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Abstract 

Lung and chest wall properties during mechanical ventilation 
Per Persson 

Department of Anaesthesiology and Intensive Care,  

Institute of Clinical Sciences, The Sahlgrenska Academy,  

University of Gothenburg, Sweden 

 
Background: Mechanical ventilation causes injury to the lungs due to high pres-

sures and high volumes. Pressure affecting the lungs, the transpulmonary pressure, 

needs to be monitored to minimise harmful side effects but then lung and chest wall 

mechanics need to be separately considered. The conventional method is based on 

measurement of esophageal pressures but the interpretation of these pressures is de-

bated. A non-invasive “PEEP-step method” for calculation of transpulmonary pres-

sure has been introduced and tested in pigs and in patients in the ICU but still it has 

not been generally accepted. The aim of this thesis was to (1) validate the PEEP-step 

method in patients, (2) assess factors influencing the conventional method using 

esophageal pressure measurements and  (3) evaluate lung and chest wall mechanics 

during mechanical ventilation. 

 

Methods: In a mechanical model, based on the classical description of the respira-

tory system with a recoiling lung and an expanding chest wall, the theoretical expla-

nation for the PEEP-step method was tested. The PEEP-step method, involving 

changes of PEEP and calculation of changes in end-expiratory lung volume, was 

further evaluated by comparison with the conventional method, based on esophageal 

pressure, in 24 patients undergoing general anaesthesia. In the third study esophageal 

pressures were evaluated with an advanced High Resolution Manometry (HRM) 

catheter in 20 mechanically ventilated patients in the ICU and Operating theatre as 

well as in 17 awake spontaneous breathing patients in sitting and supine positions. 

HRM permits simultaneous measurements of pressure at all levels in esophagus. 

Finally chest wall mechanics during mechanical ventilation were studied in pigs 

using electric impedance tomography, esophageal pressures and measurement of the 

recoiling pressure after pneumothorax and of the thoracic volume before and after 

pneumothorax (determined with computer tomography).  
	  



 

Results: The respiratory system model with a recoiling lung inside an expanding 

chest wall connected to an abdomen with high plasticity behaved similarly to patients 

during tidal and PEEP-induced inflation. The change in end-expiratory lung volume 

after an increase in PEEP was determined by the elastance of the lung and the size of 

the PEEP-change. Elastance of the lung and transpulmonary pressure could be calcu-

lated from a PEEP-step manoeuvre. In patients, transpulmonary driving pressure 

calculated with the PEEP-step method and the conventional method showed good 

agreement (mean difference < 0.2 cmH2O). The calculated change in end-expiratory 

pleural pressure was -0.1 cmH2O after an increase of PEEP. When esophageal pres-

sures were measured with HRM, there was a substantial variation within individual 

patients (mean difference between highest and lowest esophageal pressures within a 

patient was 23.7 cmH2O) as well as a significantly higher mean pressure in supine 

compared to sitting position (mean difference 12.3 cmH2O). In the supine position, 

larger cardiac artefacts were seen as well as simultaneous increases and decreases in 

esophageal pressures within a patient. In pigs, the distribution of a tidal inflation and 

a PEEP-induced inflation within the lung was similar. The recoiling pressure of the 

lung at functional residual capacity was 3.9 cmH2O. Calculated end-expiratory chest 

wall elastance was low (0.6-2.3 cmH2O/L) compared to tidal chest wall elastance 

(10.0-13.6 cmH2O/L). 
 

Conclusions: The PEEP-step method accurately measures transpulmonary driving 

pressure. After an increase of PEEP the chest wall expands and restores the negative 

pleural pressure at end-expiration and the change in end-expiratory lung volume is 

dependent on lung elastance. Esophageal pressures are affected by many factors and 

vary substantially within individual patients. An equally large tidal and PEEP-

induced inflation have similar distributions within the lung and necessitates an equal-

ly large change in transpulmonary pressure. The chest wall exerts an expanding force 

on the lung at end-expiration, which causes the end-expiratory pleural pressure to 

remain negative also at higher PEEP levels. 

 

Keywords: Mechanical ventilation, Respiratory mechanics, Ventilator induced lung 
injury, Esophageal pressure, Positive end-expiratory pressure   



 

Sammanfattning på svenska 

Respiratorbehandling under intensivvård är livräddande i många situationer. Men det 

övertryck som används för att skapa ett andetag har visat sig kunna vara skadligt för 

lungorna. För att minska skadorna av respiratorbehandling är det viktigt att övervaka 

de tryck och volymer som respiratorn utsätter lungan för. Trycket som respiratorn 

åstadkommer tänjer i olika grad ut lungan beroende på lungans och bröstkorgens 

egenskaper och variationerna är stora särskilt bland patienter inom intensivvården. 

För att kunna utvärdera lungornas och bröstkorgens mekaniska egenskaper vill man 

mäta trycket i lungsäcken vilket dock är riskfyllt. Istället används tryck uppmätta i 

matstrupen som ett substitut då man för mer än 60 år sedan visade att tryckföränd-

ringar i matstrupen i hög utsträckning motsvarar tryckförändringar i lungsäcken. 

Tryckmätning i matstrupen, vilket kräver nedläggning av en sond med ballong på, 

påverkas av många faktorer och det är oklart hur de uppmätta trycken ska tolkas. För 

ca 6 år sedan visade vår forskningsgrupp att man genom en ny metod kan beräkna 

lungans och bröstkorgens egenskaper utan tryckmätning i matstrupen. ”PEEP-stegs 

metoden” baseras på att trycket i slutet på utandningen (PEEP) ändras samtidigt som 

den efterföljande volymförändringen i lungan beräknas. Med standardformler inom 

lungmekanik kan man utifrån dessa data beräkna lungans och bröstkorgens egen-

skaper. Metoden baseras på basal lungmekanik beskriven i läroböcker men har ändå 

haft svårt att nå acceptans hittills.  

 

Den första studien i denna avhandling innebar att vi skapade en mekanisk modell av 

lungan, bröstkorgen och buken för att utröna om den teoretiska förklaringsmodellen 

för PEEP-stegs metoden kunde efterliknas i en modell byggd utifrån läroböckernas 

beskrivning av lungans och bröstkorgens mekanik. Detta visade sig vara möjligt och 

även när lungans och bröstkorgens egenskaper förändrades betedde sig modellen 

som lungan och bröstkorgen hos en patient. I den andra studien gjordes mätningar på 

patienter på operation för att jämföra beräkningar av trycken i lungan utförda med 

PEEP-stegs metoden och med den hittills använda metoden med tryckmätning i mat-

strupen. PEEP-stegsmetoden visade sig vara pålitlig och ha god träffsäkerhet. I den 

tredje studien fokuserade vi på alla de frågetecken som fanns beträffande tryckmät-

ning i matstrupen. Med hjälp av mätningar med en i sammanhanget ny avancerad 

kateter kunde trycket mätas på alla nivåer i matstrupen samtidigt. Genomförda mät-



 

ningar på vakna lungfriska patienter, på patienter på intensivvården och under söv-

ning i samband med operation visade att trycket i matstrupen varierar mycket bero-

ende på var i matstrupen man mäter och vilket kroppsläge patienten har. Med hjälp 

av den nya metoden kunde vi också beskriva hur trycket i matstrupen påverkas av 

hjärtats tyngd och slagvolym. Den fjärde studien gjordes på grisar och målet var att 

öka kunskapen om bröstkorgen betydelse under olika delar av respiratorns andetag. 

På grisarna utfördes tryckmätningar i lungan och matstrupen, mätningar av andeta-

gens volym och fördelning inom lungan liksom mätningar av bröstkorgens rörelse 

när den kopplas loss från lungan. Utifrån resultaten kunde vi påvisa hur bröstkorgen i 

slutet av andetaget håller lungan öppen medan den under inblåsning av andetagsvo-

lymen verkar som ett motstånd. Dessa fynd i grisar bekräftade ytterligare förkla-

ringsmodellen för PEEP-stegsmetoden.  

 

Sammanfattningsvis har studierna i avhandlingen visat (1) att PEEP-stegs metoden 

fungerar väl för att beräkna de tryck respiratorn utsätter lungan för hos sövda patien-

ter, (2) hur den bakomliggande fysiologin fungerar och (3) att det finns påtagliga 

osäkerheter med den vanliga metoden (baserad på tryckmätning i matstrupen) för att 

beräkna lungornas och bröstkorgens egenskaper. 
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Introduction 

Although life-saving in many situations mechanical ventilation is not without 
complications. Shortly after the introduction of positive pressure ventilation in 
the treatment of respiratory failure during the polio epidemic in Copenhagen in 
19521 side effects of mechanical ventilation became obvious2. Complications 
due to positive pressure ventilation such as pneumothorax, pneumomediastinum 
and subcutaneous emphysema were recognized3 and initially included in the 
concept of barotrauma4. In addition to the often obvious sign of air leakage, post 
mortem examinations showed macro- and microscopic lung injuries in mechani-
cally ventilated patients, summarized in the “respirator lung syndrome” 5. During 
the following decades, research focused on lung injury induced by the ventilator, 
which eventually led us to the modern concept now named VILI, ventilator in-
duced lung injury.  

Ventilator-induced lung injury and lung protective 
ventilation 

Ventilator-induced lung injury - Experimental research 

In 1974 Webb and Tierney showed rapid development of pulmonary oedema in 
rats during mechanical ventilation with high airway pressures 6 and a similar 
picture was seen in sheep after 48 hours of mechanical ventilation7. These find-
ings suggested that high pressure in the lungs caused more complex injuries than 
the air leakage traditionally included in the term barotrauma. The pulmonary 
oedema observed in the lungs proved to a large extent to be caused by increased 
capillary permeability8-10. Further experimental research questioned the role of 
high pressure as the sole determinant of ventilator induced lung injury. When 
high airway pressures were used in combination with low tidal volumes 
(achieved by strapping of the chest wall) no sign of pulmonary oedema was seen 
in contrast to when large tidal volumes were used 8, 10. The harmful effect was 
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instead attributed to high volumes distending the lung and the term volutrauma 
suggested to replace barotrauma11.  In addition to limiting the airway pressures 
and tidal volumes experimental studies also suggested that maintained end-
expiratory lung volume by application of PEEP decreased ventilator induced 
lung injury 6, 10, 12. As the protective effect of PEEP seen in these studies was 
thought to be due to prevention of cyclic opening and closing of alveoli and air-
ways during each inflation/deflation, the term atelectotrauma was added to the 
determinants of VILI. Many of these studies included animal models with 
healthy lungs, which are seldom seen in ventilated patients in the ICU. In order 
to mimic lung properties of patients with severe respiratory failure, animal mod-
els with oleic acid-injured lungs were used13, 14 and the previously described det-
rimental effect on the lung by mechanical ventilation was even more pronounced 
in already injured lungs. 
A few years later it was shown that mechanical ventilation with high volumes 
also increased the release of inflammatory markers into the lungs of ventilated 
rats15.  The term biotrauma was coined by Tremblay and Slutsky in 1998 16 to 
describe this inflammatory response to mechanical forces and suggested that it 
may represent a connection between ventilator induced lung injury and multi-
system organ failure17. The correlation between release of inflammatory markers 
into the lungs and blood circulation and ventilation with high volumes was later 
confirmed in patients in 1999 and 200218, 19.   
Decades of experimental research in animal models focused on ventilator in-
duced lung injury has demonstrated a correlation between positive pressure ven-
tilation with high volumes/pressures and low PEEP, cellular injuries in the lungs 
and an inflammatory response.   

