio, arterial oxygen tension over fractional inspiratory oxygen concentration; C.O., 
cardiac output. 
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APPENDIX 9 – SUPPLEMENTAL MATERIAL TO CHAPTER 6 

I herewith provide further a flow diagram to explain the process the selection 
process of included patients.  

Supplemental Figure A. Flow Diagram 

 
IAH, intra-abdominal hypertension; ICU, intensive care unit; RF, risk factors.  

 

 

 

 Admitted to ICU between 
November 2011 and August 

2013 (n=1672) 

Not screened (n=1518) 
• not mechanically ventilated (n= 937) 
• not screened (n= 581) e.g. planned 

extubation or investigator not present 

IAP not measured (n=63) 
• planned extubation (n=19) 
• unstable patient (n=8) 
• no indwelling catheter (n=1) 
• staff issue e.g. busy (n=24) 

Screened for the presence of 
RF of IAH (n=154) 

Screening 

IAP measurement 

IAP measured (n=91) 

IAH not present (n=25) 

IAH present (n=66) 

IAH 

Enrolled (n=14) 

Not enrolled (n=52) 
• declined consent (n=2) 
• under guardianship e.g. down 

syndrome (n=2) 
• unsuitable for study e.g. unstable or 

planned extubation (n=4) 
• staff issue e.g. busy (n=24) 
• investigator off site (n=16) 
• unknown (n=38) 

Enrolled 
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APPENDIX 10 – PUBLICATIONS, PRESENTATIONS AND PRIZES 
RELATED TO MY THESIS 

Publications 

1. Regli A, Pelosi P, Malbrain MLNG. Ventilation in patients with intra-abdominal 
hypertension: what every critical care physician needs to know. Ann Intensive 
Care. 2019;9:52.  

This narrative review is presented in Chapter 2. 

1. Reintam Blaser A, Regli A, De Keulenaer B, Kimball EJ, Starkopf L, Davis WA, 
Greiffenstein P, Starkopf J, MD, IROI Study Investigators. Incidence, Risk Factors, 
and Outcomes of Intra- Abdominal Hypertension in Critically Ill Patients— A 
Prospective Multicenter Study (IROI Study). Crit Care Med 2019.47:535-542. 

The sub-analysis presented in Chapter 3 is based on the 
prospective observational “Incidence, Risk Factors, and 
Outcomes of Intra- Abdominal Hypertension in Critically Ill 
Patients (IROI) Study”. I majorly contributed to the study design, 
the interpretation of results as well as writing the manuscript. I 
did not include this study as a chapter into my thesis as my total 
involvement was less than 50 %. 

2. Regli A, Reintam Blaser A, De Keulenaer B et al. Intra-abdominal hypertension 
and hypoxic respiratory failure together predict adverse outcome - A sub-analysis 
of a prospective cohort. J Crit Care. 2021;64:165-172. 

The work of this sub-analysis is presented in Chapter 3 

3. Regli A, De Keulenaer BL, Singh B, Hockings LE, Noffsinger B, van Heerden PV. 
The respiratory pressure – abdominal volume curve in a porcine model. Intensive 
Care Med Exp 2017. 5:11. 

The work of this animal experiment is presented in Chapter 4. 

4. Regli A, Ahmadi-Noorbakhsh S, Musk GC, Reese DJ, Herrmann P, Firth MJ, 
Pillow JJ, Computed tomographic assessment of lung aeration at different positive 
end-expiratory pressures in a porcine model of intra-abdominal hypertension and 
lung injury. Research Square (Reprint Repository) [24th April 2020]: 
DOI:10.21203/rs.3.rs-24022/v1.  

The work of this animal experiment is presented in Chapter 5. 
The manuscript has been prepared for Intensive Care Medicine 
experimental. As a consequence, a preprint repository was 
created. 
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5. Regli A, De Keulenaer BL, Palermo A, van Heerden PV. Positive end-expiratory 
pressure adjusted for intra-abdominal pressure - a pilot study. Journal of Critical 
Care 2018. 43:390-394. 

The work of this pilot study is presented in Chapter 6. 

6. Reintam Blaser A, Malbrain MLNG, Regli A. Abdominal pressure and 
gastrointestinal function: an inseparable couple? Anaesthesiol Intensive Ther 
2017.49:146-158. 

This narrative review explores current knowledge on the 
relationship between intra-abdominal hypertension and the 
gastrointestinal function and provides details on the role of the 
gastrointestinal system in intra-abdominal hypertension-related 
multiorgan failure. I did not include this study as a chapter as it 
falls outside the scope of my thesis. Furthermore, my total 
involvement was less than 50 %. 

