RESEARCH ARTICLE

Impact of large volume paracentesis on
respiratory parameters including
transpulmonary pressure and on
transpulmonary thermodilution derived
hemodynamics: A prospective study
a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

Ulrich Mayr, Eugen Karsten, Tobias Lahmer, Sebastian Rasch, Philipp Thies,
Benedikt Henschel, Gerrit Fischer, Roland M. Schmid, Wolfgang Huber*
Klinik und Poliklinik für Innere Medizin II, Klinikum rechts der Isar, Technische Universität München,
Ismaninger Strasse 22, München, Germany
* wolfgang.huber@tum.de

Abstract
OPEN ACCESS
Citation: Mayr U, Karsten E, Lahmer T, Rasch S,
Thies P, Henschel B, et al. (2018) Impact of large
volume paracentesis on respiratory parameters
including transpulmonary pressure and on
transpulmonary thermodilution derived
hemodynamics: A prospective study. PLoS ONE 13
(3): e0193654. https://doi.org/10.1371/journal.
pone.0193654

Introduction
Appropriate mechanical ventilation and prevention of alveolar collaps is mainly dependent
on transpulmonary pressure TPP. TPP is assessed by measurement of esophageal pressure EP, largely influenced by pleural and intraabdominal pressure IAP. Consecutively,
TPP-guided ventilation might be particularly useful in patients with high IAP.
This study investigates the impact of large volume paracentesis LVP on TPP, EP, IAP as well
as on hemodynamic and respiratory function in patients with liver cirrhosis and tense ascites.
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Material and methods
We analysed 23 LVP-procedures in 11 cirrhotic patients ventilated with the AVEA Viasys
respirator (CareFusion, USA) which is capable to measure EP via an esophageal tube.
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Results
LVP of a mean volume of 4826±1276 mL of ascites resulted in marked increases in inspiratory (17.9±8.9 vs. 5.4±13.3 cmH2O; p<0.001) as well as expiratory TPP (-3.0±4.7 vs. -15.9
±10.9 cmH2O; p<0.001; primary endpoint). In parallel, the inspiratory (2.4±8.7 vs. 14.1±14.5
cmH2O; p<0.001) and expiratory EP (12.4±6.0 vs. 24.9±11.3 cmH2O; p<0.001) significantly
decreased. The effects were most pronounced for the release of the first 500 mL of ascites.
LVP evoked substantial decreases in IAP and central venous pressure CVP. By contrast,
mean arterial pressure, cardiac index, global end-diastolic volume index, extravascular lung
water index and systemic vascular resistance index did not change.
Among the respiratory parameters we observed an increase in paO2/FiO2 (247.7±60.9
vs. 208.3±46.8 mmHg; p<0.001) and a decrease in Oxygenation Index OI (4.8±2.0 vs. 5.8
±3.1 cmH2O/mmHg; p = 0.002). Tidal volume (510±100 vs. 452±113 mL; p = 0.008) and

PLOS ONE | https://doi.org/10.1371/journal.pone.0193654 March 14, 2018

1 / 17

Impact of large volume paracentesis on respiratory parameters, transpulmonary pressure and hemodynamics

Germany, at direktion.med2@mri.tum.de (Fax:
0049-89-4140-4742).
Funding: The authors received no specific funding
for this work.
Competing interests: Wolfgang Huber is member
of the Medical Advisory Board of Pulsion Medical
Systems SE, Feldkirchen, Germany. All other
authors have declared that no competing interests
exist. This does not alter our adherence to PLOS
ONE policies on sharing data and materials.
Abbreviations: TPP, transpulmonary pressure; EP,
esophageal pressure; IAP, intraabdominal
pressure; CVP, central venous pressure; OI,
oxygenation Index; Cdyn, dynamic respiratory
system compliance; PEEP, positive end-expiratory
pressure; TV, tidal volume; PAW, airway pressure;
ARDS, acute respiratory distress syndrome; TPTD,
trans-pulmonary thermodilution; paO2, arterial
partial pressure of oxygen; paCO2, arterial partial
pressure of carbon dioxide; FiO2, fraction of
inspired oxygen; LVP, large volume paracentesis;
IAP_P, IAP determined by intra-peritoneal
measurement; IAP_V, IAP determined by intravesical measurement; APACHE, acute and
physiology chronic health evaluation; SOFA,
sequential organ failure assessment; MELD, model
of end-stage liver disease; ΔTPPinsp, changes in
inspiratory transpulmonary pressure; ΔTPPexp,
changes in expiratory transpulmonary pressure;
ΔEPinsp, changes in inspiratory esophageal
pressure; ΔEPexp, changes in expiratory esophageal
pressure; MAP, mean arterial pressure; CI, cardiac
index; GEDVI, global end-diastolic volume index;
EVLWI, extravascular lung water index; SVRI,
systemic vascular resistance index.

dynamic respiratory system compliance Cdyn (46.8±15.9 vs. 35.1±14.6 mL/cmH20;
p<0.001) increased, whereas paCO2 (47.3±10.7 vs. 51.2±12.3mmHg; p = 0.046) and the
respiratory rate decreased (17.1±7.3 vs. 19.6±7.8 min-1; p = 0.010).

Conclusions
In mechanically ventilated patients with decompensated cirrhosis, intraabdominal hypertension
resulted in a substantially decreased TPP despite PEEP-setting according to the ARDSNet.
In these patients LVP markedly increased TPP and improved respiratory function in parallel with a decline of EP. Furthermore, LVP induced a decrease in IAP and CVP, while
other hemodynamic parameters did not change.

