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Acute Heart Failure



ED:Dyspnoea and/or other signs of congestion + elevated 
SBP (>150 mmHg)

Acute pulmonary oedema 
+ 

Dyspnoea develops abruptly 
Diffuse pulmonary oedema 
!

It is a vascular illness 
!

+  
Warning! 

Patient is very often  
normovolemic  
or hypovolemic



HF clinic: Dyspnoea + SBP 100-150 mmHg

Decompensated chronic 


heart failure



+


Dyspnoea develops gradually



Gradual increase in body weight


Systemic oedema



Minimal pulmonary oedema


!

It is a systemic illness


!

Possible renal dysfunction


Anaemia



Low albumin


Increased pulmonary congestion



Systemic congestion

or



Acute heart failure

Clinical scenarios 

SBP >140 
Symptoms develop abruptly 
Predominantly diffuse pulmonary oedema 
Minimal systemic oedema (may be euvolaemic or hypovolaemic) 
Acute elevation of filling pressure often with preserved LVEF 
Vascular pathology

•Clinical scenario 1 - Dyspnoea with elevated BP

SBP 100-140 
Symptoms develop gradually, gradual increase body weight 
Predominantly systemic oedema 
Minimal pulmonary oedema 
Chronic elevation of filling pressure with increased venous pressure and increased PAP 
Organ dysfunction (renal impairment, liver dysfunction, anaemia, hypoalbuminaemia)

•Clinical scenario 2 - Dyspnoea with normal BP



Acute heart failure

Clinical scenarios 

SBP < 100 
Rapid or gradual onset of symptoms 
Predominantly signs of hypoperfusion 
Minimal systemic nor pulmonary oedema 
Elevation of filling pressure 
2 subsets :  

clear hypoperfusion or cardiogenic shock 
No hypoperfusion/cardiogenic shock

•Clinical scenario 3 - Dyspnoea with low BP

Symptoms and signs of acute heart failure 
Evidence of ACS 
Isolated elevation of cardiac troponins is inadequate for CS4 classification

•Clinical scenario 4 - Dyspnoea with signs of ASC

Rapid or gradual onset 
No pulmonary oedema 
Rt ventricular dysfunction 
Signs of systemic venous congestion

•Clinical scenario 5 - Isolated Right heart failure



Algorithm for early hospital management of patients with acute 
heart failure

Management at admission 

•Non invasive monitoring (SaO2, BP, temperature) 
•02 
•Non invasive ventilation as indicated 
•Physical exam 
•Lab tests 
•BNP or NT-pro-BNP when diagnosis uncertain 
•ECG 
•CXR 

Mebazaa et al; CCM 2008; 36[Suppl.]:S129-S139
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Algorithm for early hospital management of patients with 
acute heart failure

Treatment 

•Clinical scenario 1 (SBP >140 mmHg): NIV and nitrates; diuretics rarely indicated 
•Clinical scenario 2 (SBP 100-140 mmHg): NIV and nitrates; diuretics if systemic 
chronic fluid retention 
•Clinical scenario 3 (SBP <100 mmHg): Volume loading with initial fluid challenge 
if no overt fluid retention; inotropes; PAC if no improvement; if BP fails to improve 
above 100 and hypoperfusion persists, consider vasoconstrictors 
•Clinical scenario 4 (ACS): NIV; nitrates; cardiac cath lab, follow ACS guidelines 
(aspirin, heparin, reperfusion therapy; IABP 
•Clinical scenario 5 (RVF): Avoid volume loading; diuretics if SBP>90 mmHg and 
systemic chronic fluid retention; inotropes if SBP <90 mmHg; if SBP fails to 
improve above 100, then begin vasoconstrictors 
!
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Algorithm for early hospital management of patients with 
acute heart failure

Treatment Objectives 

•Decrease dyspnoea 
•Improve well being 
•Decrease heart rate 
•Urine output > 0.5ml/kg/min 
•Maintain/improve BP 
•Restore adequate perfusion 
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Algorithm for early hospital management of patients with acute 
heart failure

Reassess frequently clinical and 
physical exam
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If dyspnoea persists

Stay in the ER/ward

If SBP <100 
Organ hypoperfusion 
Rt ventricular failure 
SaO2 <90% despite O2

ICU admission 
ECHO if not recent 
Central/arterial line 
Additional diagnostic tests 
Transfer to tertiary center



ARDS



ARDS - Definition

“The acute onset of severe respiratory distress and cyanosis that 
was refractory to oxygen therapy and associated with diffuse 

CXR abnormality and decreased lung compliance”



In fact the concept of ventilator 
induced lung injury is very OLD

Philos Trans R Soc Med 43:275-281 1774



Tobin M NEJM 2001
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Figure 2.