7. Howard AE, Regli A, Litton E, Malbrain MM, Palermo AM, De Keulenaer BL. Can 
femoral venous pressure be used as an estimate for standard vesical intra-
abdominal pressure measurement? Anaesth Intensive Care 2016 Nov; 44: 704-
711. 

This study explores the relationship between the femoral venous 
and the intra-abdominal pressure. Whilst both pressures are 
interdependent, femoral venous pressure isn’t a reliable 
surrogate marker of intra-abdominal pressure. I did not include 
this study as a chapter as it falls outside the scope of my thesis. 
Furthermore, my total involvement was less than 50 %. 

8. Kirkpatrick AW, Roberts DJ, Jaeschke R, De Waele J, De Keulenaer B, Duchesne 
J, Bjorck M, Leppaniemi A, Ejike JC, Sugrue M, Cheatham M, Ivatury R, Ball CG, 
Reintam Blaser A, Regli A, Balogh ZJ, D'Amours S, De laet I, Malbrain ML. 
Methodological background and strategy for the 2012-2013 updated consensus 
definitions and clinical practice guidelines from the abdominal compartment 
society. Anaesthesiol Intensive Ther 2015; 47: 63-77. 

This publication explains the methodological considerations in 
updating consensus definitions and recommendation guidelines 
when caring for patients with intra-abdominal hypertension. I 
was involved at the consensus conference in Orlando, USA, in 
2012. I did not include this study as a chapter as it falls outside 
the scope of my thesis. Furthermore, my total involvement was 
less than 50 %. 

9. Regli A, von Ungern-Sternberg BS. Diagnosis and Management of Respiratory 
Adverse Events in the Operating Room. Curr Anesthesiol Rep 2015; 5: 156-167. 
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This narrative review provides an overview of perioperative 
respiratory complications. Whilst this publication is not related to 
intra-abdominal hypertension, it demonstrates my general 
interest in the management of patients with respiratory 
complications. I majorly contributed to this review. I did not 
include this study as a chapter as it falls outside the scope of my 
thesis. 

10. Blaser AR, Björck M, De Keulenaer B, Regli A. Abdominal compliance: A bench-
to-bedside review. J Trauma Acute Care Surg 2015; 78: 1044-53. 

This narrative review details the current knowledge of abdominal 
compliance, presents meta-data and explains a new concept 
regarding the three different phases of abdominal compliance. 
The finding of this review supports the work presented in 
Chapter 4. I majorly contributed to this review. I did not include 
this study as a chapter into my thesis as my total involvement 
was less than 50 %. 

11. Regli A, De Keulenaer B, De laet I, Roberts D, Woiciech D, Malbrain M. Fluid 
therapy and perfusional considerations during resuscitation in critically ill patients 
with intra-abdominal hypertension. Anaesthesiology Intensive Therapy 2015; 47: 
45-53. 

This narrative review details the current knowledge on fluid 
management in patients with intra-abdominal hypertension. I 
majorly contributed to this review. I did not include this study as 
a chapter into my thesis as the topic of this is outside of the 
scope of my thesis. 

12. De Keulenaer BL, Regli A, De laet I, Roberts D, Malbrain M. What's new in medical 
management strategies for raised intra-abdominal pressure: evacuating intra-
abdominal contents, improving abdominal wall compliance, pharmacotherapy, and 
continuous negative extra-abdominal pressure. Anaesthesiology Intensive Therapy 
2015; 47: 54-62.  

This narrative review details the current knowledge on medical 
management in patients with intra-abdominal hypertension. I 
majorly contributed to this review. I did not include this study as 
a chapter as it falls outside the scope of my thesis. 

13. Kirkpatrick AW, Roberts DJ, De Waele J, Jaeschke R, Malbrain ML, De Keulenaer 
B, Duchesne J, Bjorck M, Leppaniemi A, Ejike JC, Sugrue M, Cheatham M, Ivatury 
R, Ball CG, Reintam Blaser A, Regli A, Balogh ZJ, D'Amours S, Debergh D, Kaplan 
M, Kimball E, Olvera C. Intra-abdominal hypertension and the abdominal 
compartment syndrome: updated consensus definitions and clinical practice 
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guidelines from the World Society of the Abdominal Compartment Syndrome. 
Intensive Care Med. 2013;39:1190-1206. 