Introduction
Mechanical ventilation (MV) in acute respiratory distress syndrome (ARDS) is guided by a
number of standard recommendations for key parameters such as positive end-expiratory
pressure (PEEP) and tidal volume (TV) [1, 2]. In addition to these general recommendations
modern strategies try to optimize the ventilator setting for the individual patient. Due to complex interactions of MV with extrapulmonary organ functions, personalized ventilator setting
should also consider the underlying disease. To account for the individual pulmonary (patho)
physiology, modern respirators have become diagnostic tools in addition to their therapeutic
purpose. An increasing number of volumes, pressures and flows are routinely and continuously provided by advanced respirators [3, 4]. Until recently this ventilator-monitoring was
mainly based on the measurement of intrapulmonary airway pressures and volumes. However,
sufficient ventilation depends not only on intrapulmonary pressures, but to a great extent on
the extrapulmonary pressure level. The latter largely varies in critically ill patients, and it is
highly dependent on both pleural and intraabdominal pressures [5, 6]. “Extrapulmonary” or
pleural pressure usually is estimated by measurement of the esophageal pressure (EP) using
esophageal catheters [7, 8] which allows monitoring of transpulmonary pressure (TPP). TPP is
defined as the difference between the airway pressure (PAW) and EP. TPP is crucial for lungdistending and overcoming chest wall elastance [9]. Consequently, modern ventilator strategies aim at optimization of TPP to avoid recurring alveolar collapse as well as over-distension
[10]. In patients with ARDS, a strategy adjusting PEEP according to TPP improved outcome
compared to current guideline-based treatment [11].
Ventilator setting in patients with liver cirrhosis is particularly challenging due to several
reasons: Previous studies demonstrated that the need for mechanical ventilation is independently associated with the ICU mortality of patients with decompensated liver cirrhosis [12–
14]. The accumulation of ascites is a typical complication of end-stage liver disease. Ascites
impairs lung function due to an increase of intraabdominal pressure (IAP) [6, 15–17].
Therefore, TPP-guided ventilator setting might be of particular importance in patients with
tense ascites and increased IAP. A number of studies in ventilated patients with cirrhosis suggest
that large volume paracentesis LVP [18–20] improves lung compliance and oxygenation [21–24].
Furthermore, one of these studies using trans-pulmonary thermodilution (TPTD) technique demonstrated hemodynamic stability in addition to markedly improved respiratory function [25].
Despite their unquestioned merits none of these studies investigated the impact of LVP on
TPP. Therefore, our study aimed to investigate the effect of LVP on inspiratory and expiratory
TPP (primary endpoint), IAP and hemodynamics in patients with decompensated liver cirrhosis equipped with monitoring of EP as well as with TPTD.
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Materials and methods
Study design
This prospective observational study was approved by the institutional review board (Ethikkommission Technische Universität München; Fakultät für Medizin; Project number 5384/
12). Informed consent was obtained by all patients or their legal representatives.
Between January 2012 and July 2014 all patients of an eight-bed university hospital general
ICU with decompensated liver cirrhosis under mechanical ventilation were screened for the
feasibility of EP measurements, if LVP had to be performed irrespective of the study and based
on the indication made by the treating ICU physician. EP-analysis was considered to be feasible in patients without high-grade esophageal varices (grad III or IV and/or risk signs like
cherry red spots or “varix on varix phenomenon”) and without a history of gastrointestinal
bleeding within last 6 months.
Finally, a total of 23 LVP-procedures in 11 patients with decompensated cirrhosis and tense
ascites were analyzed.

Techniques
Ventilation. In general, eligible patients were transferred from the routine ventilator
device EVITA XL of our ICU (Dräger, Lübeck, Germany) to the AVEA Viasys ventilator (CareFusion, San Diego; USA). Key ventilation parameters were set according to ARDSNet recommendations for PEEP and low tidal volume [1, 2]. This ventilator setting—based on medical
assessment by the treating ICU physician irrespective of the study—was not changed after the
transfer to the AVEA device and initiation of EP measurement with an AVEA esophageal tube
(SmartCath Nasogastric Pressure Monitoring Tube Set, 16 FR). This tube provides EP measurement via an air-inflatable ballon and can be placed identically to a conventional nasogastric tube, hereby also allowing for enteral nutrition. The AVEA ventilator continuously
analyzed levels of airway pressure PAW, EP and the resulting TPP.
Routine parameters of ventilator setting such as PEEP, tidal volume TV, mean airway pressure,
dynamic respiratory system compliance Cdyn and fraction of inspired oxygen FiO2 were recorded
at baseline, during and at the end of paracentesis. PaO2 and paCO2 were measured using a fullyautomatic blood gas analysis device (Rapid Point 400, Siemens Healthcare Diagnostic GmbH,
Eschborn, Germany). Blood gas analysis and ventilatory parameters were used for calculation of
PaO2/FiO2 as well as Oxygenation Index (OI = FiO2 mean airway pressure 100/PaO2) [26].
LVP and measurement of IAP. LVP was performed in supine position and guided by
ultrasound [27]. Two techniques of IAP-monitoring were used in parallel: IAP was determined
by intra-peritoneal measurement (IAP_P) connecting the puncture needle with a pressure
transducer and in addition by measurement of the intra-vesical (IAP-V) pressure [28, 29]. Substitution of albumin was performed after LVP according to the current guidelines [30].
Hemodynamic monitoring. All patients were under hemodynamic monitoring with the
PiCCO-2-device (Pulsion Medical Systems SE, Feldkirchen, Germany) irrespective of the
study. Hemodynamic monitoring using TPTD was performed as previously described [31,
32]: A 5 Fr thermistor-tipped arterial line (Pulsiocath, Pulsion Medical Systems SE, Feldkirchen Germany) inserted through a femoral artery and a hemodynamic monitor (PiCCO-2,
Pulsion Medical Systems SE, Feldkirchen Germany) were used to derive and analyze the thermodilution curve after injection of a cold indicator bolus (15ml of saline) through a central
venous catheter. Measurements were done in triplicate, averaged and automatically indexed
according to the manufacturer´s recommendation. Central venous pressure (CVP) was measured via the central venous catheter at end-expiration.
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Data collection
Clinical and laboratory parameters for the calculation of APACHE II-, SOFA-, MELD- and ChildPugh-scores were recorded on the day of paracentesis. Ventilatory parameters including TPP and
EP as well as IAP were documented immediately before as well as after the release of 500, 1000,
1500, 3000, 4500 and up to a maximum volume of 6000 mL ascites. Parameters of hemodynamic
and respiratory function were documented immediately before and after paracentesis.

Statistical analysis, power calculation
Primary endpoint and statistics. For primary outcome analysis we investigated expiratory TPP at the end of LVP compared to baseline. Assuming a decrease in at least 80% of 20
LVPs resulted in a statistical power of at least 80% with a p-value < 0.05 (two-tail-test).
All analyses were performed using IPM SPSS Statistics 23 (IMB Corp.; Armonk; NY);
graphs were generated using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA).
Correlations were calculated using Spearman‘s correlation coefficient. Continuous variables
are expressed as mean±standard deviation. Categorical variables are expressed as percentages.
To compare continuous variables we used Wilcoxon-test for paired samples. Significance was
assumed at a p-value < 0.05.