 

 Lung Injury Caused by Mechanical Ventilation in a 31-Year-Old Woman with the Acute Respiratory Distress Syndrome Due
to Amniotic-Fluid Embolism.
The patient had undergone mechanical ventilation for eight weeks with tidal volumes of 12 to 15 ml per kilogram of body weight,
peak airway pressures of 50 to 70 cm of water, positive end-expiratory pressures of 10 to 15 cm of water, and a fractional inspired
oxygen concentration of 0.80 to 1.00 in order to achieve a partial pressure of carbon dioxide that was less than 50 mm Hg and a
partial pressure of oxygen that was 80 mm Hg or higher. Computed tomography (CT) performed two days before the patient died
revealed a paramediastinal pneumatocele in the right lung (Panel A, arrowheads) and numerous intraparenchymal pseudocysts in
the left lung (Panel B, black arrow, open circle, and asterisk).
At autopsy, both lungs were removed and fixed by intrabronchial infusion of formalin, alcohol, and polyethylene glycol at an insuf-
flation pressure of 30 cm of water. Panel C shows the paramediastinal pneumatocele in the right lung (arrowheads); the horizontal
broken line is the level of the CT section. Panel D shows a 1-cm-thick section of the left lung, corresponding to the CT section. Small
pseudocysts are present (arrow), and two large pseudocysts (asterisk and open circle) have compressed and partially destroyed
the parenchyma. The development of these lesions in a patient without a history of chronic lung disease indicates the harm that
may result with the use of high tidal volumes and airway pressures. The photographs were kindly provided by Dr. Jean-Jacques
Rouby, Hôpital de la Pitié–Salpêtrière, Paris.
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Figure 2. Lung Injury Caused by Mechanical Ventilation in a 31-Year-Old Woman with the Acute Respiratory Distress Syndrome Due to Amniotic-Fluid Embolism.!
The patient had undergone mechanical ventilation for eight weeks with tidal volumes of 12 to 15 ml per kilogram of body weight, peak airway pressures of 50 to 70 cm of 
water, positive end-expiratory pressures of 10 to 15 cm of water, and a fractional inspired oxygen concentration of 0.80 to 1.00 in order to achieve a partial pressure of 
carbon dioxide that was less than 50 mm Hg and a partial pressure of oxygen that was 80 mm Hg or higher. Computed tomography (CT) performed two days before the 
patient died revealed a paramediastinal pneumatocele in the right lung (Panel A, arrowheads) and numerous intraparenchymal pseudocysts in the left lung (Panel B, 
black arrow, open circle, and asterisk).!
At autopsy, both lungs were removed and fixed by intrabronchial infusion of formalin, alcohol, and polyethylene glycol at an insuf- flation pressure of 30 cm of water. 
Panel C shows the paramediastinal pneumatocele in the right lung (arrowheads); the horizontal broken line is the level of the CT section. Panel D shows a 1-cm-thick 
section of the left lung, corresponding to the CT section. Small pseudocysts are present (arrow), and two large pseudocysts (asterisk and open circle) have compressed 
and partially destroyed the parenchyma. The development of these lesions in a patient without a history of chronic lung disease indicates the harm that may result with 
the use of high tidal volumes and airway pressures. The photographs were kindly provided by Dr. Jean-Jacques Rouby, Hôpital de la Pitié–Salpêtrière, Paris.