	

Acute respiratory distress syndrome, ARDS  

The first description of ARDS is usually ascribed to Ashbaugh in 1967 20 who 
coined the term adult respiratory distress syndrome in contrast to infant respira-
tory distress syndrome seen in premature babies with surfactant depleted lungs. 
There has been an extensive amount of research about the syndrome later named 
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“Acute Respiratory Distress Syndrome”. The definition has changed over the 
years eventually leading up to the current “Berlin definition” defined in 2012 
through an American-European consensus process. In short, the syndrome is 
defined as a hypoxic respiratory failure, with acute onset (within 1 week), not 
fully explained by cardiac failure or fluid overload and radiologically character-
ised by bilateral opacities not fully explained by effusions, collapse or nodules. 
Depending on the ratio between arterial oxygen tension and fraction of inspired 
oxygen (PaO2/FiO2-ratio) the syndrome is classified as mild, moderate or severe 
ARDS21. The high airway pressure required during mechanical ventilation be-
cause of the low respiratory system compliance was noted already in early de-
scriptions of ARDS20 and was thought be due to a homogenous oedema in the 
lungs. The introduction of computer tomography in ARDS research in the 1980s 
challenged this view by showing a pronounced non-homogenous aeration of the 
lungs in patients with ARDS22. In the lungs there were areas, mostly in depend-
ent regions, that were collapsed or consolidated and thereby non-aerated. Other 
areas were poorly aerated and some non-dependent parts of the lungs were often 
normally aerated. The revelation that the volume of the normally aerated part of 
the lungs corresponded to the normal lung volume of a ≈5 years old child led to 
the well-known “Concept of the Baby Lung” introduced by Gattinoni and Pesen-
ti23. The correlation between the amount of non-aerated lung and the degree of 
hypoxemia, likely due to shunt, and between the size of the normally aerated 
lung and compliance of the respiratory system24 increased the understanding of 
ARDS. The low compliance was not caused by a homogenously stiff lung but 
instead caused by only a small portion of the lung being aerated and available for 
ventilation. The compliance of the normally aerated lung actually showed to be 
within the normal range24. In an attempt to decrease the shunt, prone positioning 
of patients was introduced. The aim was to move lung perfusion from the de-
pendent regions of the lungs to the aerated non-dependent regions in order to 
improve oxygenation. Oxygenation did improve but CT-scans revealed that den-
sities were redistributed from the dorsal to the ventral part of the lung, now be-
ing dependent 25, 26. Later animal studies discovered that lung perfusion does not 
follow gravitation but instead remains primarily in the dorsal region also in 
prone position27. The improved oxygenation that was seen in patients in prone 
position in the study by Langer et al25 was probably to a large part caused by 
improved matching of ventilation and perfusion. But instead of moving lung 
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perfusion to the aerated parts of the lung it was the aerated part of the lung that 
was redistributed to the better perfused dorsal part 28. 

Ventilation of patients with ARDS – historical perspective 

Extensive research aimed at finding effective medical treatments for established 
ARDS have often failed and promising medications, several listed in the review 
by Yadav et al29, have turned out to be ineffective. But the evolving knowledge 
about ventilator-induced lung injury and ARDS resulted in awareness of the im-
portance of optimal ventilator settings when dealing with severely injured lungs.  
During the first decades after Ashbaugh’s description of ARDS in 196720 pa-
tients were ventilated with high tidal volumes of 10-15 ml/kg or even higher (up 
to 24 ml/kg in the study by Falke)30-33 to maintain normal arterial levels of CO2. 
The basis for high tidal volumes were the findings by Bendixen et al that devel-
opment of atelectasis and shunt during anaesthesia was minimized by larger-
than-physiological tidal volumes34.  
The use of positive end-expiratory pressure (PEEP) was introduced already in 
the original description of ARDS and since it seemed to have a positive effect on 
oxygenation20 it soon became more widely studied. The main reason for the use 
of higher PEEP during the following 20 years was the desire to lower the frac-
tion of inspired O2 (FiO2) to a safe level and avoid oxygen toxicity 35. The main 
concern was the negative effect on circulation and risk of barotrauma. Most of-
ten PEEP levels between 5-20 cmH2O were applied 33, 36, 37 but sometimes much 
higher levels were used (25-43 cmH2O in the study by Kirby)32. Among the pa-
tients included in the studies, the stated incidence of pneumothorax and pneu-
momediastinum during this time period was often between 10-15%. Although in 
the study with high PEEP by Kirby it was also stated “subcutaneous emphysema 
was a common finding”.  
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Lung protective ventilation in patients with ARDS 

In 1990 Hickling et al published a study where they incorporated knowledge 
about ventilator-induced lung injury in animal studies into the management of 
patients with ARDS38. Instead of the conventional approach with high tidal vol-
umes and PEEP depending on FiO2 they limited the peak inspiratory airway 
pressure to < 30 cmH2O when possible and otherwise < 40 cmH2O. In order to 
achieve these aims they introduced permissive hypercapnia as the tidal volumes 
were decreased and arterial CO2 levels were allowed to increase. Without having 
a control group they stated that mortality was lower than expected compared to 
similarly ill patients in other studies. The study was a starting point for the de-
velopment of what we today refer to as lung-protective ventilation. During the 
following 10 years several studies investigated the effect of smaller tidal vol-
umes and lower plateau pressures (often together with higher PEEP) in the man-
agement of ARDS39-43 but results were conflicting. Then in 2000 the ARDS 
network published a study often cited when discussing lung protective ventila-
tion44. In this multicentre randomized trial patients with ARDS were either venti-
lated conventionally with tidal volumes 12 ml/kg calculated from ideal body 
weight (IBW) and plateau pressures of <50 cmH2O or with a lung protective 
approach with tidal volumes 6 ml/kg (IBW) and plateau pressures < 30 cmH2O. 
The lower mortality in the lung protective group is the basis for the current rec-
ommendation to use lower tidal volumes in management of ARDS.  Adjusting 
tidal volumes according to ideal body weight, which today is standard practice in 
many Intensive Care Units (ICUs), was based on research within lung physiolo-
gy showing that lung volumes are best predicted from sex and length45, 46.  
Lower tidal volumes than 6 ml/kg IBW in combination with extracorporeal CO2-
removal, have been evaluated and shown to be feasible even if there were no 
differences in ventilator-free days which was the primary outcome47. Adapting 
tidal volumes to the patient’s lung volume was improved by the calculations 
using ideal body weight. Still one major feature of ARDS is the small portion of 
the lung that is well aerated and open for ventilation, “the concept of the baby 
lung” described by Gattinoni et al23 (se above). The low compliance of the res-
piratory system in ARDS is correlated to the size of the “baby lung”24 which 
makes it possible to adapt the tidal volume to the functional part of the lung by 
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looking at the airway driving pressure. The airway driving pressure	(ΔPAW), 
which is the difference between plateau pressure and PEEP, is equal to the ratio 
between tidal volume and respiratory system compliance (ΔPAW=VT/CRS). 
Based on the hypothesis that the airway driving pressure is more strongly related 
to outcome in ARDS than the tidal volume Amato et al performed a retrospec-
tive analysis including >3500 patients with ARDS and found that airway	driv-
ing	pressure was the ventilation variable that correlated best with survival48. 
In contrast to the recommendation to limit tidal volumes and airway plateau 
pressures the optimal setting of PEEP has been much harder to establish49. In the 
latest definition of ARDS a PEEP of 5 cmH2O is needed to fulfil the criteria21 
and PEEP is recommended in management of patient with ARDS49. Several 
studies have addressed the subject and compared different methods for finding 
the optimal PEEP-level50-52 but how to set the optimal PEEP still remains un-
known. In a sub-group analysis included in an individual patient data meta-
analysis of these three studies (ALVEOLI50, LOVS51, EXPRESS52) a higher 
PEEP (15 compared to 9 cmH2O at day 1) was associated with lower mortality 
in patients with moderate and severe ARDS53. The results from this meta-
analysis are the basis for current recommendation to use a higher PEEP-level in 
these groups of patients49.   

	

Lung protective ventilation in patients without ARDS 

The concept of lung-protective ventilation with lower tidal volumes has evolved 
from research in patients with ARDS based on experimental studies on animals, 
but it has also been evaluated in other groups of patients. The use of low tidal 
volumes in patients without ARDS has been shown to prevent development of 
ARDS 54-56.  Conclusions in these studies are supported by a meta-analysis of 20 
studies on patients without ARDS showing a benefit from lung protective venti-
lation with lower tidal volumes57. In contrast, a recent trial comparing tidal vol-
umes of 4-6 ml/kg IBW to 8-10 ml/kg IBW in patients in the ICU without 
ARDS did not show any differences in ventilator-free days, ICU-stay or 28 day 
mortality58. Every year a large number of patients are subject to mechanical ven-
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tilation outside the ICU during general anaesthesia. According to a 16-year old 
systematic review the incidence of postoperative pulmonary complications var-
ied from 2-19% depending on the definition of complications and type of sur-
gery59 but a much higher incidence was noted after cardiac and thoracic surgery 
in a later study60. Several attempts, including a Cochrane analysis, have been 
made to evaluate the effect of low tidal volume ventilation perioperatively61-65. 
Results are not homogenous, which in part might be explained by differences in 
the use of PEEP in the included studies, but strongly indicates that low tidal vol-
ume ventilation perioperatively has a positive effect on postoperative pulmonary 
complications. As in patients with ARDS the optimal PEEP-level during general 
anaesthesia has been hard to define66, 67.  When lung protective ventilation was 
evaluated in potential organ donors the use of lower tidal volumes increased the 
numbers of eligible and harvested lungs68.  
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Lung and chest wall mechanics 
	

The components of the respiratory system 

Lung protective ventilation as described above involves restricting airway plat-
eau pressures and airway driving pressures. One limitation of using airway pres-
sures when aiming at lung protective ventilation is that they not only distend the 
lung but act on the whole respiratory system.  The lungs constitute only one part 
of the respiratory system, which also includes the chest wall complex comprising 
both the thoracic wall and the diaphragm in contact with the abdominal content. 
The term “chest wall” in this thesis refers to the chest wall complex including 
the diaphragm connected to the abdominal content if not otherwise stated. The 
chest wall and the lungs are mechanically connected in series and the pressure 
difference between the airway and body surface is the sum of the pressure over 
the lung and the pressure over the chest wall69. With the development of esopha-
geal pressure measurements mainly during the 1950s, see below, it became pos-
sible to separately determine the contribution to total respiratory system 
compliance from the lung and chest wall in mechanically ventilated patients70, 71. 
These studies focused mainly on how lung and chest wall compliance were af-
fected by anaesthesia, different levels of PEEP and different sizes of tidal vol-
umes. Later there was an increasing interest in characterising patients due to 
differences in properties of the lung and chest wall. When studying respiratory 
system mechanics in patients requiring mechanical ventilation for acute respira-
tory failure, Katz et al stated that “patients did vary as to the proportions of pul-
monary and chest wall contributions”72. They also argued for the use of elastance 
instead of compliance when evaluating lung and chest wall mechanics, which 
today is routine in most studies within this field of research.  
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Lung and chest wall elastance and transpulmonary pressure 

Among patients in the study by Katz et al, the contribution of lung elastance to 
total respiratory system elastance ranged from 55-78%. Within these patients it 
was possible to identify two groups with different mechanical characteristics.  
Three patients treated for respiratory failure after “abdominal aortic aneurysmec-
tomy” were noted to have a much larger contribution from the chest wall com-
pared to patients with pulmonary contusions. When the same airway driving 
pressure is applied in patients with similar respiratory system elastance (ERS) 
their lungs will suffer different levels of barotrauma depending on the mechani-
cal properties of the lung and chest wall. This was clearly stated by Jardin et al 
who found that increased lung stiffness decreased the corresponding change in 
pleural pressure when airway pressure was increased73. The described variations 
in lung and chest wall mechanics between patients highlights the limitations of 
using airway pressure as a guide for lung protective ventilation. The actual pres-
sure distending the lung for a given airway pressure, the transpulmonary pres-
sure, can vary depending on the ratio between elastance of the lung and elastance 
of the respiratory system (EL/ERS), Fig 1.  The need for evaluation of lung and 
chest wall mechanics was further emphasized when Gattinoni et al published the 
well-known milestone description of pulmonary and extrapulmonary ARDS in 
199874 . They not only identified the differences in lung and chest wall mechan-

Elastance vs. Compliance 

Elastance, which is the inverse of compliance (=1/Compliance), 
of the respiratory system (ERS) is equal to the sum of elastance 
of the lung (EL) and elastance of the chest wall (ECW). ERS = 
EL + ECW.  

Using compliance (CRS, CL, CCW) instead complicates calcula-
tions since 1/CRS = 1/CL + 1/CCW.  