Results
Patients´ characteristics
Patients´ baseline characteristics are presented in Table 1.
23 LVP-procedures in 11 patients (6 female, 5 male) with decompensated liver cirrhosis
and tense ascites were performed. The etiology of cirrhosis was predominantly alcoholic.
APACHE, SOFA, MELD and Child-Pugh scores were in line with critical illness and advanced
hepatic impairment. Patients were mechanically ventilated due to respiratory insufficiency
(n = 8) or hepatic encephalopathy (n = 3). Ventilation was performed as pressure-controlled
(n = 3 patients; 7 datasets) or pressure-supported ventilation (n = 8 patients; 16 datasets).
Mean PEEP-level was 7.7±2.0 (6–14) cmH20 and mean FiO2 42.0±11.1 (30–70) %. Both
parameters were maintained constant during LVP.
For all patients the PEEP was set according to the ARDSNet recommendations for the individual FiO2 according to the local standard: As shown in Table 1, minimum, mean and maximum values of PEEP and FiO2 were in line with combinations of both parameters suggested
by the ARDSNet.

Large volume paracentesis, transpulmonary, esophageal and
intraabdominal pressures
23 LVP-procedures with a mean volume of 4826±1276 mL removed ascites (3000 mL in all
23 LVPs, 4500 mL in 17 LVPs, 6000 mL in 11 LVPs) were analyzed. LVP resulted in a marked
increase of mean TPP: At the end of LVP, inspiratory TPP increased from 5.4±13.3 to 17.9±8.9
cmH2O (p<0.001; Fig 1). Expiratory TPP increased from -15.9±10.9 to -3.0±4.7 cmH20
(p<0.001; Fig 2). Despite these increases, mean expiratory TPP remained in the negative
range, when patients were ventilated with the preset PEEP-level according to the ARDSNet
recommendations.
Conversely, EP significantly decreased: Inspiratory EP was reduced from 14.1±14.5 to 2.4
±8.7 cmH2O (p<0.001; Fig 3). Expiratory EP diminished from 24.9±11.3 to 12.4±6.0 cmH2O
(p<0.001; Fig 4).
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Table 1. Patients´ baseline characteristics.
Patients´ baseline characteristics
Male sex, n/total (%)

5/11 (45%)

Age, years

51±15

Body weight, kg

77±21

Body height, cm

173±9

APACHE II

24±8 (13–36)

SOFA

14±4 (7–20)

MELD

27±10(19–40)

Child-Pugh

10.4±2.4 (8–13)

Child C, n/total (%)

10/11 (91%)

Etiology of cirrhosis, n/total (%)

Alcoholic 7/11 (64%)
Viral 2/11 (18%)
Cryptogenic 2/11 (18%)

Mode of ventilation, n/total (%)

Pressure-controlled 3/11 (27%)
Pressure-supported 8/11 (73%)

Indication for ventilation, n/total (%)

Pneumonia, Sepsis 8/11 (73%)
Hepatic encephalopathy 3/11 (27%)

Baseline PEEP-level, cmH2O

7.7±2.0 (6–14)

Baseline FiO2, %

42.0±1.1 (30–70)

APACHE: Acute physiology and chronic health evaluation
SOFA: Sequential organ failure assessment
MELD: Model of end-stage liver disease
PEEP: Positive end-expiratory pressure
FiO2: Fraction of inspired oxygen
https://doi.org/10.1371/journal.pone.0193654.t001

The changes of TPP (ΔTPP) and EP (ΔEP) were highest after the release of the first 500 mL
ascites volume: The course of these changes in pressure levels during stepwise paracentesis
from 500 mL to a maximum of 6000 mL ascites is illustrated in Table 2. Due to the different
numbers of patients reaching the different volumes of removed ascites no statistical comparisons were performed, and the data shown in Table 2 are predominantly descriptive.
Furthermore, LVP resulted in a marked decrease of IAP: At the end of paracentesis, levels
of IAP_P had lowered from 11.7±2.0 to 5.2±2.3 mmHg (p<0.001; Fig 5). IAP_V had decreased
from 16.2±6.0 to 8.1±2.3 mmHg (p = 0.001; Fig 6). The differences between IAP_P and IAP_V
are in line with previous findings of a slight overestimation of intraabdominal pressure by
bladder pressure measurement [33]. However, the decreases in IAP_V and IAP_P induced by
complete LVP (after LVP vs. before LVP) were not significantly different for both techniques
to measure IAP (p = 0.508).
Similarly to changes in TPP and EP, changes in intraabdominal pressures ΔIAP_P and
ΔIAP_V were most pronounced for the removal of the first 500 mL volume during stepwise
paracentesis (Table 3). Due to the different numbers of patients reaching the different volumes
of removed ascites no statistical comparisons were performed, and the data shown in Table 3
are predominantly descriptive.

Hemodynamic parameters
LVP reduced central venous pressure CVP from 21.4±9.4 to 15.0±9.7 mmHg (p<0.001). The
substantial decrease in CVP by about 30% was in contrast to unchanged values for all
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Fig 1. Inspiratory transpulmonary pressure TPP in the course of stepwise release of ascites.
https://doi.org/10.1371/journal.pone.0193654.g001

hemodynamic parameters assessed by TPTD or pulse contour analysis: Mean arterial pressure
MAP (81.0±8.6 vs 78.6±8.4 mmHg, p = 0.193), cardiac Index CI (5.3±1.5 vs 5.6±1.2 L/min/m2,
p = 0.211), global end-diastolic volume index GEDVI (771.4±103.6 vs 770.9±87.2 mL/m2,
p = 0.990), extravascular lung water index EVLWI (10.5±4.2 vs 10.8±3.9 mL/kg, p = 0.652) and

systemic vascular resistance index SVRI (1013.0±419.8 vs 960.5±369.7 dyn s cm-5 m-2,
p = 0.397) did not change significantly (Table 4).