You can induce VILI-  
in normal lungs!
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Preventing overdistension and under-
recruitment injury

“Lung protective ventilation”
Vo

lum
e

Pressure

Limit Vt

Limit distending 
pressure

Add PEEP



Superimposed  
pressure

Opening 
 pressure

0
Inflated

10-20 cm H20
Small airway 

collapse

20-60 cm H20

Alveolar 
collapse

No opening 
pressure

Consolidation

Trans-pulmonary pressure does NOT account for reduced 
capacity of “baby lung”



Ventilation induced lung injury





Elastance to titrate PEEP in ARDS

Carvalho AR et al. Intensive care medicine 2008 Dec; 34(12):2291-9



5 µm

Endothelium and epithelium are injured at high lung 
volumes and pressures

Fu Z et al J Appl Physiol 1992 73: 123-133



Between 1994 - 2003 
we learned : 

•ARDS Network low tidal volumes (despite PaO2) 
•Intra-tidal recruitment/derecruitment 
•Experimental protective effect of prone position on VILI 



Variable ventilation



Marini & Amato “Mechanical Ventilation, Springer Verlag 2002

Ventilation induced lung injury



De-recruited lung

Duggan and Kavanagh Anesthesiology 2005, 102: 838-854



De-recruited lung

Duggan and Kavanagh Anesthesiology 2005, 102: 838-854



Low vs high tidal volumes in ARDS/ALI

The Acute Respiratory Distress Syndrome Network. N Engl J Med 2000;342:1301-1308 

Probability of Survival and of Being Discharged Home and Breathing without Assistance during the 
First 180 Days after Randomization in Patients with Acute Lung Injury and the Acute Respiratory 

Distress Syndrome 





Parker et al JAP 1984, 57; 1809-1816

Ventilation induced lung injury
High airway pressures damage the healthy lung  

= Barotrauma



Effect of PIP of 45 cm H20

Control 5 min 20 min



Dreyfuss D and Saumon G Am Rev Resp D 1988 137; 1159-1164

VILI - Volutrauma or Barotrauma ?
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Don’t forget protective tidal volumes are based on ideal (or 
predicted) body weight, which are based on SEX and HEIGHT 

(NOT weight!!)



So don’t forget the tape measure!



Which plateau pressure is safest?  
...depends on chest wall stiffness and effort
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Why recruitment/PEEP ?



Fig. 4. Representative histologic specimens from dependent left lung region and in situ photographs after en bloc removal of the ventral chest
plate. Dependent specimens; hematoxylin and eosin, original magnification !10 (left) and !40 (center). (A) LoPIP, (B) HiPIP, (C)
LoRate6s, (D) LoRate2s, (E) LIFR.

Limiting Inspiratory Flow Reduces VILI

Volume 49 • Number 5 909

Low pressure  
Control

High pressure  
Normal rate

High pressure  
Extended I:E

High pressure  
Short I:E

High pressure  
Low insp. flow

Normal f

Low f

Stretch?

Shear?

Rich J Trauma 2000



strain. In such a microenvironment, lim-
iting end-tidal alveolar pressure assumes
major importance for two primary rea-
sons: 1) a high plateau pressure may
overstretch open alveoli, and 2) perhaps
more importantly, because junctional
tension rises in nonlinear proportion to
airway pressure (12), the plateau pressure
acts as a potent lever arm at stress focus
points.

By reducing the number of junctional
interfaces, recruitment of lung tissue, de-
fined as the sustained reversal of atelec-
tasis on whatever scale it occurs, may be
lung protective. When nearly all of poten-
tially recruitable tissue is aerated, the
lung is said to be “open” (13). A given
transpulmonary pressure applied to a
fully open lung should be associated with
less stress than the same pressure applied
to a lung with closed units juxtaposed to
open ones. Whereas some authors argue
that the injured lung should be fully
opened to reduce the potential for repet-
itive opening and reclosure (13), it is not
presently clear that this should always be
given highest priority; to what extent re-
petitive opening and closure of small air-
ways produces injury and whether the

prevention of such behavior is the key to
lung protection remain debatable. In addi-
tion, some lung units are unable to be re-
cruited, some degree of tidal recruitment
may be unavoidable, and modest airway
pressures may not inflict shearing injury.
Therefore, how much of the lung should be
opened and what pressure cost is accept-
able are key unresolved questions.

Although the highest prevalence of
lung unit opening may occur at pressures
of !25 cm H2O, some refractory units of
the acutely injured lung may require
much higher pressures to establish pa-
tency (14, 15). To reach the “yield” pres-
sures of refractory lung units requires the
initial application of pressures that would
be hazardous during tidal ventilation (14,
15). To consolidate the benefit after a
successful recruiting maneuver, end-
expiratory pressure must remain high
enough to keep open these newly re-
cruited units once safe tidal plateau pres-
sures are resumed (16). With few excep-
tions, this stabilizing value of positive
end-expiratory pressure (PEEP) is gener-
ally higher than the initial one (17, 18).
Although the majority of unstable lung
units can be kept open with end-expira-

tory lung pressures of !10 cm H2O, some
units close at pressures considerably
higher than those that are safe to consis-
tently apply (15). We caution that it is a
fallacy to consider all injured tissue as
potentially recruitable. Unlike most ex-
perimental models of acute lung injury
(14, 19), only a small fraction of the lungs
of pneumonia-caused (primary) acute re-
spiratory distress syndrome, for example,
can be opened (15).