In this thesis elastance will be preferably used when mechanics 
of the respiratory system, lung and chest wall are described. 
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ics between patients with ARDS of pulmonary or extrapulmonary origin but also 
noted that an increase of PEEP had different effects on respiratory system elas-
tance in these two groups. In several other non-ARDS scenarios such as pneu-
moperitoneum during laparoscopic surgery75 and obesity76 the EL/ERS-ratio is 
affected. However there can be large differences in EL/ERS ratio in mechanical-
ly ventilated patients without ARDS77 or other lung pathology (II), which makes 
it difficult to distinguish the distending pressure of the lung from the airway 
pressure.  The ratio, which tells us how much of the airway driving pressure is 
propagated to the lungs, ranged from 0.5-0.95 in our study of patients with 
healthy lungs (II), 0.33-0.92 in patients with ARDS and 0.36-0.95 in a group of 
mixed surgical and medical ICU patients without ARDS in the study by Chi-
umello77. If we recall some of the experimental studies on animals, mentioned in 
the section about VILI, there was a relation between the transpulmonary pres-
sure, the difference between airway pressure and pleural pressure, and ventilator-
induced lung injury.  When strapping of the chest wall was performed to in-
crease the airway pressure 8, 9 chest wall elastance was increased and a low 
EL/ERS ratio was achieved. Despite high airway pressures the transpulmonary 
pressure remained low and the lungs were ventilated with both low tidal volumes 
and low transpulmonary pressures and no pulmonary oedema developed. The 
initial interpretation of those studies was that volume rather than pressure was 
dangerous. But drawing these conclusions from the airway pressure could be 
misleading since it is a poor surrogate for the pressure over the lung. 
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Fig 1 A: Pressure in the lung and pleura at functional residual capacity (FRC). The negative pleural 
pressure causes the transpulmonary pressure(PL) to be positive at end-expiration. (PL=3 cmH2O) B: The 
pressure in the lung and pleura at end-inspiration in spontaneously breathing patient. (PL= 6 cmH2O) C: 
Pressure in lung and pleura at end-inspiration in mechanically ventilated patient with normal chest wall. 
(Tidal volume ≈ 500 ml and PL=11 cmH2O) D: Pressure in lung and pleura at end-inspiration in mechani-
cally ventilated patient with a “stiff” chest wall (Tidal volume ≈ 500 ml and PL=9 cmH2O) E: Pressure in 
lung and pleura at end-inspiration in mechanically ventilated patient with “stiff” lungs (Tidal volume ≈ 500 
ml and PL=16 cmH2O) 
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Stress, strain and mechanical power 

To better understand the influence of pressure and volume in the development of 
VILI two terms borrowed from bioengineering are used, stress and strain77-79. 
Within lung mechanics, stress is the pressure distending the lung, the transpul-
monary pressure, and strain is the associated deformation defined as the change 
in volume	(ΔV) related to volume at start, the functional residual capacity 
(ΔV/FRC). In these studies77-79 they showed that plateau pressure and tidal vol-
ume calculated according to ideal body weight were inadequate surrogates for 
stress and strain because of variation in FRC and chest wall properties. Using 
similar tidal volumes, the strain was higher in patients with ARDS compared to 
postoperative surgical patients and medical ICU patients due to a lower FRC. 
The stress varied among patients with ARDS because of differences in EL/ERS 
ratio.  Measurements in animals suggest that the relation between stress and 
strain and ventilator induced lung injury is a threshold phenomenon80. When a 
certain limit (still poorly defined in humans) is reached, lung injury develops. 
However there also seems to be a difference in how a certain limit of strain is 
reached. Dynamic strain (tidal ventilation) appears more damaging to the lungs 
than static strain (inflation with PEEP)81. When using the concept of stress and 
strain, the applied pressures and volumes during mechanical ventilation are indi-
vidualized according to properties of the patient’s lung and chest wall. In 2016 
Gattinoni et al argued that it was not only stress and strain that were important 
determinants of ventilator induced lung injury, but also the respiratory rate and 
airflow82. Instead of focusing on a single parameter such as tidal volume or 
transpulmonary pressure, the total energy load delivered to the lung during a 
time unit need to be taken into account. In an attempt to summarize the different 
factors into one formula the concept of mechanical power was introduced, which 
also included airflow and respiratory rate into the calculations. A central part in 
the discussion regarding energy delivered to the lung is the transpulmonary pres-
sure. This is sometimes defined as the pressure difference between the alveoli 
and the pleura, but generally as the difference between airway pressure and pleu-
ral pressure83. The latter definition is used in this thesis and it requires estimation 
of pleural pressure. 
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Pleural pressure 

The pleural space is very thin, 5-35 micrometers84 and contains small amounts of 
fluid (≈0,3 ml/kg)85, 86. Measurement of the pleural pressure is difficult.  As de-
scribed in textbooks, the pleura is affected by two forces acting in the opposing 
directions: the recoiling force of the lung and the expanding force of the chest 
wall. When these forces are in balance we obtain the functional residual capaci-
ty87.  The extent of these opposing forces is determined by the resting volume of 
the chest wall and lung. The resting volume is the volume the chest wall and the 
lung are striving against. The resting volume of the thorax and lungs were de-
scribed as early as 1946 by Rahn et al, who showed that the chest wall tends to 
expand until it reaches it’s resting volume of approximately 75-80% of the total 
lung capacity and the lung recoils until it collapses at a volume below residual 
volume88. Below its resting volume, the chest wall strives outwards and the op-
posing forces acting on the parietal and visceral pleura create a negative pleural 
pressure (see below). The pleural pressure is a regional phenomenon with a nor-
mal vertical gradient of 0,2-0,9 cmH2O/cm (depending on measurement tech-
nique), with an increasing pressure down the vertical axis. Within the pleura, two 
different types of pressures exist with different vertical gradients, the more sub-
atmospheric pleural liquid pressure and the pleural surface pressure89. The higher 
gradient measured with fluid-filled catheters and needles introduced into the 
pleura without air in the pleural space refer to the pleura liquid pressure, 90 which 
is thought to be related to the small amounts of fluid within the pleura and in-
volved in the circulation of that fluid. Pleural surface pressure on the other hand, 
is related to the mechanical forces from the lung and chest wall acting on the 
pleura. Henceforth the term “pleural pressure” refers to pleural surface pressure.  
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Measurement of pleural pressure 

Several different techniques with their different advantages and disadvantages 
have historically been used for estimations of pleural pressure. For estimation of 
the mean overall pleural pressure, measurements of the pressure inside a large 
pneumothorax91, 92 have been used since the air surrounding the lung diminishes 
the vertical gradient. Compensation has to be made for the change in lung vol-
ume since it affects the lung recoil. An alternative method, introduced by Carson 
in 182093, is to measure the mean pleural pressure by letting air into the pleural 
space through an opening of the chest wall while measuring the recoil pressure 
of the lung against a closed airway, a method used in our study on pigs (IV). 
With this method there is a risk of overestimation of the recoiling pressure due to 
the gravitational forces acting on the lungs after the visceral pleura is separated 
from parietal pleura. The regional pleural pressure may be directly measured by 
pressure measurement inside a small pneumothorax, obtained by introduction of 
a small quantity of air92, 94or through surgically implanted pleural balloons95, 96. 
Pleura pressures at end-expiration measured in large pneumothorax 91, 97-99, in 
small pneumothorax 100 and pleural balloons (in dogs)95 show sub-atmospheric 
values ranging from 0 to -10 cmH2O. Gillespie et al on the other hand found 
positive pleural pressures in mid-lung region in dogs101 and in two studies both 
positive and negative pleural pressures were seen dependent on where the pres-
sure was measured96, 102. 
A common problem for many of the techniques for direct measurement of the 
pleural pressure, is that the measurement procedure affects pleural mechanics. 
Techniques with minimal distortion of the pleural space have been developed but 
mainly measure the pleural liquid pressure. With all the direct measurement 
techniques the risk of pneumothorax associated with puncture of the pleura re-
mains. Instead, an indirect method for estimation of the regional pleural pressure 
by esophageal pressure measurements is the only technique currently used in 
humans. 
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Esophageal pressures – in research and in the clinic 

Historical perspective 

Esophageal pressure measurements were introduced 140 years ago103 but became 
more widely used in calculations of respiratory mechanics in the 1950s after the 
work of Buytendijk104 and the introduction of the balloon catheter. Due to the 
difficulties and risk of complications associated with pleural pressure measure-
ments many studies were performed in order to develop the technique for indi-
rect pressure measurements. Several researchers have compared esophageal and 
direct pleural pressure measurements 70, 91, 98, 100, 105-108. The agreement between 
pleural and esophageal pressure in these studies varied between patients and also 
depending on where pleural pressure was measured as it is affected by gravity 
(see above). Pressure variations during breathing on the other hand were quite 
similar in the esophagus and the pleural space. Most measurements were per-
formed in spontaneously breathing patients. After these “validation studies” 
esophageal pressure replaced directly measured pleural pressure in calculations 
of respiratory mechanics. As the knowledge regarding esophageal pressure 
measurement increased, several factors influencing the pressures became obvi-
ous such as patient positioning109-111, balloon position in the esophagus111-113, 
size of the balloon111, 114, filling volume of the balloon114-116 and cardiac arte-
facts109, 117-119. Factors influencing esophageal pressures will be discussed in 
more detail below. In an attempt to optimize pressure recordings, the lower two 
thirds of the esophagus was suggested as optimal balloon position, 5-10 cm as 
optimal balloon length and small volumes of air inside as optimal filling 
volume116, Fig 2. Despite attempts to optimize measurement techniques there 
were still uncertainties regarding the relation between absolute esophageal pres-
sure and absolute pleural pressure111.  
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Figure 2 Esophageal balloon catheter in esophagus. Left panel: Transversal plane. Note the close 
proximity between the esophagus and the heart. Right panel: Mid-sagittal plane with the esophageal 
balloon in the lower third of the esophagus    

Esophageal pressure and mechanical ventilation 

Under general anaesthesia it was noted that respiratory system mechanics 
changed with a decrease in FRC and compliance. By introducing esophageal 
pressure measurements in anesthetized patients it became possible to separately 
determine the effect of general anaesthesia on the lung and chest wall70, 119-124.  
Esophageal pressures measured in supine, anesthetized and paralyzed patients 
were often positive and generally higher than in sitting patients122, 123. With the 
availability of esophageal pressures the separate pressure-volume curves for the 
lung and chest wall was determined, as previously done without esophageal 
pressures by Rahn et al88. When measuring esophageal pressure, the chest wall 
resting volume, which is the volume at which the chest wall changes from being 
an expanding force on the lung to compressing the lung, was lower in awake 
patients in sitting position110 and even lower in anesthetized and paralysed pa-
tients121. In the last reference, the authors suggested that the right shift of the 
chest wall pressure-volume curve might be due to inaccurately elevated esopha-
geal pressure caused by the supine position of the patient.  
An occlusion test, which had been described for spontaneously breathing pa-
tients, 117 was further developed for use during muscle paralysis125. The last ref-
erence is an animal experiment and describes the positive pressure occlusion 
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test, which was adopted and used in humans but evaluated systematically much 
later126. The method consists of a compression of the chest wall during an end-
expiratory pause while determining the ratio between the pressure change in the 
airway and the esophagus. A ratio close to one suggests that the measured 
changes in pressure inside the balloon are an acceptable substitute for changes in 
pleural pressures.   
Even if the interest for esophageal pressures somewhat declined for a few dec-
ades, the measurements were used for research purposes in lung and chest wall 
mechanics as described, and gradually introduced in the management of critical-
ly ill patients72, 73, 127. 
 