This publication presents updated intra-abdominal hypertension 
consensus definitions and management guidelines. I was 
involved at the consensus conference in Orlando, USA, in 2012. I 
did not include this study as a chapter as it falls outside the 
scope of my thesis. Furthermore, my total involvement was less 
than 50 %. 

14. Regli A, Mahendran R, Fysh ET, Roberts B, Noffsinger B, De Keulenaer BL, Singh 
B, van Heerden PV: Matching positive end-expiratory pressure to intra-abdominal 
pressure improves oxygenation in a porcine sick lung model of intra-abdominal 
hypertension. Critical Care 2012; 16: R208. 

This animal experiment demonstrates that intra-abdominal 
hypertension reduces oxygenation and positive end-expiratory 
pressure can reverse intra-abdominal hypertension-induced de-
oxygenation in a porcine model of intra-abdominal hypertension 
and injured lungs. I did not include this study as a chapter as I 
performed this experiment before the start of my thesis. 

15. Regli A, Chakera J, De Keulenaer BL, Roberts B, Noffsinger B, Singh B, van 
Heerden PV. Matching positive end-expiratory pressure to intra-abdominal 
pressure prevents end-expiratory lung volume decline in a pig model of intra-
abdominal hypertension. Crit Care Med. 2012;40:1879-1886.  

This animal experiment demonstrates that positive end-
expiratory pressure, if sufficiently high, can reverse intra-
abdominal hypertension-induced lung volume reductions in an 
animal model of intra-abdominal hypertension and healthy lungs. 
I did not include this study as a chapter as I performed this 
experiment before the start of my thesis. 

16. Rooban N, Regli A, Davis WA, De Keulenaer BL. Comparing intra-abdominal 
pressures in different body positions via a urinary catheter and nasogastric tube: A 
Pilot study. American Journal of Surgery. 2012; 2 Suppl 1: S11.  

This clinical study compares two methods for measuring intra-
abdominal pressure and finds that gastric pressure doesn’t 
compare well to bladder pressure. This study is not included as a 
chapter having been performed before the start and being 
outside of the scope of my thesis. 
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SMHS HREC 13/20 (Chapter 3) 
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UWA RA/4/1/6220 (Chapter 3) 

 

 
 

  

  
Clinical Associate Professor Adrian Regli 
School of Medicine & Pharmacology 
MBDP: M503 
 
 
Dear Professor Regli 
 
HUMAN RESEARCH ETHICS OFFICE – RECOGNITION OF ETHICS APPROVAL FROM ANOTHER HUMAN 
RESEARCH ETHICS COMMITTEE 

 

 

Research Ethics and Biosafety Office 
Research Services 
Phone: 
Fax: 
email: 
MBDP:   

+61 6 6488 1610 
+61 8 6488 8775 
hreo-research@uwa.edu.au 
M459 

Our Ref: RA/4/1/6220 31 May 2013 

Project:  Prospective, Observational, Multicentre Study on Incidence, Risk Factors and Outcome in Intra-abdominal 
Hypertension. (IROI) 
Recognition of WA DoH South Metropolitan (Fremantle Hospital) HREC approval 13/20. 

Thank you for your correspondence enclosing the necessary documents to facilitate recognition of the ethics approval for the above 
project granted by an external Human Research Ethics Committee (HREC) registered with the National Health and Medical 
Research Council (NHMRC). 
It is noted that you have ethics approval from South Metropolitan, approval number 13/20. 
The UWA students and researchers identified as working on this project are: 

UWA Researchers:    

 

Name Faculty / School Role
Clinical Associate Professor Adrian Regli  School of Medicine & Pharmacology  Chief Investigator
Clinical Professor Peter van Heerden  School of Medicine & Pharmacology  Co-Investigator

Student(s):   None specified 

Although The University of Western Australia reserves the right to subject any research involving its staff and students to its own 
ethics review process, in this case, the Human Research Ethics Office has recognised the existing approval of the external HREC. 
The project is exempt from ethics review at UWA and the involvement of the above-listed researchers has been authorised. Any 
conditions for the recognition of the external HREC's existing approval are listed below: 

Special Conditions 
None specified 

You are reminded that it will be the responsibility of the approving HREC to ensure compliance with all ethics requirements and to 
monitor and report on the project. However, should any relevant ethics issues arise during the course of the project; you should 
inform the Human Research Ethics Office of The University of Western Australia. 
If you have any queries, please contact the HREO at hreo-research@uwa.edu.au. 
Please ensure that you quote the file reference – RA/4/1/6220  – and the associated project title in all future correspondence. 
Yours sincerely 
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Peter Johnstone 
Manager, Human Research Ethics Office  
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UWA AEC RA/3/100/688 (Chapter 4) 
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Murdoch University AEC R2588/13 (Chapter 5) 