Experimentally, a variety of co-factors
apart from end-inspiratory and end-
expiratory tidal transpulmonary pres-
sures are important in the generation or
prevention of VILI. As already mentioned,
prone positioning seems to confer a pro-
tective advantage in both normal and pre-
injured animals (20, 21). As other exam-
ples, higher precapillary (22) and lower
postcapillary (23) vascular pressures inten-
sify the injury inflicted by a fixed ventila-
tory pattern. For identical tidal inflation
and end-expiratory pressures, reducing re-
spiratory frequency attenuates or delays
damage, provided that the tidal ventilatory
stress is sufficiently high (24).

What level of transpulmonary pres-
sure is likely to be damaging, therefore,
depends on multiple variables other than
the tidal plateau pressure. Moreover,
when the lung is composed of large num-
bers of recruitable units, PEEP attenu-
ates the tendency for high plateau pres-
sures or tidal volumes to cause injury
(25, 26). It is therefore difficult to specify
an exact level of transpulmonary pressure
that serves as an appropriate threshold
criterion for safety. From a theoretical
standpoint, a transpulmonary pressure of
20 cm H2O (corresponding in a patient
with a normal chest wall to a plateau
pressure that may be in the range of
25–35 cm H2O) gives cause for concern,
as some higher compliance regions of the
injured lung may approach their elastic
limits at this pressure. It is worth noting
that a transpulmonary pressure of only
15 cm H2O subjects the normal lung to
approximately two thirds of its total ca-
pacity and is associated with a tidal vol-
ume exceeding 2500 mL (27).

PEEP has the potential to maintain
recruitment of unstable lung units
(thereby reducing the stress amplifica-
tion factor). However, when tidal driving
pressure is preserved, PEEP raises both
mean and peak tidal pressures, distends
lung units that are already open, redi-
rects blood flow, and alters cardiac load-
ing conditions. Moreover, those lung
units that continue to undergo repeated

Figure 1. Pathogenesis of ventilator-induced lung injury.

251Crit Care Med 2004 Vol. 32, No. 1

Pathogenesis of VILI

Crit Care Med 2004; 32:250–255



Vascular flow may be an important VILI 
co-factor

•Energy dissipation 
•Vascular interdependence 
•Endothelial shear 

Cardiac output 
Minute ventilation 

Reducing O2 demand and ventilation 
targets may lower risk for VILI 

Hotchkiss, Brochard



Lung development and susceptibility to VILI

750 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 171 2005

Figure 9. Lung wet/dry weight ratio in infants and adults after in vivo
mechanical ventilation for 90 minutes with peak inspiratory pressures
of either 20 or 30 cm H2O, compared with nonventilated controls (C),
in Series 3. In infants, the wet/dry ratio was not different among either
of the ventilated groups (Infant-20, Infant-30) or compared with non-
ventilated infant controls. In adults, wet/dry ratio was significantly
greater in Adult-30 compared with Adult-20 and nonventilated adult
controls (*p ! 0.05). All data are mean " SD.

Potential Significance

This study, the first study to make age-specific comparisons of
VILI between infants and adults, suggests four potential lessons.
First, infant lungs may be less susceptible to VILI when exposed
to comparable ventilation settings of Vt or pressure. Second,

Figure 11. Ex vivo photomi-
crographs of a field (350 # 260
$m) in adult lung at end-expi-
ration (A ), adult lung at end-
inspiration (B), infant lung at
end-expiration (C), and infant
lung at end-inspiration (D). The
end-inspiration alveoli size ap-
pears more uniform in infant
compared with adult lung. The
variability of the alveolar diam-
eter at the end of inspiration
is significantly greater in adult
versus infant lungs (see text).