Esophageal pressure in acute respiratory failure 

			

In 1995 Pelosi published a study where they showed that ARDS affects both the 
lung and the chest wall128. Chest wall and lung mechanics were separated using 
esophageal pressure measurements. Further studies confirmed the findings and 
discovered that patients with ARDS could be divided in groups according to the 
mechanical properties of their lung and chest wall, which in turn was associated 
with the cause initiating ARDS 74, 129. Groups of patients with different lung and 
chest wall mechanics also responded differently to increase of PEEP74 and prone 
positioning130. These studies underline the value of separate measurement of 
lung and chest wall mechanics in patients with respiratory failure and since 
esophageal pressure measurements were the only clinically available method it 
gained an increased interest. Still there were discussions about the usefulness of 
esophageal pressure measurements due to the uncertainty concerning how well it 
reflected pleural pressure in acutely ill patients131. In the studies previously men-
tioned, esophageal pressure was used in different ways. Gattinoni et al74 and 
Ranieri et al129 used esophageal pressure variations to avoid the uncertainties 
associated with absolute values in supine position, while Pelosi et al128 used the 
absolute pressure. In 2006 Talmor et al further evaluated the absolute esophageal 
pressures in patients with acute respiratory failure132. In a group of 70 patients 
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the mean end-expiratory esophageal pressure was ≈17 cmH2O but in some pa-
tients end-expiratory esophageal pressures exceeded 30 cmH2O. End-expiratory 
esophageal pressures were used as surrogates for pleural pressure in calculation 
of transpulmonary pressure (the difference between airway and pleural pressure) 
resulting in low and even negative transpulmonary pressures at end-expiration. 
An important detail in the study by Talmor et al is that end-expiratory esophage-
al pressure was corrected for supine position and a higher balloon volume by 
subtracting 5 cmH2O. This correction was based on a study of 10 healthy sub-
jects where the calculated increase in esophageal pressure caused by changing to 
supine position was ≈3 cmH2O (range 0-7 cmH2O)133. Two years later Talmor et 
al published a study in New England Journal of Medicine where PEEP set to 
achieve an end-expiratory transpulmonary pressure of 0-10 cmH2O (depended 
on FiO2) improved oxygenation in patients with ARDS compared to PEEP set 
directly according to FiO2

134. Transpulmonary pressure was calculated as the 
difference between airway and esophageal pressures. This study has influenced 
the discussion of esophageal pressure for the last 10 years. An interesting detail 
is that end-expiratory esophageal pressure was not corrected for supine position 
as in the previous study, which lead to the esophageal pressure-guided patient 
group receiving a mean PEEP of 17 cmH2O compared to 10 cmH2O in the con-
trol group. If esophageal pressure had been corrected as in the previous study, 
the difference in PEEP between groups would have decreased to 2 cmH2O. In 
2012 during the H1N1 influenza epidemic, esophageal pressure was used to 
evaluate lung and chest wall mechanics in patients who fulfilled the criteria for 
extracorporeal oxygenation (ECMO). By identifying patients with low transpul-
monary pressures despite high airway pressures, ECMO was avoided by opti-
mizing ventilator setting based on transpulmonary pressures135. These studies by 
Talmor and Grasso indicated that ventilator settings based on transpulmonary 
pressures further contributed to lung protective ventilation. 
Still, there was a lack of consensus regarding the interpretation of absolute 
esophageal pressures. Talmor and colleagues argued for the use of the absolute 
end-expiratory esophageal pressure while others argued that these are not relia-
ble as estimates of the pleural pressure136. In order to avoid the uncertainties with 
absolute pressure in supine patients, the transpulmonary pressure could instead 
be estimated from lung elastance calculated based on tidal variations in esopha-
geal pressure77, 137-139. Calculations by this method had been used as the basis for 
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ventilator settings in a pig study with promising results140. Both methods calcu-
late transpulmonary pressure and lung and chest wall elastance, but if applied in 
the same patients the results are often incompatible141 and thus the debate con-
cerning interpretation of esophageal pressure continues142-144. (For description of 
calculations se below) In 2018 Yoshida et al presented a study comparing 
transpulmonary pressure calculated by the two methods with transpulmonary 
pressure derived from pleural pressure measured with wafers (flat balloons) in-
serted in different parts of the pleura96. Results from measurements in pigs with 
induced lung injury and three human cadavers indicated that calculation from 
absolute esophageal pressure corresponded to transpulmonary pressure in the 
mid/dorsal-lung region while calculations from tidal changes in esophageal pres-
sure (elastance-derived method) corresponded to transpulmonary pressure in the 
ventral part of the lung.  

Calculations from absolute esophageal pressure: 

End-expiratory transpulmonary pressure = End-expiratory airway 
pressure (PEEP) – End-expiratory esophageal pressure (PESEE)  

End-inspiratory transpulmonary pressure = Airway plateau pres-
sure – End-inspiratory esophageal pressure (PESEI) 

 

Calculations using tidal changes in esophageal pressure (elas-
tance-derived method): 

Respiratory system elastance = (Airway plateau pressure – 
PEEP)/Tidal volume (=ΔPAW/VT) 

Chest wall elastance = Tidal variation in esophageal pressure 
(ΔPES) / Tidal volume (=ΔPES/VT) 

Lung elastance =  (ΔPAW- ΔPES) / Tidal volume 

Transpulmonary pressure at end-expiration = PEEP x (EL/ERS) 

Transpulmonary pressure at end-inspiration = Airway plateau 
pressure x (EL/ERS) 
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Lung and chest wall properties 
during mechanical ventilation 

Is the study by Yoshida et al the “landmark physiological study”, as described in 
an editorial by Grasso145, that finally ends the debate and validates esophageal 
pressure for calculation of transpulmonary pressure?  Quite a few uncertainties 
still remain to be addressed and the main question concerns basic lung and chest 
wall mechanics during mechanical ventilation. Based on centuries of research in 
respiratory mechanics, textbooks describe the respiratory system as a recoiling 
lung inside an expanding chest wall69, 146, 147. The interaction between the lung 
and the chest wall creates a negative pleural pressure at functional residual ca-
pacity, which has been confirmed by previously mentioned measurements of 
pleural pressures in patients. Still, end-expiratory esophageal pressure is often 
positive not only in patients with ARDS but also in lung healthy mechanically 
ventilated patients at end-expiration. If end-expiratory esophageal pressure is a 
valid substitute for pleural pressure, the transpulmonary pressure becomes nega-
tive at zero PEEP. According to Loring et al there is nothing that prevents the 
relaxed chest wall from applying a positive pressure on the outside of the 
lung144. Is a higher pressure on the outside of the lung compared to the inside (= 
negative transpulmonary pressure) compatible with an open lung? In previous 
publications from our research group, a non-invasive method for determination 
of transpulmonary pressure had been introduced, the PEEP-step method148, 149. 
The basis for this method is an expanding chest wall that keeps the pleural pres-
sure negative at end-expiration also at high lung volumes.  
This discussion reveals opposing views on the role of the chest wall and how it 
interacts with the lung. When aiming at optimal ventilator settings and lung pro-
tective ventilation, an understanding of lung and chest wall mechanics is funda-
mental. An in-depth knowledge of “Lung and chest wall properties during 
mechanical ventilation” is of interest not only for researchers within the field, 
but also for clinicians caring for mechanically ventilated patients.  
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Main aim and description of included studies 

 
The overall aim of this thesis was to study the mechanical properties of the lung 
and chest wall during mechanical ventilation and to evaluate the methods, PEEP-
step method and conventional method with esophageal pressure measurements, 
used to determine these properties.  
 
	
The included studies in this thesis are referenced by roman numerals I-IV. 

I. Evaluation of the physiology behind the PEEP-step method in a mechani-
cal model of the respiratory system including a recoiling lung and an 
expanding chest wall connected to an abdomen with high plasticity 

II. Evaluation of lung and chest wall mechanics during a PEEP-induced in-
flation and comparison of transpulmonary driving pressures measured 
with the PEEP-step method and the conventional method using esopha-
geal pressures. Measurements performed in patients under general an-
aesthesia 

III. Evaluation of factors influencing esophageal pressure in mechanically 
ventilated patients in the ICU and operating room as well as in awake 
spontaneously breathing patients. Measurements performed with an ad-
vanced High Resolution Manometry catheter and a regular balloon 
catheter. 

IV. Evaluation of the role of the chest wall during mechanical ventilation with 
a focus on differences in end-expiratory and tidal chest wall elastance. 
Measurements performed on pigs.  
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Main areas in the thesis 

Results from studies I-IV will not be discussed in order but instead included in a 
broader discussion concerning three main areas:  
 

1. Esophageal pressure  
2. The physiology of a PEEP-step 
3. The chest wall during mechanical ventilation 

 
The final sections include a condensed description of the respiratory system from 
a mechanical model followed by clinical implications and future perspectives. 
Methodological considerations and included studies with supplemental material 
are found in “Appendix”.  
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Esophageal pressure 

	

Aim 

To determine what factors influence measured esophageal pressures and explore 
the role of esophageal pressures in determination of lung and chest wall proper-
ties 

	

End-expiratory esophageal pressure 
	

End-expiratory esophageal pressure and the chest wall 

In the early studies of esophageal pressure measurements during mechanical 
ventilation the pressure was often within 3-6 cmH2O122, 123. In more recent stud-
ies the mean end-expiratory esophageal pressure often ranges from 10-13 
cmH2O 126, 137, 150-152(patients both with and without ARDS) but in the two stud-
ies by Talmor it was higher, ≈17 cmH2O132, 134. Similar mean levels were seen at 
zero PEEP in our lung healthy patients during general anaesthesia, 11.2 cmH2O 
(suppl. material in II) and in patients in the ICU with respiratory failure, 11.3 
cmH2O (III, measured with High Resolution Manometry, se below). In most 
studies the levels of end-expiratory esophageal pressure is fairly similar despite 
being measured in patients with ARDS as well as in lung healthy patients. An 
interesting finding is that the levels of end-expiratory esophageal pressure are 
not correlated to chest wall elastance measured during tidal ventilation132, 137, 153. 
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The level of end-expiratory esophageal pressure is also not affected by increased 
chest wall elastance through elevated abdominal pressure from pneumoperitone-
um during laparoscopic surgery154 and there is no clear correlation with gastric 
pressure132, 137. In obesity, mean end-expiratory esophageal pressure may be in-
creased152 but there is little or no correlation between BMI and end-expiratory 
esophageal pressure137, 155. From these studies we may conclude that end-
expiratory esophageal pressure does not seem to provide reliable information 
concerning the properties of the chest wall. When end-expiratory esophageal 
pressure is used as basis for PEEP-selection, the lack of correlation with chest 
wall elastance means that “appropriate PEEP-level” is set without regard to chest 
wall properties. This is in contrast to the findings that the effect of PEEP varies 
due to chest wall properties in patients with ARDS74.  

Factors influencing end-expiratory esophageal pressure 

Even if changes in chest wall elastance do not affect end-expiratory esophageal 
pressure there are many other factors influencing the pressure. Two important 
factors, which have to do with the measurement technique when using a balloon 
catheter, are the position and the filling volume of the balloon. Mojoli et al has 
published studies looking at optimal volume of the esophageal balloon and 
found that a higher volume of air inside the balloon increases end-expiratory 
esophageal pressure156. They also concluded that the optimal volume inside the 
balloon, determined from tidal changes in esophageal pressure, was different for 
each patient and has to be titrated in order to obtain correct measurements.  
When using a short balloon to compare the pressure in different parts of the 
esophagus the results are conflicting regarding variation in pressure along the 
esophagus111, 114. With High Resolution Manometry (HRM) (III) the esophageal 
pressure is measured separately at each centimetre along the length of esophagus 
and no balloon is involved, Fig 3.  
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Figure 3 Left panel: Measurements with an esophageal balloon catheter, normally placed in the part of 
the esophagus between 30-42 cm from the nostril. A single pressure is measured. Curve next to the 
esophagus show typical esophageal swings during tidal inflations. Right panel: Esophageal pressure 
measured with an advanced High-Resolution Manometry catheter. Pressures are measured at 36 differ-
ent levels 1 cm apart with 12 circumferential pressure sensors at each level, altogether 432 pressure 
sensors. In the software it is possible to analyse 12 levels at the same time. If including every second 
level, 22 cm of esophagus is included in analysis (III). Curves next to the esophagus shows tidal chang-
es in esophageal pressure at 12 different levels 2 cm apart. At the lowest levels cardiac artefacts are 
clearly visible. Distance shown on the left in each panel represents centimetres from nostril.   