Respiratory parameters
All parameters and indicators of respiratory function significantly improved during LVP without changes of the ventilator setting: We registered an improvement of paO2/FiO2 from 208.3
±46.8 to 247.7±60.9 mmHg (p<0.001) as well as of Oxygenation index OI from 5.8±3.1 to 4.8
±2.0 cmH2O/mmHg (p = 0.002).
PaO2/FiO2 before all LVP procedures was in line with ARDS according to the Berlin-criteria
[34]. After LVP, paO2/FiO2 had substantially improved in four measurements to values above
300mmHg, which is outside the range defining ARDS (see Table 5).
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Fig 2. Expiratory transpulmonary pressure TPP in the course of stepwise release of ascites.
https://doi.org/10.1371/journal.pone.0193654.g002

Furthermore, LVP induced an increase of tidal volume TV from 452±113 to 510±100 mL
(p = 0.008) and of compliance Cdyn from 35.1±14.6 to 46.8±15.9 mL/cmH20 (p<0.001). LVP
also induced a decrease in paCO2 from 51.3±12.2 to 47.3±10.7 (p = 0.046). Based on the high
ratio of patients with pressure-supported ventilation in this analysis, we also found a decrease
of the respiratory rate from 19.6±7.8 to 17.1±7.3 min-1 (p = 0.010). Improvement of respiratory
function is outlined in Table 6.

Discussion
In this study LVP induced an immediate improvement of several parameters of lung function
in patients with decompensated liver cirrhosis, tense ascites and high intraabdominal pressure
IAP. According to our data this respiratory enhancement is largely referable to changes in
transpulmonary pressure TPP.
Optimization of TPP seems to play a key role in critically ill patients with elevated IAP.
Adapted levels of TPP improve oxygenation and limit alveolar damage [5, 10]. TPP-guided
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Fig 3. Inspiratory esophageal pressure EP in the course of stepwise release of ascites.
https://doi.org/10.1371/journal.pone.0193654.g003

ventilation has been investigated with promising results in patients with acute lung injury and
ARDS [11, 35]. In the present study we used a baseline ventilator setting in line with the current Acute Respiratory Distress Syndrome Network (ARDSNet) recommendations [1, 36].
Under these conditions we noticed overall negative expiratory levels for TPP, indicating
repeated alveolar collapse and lung atelectasis [37]. LVP provoked a significant increase of
TPP with respiratory improvement together with inverse decreases of esophageal pressure EP
and IAP.
These findings are supported by previous data underlining the impact of LVP on oxygenation. The benefit of LVP is particularly due to decreases in IAP and consecutive improvement
of respiratory mechanics [24, 38, 39]. Additionally, several studies suggest that LVP increases
alveolar recruitment and gas exchange in mechanically ventilated patients by enhancing the
end-expiratory lung volume as well as Cdyn [24, 25]. Our study confirmed this beneficial effect
of LVP on respiratory key parameters: The release of ascites resulted in significant increases of
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Fig 4. Expiratory esophageal pressure EP in the course of stepwise release of ascites.
https://doi.org/10.1371/journal.pone.0193654.g004

paO2/FiO2, Cdyn and tidal volume. Moreover, the Oxygenation index OI improved after LVP.
OI combines mean airway pressure level with paO2/FiO2 in a single and easily provided parameter. In several studies OI better predicted outcome of ARDS-patients compared to ARDS definitions predominantly based on paO2/FiO2 [40–42]. With regard to the substantial changes of
pressure levels during LVP, OI seems to be particularly useful to reflect respiratory function in
case of decompensated cirrhosis.
Furthermore, LVP induced a substantial decrease of IAP in our study. Elevations of IAP are
common in decompensated liver cirrhosis [6, 15]. Increased IAP is a risk factor for mortality
“per se” in critically ill patients. Intraabdominal hypertension decreases abdominal perfusion
and frequently results in impairment of renal, cardiovascular and respiratory organ function
[16, 17, 43–45]. The evacuation of intraabdominal fluid collections and ascites is one of the
few non-surgical options in the management of elevated IAP [46]. In line with this, we found a
rapid and significant reduction of markedly elevated baseline IAP with the most pronounced
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Table 2. Changes in TPP (ΔTPP) and EP (ΔEP) during paracentesis compared to the previous measurement.
ΔTPP and ΔEP during stepwise release of ascites (cmH2O)
Removed volume, mL

n

ΔTPPinsp

ΔTPPexp

ΔEPinsp

ΔEPexp

500 mL

23

+3.05±2.33

+3.47±3.76

-3.31±3.20

-3.42±3.73

1000 mL

23

+2.11±1.49.

+1.32±1.52

-1.88±2.16

-1.71±2.34

1500 mL

23

+1.23±2.84

+1.30±1.36

-0.93±2.15

-1.75±2.64

3000 mL

23

+2.47±2.78

+3.41±5.03

-2.63±3.60

-2.75±4.43

4500 mL

17

+2.66±8.7

+3.26±3.5

-2.50±8.2

-1.95±4.2

6000 mL

11

+2.72±0.4

+0.55±1.2

-1.23±0.8

-1.38±1.0

ΔTPPinsp: Changes in inspiratory transpulmonary pressure
ΔTPPexp: Changes in expiratory transpulmonary pressure
ΔEPinsp: Changes in inspiratory esophageal pressure
ΔEPexp: Changes in expiratory esophageal pressure
https://doi.org/10.1371/journal.pone.0193654.t002

Fig 5. Intraabdominal pressure derived from intra-peritoneal measurement (IAP_P) in the course of stepwise release of ascites.
https://doi.org/10.1371/journal.pone.0193654.g005
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Fig 6. Intraabdominal pressure derived from intra-vesical measurement (IAP_V) in the course of stepwise release of ascites.
https://doi.org/10.1371/journal.pone.0193654.g006

decrease after the first 500 mL of evacuated volume. This observation is supported by previous
findings that in case of high baseline IAP even a low-volume paracentesis might considerably
decrease the pressure level [28].
In contrast to the beneficial effects on TPP, respiratory function and IAP, there were no
changes in hemodynamic function after LVP. Previous studies yielded contradictory statements regarding cardiocirculatory parameters: Some of them described mechanisms of paracentesis-induced circulatory dysfunction [47–49], while other data did not find an impairment
of the hemodynamic system [50, 51]. Our hemodynamic analyses by transpulmonary thermodilution TPTD and pulse contour analysis revealed steady parameters of hemodynamic function. This favorable result is in tune with a recent trial illustrating that LVP did not restrain the
hemodynamic profile assessed by TPTD [25]. Nevertheless, we registered a significant decrease
of CVP after paracentesis. Previous studies characterized CVP as an unreliable parameter
regarding blood volume, cardiac preload and fluid management, since CVP is considerably
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Table 3. Changes in intraabdominal pressures (ΔIAP_P and ΔIAP_V) during stepwise paracentesis compared to
the previous measurement.
Changes in intraabdominal pressures ΔIAP_P and
ΔIAP_V during stepwise paracentesis (mmHg)
Removed volume, mL