Figure 10. Bronchoalveolar lavage fluid tumor necrosis factor % (TNF-%)
concentration in infants and adults after in vivo mechanical ventilation
for 90 minutes with peak inspiratory pressures of either 20 or 30 cm
H2O, compared with nonventilated controls, in Series 3. TNF-% was
not detected in nonventilated controls and was significantly greater in
ventilated adults ventilated with 30 cm H2O versus all other groups,
with no other among-group differences (*p ! 0.05).

development or propagation of stretch may be different in infant
than adult lungs. Furthermore, if the differences observed in
inflation pattern (Figure 11) are confirmed in other studies, then
the utility of positive end-expiratory pressure or recruitment
maneuvers may be different in infants versus adults. Third, we
suggest caution in extrapolating recommendations about ventila-

Am J Respir Crit Care Med! Vol 171. pp 743–752, 2005 

Note the end inspiratory alveolar size is more variable in the adult 
lung

Expiration Inspiration

Adult

Neonate



Cytokine responses to volutrauma in 
 non-injured lungs  
in vivo

Critical Care 2009, 13:R1 

Available online http://ccforum.com/content/13/1/R1

Page 7 of 11
(page number not for citation purposes)

Third, our non-ventilated control animals were not sham oper-
ated, did not receive fluid resuscitation and were breathing
room air as opposed to our ventilated animals. It can be sug-
gested that the invasive surgical procedure has an influence
on the inflammatory reaction by entering endotoxins and/or
bacteria into the circulation. MV in combination with prolonged
exposure to hyperoxia (> 95% of oxygen) augmented lung
injury [24]. However, lung injury caused by 50% of oxygen, as
used in our ventilated mice, has not been previously reported.

Fourth, in accordance with previous models of murine ventila-
tion, we did not use moisture breathing gas. The problem is
that drops will obstruct the inspiratory tubing. We do realise
that this is a limitation of our and previous models of murine
ventilation.

VILI was clearly present with the use of HVT after five hours of
MV. For most of our endpoints of VILI significant differences
were found between HVT mice and LVT mice. Of more interest,
with LVT VILI also developed. This finding is in accordance with
a previous report, where low VT (8 ml/kg) for four hours in mice
resulted in a reversible inflammatory reaction, while preserving
tissue integrity [25]. On the other hand, Altemeier and col-
leagues demonstrated that MV with tidal volumes of 10 ml/kg
for six hours did not cause significant cytokine expression [26].
In the study of Altemeier and colleagues, cytokines were
measured in the BALF, while in our study and in the study of
Vaneker and colleagues cytokines were measured in lung
homogenate. Maybe cytokines were still in the sub-epithelium
and did not migrate further into the alveoli. Thus, even the use
of LVT could be considered to be potentially harmful, at least in
a murine setting. In disagreement with some reports that did
not show any effect of larger VTin patients with non-injured
lungs [21,22], several articles did display harmful effects of
large VT. In one study on postoperative MV after cardiopulmo-
nary bypass surgery, MV with tidal volumes of 6 ml/kg pre-
dicted bodyweight (PBW) resulted in significantly lower BALF
TNF-� levels as compared with tidal volumes of 12 ml/kg
PBW [27]. These results were confirmed by others, who
showed that the use of large tidal volumes of 10 to 12 ml/kg
resulted in an increase of bronchoalveolar lavage fluid and
plasma IL-6 and IL-8 levels as compared with lower VT of 8 ml/
kg [28]. In our study, patients ventilated with HVT (12 ml/kg
PBW) for five hours showed upregulation of pulmonary inflam-
matory mediators as opposed to patients ventilated with LVT
(6 ml/kg) [29]. Unrecognised differences in MV between mice
and the human setting may be responsible for this difference.

With VT as used in our experiments histopathological changes
were minor. In previously published studies the VILI score was
about 2 in the low VT or low pressure group and about 7 in the
high VT or high pressure group [2,30]. Worth mentioning is
that VT or pressures used in the high VT group in these former
studies were about twice as high as in our study protocol. In a
previously mentioned study in which C57Bl/6 mice were ven-