 
  

 

 

 Research and Development 
 
 

 

Dr David Reese 

  
  
 
 

 
 

Research Ethics Office 
Chancellery Room 1:006  

  
Telephone: 08 9360 7366 
Facsimile: 08 9360 6686 

animal.ethics@murdoch.edu.au 
 
 

Wednesday, 31 July 2013 

 

 

Dear David, 

 

 
ANIMAL ETHICS 
 

Permit No. R2588/13 
Project Title Computer tomographic assessment of atelectasis and over-distension at 

different positive end-expiratory pressures in a porcine model of intra-

abdominal hypertension 

 

Thank you for your reply to my letter dated 5th June 2013 regarding the AEC response to the above Permit 

Application.  The  committee’s  concerns  have  all  been  addressed  and  the  permit  now  has  OUTRIGHT 

approval. Work using animals may commence. 

 

Dr Anthony Klobas will be added as a co-investigator following attendance at the Animal Ethics Workshop 

on Tuesday 6th August 2013. 

 

Please advise the Research Ethics & Integrity Office (animal.ethics@murdoch.edu.au) of the planned dates of 

your animal work as soon as they are known so that the Animal Welfare Officer can contact you to arrange a 

routine monitoring visit for this project. 

 

Standard conditions for the research are listed on the reverse of this page. 

 

Animal Species Number requested 
(over 3 years: 13-15) 

Number approved 
(over 3 years: 13-15) 

Number approved 
(for 2013) 

Sus scrofa/ Large White Pigs 

(female) 

7 7 7 

 

The Ethics Office wishes you every success for your research. 
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UWA Notification of External AEC Approval RA/3/900/77 (Chapter 5) 
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SMEC HREC 11/185 (Chapter 6) 
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UWA HREC RA/4/1/6184 (Chapter 6) 

 

 
 

  

  
Clinical Associate Professor Adrian Regli 
School of Medicine & Pharmacology 
MBDP: M503 
 
 
Dear Professor Regli 
 
HUMAN RESEARCH ETHICS OFFICE – RECOGNITION OF ETHICS APPROVAL FROM ANOTHER HUMAN 
RESEARCH ETHICS COMMITTEE 

 

 

Research Ethics and Biosafety Office 
Research Services 
Phone: 
Fax: 
email: 
MBDP:   

+61 6 6488 1610 
+61 8 6488 8775 
hreo-research@uwa.edu.au 
M459 

Our Ref: RA/4/1/6184 16 May 2013 

Project:  Cardio-respiratory Effect of Matching Positive End-expiratory Pressures to Intra-abdominal Pressures-A Pilot 
Study. 
Recognition of Fremantle Hospital HREC 11/185 

Thank you for your correspondence enclosing the necessary documents to facilitate recognition of the ethics approval for the above 
project granted by an external Human Research Ethics Committee (HREC) registered with the National Health and Medical 
Research Council (NHMRC). 
It is noted that you have ethics approval from South Metropolitan, approval number 11/185. 
The UWA students and researchers identified as working on this project are: 

UWA Researchers:    

 

Name Faculty / School Role
Clinical Associate Professor Adrian Regli  School of Medicine & Pharmacology  Chief Investigator
Clinical Professor Peter van Heerden  School of Medicine & Pharmacology  Co-Investigator

Student(s):   None specified 

Although The University of Western Australia reserves the right to subject any research involving its staff and students to its own 
ethics review process, in this case, the Human Research Ethics Office has recognised the existing approval of the external HREC. 
The project is exempt from ethics review at UWA and the involvement of the above-listed researchers has been authorised. Any 
conditions for the recognition of the external HREC's existing approval are listed below: 

Special Conditions 
None specified 

You are reminded that it will be the responsibility of the approving HREC to ensure compliance with all ethics requirements and to 
monitor and report on the project. However, should any relevant ethics issues arise during the course of the project; you should 
inform the Human Research Ethics Office of The University of Western Australia. 
If you have any queries, please contact the HREO at hreo-research@uwa.edu.au. 
Please ensure that you quote the file reference – RA/4/1/6184  – and the associated project title in all future correspondence. 
Yours sincerely 
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Peter Johnstone 
Manager, Human Research Ethics Office  
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