n

ΔIAP_P

Δ IAP_V

500 mL

23

-1.65±0.94

-2.64±4.67

1000 mL

23

-0.99±0.70

-1.59±1.36

1500 mL

23

-0.90±0.53

-1.32±1.15

3000 mL

23

-1.39±0.59

-1.32±0.64

4500 mL

17

-0.60±0.5

+0.12±1.0

6000 mL

11

-1.13±0.9

-0.64±1.3

ΔIAP_P: Changes in intraabdominal pressure (intra-peritoneal measurement)
ΔIAP_V: Changes in intraabdominal pressure (intra-vesical measurement)
https://doi.org/10.1371/journal.pone.0193654.t003

depending on extravascular factors such as patient positioning, ventilator setting, intra-thoracic as well as extra-thoracic pressure level [32, 52–54]. Therefore, our data with decreases of
both IAP and CVP in parallel with paracentesis—again—question CVP as a marker of preload
in mechanically ventilated patients with high IAP.
Altogether, the study emphasizes the importance of individualized and optimized ventilator
setting in certain patient populations. We used a baseline ventilator setting in accordance with
the current Acute Respiratory Distress Syndrome Network (ARDSNet) recommendations [1,
36]. Parameters were adjusted by the treating ICU physician irrespective of the present study.
The baseline setting was not changed after the transfer to the AVEA device with initiation of
EP and TPP measurement. The overall negative values for expiratory TPP carry the risk of
cyclic alveolar collapse. Accordingly, our data show that tense ascites markedly restraines
TPP- Consequently, PEEP-setting exclusively based on ARDSNet-recommendations might be
unfavorable in case of intraabdominal hypertension. Patients with decompensated cirrhosis or
Table 4. Hemodynamic parameters assessed by TPTD and CVP-measurement before and after paracentesis.
Hemodynamic parameters assessed by TPTD and CVP-measurement
Before paracentesis

After paracentesis

Mean ± SD
Std. Deviation

Mean ± SD

p-value

MAP, mmHg

81.0±8.6

78.6±8.4

CI, L/min/m2

5.3±1.5

5.6±1.2

0.193
0.211

GEDVI, mL/m2

771.4±103.6

770.9±87.2

0.990

EVLWI, mL/kg

10.5±4.2

10.8±3.9

0.652

SVRI,
dyn s cm-5 m-2

1013.0±419.8

960.5±369.7

0.397

CVP, mmHg

21.4±9.4

15.0±9.7

< 0.001

TPTD: Transpulmonary thermodilution
MAP: Mean arterial pressure
CI: Cardiac index
GEDVI: Global end-diastolic volume index
EVLWI: Extravascular lung water index
SVRI: Systemic vascular resistance index
CVP: Central venous pressure
https://doi.org/10.1371/journal.pone.0193654.t004
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Table 5. Classification of paO2/FiO2 according to the Berlin-definition before and after paracentesis.
ARDS according to Berlin definition
Before LVP

After LVP

0/23 (0%)

4/23 (17%)

Mild

16/23 (70%)

16/23 (70%)

Moderate

7/23 (30%)

3/23 (13%)

Severe

0/23 (0%)

0/23 (0%)

No

https://doi.org/10.1371/journal.pone.0193654.t005

ARDS might benefit from PEEP-setting at a higher level to maintain positive TPP and to counteract IAP. However, any increase of airway and intrathoracic pressure level by higher PEEP
necessarily aggravates intraabdominal hypertension [55, 56]. Further increases in IAP might
be harmful especially in patients with decompensated cirrhosis [43–45]. By contrast, paracentesis improves both IAP and TPP without the need to further increase the airway pressure level.
Nevertheless, a ventilator setting restricted exclusively to optimized TPP might be difficult to
guide in case of high-grade esophageal varices which preclude the measurement of esophageal
pressure. Since high-grade varices are frequent in end-stage liver disease, other strategies including continuous or repeated measurements of IAP should be considered in these patients.

Strengths and limitations
To the best of our knowledge this is the first study analyzing the effects of LVP on TPP, respiratory and ventilatory parameters as well as advanced hemodynamic monitoring data in cirrhotic patients with tense ascites.
Although our results are conclusive with high levels of statistical significance, this is a single
centre study with a limited number of patients and datasets.

Conclusion
In mechanically ventilated patients with decompensated cirrhosis, tense ascites with increased
IAP resulted in a substantially decreased TPP despite PEEP-setting according to the ARDSNet.
LVP induced a substantial improvement of TPP, paO2/FiO2, paCO2, OI, TV and Cdyn. CVP
decreased in parallel with IAP, while all other hemodynamic parameters remained unchanged
by LVP.
Table 6. Respiratory and ventilatory parameters before and after paracentesis.
Respiratory and ventilatory parameters

paO2/FiO2

before paracentesis

after paracentesis

mean (Std. Deviation)
Std. Deviation

mean (Std. Deviation)

208.3±46.8

247.7±60.9

p-value

< 0.001

OI, cmH2O/mmHg

5.8±3.1

4.8±2.0

0.002

paCO2, mmHg

51.2±12.3

47.3.±10.7

0.046

TV, mL

452±113

510±100

0.008

Cdyn, mL/cmH2O

35.1±14.6

46.8±15.9

< 0.001

Respiratory rate, min-1

19.6±7.8

17.1±7.3

0.010

OI: Oxygenation Index
TV: Tidal volume
Cdyn: Dynamic compliance
paCO2: Arterial partial pressure of carbon dioxide
https://doi.org/10.1371/journal.pone.0193654.t006

PLOS ONE | https://doi.org/10.1371/journal.pone.0193654 March 14, 2018

13 / 17

Impact of large volume paracentesis on respiratory parameters, transpulmonary pressure and hemodynamics