Figure 3

Pulmonary levels of tumour necrosis factor (TNF)-�, interleukin (IL)-6, keratincyte-derived cytokine (KC) and macrophage inflammatory pro-tein (MIP)-2 in lung tissue homogenatePulmonary levels of tumour necrosis factor (TNF)-�, interleukin 
(IL)-6, keratincyte-derived cytokine (KC) and macrophage inflam-
matory protein (MIP)-2 in lung tissue homogenate. Pulmonary levels 
of TNF-�, IL-6, KC and MIP-2 and in lung tissue homogenate in control 
mice, and in mice ventilated with low tidal volumes (LVT) and high VT 
(HVT) for five hours. Two fluid strategies (normal saline (white boxes) 
and sodium bicarbonate (grey boxes)) were compared. Data represent 
median and interquartile range of six mice. *p < 0.05 (LVT vs. control or 
sodium bicarbonate vs. saline, IL-6 and MIP-2 in C57Bl/6 mice); †p < 
0.01 (HVT vs. LVT or LVT vs. control); ‡p < 0.001 (HVT vs. LVT or LVT vs. 
control).

open boxes - no 
correction of 

metabolic acidosis

hatched boxes - 
correction of 

metabolic acidosis
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compression [11,19]. This concept is supported by CT
observations in anaesthetized patients demonstrating that
contractions in the diaphragm induced by phrenic nerve
stimulation favour distribution of ventilation to dependent, well
perfused lung areas and decrease atelectasis formation [20].

Spontaneous breathing with APRV/BiPAP in experimentally
induced lung injury was associated with less atelectasis
formation in end-expiratory spiral CT of the whole lungs and
in scans above the diaphragm (Fig. 1) [21]. Although other
inspiratory muscles may also contribute to improvement in
aeration during spontaneous breathing, the craniocaudal
gradient in aeration, aeration differences, and the marked
differences in aeration in regions close to the diaphragm
between APRV/BiPAP with and without spontaneous

breathing suggest a predominant role played by diaphrag-
matic contractions in the observed aeration differences [21].
These experimental findings are supported by observations
using electro-impedance tomography to estimate regional
ventilation in patients with ARDS, which demonstrated better
ventilation in dependent regions during spontaneous
breathing with APRV/BiPAP (Fig. 2). Experimental data suggest
that recruitment of dependent lung areas may be caused
essentially by an increase in transpulmonary pressure due to
the decrease in pleural pressure with spontaneous breathing
during APRV/BiPAP [22].

In patients with ARDS, APRV/BiPAP with spontaneous
breathing of 10–30% of the total minute ventilation accounted
for an improvement in VA/Q matching and arterial oxygenation

Figure 1

Computed tomography of a lung region above the diaphragm in a pig with oleic acid induced lung injury during airway pressure release
ventilation/biphasic positive airway pressure (a) with and (b) without spontaneous breathing while maintaining airway pressure limits equal.

Figure 2

Electro-impedance tomography used to estimate regional ventilation in patients with acute respiratory distress syndrome during continuous positive
airway pressure (CPAP) and airway pressure release ventilation (APRV)/biphasic positive airway pressure (BiPAP) with and without spontaneous
breathing. Spontaneous breathing with CPAP is associated with better ventilation in the dependent well perfused lung regions. Spontaneous
breathing with APRV/BiPAP is associated with better ventilation in the dependent well perfused lung regions and the anterior lung areas. When
spontaneous breathing during APRV/BiPAP is abolished, mechanical ventilation is directed entirely to the less well perfused, nondependent
anterior lung areas. PCV, pressure-controlled ventilation.
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induced lung injury was associated with less atelectasis
formation in end-expiratory spiral CT of the whole lungs and
in scans above the diaphragm (Fig. 1) [21]. Although other
inspiratory muscles may also contribute to improvement in
aeration during spontaneous breathing, the craniocaudal
gradient in aeration, aeration differences, and the marked
differences in aeration in regions close to the diaphragm
between APRV/BiPAP with and without spontaneous

breathing suggest a predominant role played by diaphrag-
matic contractions in the observed aeration differences [21].
These experimental findings are supported by observations
using electro-impedance tomography to estimate regional
ventilation in patients with ARDS, which demonstrated better
ventilation in dependent regions during spontaneous
breathing with APRV/BiPAP (Fig. 2). Experimental data suggest
that recruitment of dependent lung areas may be caused
essentially by an increase in transpulmonary pressure due to
the decrease in pleural pressure with spontaneous breathing
during APRV/BiPAP [22].

In patients with ARDS, APRV/BiPAP with spontaneous
breathing of 10–30% of the total minute ventilation accounted
for an improvement in VA/Q matching and arterial oxygenation

Figure 1

Computed tomography of a lung region above the diaphragm in a pig with oleic acid induced lung injury during airway pressure release
ventilation/biphasic positive airway pressure (a) with and (b) without spontaneous breathing while maintaining airway pressure limits equal.