Study III shows that the end-expiratory esophageal pressure varies substantially 
along the esophagus, Fig 4 (Fig 1 and Suppl. Fig 2 in III). Within the area where 
the balloon is normally located the mean difference between the highest and 
lowest pressure was ≈13 cmH20. When PEEP is increased the end-expiratory 
lung volume and the end-expiratory esophageal pressure increases 126 (II) but the 
change in end-expiratory  esophageal pressure varies substantially along the 
esophagus (Suppl. figure in III). In some patients the end-expiratory esophageal 
pressure decreases in some parts of the esophagus and increases in other parts 
when PEEP is changed (Fig 2 in III). The pressure measured with the balloon 
catheter only reflects a mean of several sometimes very different pressures and 
the variation in pressures are not revealed.  
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Figure 4 End-expiratory esophageal pressure measured with High Resolution Manometry catheter in 
two representative patients. Large variations in pressure are seen along the esophagus (III).   

One reason for the large variation in end-expiratory esophageal pressure is re-
vealed in the measurements in spontaneously breathing patients with the HRM-
catheter (III). In supine position, the esophageal pressure is significantly higher 
than in sitting position, which has been known since the 1950s 109, 111 (mean dif-
ference =12.3 cmH2O), Fig 5 (Fig 4 in III). The variation in esophageal pressure 
also increases in supine position as do visible cardiac artefacts (Suppl. figure 9 in 
III), previously described by Baydur et al118.  The larger variation in end-
expiratory esophageal pressure and more pronounced cardiac artefacts in supine 
position suggest that the increase in pressure is in part due to compression of the 
esophagus from the heart and possibly also from the great vessels (aortic arch). 
The decrease in esophageal pressure after an increase of PEEP is mainly seen in 
areas with large cardiac artefacts, (Suppl. figure 6 in III) which further suggest a 
significant effect on esophageal pressure from the cardiovascular system. 

	

	



 
 

ESOPHAGEAL PRESSURE 29	

 

 
Figure 5 End-expiratory esophageal pressure measured with High Resolution Manometry catheter in 
awake spontaneously breathing patients in sitting and supine positions. Curves represent mean pressure 
from 17 patients (III) 

Transpulmonary pressure and end-expiratory esophageal pressure 

In a correspondence regarding esophageal pressure and pleural pressure it is stat-
ed that airway pressure “often must be raised until it exceeds esophageal pres-
sure (PES) before air begins to inflate the lungs”144 with reference to a study by 
Behazin et al155. In this study the airway pressure, when air begins to inflate the 
lungs, was seen as an indirect measure of the lowest pleural pressure surrounding 
the lung since a positive transpulmonary pressure (higher pressure in the airways 
compared to in the pleura surrounding the lungs) is needed in order to inflate the 
lung. If the pleural pressure was sub-atmospheric at FRC then air would inflate 
the lungs as soon as the airway pressure exceeds zero, since the transpulmonary 
pressure is positive. In the study a cut off of 1,3 cmH2O was used in order to 
compensate for pulmonary resistance. In all of the patients with normal BMI the 
airflow begun at an airway pressure <1 cmH2O despite a end-expiratory esopha-
geal pressure ranging from 0.7-12.2 cmH2O (mean 6.9 cmH2O). In the group 
with obese patients, the airway pressure needed to start inflation of the lung 
ranged from 0.6-14 cmH2O while esophageal pressure was between 3.0-25.7 
cmH2O (mean 12.5 cmH2O). There was no correlation between airway pressure 
at start of inflation and esophageal pressure at end-expiration (r2=0.16). But 
since esophageal pressure measurements is an indirect method for regional pleu-
ral pressure as described previously, the lack of correlation could be due to dif-
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ferences in the vertical pleural pressure gradient within the patients. The vertical 
gradient may cause the transpulmonary pressure to be positive in ventral areas 
while negative in dorsal areas. When similar measurements were conducted in 
pigs (IV) inflation of the lungs begun as soon as airway pressure exceeded zero 
(<0.2 cmH2O in all pigs) despite an esophageal pressure of 2.0-8,6 cmH2O. Fill-
ing volume of the balloon was kept low in order to avoid overestimation of the 
end-expiratory esophageal pressure.  With electrical impedance tomography, 
which analyses distribution of inflated air using changes in impedance, inflation 
also started in the most dorsal region of the lung surrounding the esophagus as 
soon as airway pressure exceeded zero (Fig 4 in IV). This finding questions the 
notion of end-expiratory esophageal pressure being equal to the pleural pressure 
even in the dorsal regions since expansion of the lungs caused by inflation of air 
then occurs against a higher surrounding pressure (= negative transpulmonary 
pressure). These results are in contrast with the findings by Yoshida et al96 and 
by Pelosi et al (in dogs)102 who compared esophageal pressure to directly meas-
ured pleural pressure and found that end-expiratory esophageal pressure corre-
lated with pleural pressure at the mid/dorsal part of the lung.  

Esophageal pressure at increased PEEP 

Increase of PEEP causes end-expiratory esophageal pressure to increase (II)96, 

126. This is also true of average end-expiratory esophageal pressure measured 
with High-Resolution manometry (III). The total increase in end-expiratory 
esophageal and airway pressure occurs simultaneously during the first breath 
(Suppl. Fig. 5 in III), which suggests that the end-expiratory transpulmonary 
pressure is unchanged after the first breath following an increase of PEEP. Still 
there is a continuous increase in end-expiratory lung volume during several 
breaths corresponding to ≈30% of the increase in EELV despite an absence of a 
pressure gradient creating the flow of air.  
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Positive pleural and end-expiratory esophageal pressure 

Instead of the chest wall compressing the lung at functional residual capacity an 
increased pleural pressure in the dorsal regions could be caused by an increased 
vertical pressure gradient due to increased lung density, for example in ARDS157. 
The heavy lung then rests on the dorsal chest wall and creates a positive pleural 
pressure and a negative transpulmonary pressure and possibly also the positive 
end-expiratory esophageal pressure. On the other hand, lung weight calculated 
from computer tomography is not correlated to end-expiratory esophageal pres-
sure and neither is the amount of non-aerated lung tissue137.   

 
 
 
Tidal variations in esophageal pressure.  

As previously described, tidal changes in esophageal pressure have been used in 
calculation of lung and chest wall mechanics in order to avoid the uncertainties 
associated with absolute esophageal pressures77, 137, 138. The use of tidal changes 
in esophageal pressure is based upon previously cited article comparing esopha-
geal and pleural pressures100.  Separation of total respiratory system elastance 
into lung and chest wall elastance is achieved by measurement of tidal changes 
in esophageal pressure158. After classification of patients with ARDS into groups 
based on the clinical presentation and assumed cause of ARDS, tidal changes in 
esophageal pressure confirmed differences in lung and chest wall properties be-
tween groups 74, 129. Measurement of tidal changes in esophageal pressure must 
today be considered the gold standard for estimation of lung and chest wall me-
chanics. 
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Factors influencing tidal changes in esophageal pressure 

The volume of the esophageal balloon affects not only the absolute end-
expiratory esophageal pressure but also the tidal changes156. Increasing the vol-
ume of the balloon leads to a higher end-expiratory esophageal pressure but with 
tidal changes that is not always true. Mojoli et al stated that the optimal volume 
of air inside the balloon was the one that led to the largest tidal changes in 
esophageal pressure and this optimal volume ranged from 0.5-6 ml in different 
patients. If 4 ml was used as recommended by the manufacturer of the esophage-
al balloon and used in (II), the tidal changes was on average 7% smaller than at 
the optimal filling volume.  
When tidal changes in esophageal pressure were measured with the HRM cathe-
ter, large variations within individual patients were revealed (III), Fig 6. The 
mean difference between the highest and lowest value in the area where the bal-
loon is normally positioned was 5.5 cmH2O. This variation is concealed when 
measurements are performed with balloon catheters. In > 50% of the patients in 
(III) both negative and positive tidal changes in esophageal pressure were seen 
simultaneously in different part of the esophagus. The negative tidal changes in 
esophageal pressure (=decrease in esophageal pressure when intrathoracic pres-
sure and lung volume is increased by a tidal inflation) appeared mostly in areas 
with obvious cardiac artefacts (Fig 2 in III). This indicates an influence from the 
cardiovascular system on tidal variations in esophageal pressure. The balloon on 
the catheters used for esophageal pressure measurements in (II, III and IV) is 10 
cm long and is consequently affected by a large variation in tidal changes in 
pressure and provides an average of the change in esophageal pressure within the 
examined part of the esophagus.       
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Figure 6 Tidal variations in esophageal pressure measured with a High Resolution Manometry (HRM) 
catheter and a conventional balloon catheter. With the HRM catheter large differences in pressure varia-
tions are seen within the esophagus. The balloon catheter, placed in esophagus between 30-42 cm from 
nostril, only presents a single pressure variation.   

Transpulmonary pressure and tidal changes in esophageal pressure  

Transpulmonary driving pressure, the pressure distending the lung during each 
tidal inflation, may be calculated as the difference between the tidal change in 
airway and esophageal pressures158. Based on the data from Amato et al concern-
ing airway driving pressure and the outcome in patients with ARDS,48 it is ap-
pealing to measure to what extent the airway driving pressure actually distends 
the lung (=transpulmonary driving pressure). As described earlier, tidal changes 
in esophageal pressure have despite all the uncertainties proven to be useful in 
identifying differences in lung and chest wall mechanics among patients with 
ARDS from different causes74. But due to the factors that influence tidal changes 
in esophageal pressure, the method will seldom accurately represent tidal chang-
es in pleural pressure. If used as a reference when a new method for calculation 
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of transpulmonary driving pressure is introduced there will always be variability 
between measurements (II).  
When the total transpulmonary pressure is calculated from tidal changes in 
esophageal pressure, some assumptions are made. Since only changes in esopha-
geal and airway pressures are used in calculations it assumes the transpulmonary 
pressure at FRC (zero airway pressure =ZEEP) to be zero137, 140. In other words 
pleural pressure is also zero. This assumption is necessarily not true, which has 
been pointed out both by those who believe pleural pressure to be negative at 
FRC159 and by those who consider a positive pleural pressure at FRC to be pos-
sible144. Calculations of transpulmonary pressure from lung elastance, the elas-
tance-derived method (see descriptions of calculations earlier) necessitate that 
the change in pressure due to the total increase in volume above FRC (PEEP-
induced and tidal inflation) is estimated from pressure/volume changes during 
tidal inflation. This assumes that the chest wall behaves similarly during an in-
crease of PEEP, as it would during tidal inflation. When comparing changes in 
esophageal pressure after an equally large PEEP-induced and tidal inflation, 
changes are found to be smaller after a PEEP-induced inflation (IV). This indi-
cates a difference in end-expiratory and tidal chest wall behaviour160. If such a 
difference in chest wall behaviour exists, the elastance-derived method underes-
timates the end-inspiratory transpulmonary pressure.   
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Conclusion - Esophageal pressure 

With the data presented above it is difficult to look at the end-expiratory esopha-
geal pressure as a valid substitute of absolute pleural pressure despite the find-
ings by Yoshida and Pelosi. The end-expiratory esophageal pressure varies 
substantially along the esophagus, is poorly correlated to chest wall properties 
and is affected by several factors, which make interpretation of the measured 
pressure complicated. A respiratory system with an inflated lung despite a higher 
pressure outside compared to inside the lung instinctively contradicts basic phys-
ical laws161. The functionality of such a system still needs to be proven. 
Tidal changes in esophageal pressure most probably estimate tidal changes in 
pleural pressure accurately enough to be used in evaluation of lung and chest 
wall mechanics. But the measured tidal changes in pressure varies within a pa-
tient and is influenced by several factors to such a degree that it cannot be seen 
as a precise representation of changes in pleural pressure.  
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The physiology of a PEEP-step 

	

Aim 

To determine how a change of PEEP affects the lung and chest wall and explore 
the role of the PEEP-step method in determination of lung and chest wall proper-
ties. 