Author Contributions
Conceptualization: Ulrich Mayr, Benedikt Henschel, Roland M. Schmid, Wolfgang Huber.
Data curation: Ulrich Mayr, Eugen Karsten, Tobias Lahmer, Sebastian Rasch, Philipp Thies,
Gerrit Fischer, Wolfgang Huber.
Formal analysis: Ulrich Mayr, Eugen Karsten, Tobias Lahmer, Philipp Thies, Benedikt
Henschel, Wolfgang Huber.
Investigation: Ulrich Mayr, Eugen Karsten, Tobias Lahmer, Sebastian Rasch, Philipp Thies,
Benedikt Henschel, Gerrit Fischer, Roland M. Schmid, Wolfgang Huber.
Methodology: Ulrich Mayr, Eugen Karsten, Sebastian Rasch, Philipp Thies, Roland M.
Schmid, Wolfgang Huber.
Project administration: Ulrich Mayr, Eugen Karsten, Sebastian Rasch, Philipp Thies, Gerrit
Fischer, Roland M. Schmid, Wolfgang Huber.
Resources: Tobias Lahmer, Roland M. Schmid, Wolfgang Huber.
Software: Eugen Karsten, Wolfgang Huber.
Supervision: Ulrich Mayr, Tobias Lahmer, Roland M. Schmid, Wolfgang Huber.
Validation: Ulrich Mayr, Eugen Karsten, Tobias Lahmer, Sebastian Rasch, Philipp Thies, Benedikt Henschel, Gerrit Fischer, Roland M. Schmid, Wolfgang Huber.
Visualization: Ulrich Mayr, Eugen Karsten, Wolfgang Huber.
Writing – original draft: Ulrich Mayr, Eugen Karsten, Wolfgang Huber.
Writing – review & editing: Ulrich Mayr, Eugen Karsten, Tobias Lahmer, Sebastian Rasch,
Philipp Thies, Benedikt Henschel, Gerrit Fischer, Roland M. Schmid, Wolfgang Huber.

References
1.

Bein T, Grasso S, Moerer O, Quintel M, Guerin C, Deja M, et al. The standard of care of patients with
ARDS: ventilatory settings and rescue therapies for refractory hypoxemia. Intensive Care Med. 2016;
42(5):699–711. https://doi.org/10.1007/s00134-016-4325-4 PMID: 27040102; PubMed Central PMCID:
PMCPMC4828494.

2.

Costa EL, Amato MB. Ultra-protective tidal volume: how low should we go? Crit Care. 2013; 17(2):127.
https://doi.org/10.1186/cc12556 PMID: 23551995; PubMed Central PMCID: PMCPMC3672527.

3.

Lucangelo U, Bernabe F, Blanch L. Respiratory mechanics derived from signals in the ventilator circuit.
Respir Care. 2005; 50(1):55–65; discussion -7. PMID: 15636645.

4.

Hess DR. Respiratory mechanics in mechanically ventilated patients. Respir Care. 2014; 59(11):1773–
94. https://doi.org/10.4187/respcare.03410 PMID: 25336536.

5.

Talmor D, Sarge T, O’Donnell CR, Ritz R, Malhotra A, Lisbon A, et al. Esophageal and transpulmonary
pressures in acute respiratory failure. Crit Care Med. 2006; 34(5):1389–94. https://doi.org/10.1097/01.
CCM.0000215515.49001.A2 PMID: 16540960; PubMed Central PMCID: PMCPMC2278169.

6.

Malbrain ML, Chiumello D, Pelosi P, Bihari D, Innes R, Ranieri VM, et al. Incidence and prognosis of
intraabdominal hypertension in a mixed population of critically ill patients: a multiple-center epidemiological study. Crit Care Med. 2005; 33(2):315–22. PMID: 15699833.

7.

Milic-Emili J, Mead J, Turner JM, Glauser EM. Improved Technique for Estimating Pleural Pressure
from Esophageal Balloons. J Appl Physiol. 1964; 19:207–11. https://doi.org/10.1152/jappl.1964.19.2.
207 PMID: 14155283.

8.

Hedenstierna G. Esophageal pressure: benefit and limitations. Minerva Anestesiol. 2012; 78(8):959–
66. PMID: 22699701.

9.

Akoumianaki E, Maggiore SM, Valenza F, Bellani G, Jubran A, Loring SH, et al. The application of
esophageal pressure measurement in patients with respiratory failure. Am J Respir Crit Care Med.
2014; 189(5):520–31. https://doi.org/10.1164/rccm.201312-2193CI PMID: 24467647.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193654 March 14, 2018

14 / 17

Impact of large volume paracentesis on respiratory parameters, transpulmonary pressure and hemodynamics

10.

Slutsky AS. Lung injury caused by mechanical ventilation. Chest. 1999; 116(1 Suppl):9S–15S. PMID:
10424561.

11.

Talmor D, Sarge T, Malhotra A, O’Donnell CR, Ritz R, Lisbon A, et al. Mechanical ventilation guided by
esophageal pressure in acute lung injury. N Engl J Med. 2008; 359(20):2095–104. https://doi.org/10.
1056/NEJMoa0708638 PMID: 19001507; PubMed Central PMCID: PMCPMC3969885.

12.

Levesque E, Saliba F, Ichai P, Samuel D. Outcome of patients with cirrhosis requiring mechanical ventilation in ICU. J Hepatol. 2014; 60(3):570–8. https://doi.org/10.1016/j.jhep.2013.11.012 PMID:
24280294.

13.

Shawcross DL, Austin MJ, Abeles RD, McPhail MJ, Yeoman AD, Taylor NJ, et al. The impact of organ
dysfunction in cirrhosis: survival at a cost? J Hepatol. 2012; 56(5):1054–62. https://doi.org/10.1016/j.
jhep.2011.12.014 PMID: 22245890.

14.

Gacouin A, Locufier M, Uhel F, Letheulle J, Bouju P, Fillatre P, et al. Liver Cirrhosis is Independently
Associated With 90-Day Mortality in ARDS Patients. Shock. 2016; 45(1):16–21. https://doi.org/10.1097/
SHK.0000000000000487 PMID: 26674451.

15.

Gines P, Quintero E, Arroyo V, Teres J, Bruguera M, Rimola A, et al. Compensated cirrhosis: natural
history and prognostic factors. Hepatology. 1987; 7(1):122–8. PMID: 3804191.

16.

Bernardi M, Moreau R, Angeli P, Schnabl B, Arroyo V. Mechanisms of decompensation and organ failure in cirrhosis: From peripheral arterial vasodilation to systemic inflammation hypothesis. J Hepatol.
2015; 63(5):1272–84. https://doi.org/10.1016/j.jhep.2015.07.004 PMID: 26192220.

17.

Rouby JJ, Constantin JM, Roberto De AGC, Zhang M, Lu Q. Mechanical ventilation in patients with
acute respiratory distress syndrome. Anesthesiology. 2004; 101(1):228–34. PMID: 15220794.