	

Positive end-expiratory pressure (PEEP) 

As previously described, it has been difficult to find the optimal method for se-
lecting PEEP in patients with ARDS. The decrease in functional residual capaci-
ty (FRC) seen in ARDS was established decades ago as was the correlation 
between the level of decrease in FRC and degree of shunt162. In order to improve 
oxygenation, PEEP was applied to restore FRC and decrease the venous admix-
ture of blood from the part of the lung previously not ventilated163. With the in-
creasing knowledge of ventilator induced lung injury and atelecttrauma, PEEP 
setting was adjusted according to the mechanical properties of the respiratory 
system, instead of focusing only on oxygenation. In a classic editorial in 1992 
Lachmann suggested that mechanical ventilation should aim to “Open up the 
lung and keep the lung open”164. This approach, involving recruitment manoeu-
vres and application of PEEP to keep the recruited lung open, has shown suffi-
cient to decrease atelectasis in morbidly obese patients during general 
anaesthesia165 and decrease pulmonary complications after cardiac surgery166. 
On the other hand, in a study of patients with ARDS, an approach with recruit-
ment manoeuvres and PEEP adjusted to the best respiratory system compliance 
increased mortality167. Several studies have evaluated PEEP set according to the 
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pressure volume curve of the respiratory system in comparison to PEEP set ac-
cording to FiO2

18, 41, 168. In these studies PEEP was set higher than the lower in-
flection point of the pressure volume curve for the respiratory system, which 
often has been interpreted as the point where the applied airway pressure open 
up closed alveoli169. But the view of the lower inflection point as a measure of 
alveolar recruitment has been questioned, as other investigations have proposed 
that recruitment and derecruitment occur along the full P/V curve170, 171. In order 
to further understand the discussion about PEEP and recruitment we first need to 
define the term recruitment and then look closer at the PEEP-induced change in 
end-expiratory lung volume and its similarities and differences with tidal infla-
tion.  

Recruitment 

There are several methods for determination of alveolar recruitment and also 
different definitions of the term “recruitment”. Computer tomography is the 
golden standard to assess recruitment and Gattinoni et al defines the CT verified 
recruitment as inflation of previously non-aerated parts of the lung, which means 
opening of previously collapsed (non-aerated) alveoli 172. Classification of lung 
tissue into non-aerated, poorly aerated and normally aerated is made radiologi-
cally from tissue density measured with Hounsfield units. In another study with 
computer tomography, the increase in gas volume into the poorly aerated areas 
was included, indicating that distension of already open but poorly aerated areas 
are included in the term recruitment173. When recruited volume was assessed 
from pressure volume curves at the bedside, the difference between the total and 
expected increase in end-expiratory lung volume after an increase of PEEP (see 
below) was ascribed to recruitment without knowledge about which parts of the 
lung had increased their gas content174, 175. The calculated increase in end-
expiratory lung volume from pressure volume curves was thought to be due to 
opening of previously collapsed alveoli, but was later shown to occur almost 
totally in already aerated parts of the lung176. When the term recruitment is used 
in this thesis it refers to the definition by Gattinoni, opening of previously closed 
alveoli.     
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Measurement and time-course of PEEP-induced inflation 

An increase in the end-expiratory airway pressure (PEEP) induces an increase in 
end-expiratory lung volume (EELV). In lung healthy patients undergoing gen-
eral anaesthesia (II) the mean change in end-expiratory lung volume was ≈ 440 
ml after PEEP was increased 5 cmH2O but much lower changes in volumes was 
seen among patients in the ICU with low PaO2/FiO2-ratio (lowest increase in 
EELV was 158 ml after a PEEP-step of 4.9 cmH2O) (III). The change in end-
expiratory lung volume from functional residual capacity can be estimated with 
different methods as for example a disconnection of the patient from the breath-
ing circuit while measuring the exhaled volume down to zero airway pressure128 
or repeated measurement of EELV with the nitrogen washin/washout method at 
different PEEP177. Fretschner et al introduced a method where changes in end-
expiratory lung volume were calculated from changes in inspiratory and expira-
tory lung tidal volumes178. The method that was further developed and validated 
in a lung-model and in patients by Grivans et al179 makes it possible to continu-
ously monitor the increase in end-expiratory lung volume breath-by-breath after 
a change of PEEP. After an increase in PEEP the change in end-expiratory lung 
volume happens over several breaths, mean seven breaths in lung healthy pa-
tients (II). This slow increase in end-expiratory lung volume was first described 
by Katz et al who noticed that only 66% of the total increase in EELV occurred 
during the first breath after an increase of PEEP and that the remaining increase 
in volume happened during several breaths180. Studies with electrical impedance 
tomography (EIT) has also shown the slow time-course of the change in end-
expiratory lung volume after a change in PEEP148, 181 which earlier was ascribed 
to “slowly distensible compartments of the respiratory system”178. In the experi-
mental study on pigs EIT monitoring identified a long time course (often more 
than 15 breathes) of PEEP-induced inflation after larger changes of PEEP (≈	8	
and	12	cmH2O	respectively) (IV), Fig 7.  
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Figure 7 Increase in end-expiratory lung volume during >40 breaths in a pig after PEEP was increased 
from 5 to 17 cmH2O. Increase in end-expiratory lung volume analyzed from changes in impedance using 
electric impedance tomography. 

PEEP-induced increase in end-expiratory lung volume 

The change in end-expiratory lung volume during the first breath after an in-
crease of PEEP was similar in the lung healthy patients (68% of total change in 
EELV) (II) as in the study by Katz180. The increase in volume during the first 
breath followed the pressure volume curve of the respiratory system determined 
during tidal inflation, Fig 8 and 9. This means that the increase in end-
expiratory lung volume after the first breath was dependent on the elastance of 
the respiratory system and the size of the PEEP change (Suppl. Fig 2 in II). This 
is logical since it can be compared to a pressure-controlled breath where the ven-
tilator closes the expiratory valve at a new pressure level and causes a certain 
volume from the tidal inflation to stay within the lungs. The following slow 
change in end-expiratory lung volume is an “unexpected” change since it devi-
ates from the expected, calculated from the pressure volume curve of the respira-
tory system. This slow increase in volume at a constant end-expiratory airway 
pressure (PEEP) moves the pressure/volume curve in a vertical direction (some-
times described as a left shift of the P/V curve) to a higher volume for the same 
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airway pressure compared to the pressure volume curve on initial PEEP-level175, 

182 (I, II), Fig 8 and 9. The unexpected change in end-expiratory lung volume 
after a change of PEEP has often been assigned to recruitment (when PEEP is 
increased) or derecruitment (when PEEP is decreased)170, 171 and methods for 
bedside estimation of the “recruited” volume have been developed175. An inter-
esting phenomenon concerning this “recruited volume” is that it is higher in lung 
healthy patients compared to patients with ARDS 182 and higher in patients with 
better compliance of the respiratory system175. This is opposite to corresponding 
findings with computer tomography, where the amount of recruitable tissue is 
close to zero in lung healthy patients and positively correlated to severity of dis-
ease and decrease in respiratory system compliance172.  

	
 
 

Figure 8 Tidal inflation  
A: End-expiration at baseline PEEP of 5 cmH2O. Lung volume at baseline PEEP = 0 ml in P/V curve and 
volume curve. Pleural pressure ≈ -2 cmH2O and the transpulmonary pressure at end-expiration is 7 
cmH2O.  
B: End-inspiration after inflation of 500 ml. Airway plateau pressure is 15 cmH2O and pleural pressure 
has increased to 1 cmH2O. Transpulmonary pressure at end-inspiration is 14 cmH2O. 
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Figure 9 PEEP-induced inflation 
C: End-expiration after the first breath at the new PEEP-level =12 cmH2O. End-expiratory lung volume 
has increased with 370 ml and pleural pressure has increased to 0 cmH2O.  
D: During the following breaths the chest wall complex slowly expands and the end-expiratory lung vol-
ume increases to 530 ml despite a constant end-expiratory airway pressure (=12 cmH2O). The expand-
ing chest wall restores the end-expiratory pleural pressure and the slow inflation of the lungs is caused 
by the slow increase in transpulmonary pressure.  
E: End-inspiration after inflation of a tidal volume ≈500 ml starting from the new PEEP-level.     
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Tidal inflation and PEEP-induced inflation 

When inflating an equally large volume with PEEP and tidal inflation, the mean 
change of PEEP is only ≈70% of the airway driving pressure (II), which means 
that the end-expiratory compliance is much higher than the tidal compliance as 
shown almost 40 years ago180. It has been shown that PEEP-induced inflation in 
patients with ARDS mainly occurs in the non-dependent region183, which is sim-
ilar to the distribution of tidal inflation in mechanically ventilated patients184. In 
ARDS, the oedema in the lung causes an increased hydrostatic pressure gradient 
in a vertical direction due to the weight of the lung185. The pressure gradient 
causes lung inflation to start in the non-dependant region and in order in inflate 
more dorsal lung regions this “superimposed hydrostatic pressure” needs to be 
overcome by the airway pressure. When tidal inflation and PEEP-induced infla-
tion were analysed with electric impedance tomography in pigs, the distribution 
of the inflated air within the lung was almost identical (IV), Fig 10. The small 
differences seen suggested that PEEP-inflation occurred slightly more ventrally 
compared to tidal inflation. In 2015 Chiumello et al evaluated distribution of 
PEEP-induced inflation with computer tomography and concluded that the in-
crease in end-expiratory lung volume from a change of PEEP from 5 to 15 
cmH2O almost completely appeared in already aerated parts of the lung and was 
proportional to the amount of well-inflated lung176. From these studies we can 
conclude that despite the fact that we inflate equally large volumes (tidal and 
PEEP-induced inflation) with a similar distribution within mainly non-dependant 
areas, the pressure required is different.  
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Figure 10 Distribution of air after en equally large PEEP-induced inflation and tidal inflation. Distribution 
analysed with electric impedance tomography in pigs. Numbers are mean values of 14 animals. 

What determines the change in end-expiratory lung volume? 

The change in end-expiratory lung volume during the first breath after a change 
of PEEP was determined by the size of the PEEP change and the elastance of the 
respiratory system (II). In 2012, Stenqvist et al showed that the total change in 
end-expiratory lung volume could be predicted by the elastance of the lung and 
the size of the PEEP increase148. This indicates that the total inflation with PEEP 
is not influenced by the chest wall in contrast to tidal inflation, where the airway 
driving pressure not only expands the lung but also pushes the chest wall com-
plex outwards. It also means that the change in PEEP and the change in end-
expiratory transpulmonary pressure are equal, which was also confirmed by 
Lundin et al in patients with acute respiratory failure149. Measurements in lung 
healthy patients confirmed that it was possible to predict the change in end-
expiratory lung volume after a change in PEEP using lung elastance, calculated 
from airway and esophageal pressure changes during tidal inflation (Fig 2 in II).  
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Transpulmonary pressure calculated from a PEEP-step 

If the total PEEP-induced increase in end-expiratory lung volume follows the 
pressure volume curve of the lung, the end-expiratory transpulmonary pressure 
increases as much as PEEP and the pleural pressure remains unchanged after a 
PEEP-induced inflation. In the lung healthy patients (II) and in pigs (IV), the 
calculated change in pleural pressure was close to zero, Fig 11 (Suppl. Fig 4 in II 
and Fig 3 in IV). The change in PEEP and the change in transpulmonary pres-
sure correlated well (Fig 3 in II). As a consequence, lung elastance may be cal-
culated from a change in PEEP and the change in end-expiratory lung volume 
and used in calculations of the transpulmonary driving pressure during tidal in-
flation (II). Transpulmonary driving pressure calculated with the PEEP-step 
method correlated well with transpulmonary driving pressure determined with 
the conventional method (II). 
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Fig 11 Comparison of the change in PEEP, the change in end-expiratory transpulmonary pressure de-
termined from lung elastance and the calculated change in end-expiratory pleural pressure in lung 
healthy patients. Mean values from 24 patients. Numbers 1-3 represents three PEEP-steps of different 
sizes.   
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Conclusion - The physiology of a PEEP-step  

The difference between PEEP-induced inflation and tidal inflation is well estab-
lished, but often referred to as opening of previously collapsed alveoli when 
PEEP is increased. However PEEP-induced inflation occurs mainly in the non-
dependant lung regions while collapse is seen in dependant lung regions. Re-
garding the results from the studies included in this thesis and from other studies 
referenced in the text, the view of recruitment as the primary explanation is 
questioned. Instead, the difference seems to be explained by chest wall mechan-
ics, which causes PEEP-induced inflation to be dependent on the elastance of the 
lung while tidal inflation is dependent on elastance of the respiratory system. 
This means that the chest wall does not affect the total increase in end-expiratory 
lung volume but is off-loaded from the lung at end-expiration, see below. As a 
consequence it is possible to determine lung elastance and the transpulmonary 
pressure from a PEEP-step manoeuvre if the change in end-expiratory lung vol-
ume is calculated.   
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The chest wall during mechanical 
ventilation 

	

Aim 

To determine the role of the chest wall during mechanical ventilation and ex-
plore differences in chest wall behaviour at end-inspiration and end-expiration 

	

The chest wall and lung inflation 

It seems logical that there is a similar change in transpulmonary pressure when 
an equally large volume with similar distribution is inflated into the lungs re-
gardless of inflation mode (tidal inflation or PEEP-induced inflation), Fig 11. 
According to this reasoning, the difference between the pressure needed for an 
equally large tidal inflation and PEEP-induced inflation is because of a differ-
ence in chest wall behaviour. The inflation of the lungs during the first breath 
after an increase of PEEP seems to be affected by the chest wall in a similar 
manner as during tidal inflation but the total PEEP-induced inflation seems unaf-
fected by the chest wall. This indicates a difference in chest wall behaviour dur-
ing tidal inflation and at end-expiration. 
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The chest wall at functional residual capacity  

Previously the interaction between the lung and the chest wall has been de-
scribed in the familiar textbooks explanation of a chest wall striving towards its 
high resting volume connected to a lung that recoils towards a low resting vol-
ume, with the functional residual capacity (FRC) as the volume of the lungs 
when these opposing forces are in balance 146, 147. When properties of the lung 
and/or chest wall are altered, the FRC is affected and consequently if one of the 
opposing forces are lowered FRC will change towards the resting volume of the 
element applying the counteracting force.  
In patients with Chronic Obstructive Pulmonary Disease (COPD) chronic hyper-
inflation, defined as increase of functional residual capacity, is common and 
caused by a combination of static and dynamic effects. Static hyperinflation oc-
curs because of a decrease in lung elastic properties with a decrease in lung re-
coiling pressure allowing the chest wall to pull the volume equilibrium (FRC) 
further towards its high resting volume186, 187. When lung recoil is increased in 
these patients through lung-reduction surgery, the chest wall is pulled inwards 
and the lung volume decreases188. An opposite change in FRC is seen in patients 
during general anaesthesia. When the diaphragm relaxes, it is pushed in a cranial 
direction by the abdominal content and the ribcage is drawn inwards189. These 
factors affecting the chest wall, together with the recoiling force of the lung, 
move the volume equilibrium inwards and correspondingly FRC decreases. As 
in spontaneous breathing at rest, the expiration in mechanical ventilation is a 
passive process. At zero end-expiratory airway pressure, expiration ends when 
the recoiling force of the lung is balanced by the expanding chest wall. In pigs 
(IV) at zero end-expiratory airway pressure (ZEEP), a pneumothorax created by 
incision of the thoracic wall released the lung from the chest wall and caused the 
lung to recoil freely. The mean increase in pressure measured in the airways 
when the lung recoiled against a closed endotracheal tube was ≈ 4 cmH2O, 
which is indirect measurement of the mean pleural pressure before pneumotho-
rax was induced, ≈	-4 cmH2O.  
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Fig 12 Measurement of the recoiling pressure of the lung. At functional residual capacity the pleural 
pressure is negative. When air enters the pleural space and the lung is free to recoil towards a closed 
airway the airway pressure increases. The increase in airway pressure (lung recoiling pressure) repre-
sents the mean pleural pressure before pneumothorax was induced, ≈ 4 cmH2O.  

The chest wall at increased end-expiratory lung volume 

An important question concerns the chest wall at higher end-expiratory pressure 
and consequently higher end-expiratory lung volume. According to the elas-
tance-derived method (see “Esophageal pressure in acute respiratory failure”), 
the chest wall resists PEEP-induced inflation and tidal inflation equally and 
pleural pressure increases when PEEP is increased. Still, according to textbook 
physiology the resting volume of the chest wall is far higher than the highest 
lung volumes during mechanical ventilation. When does the chest wall change 
from being an expanding force to become an elastic entity resisting end-
expiratory inflation? 
In the lung healthy patients (II), the increase in end-expiratory lung volume after 
the largest PEEP-step (≈900 ml) was still well predicted by the elastance of the 
lung (Fig 2 in II). The baseline PEEP of 5-6 cmH2O increased the end-
expiratory lung volume ≈ 450 ml. This indicates that in these patients, the chest 
wall had minimal influence on an end-expiratory inflation ≈1350 ml above FRC 
and continued to be an expanding force at end-expiration even at high PEEP 
(mean 14.5 cmH2O).  
From previous description we know that the increase in end-expiratory lung vol-
ume during the first breath is dependent on elastance of the total respiratory sys-
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tem, but that the total increase in end-expiratory volume is dependent on elas-
tance of the lung. From the first breath and onwards after an increase of PEEP, 
the end-expiratory inflation continues breath by breath despite a constant end-
expiratory airway pressure. In order to create a flow, we need a difference in 
pressure between the airway and the lungs. If the influence of the chest wall on 
end-expiratory inflation gradually decreases, the negative pleural pressure is 
gradually restored and the transpulmonary pressure slowly increases. In pigs 
(IV) at the highest PEEP-level (17 cmH2O), the PEEP-induced inflation contin-
ued for many breaths, which indicates that the chest wall still expands at this 
high PEEP-level and is off-loaded from the lungs at end-expiration, Fig 13. 
	

Adaptation of the chest wall complex – an expiratory phenomenon 

Lundin et al149 describe the increase in end-expiratory lung volume as an expira-
tory phenomenon. In pressure curves and volume curves derived from pigs (IV), 
there was no change in volume or airway pressure when an end-expiratory pause 
was performed during the first breaths after an increase of PEEP. This indicates 
that there is no change in volume of the chest wall complex or lung at end-
expiration during the period of increasing end-expiratory lung volume. But after 
the next inspiration, the expiration stops at a higher volume as seen on volume 
curves (Supplemental material in II, III). In pigs (IV), the volume of the thorax 
was measured with computer tomography and comparisons were made between 
the volume at zero airway pressure before and after a pneumothorax. Computer 
tomography examinations were performed after cardiac arrest with the ventilator 
disconnected from the endotracheal tube. The mean increase in thoracic volume 
was 8% when the lung recoiling pressure was removed from the chest wall.  
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Fig 13 Comparison between a similarly large (≈500 ml) tidal inflation and PEEP-induced inflation. Note 
the vertical displacement of the green pressure volume curve of the chest wall after PEEP-induced infla-
tion. The expanding chest wall restores the negative pleural pressure at end-expiration after a PEEP-
induced inflation. Consequently the end-expiratory chest wall elastance is =0. 
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Chest wall elastance and the abdomen  

Several studies have shown that the chest wall complex does not behave as an 
elastic entity but that chest wall elastance during tidal inflation is constant or 
sometimes even decreases minimally when PEEP is increased74, 128, 149. Part of 
the inspiration is directed towards the abdomen, which similar to the chest wall 
complex, does not normally behave as an elastic compartment. When PEEP is 
increased and the volume of the thorax is increased, the abdominal pressure is 
affected minimally190, indicating that the abdominal container has high plasticity 
and can harbour a change in volume with minimal change in pressure. The ab-
domen mechanically behaves as a liquid-filled container69 instead of an elastic 
entity and the chest wall complex in total as a load that must be displaced during 
tidal inspiration as described by Hedenstierna191. An abdomen with these proper-
ties was one of the components in the model of the respiratory system (I), which 
described the behaviour of the lung and chest wall during tidal and PEEP-
induced inflation, see below.    

The chest wall during tidal and PEEP-induced inflation 

If we use esophageal pressure to determine the role of the chest wall, there is a 
difference between tidal inflation and PEEP-induced inflation. When a similar 
volume of air was inflated with PEEP and tidal inflation in pigs (IV), the change 
in end-expiratory esophageal pressure was on average 62% of the tidal change in 
esophageal pressure. If lung elastance (calculated using tidal changes in esopha-
geal pressure) is used to determine the change in transpulmonary pressure of a 
PEEP-induced inflation, the calculated change in end-expiratory pleural pressure 
is close to zero (II, IV), Fig 11. This implies a fundamental difference in chest 
wall elastance during tidal inflation and PEEP-induced inflation. The end-
expiratory chest wall elastance is zero while the chest wall elastance during tidal 
inspiration is on average ≈30% of the elastance of the respiratory system. The 
chest wall elastance did not change significantly when different sizes of tidal 
volumes were used or when an equal tidal volume was inflated from different 
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PEEP. When PEEP is decreased the end-expiratory lung volume decreases dur-
ing several breaths as shown in Supplemental Fig. 1 (II), which is in contrast to 
tidal expiration. This slow PEEP-induced expiration indicates a force counteract-
ing the recoiling force of the lung.  
 

Conclusion - The chest wall during mechanical ventilation 

The difference between PEEP-induced inflation and tidal inflation seems to be 
explained by differences in chest wall influence. In the absence of reliable pleu-
ral pressure measurements, the behaviour of the chest wall is determined from 
esophageal and airway pressure and lung volumes. It is problematic to make 
assumptions about the pleural pressure and the chest wall based on indirect 
measurements. Still, with the available information it is reasonable to conclude 
that the textbook description of the respiratory system with an expanding chest 
wall complex, a recoiling lung and a negative pleural pressure is valid during 
mechanical ventilation even at higher end-expiratory pressure. This view is 
strengthened by the fact that a model of the respiratory system based on the text-
book description mechanically behaves almost identically to patients during me-
chanical ventilation (I), see below.   
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A respiratory system model to   
understand lung and chest wall 

mechanics 

Earlier findings in pigs and patients that PEEP-induced inflation was not influ-
enced by the chest wall in contrast to tidal inflation, was theoretically explained 
by the mechanical properties of and interaction between the different parts of the 
respiratory system 148, 149. Included in this theoretical model was an elastic recoil-
ing lung situated inside an expanding chest wall connected to the diaphragm, 
which in turn was in contact with the “fluid-filled” abdominal compartment with 
high plasticity. The model of the respiratory system (I) was built based on these 
different components to see if such a model behaved similarly to the respiratory 
system in patients. The slow PEEP-induced inflation was achieved in the me-
chanical model by an “expanding chest wall“ connected to a time-dependent 
“abdominal compartment” with high plasticity, which slowly adapted to the new 
pressure/volume state. When inflating the recoiling lung connected to the ex-
panding chest wall and slow abdominal compartment there were similar differ-
ences between tidal inflation and PEEP-induced inflation as were seen in 
patients (II). In the model (I), both lung and chest wall elastance could be 
changed. Differences in lung elastance caused the PEEP-induced inflation to 
differ in a similar fashion to that seen by Stahl182 (Fig 5 in I). Despite the chang-
es in lung and chest wall elastance, the pressure/volume curve of the lung coin-
cided with the end-expiratory pressure/volume curve of the respiratory system. 
As a consequence, PEEP-induced inflation was determined by the lung pres-
sure/volume curve whilst tidal inflation was determined by the respiratory sys-
tem pressure/volume curve. This is identical to the later findings in lung healthy 
patients, Fig 14 (and also Fig 6 in Suppl. material in II).  
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The “pleural pressure” in the model initially increased when PEEP was increased 
but then returned to its initial level (Fig 3 in I) as also suggested by calculations 
in patients (II) and pigs (IV). The result from the model are no valid proof of 
how the respiratory system works, but show that the theoretical explanation of 
the findings in patients and pigs are plausible from a mechanical point of view.  