18.

Gines P, Cardenas A, Arroyo V, Rodes J. Management of cirrhosis and ascites. N Engl J Med. 2004;
350(16):1646–54. https://doi.org/10.1056/NEJMra035021 PMID: 15084697.

19.

Moore KP, Aithal GP. Guidelines on the management of ascites in cirrhosis. Gut. 2006; 55 Suppl 6:vi1–
12. https://doi.org/10.1136/gut.2006.099580 PMID: 16966752; PubMed Central PMCID:
PMCPMC1860002.

20.

Pedersen JS, Bendtsen F, Moller S. Management of cirrhotic ascites. Ther Adv Chronic Dis. 2015; 6
(3):124–37. https://doi.org/10.1177/2040622315580069 PMID: 25954497; PubMed Central PMCID:
PMCPMC4416972.

21.

Chao Y, Wang SS, Lee SD, Shiao GM, Chang HI, Chang SC. Effect of large-volume paracentesis on
pulmonary function in patients with cirrhosis and tense ascites. J Hepatol. 1994; 20(1):101–5. PMID:
8201208.

22.

Angueira CE, Kadakia SC. Effects of large-volume paracentesis on pulmonary function in patients with
tense cirrhotic ascites. Hepatology. 1994; 20(4 Pt 1):825–8. PMID: 7927222.

23.

Gupta D, Lalrothuama, Agrawal PN, Aggarwal AN, Dhiman RK, Behera D, et al. Pulmonary function
changes after large volume paracentesis. Trop Gastroenterol. 2000; 21(2):68–70. PMID: 10881627.

24.

Levesque E, Hoti E, Jiabin J, Dellamonica J, Ichai P, Saliba F, et al. Respiratory impact of paracentesis
in cirrhotic patients with acute lung injury. J Crit Care. 2011; 26(3):257–61. https://doi.org/10.1016/j.jcrc.
2010.08.020 PMID: 21036523.

25.

Phillip V, Saugel B, Ernesti C, Hapfelmeier A, Schultheiss C, Thies P, et al. Effects of paracentesis on
hemodynamic parameters and respiratory function in critically ill patients. BMC Gastroenterol. 2014;
14:18. https://doi.org/10.1186/1471-230X-14-18 PMID: 24467993; PubMed Central PMCID:
PMCPMC3906760.

26.

Bone RC, Maunder R, Slotman G, Silverman H, Hyers TM, Kerstein MD, et al. An early test of survival
in patients with the adult respiratory distress syndrome. The PaO2/FIo2 ratio and its differential
response to conventional therapy. Prostaglandin E1 Study Group. Chest. 1989; 96(4):849–51. PMID:
2676391.

27.

Umgelter A, Reindl W, Wagner KS, Franzen M, Stock K, Schmid RM, et al. Effects of plasma expansion
with albumin and paracentesis on haemodynamics and kidney function in critically ill cirrhotic patients
with tense ascites and hepatorenal syndrome: a prospective uncontrolled trial. Crit Care. 2008; 12(1):
R4. https://doi.org/10.1186/cc6765 PMID: 18197961; PubMed Central PMCID: PMCPMC2374626

28.

Malbrain ML. Different techniques to measure intra-abdominal pressure (IAP): time for a critical reappraisal. Intensive Care Med. 2004; 30(3):357–71. https://doi.org/10.1007/s00134-003-2107-2 PMID:
14730376.

29.

Cheatham ML, Malbrain ML, Kirkpatrick A, Sugrue M, Parr M, De Waele J, et al. Results from the International Conference of Experts on Intra-abdominal Hypertension and Abdominal Compartment Syndrome. II. Recommendations. Intensive Care Med. 2007; 33(6):951–62. https://doi.org/10.1007/
s00134-007-0592-4 PMID: 17377769.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193654 March 14, 2018

15 / 17

Impact of large volume paracentesis on respiratory parameters, transpulmonary pressure and hemodynamics

30.

Gines A, Fernandez-Esparrach G, Monescillo A, Vila C, Domenech E, Abecasis R, et al. Randomized
trial comparing albumin, dextran 70, and polygeline in cirrhotic patients with ascites treated by paracentesis. Gastroenterology. 1996; 111(4):1002–10. PMID: 8831595.

31.

Saugel B, Phillip V, Ernesti C, Messer M, Meidert AS, Schmid RM, et al. Impact of large-volume thoracentesis on transpulmonary thermodilution-derived extravascular lung water in medical intensive care
unit patients. J Crit Care. 2013; 28(2):196–201. https://doi.org/10.1016/j.jcrc.2012.05.002 PMID:
22765875.

32.

Huber W, Umgelter A, Reindl W, Franzen M, Schmidt C, von Delius S, et al. Volume assessment in
patients with necrotizing pancreatitis: a comparison of intrathoracic blood volume index, central venous
pressure, and hematocrit, and their correlation to cardiac index and extravascular lung water index. Crit
Care Med. 2008; 36(8):2348–54. https://doi.org/10.1097/CCM.0b013e3181809928 PMID: 18596637.

33.

Fusco MA, Martin RS, Chang MC. Estimation of intra-abdominal pressure by bladder pressure measurement: validity and methodology. J Trauma. 2001; 50(2):297–302. PMID: 11242295.

34.

Force ADT, Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell E, et al. Acute respiratory distress syndrome: the Berlin Definition. JAMA. 2012; 307(23):2526–33. https://doi.org/10.1001/
jama.2012.5669 PMID: 22797452.35.

35.

Mietto C, Malbrain ML, Chiumello D. Transpulmonary pressure monitoring during mechanical ventilation: a bench-to-bedside review. Anaesthesiol Intensive Ther. 2015; 47 Spec No:s27–37. https://doi.
org/10.5603/AIT.a2015.0065 PMID: 26575165.

36.

Acute Respiratory Distress Syndrome N, Brower RG, Matthay MA, Morris A, Schoenfeld D, Thompson
BT, et al. Ventilation with lower tidal volumes as compared with traditional tidal volumes for acute lung
injury and the acute respiratory distress syndrome. N Engl J Med. 2000; 342(18):1301–8. https://doi.
org/10.1056/NEJM200005043421801 PMID: 10793162.

37.