 

Figure 14 Schematic drawing of the mechanical model of the respiratory system used in study I. At 
functional residual capacity (FRC) the airway pressure is 0 and the recoiling lung is surrounded by a 
negative “pleural pressure” (-5 cmH2O). The negative “pleural pressure” and expanding force of the 
“chest wall complex” is achieved by evacuation of air, which causes the water level in the plastic con-
tainer to rise above the level of the abdomen.  
 

Figure 15 Pressure/volume curve of the respiratory system (red) and the chest wall (green). The pres-
sure volume curve of the lung (blue) (calculated from changes in “pleural pressure” in model and esoph-
ageal pressure in patients) coincides with the end-expiratory pressure/volume curve of the respiratory 
system. Left panel represents measurements in the mechanical lung model. Right panel represents 
mean values from the smallest PEEP-step in 24 lung healthy patients during general anaesthesia. 
Curves in figure represents changes in pressures and volumes and therefore start from zero irrespective 
of the actual pressures and volumes at start.  
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Clinical implications and future 
perspective 

	

Decreasing ventilator induced lung injury in patients is of fundamental im-
portance both in the intensive care unit and in the operating theatre. Lung protec-
tive ventilation based on tidal volumes and plateau pressure, as is standard 
practice, is not sufficient in all patients due to differences in lung and chest wall 
mechanics. In the future we need to individualize ventilator settings especially in 
the critically ill, which requires better monitoring of the total amount of energy 
applied to the lung. Stress and strain need to be determined and considered, pos-
sibly together with other parameters such as respiratory rate and airflow. Fur-
thermore, an understanding of lung and chest wall mechanics as well as bedside 
methods to evaluate the mechanical properties of the different components of the 
respiratory system are of fundamental importance.  
 

The PEEP-step method 

The most obvious clinical implication of the included studies is the “PEEP-step 
method” to determine lung elastance and transpulmonary pressure. This non-
invasive method to determine transpulmonary driving pressure during mechani-
cal ventilation could, if incorporated in the ventilators, provide the clinician with 
crucial information when aiming for optimal ventilator settings in the ICU and 
operating theatre. This research project was initiated in order to evaluate the 
PEEP-step method described in the studies included in the thesis by Grivans148, 

149, 192. In the included studies we have validated the PEEP-step method and 
shown that transpulmonary driving pressure can be calculated from a PEEP-step 
manoeuvre if the change in end-expiratory lung volume is calculated. Still the 
method has not reached widespread acceptance, to a large degree because of the 
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physiological explanation behind the method. Even if the PEEP-step method is 
based on textbook physiology, it challenges some prevailing views on lung and 
chest wall mechanics, which to a large extent is based on esophageal pressure 
measurements. Hopefully the method will receive more interest in the future. 

Esophageal pressure measurements 

Esophageal pressure measurements are used increasingly and within the research 
field of respiratory mechanics there has been a lot of optimism surrounding the 
use of the technique. It remains primarily a tool for respiratory research, but an 
introduction into clinical practice is often encouraged despite the debate con-
cerning interpretation of the measured pressure. The results from studies in this 
thesis add important information to the discussion concerning the clinical inter-
pretation and usefulness of esophageal pressure measurements. When esophage-
al pressure measurements are used in the clinical setting, they may have a large 
impact on ventilator settings and therefore reliability of the measured pressures 
is of great concern. The study with HRM (III) constitutes one of the most com-
prehensive evaluations of factors influencing esophageal pressures in mechani-
cally ventilated patients. I believe esophageal pressures need further critical 
evaluation and that this might perhaps be achieved in the future with technolo-
gies such as High-Resolution Manometry. There are areas where esophageal 
pressure measurements provide useful information and hopefully it will become 
clearer in the future when to and when not to use the method. 

	

Final remarks 

For me an important insight from conducting this research is the lack of consen-
sus regarding basic physiological concepts. Does the chest wall compress or ex-
pand the lung? Is the pleural pressure negative or positive? The partly prevailing 
knowledge gap is obvious when a similar method was used in study IV as that 
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employed by Carson 1820 with a similar goal: To understand lung and chest 
wall properties. The studies in this thesis have already contributed to the scien-
tific discussion160, 193 and hopefully they will in the long run make a small but 
important contribution to close the knowledge gap.  
As a reflection of my experiences during these years concerning research and 
scientific discussion, I will borrow the terms finite and infinite games from game 
theory. In finite games you play to defeat your opponent within predetermined 
boundaries. You rely on power and focus on short-term gains. In infinite games 
you play with the boundaries, embrace the unpredictable and invite anyone who 
wants to participate. The goal in infinite games is not to win but to keep the 
game going. Power is not important but strength is. Surprise causes finite games 
to end but keeps infinite games going. In infinite games the focus is the direction 
of the play in the long run even if it means losing in the short run.  
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Appendix 

Methodological considerations 
	

Standard pressure, flow and volume measurements 

Airway pressure, flow and volume were measured by the Flow-I anaesthesia 
machine or Servo-I ventilator and presented by a dedicated software developed 
by Maquet for this purpose. Airway pressure was also measured at the Y-piece 
with standard pressure transducers, also used in measurements of the pressure 
inside the esophageal balloon and “pleural space” in the model. 

		

Esophageal pressure with a balloon catheter 

The balloon catheter (Nutrivent™, SIDAM, Mirandola, Italy) used in II, III and 
IV for esophageal pressure measurements has previously been validated for 
esophageal pressure measurements151, 156, 194. The distal end of the 10 cm long 
balloon should, according to manufacturer, be placed 40-42 cm from nostril, 
which was used as an initial landmark. Adjustment of depth was made until typi-
cal tidal pressure changes were seen and then a correct position was confirmed 
with a positive pressure occlusion test126. By using 4 ml of air inside the balloon 
in all patients a small potential error in pressure measurements was introduced 
since 4 ml has been shown not to be optimal in every patient (underestimating 
the tidal changes with 7% on average). A titration procedure was not possible 
due to time factors especially when measurements were performed in the operat-
ing room. In pigs the lowest volume of air with an acceptable positive occlusion 
test was used (1-2 ml). This approach was chosen in order to avoid overestima-
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tion of the end-expiratory esophageal pressure since it increases with increasing 
balloon volume156. In a few patients in study II a slow decrease in end-expiratory 
esophageal pressure was seen over time as a sign of a small leakage from the 
system. Since only tidal changes of esophageal pressures were used and the 
range of acceptable balloon volume is large156 measurements were considered 
accurate as long as the size of the tidal variations at baseline tidal volume and 
PEEP did not decrease. One patient was excluded due to leakage from the sys-
tem.  

	

Esophageal pressure with High-Resolution Manometry 

The High-Resolution catheter used for measurements was calibrated before each 
measurement inside a chamber with a known pressure. Still pressure drift during 
measurements is a concern with the HRM catheter as described in III. The drift 
is partly due to a thermal effect that causes an initial change in pressure that sta-
bilizes within 2 minutes after insertion of the catheter into the esophagus. During 
measurements there is also a slower time-dependent drift195.  The amount of 
pressure drift is different between sensors but can be estimated by measurements 
of the pressure while holding the catheter in the air after it is removed from the 
patient. The mean pressure drift in the study (III) before compensation was esti-
mated to 9 cmH2O but to what extent it was due to the faster temperature de-
pendent drift or the slow time-dependent is unclear. The used correction method 
compensates quite well for the thermal effect but not for the time-dependent 
drift. This causes an underestimation of the pressures in the beginning of the 
examination equal to the time-dependent drift, which according to manufacturer 
is low (<3 cmH2O during shorter examinations).  
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Estimation of change in end-expiratory lung volume 

The method used for estimation of change in end-expiratory lung volume 
(ΔEELV) from differences in inspiratory and expiratory tidal volumes has previ-
ously been validated with electric impedance tomography179 and used in studies 
both in patients149 and in pigs148. In the study in pigs (IV) ΔEELV calculated 
from computer tomography was on average 18% higher than calculated with the 
method based on tidal volumes (CT performed in 4 pigs only). This difference 
can to a large degree be explained by the continuous increase in end-expiratory 
lung volume after 15 breaths as seen with EIT after a similar size of PEEP-
change (IV). The was no significant differences in impedance changes during 
inflation of a tidal volume 8 ml/kg and an equally large PEEP-induced inflation 
(IV). The mean coefficient of variation when comparing calculated ΔEELV from 
an increase and a decrease of PEEP was 3.5% (II). Calculations of ΔEELV are 
based on differences between inspiratory and expiratory tidal volumes.  The 
mean coefficient of variation for inspiratory and expiratory tidal volumes at 
steady state was 0.2 and 0.8 % respectively (II). The conclusion from these 
numbers is that the method for calculations of ΔEELV is based on precise meas-
urements of inspiratory and expiratory tidal volumes, shows good repeatability 
and also reasonable agreement with other methods.  
Nevertheless two issues regarding the method need to be addressed. Including 
only 15 breaths for calculation of ΔEELV is not sufficient after larger PEEP-
changes but limits the risk of multiplication of small errors. After the larger 
PEEP-steps in pigs the end-expiratory lung volume increased approximately 5% 
after breath 15, which still has to be regarded as a small deviation from the cal-
culated value.  
Secondly the offset at the new PEEP level is calculated during breath 16-20. If 
EELV is still increasing at this time the offset will be overestimated and the al-
ready underestimated change in end-expiratory lung volume will be lowered 
even further.  One way to avoid the multiplication of small errors and the overes-
timation of the offset is to calculate the change in end-expiratory lung volume 
during breath 1-15 but the offset at breath 25-30 when the new steady state is 
probably reached. Also only changes in end-expiratory lung volume from the 
decrease in PEEP could be used, especially after large changes of PEEP since 
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the decrease in lung volume theoretically occurs during fewer breaths. After the 
largest PEEP-step in lung healthy patients (II) the change in end-expiratory lung 
volume was on average 4% higher when PEEP was decreased compared to when 
PEEP was increased.  

			
	

Electric impedance tomography (EIT) 

EIT was used in the study in pigs to compare the distribution of air during a 
PEEP-induced inflation and a tidal inflation and to assess when and in what part 
of the lung inflation starts during a slow inflation. EIT analyses changes in im-
pedance with the use of electrodes around the thorax and thereby makes it possi-
ble to verify the distribution of the inflated air in real-time. The belt surrounding 
the thorax only covers a slice of the lungs but due to the pattern of the current 
between the electrodes the thickness of the slice is approximately 50% of the 
diameter of the thorax196, representing ≈10 cm in pigs. Since this covers a large 
part of the thorax of the animal it provides a good estimate of the vertical distri-
bution of air within the lung. Distribution of air in the cephalocaudal axis is less 
well estimated but in patients with ARDS no cephalocaudal gradient in lung 
densities or collapse have been found197. The ratio between changes in imped-
ance per ml inflated air during tidal inflation (ΔZ/ml) is altered when PEEP is 
increased an in order to evaluate the change in end-expiratory lung volume 
ΔZ/ml has to be “calibrated”. During inflation of the same tidal volume at PEEP 
5 and PEEP 9 the difference in ΔZ/ml was only 2.5% (95% CI 0.9-4.1%). 
Changes in end-expiratory lung volume between these PEEP-levels calculated 
from EIT were therefore used without “calibration” in comparison with calcula-
tions from inspiratory and expiratory tidal volumes.  
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Statistical methods  

	
	 Study	 I	 II	 III	 IV	
 
 
 

Descriptive 
statistics 

Average and distribu-
tion measurements 

	
X	

	
X	

	
X	

	
X	

Within subject standard 
deviation 

	 	 	
X	

	

Coefficient of variation 	 X	 	 X	
95% confidence  

interval of the mean 
	 	 	

X	
	

 
 

Comparison of 
mean / median 

Confidence interval of 
mean differences 

	 	 	
X	

	
X	

Limits of agreement  	 X	 	 	
Wilcoxon Signed  

rank test 
	 X	 	 	

Linear 
regression 

Linear regression  
analysis 

	
X	

	 	 	

 
Comparison of 

methods 

Intraclass Correlation 
Coefficient (ICC) 

	 	
X	

	 	

Bland Altman plot 	 X	 	 	
Table 1 Statistical methods used in studies I-IV 
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