Fumagalli J, Berra L, Zhang C, Pirrone M, Santiago RRS, Gomes S, et al. Transpulmonary Pressure
Describes Lung Morphology During Decremental Positive End-Expiratory Pressure Trials in Obesity.
Crit Care Med. 2017; 45(8):1374–81. https://doi.org/10.1097/CCM.0000000000002460 PMID:
28708679.

38.

Byrd RP Jr., Roy TM, Simons M. Improvement in oxygenation after large volume paracentesis. South
Med J. 1996; 89(7):689–92. PMID: 8685755.

39.

Wauters J, Claus P, Brosens N, McLaughlin M, Hermans G, Malbrain M, et al. Relationship between
Abdominal Pressure, Pulmonary Compliance, and Cardiac Preload in a Porcine Model. Crit Care Res
Pract. 2012; 2012:763181. https://doi.org/10.1155/2012/763181 PMID: 22454767; PubMed Central
PMCID: PMCPMC3290811.

40.

Seeley E, McAuley DF, Eisner M, Miletin M, Matthay MA, Kallet RH. Predictors of mortality in acute lung
injury during the era of lung protective ventilation. Thorax. 2008; 63(11):994–8. https://doi.org/10.1136/
thx.2007.093658 PMID: 18566110; PubMed Central PMCID: PMCPMC2771451.

41.

Kao HC, Lai TY, Hung HL, Chen YM, Chou PA, Wang CC, et al. Sequential oxygenation index and
organ dysfunction assessment within the first 3 days of mechanical ventilation predict the outcome of
adult patients with severe acute respiratory failure. ScientificWorldJournal. 2013; 2013:413216. https://
doi.org/10.1155/2013/413216 PMID: 23476133; PubMed Central PMCID: PMCPMC3588184.

42.

Balzer F, Menk M, Ziegler J, Pille C, Wernecke KD, Spies C, et al. Predictors of survival in critically ill
patients with acute respiratory distress syndrome (ARDS): an observational study. BMC Anesthesiol.
2016; 16(1):108. https://doi.org/10.1186/s12871-016-0272-4 PMID: 27821065; PubMed Central
PMCID: PMCPMC5100178.

43.

Barnes GE, Laine GA, Giam PY, Smith EE, Granger HJ. Cardiovascular responses to elevation of intraabdominal hydrostatic pressure. Am J Physiol. 1985; 248(2 Pt 2):R208–13. https://doi.org/10.1152/
ajpregu.1985.248.2.R208 PMID: 3918464.

44.

Malbrain ML, Cheatham ML, Kirkpatrick A, Sugrue M, Parr M, De Waele J, et al. Results from the International Conference of Experts on Intra-abdominal Hypertension and Abdominal Compartment Syndrome. I. Definitions. Intensive Care Med. 2006; 32(11):1722–32. https://doi.org/10.1007/s00134-0060349-5 PMID: 16967294.

45.

von Delius S, Karagianni A, Henke J, Preissel A, Meining A, Frimberger E, et al. Changes in intraabdominal pressure, hemodynamics, and peak inspiratory pressure during gastroscopy in a porcine
model. Endoscopy. 2007; 39(11):962–8. https://doi.org/10.1055/s-2007-966973 PMID: 18008204.

46.

Cheatham ML. Nonoperative management of intraabdominal hypertension and abdominal compartment syndrome. World J Surg. 2009; 33(6):1116–22. https://doi.org/10.1007/s00268-009-0003-9
PMID: 19363690

47.

Ruiz-del-Arbol L, Monescillo A, Jimenez W, Garcia-Plaza A, Arroyo V, Rodes J. Paracentesis-induced
circulatory dysfunction: mechanism and effect on hepatic hemodynamics in cirrhosis. Gastroenterology.
1997; 113(2):579–86. PMID: 9247479.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193654 March 14, 2018

16 / 17

Impact of large volume paracentesis on respiratory parameters, transpulmonary pressure and hemodynamics

48.

Cabrera J, Falcon L, Gorriz E, Pardo MD, Granados R, Quinones A, et al. Abdominal decompression
plays a major role in early postparacentesis haemodynamic changes in cirrhotic patients with tense
ascites. Gut. 2001; 48(3):384–9. https://doi.org/10.1136/gut.48.3.384 PMID: 11171830; PubMed Central PMCID: PMCPMC1760128.

49.

Nasr G, Hassan A, Ahmed S, Serwah A. Predictors of large volume paracantesis induced circulatory
dysfunction in patients with massive hepatic ascites. J Cardiovasc Dis Res. 2010; 1(3):136–44. https://
doi.org/10.4103/0975-3583.70914 PMID: 21187868; PubMed Central PMCID: PMCPMC2982202.

50.

Gines P, Arroyo V, Quintero E, Planas R, Bory F, Cabrera J, et al. Comparison of paracentesis and
diuretics in the treatment of cirrhotics with tense ascites. Results of a randomized study. Gastroenterology. 1987; 93(2):234–41. PMID: 3297907

51.

Peltekian KM, Wong F, Liu PP, Logan AG, Sherman M, Blendis LM. Cardiovascular, renal, and neurohumoral responses to single large-volume paracentesis in patients with cirrhosis and diuretic-resistant
ascites. Am J Gastroenterol. 1997; 92(3):394–9. PMID: 9068457.

52.

Marik PE, Baram M, Vahid B. Does central venous pressure predict fluid responsiveness? A systematic
review of the literature and the tale of seven mares. Chest. 2008; 134(1):172–8. https://doi.org/10.1378/
chest.07-2331 PMID: 18628220.

53.

Magder S. Understanding central venous pressure: not a preload index? Curr Opin Crit Care. 2015; 21
(5):369–75. https://doi.org/10.1097/MCC.0000000000000238 PMID: 26348416.

54.

Eskesen TG, Wetterslev M, Perner A. Systematic review including re-analyses of 1148 individual data
sets of central venous pressure as a predictor of fluid responsiveness. Intensive Care Med. 2016; 42
(3):324–32. https://doi.org/10.1007/s00134-015-4168-4 PMID: 26650057.

55.

Malbrain ML. Abdominal pressure in the critically ill: measurement and clinical relevance. Intensive
Care Med. 1999; 25(12):1453–8. PMID: 10702030.

56.

Chieveley-Williams S, Dinner L, Puddicombe A, Field D, Lovell AT, Goldstone JC. Central venous and
bladder pressure reflect transdiaphragmatic pressure during pressure support ventilation. Chest. 2002;
121(2):533–8. PMID: 11834669.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193654 March 14, 2018

17 / 17