Figure 2

Electro-impedance tomography used to estimate regional ventilation in patients with acute respiratory distress syndrome during continuous positive
airway pressure (CPAP) and airway pressure release ventilation (APRV)/biphasic positive airway pressure (BiPAP) with and without spontaneous
breathing. Spontaneous breathing with CPAP is associated with better ventilation in the dependent well perfused lung regions. Spontaneous
breathing with APRV/BiPAP is associated with better ventilation in the dependent well perfused lung regions and the anterior lung areas. When
spontaneous breathing during APRV/BiPAP is abolished, mechanical ventilation is directed entirely to the less well perfused, nondependent
anterior lung areas. PCV, pressure-controlled ventilation.
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Lungs of patients with ARDS show diffuse inflammation in 
normally aerated regions on PET

To detect and quantify inflammation,
we used PET/CT with 18FDG, a technique
with several advantages: low invasiveness,
possibility of sampling a large fraction of
the lungs, and cross registration with CT.
For quantitative measurement of 18FDG
uptake, we computed Ki; i.e., the “influx
rate constant” of the tracer. Ki expresses
the net uptake of 18FDG by cells (taking
into account the rates of transmembrane
transport and phosphorylation) and is pro-
portional to their glycolytic activity (22). An

increase in Ki could be due to increased
metabolic activity of the cells or to an in-
creased number of cells. Several points re-
lated to interpretation of the 18FDG signal
need to be addressed. First, 18FDG is a non-
specific tracer, because it labels any cell
with an intense glucose uptake. Several
studies, performed both in humans (17, 18)
and animal models (19, 20, 22, 23) have
shown that, during pulmonary inflamma-
tory processes, the 18FDG uptake as mea-
sured by Ki can be attributed almost exclu-

sively to activated PMNs, possibly because
of the heavy dependence of these cells on
anaerobic glycolysis (35). Even when mac-
rophages are more abundant than PMNs,
PMNs are the cells uptaking 18FDG (19). In
a model of ventilator-induced lung injury,
Ki correlated with the number of PMNs
detected in the lung and decreased substan-
tially with progressive PMNs depletion (20).
Furthermore, we excluded all patients with
diagnosis or suspicion of cancer. For these
reasons, it seems reasonable to assume
that, in our patients, most of the 18FDG
signal arose from PMNs activated during
inflammation.

Second, in patients with ALI/ARDS, as
well as in normal subjects, the distribu-
tion of perfusion in the lung is not ho-
mogeneous (36, 37); however, this is un-
likely to affect 18FDG distribution, for
which uptake has been repeatedly shown
to be almost totally unrelated to regional
perfusion (38–42). Indeed, in experimen-
tal models of unilateral lung injury (15,
20), the injured lung always showed
greater Ki than the control lung indepen-
dent of whether blood flow favored the
injured lung or not.

Third, as long as the subject is normo-
glycemic, there does not seem to be a sys-
tematic effect of blood glucose on 18FDG
uptake. Indeed, in our patients, we did not
find a significant correlation between blood
glucose level and Ki (r2 !.13, p ! not
significant). In this setting, normalization
of 18FDG uptake by blood glucose would be
more likely to introduce an additional error
than to improve the data quality (43, 44)
and is usually not performed. Taken to-
gether, these considerations suggest that
interindividual differences in blood glucose
levels had no impact on Ki.

Ki values differed greatly among pa-
tients. The increase and the interindividual
variability of Ki persisted when Ki was nor-
malized by lung density, to account for the

Figure 4. Representative images of cross-registered computed tomography (CT) and [18F]-fluoro-2-
deoxy-D-glucose (18FDG) positron emission tomography from two patients with acute lung injury/
acute respiratory distress syndrome. The CT image was acquired during a respiratory pause at mean
airway pressure. The gray scale is centered at "500 Hounsfield Units with a width of 1250 Hounsfield
Units. Positron emission tomographic images represent the average pulmonary 18FDG concentration
during the last 20 minutes of acquisition (from 37 to 57 minutes since 18FDG administration); the
color scale represents radioactivity concentration (kBq/mL). A, 18FDG distribution parallels that of the
opacities detected on CT (patient 7 in Tables). B, Intense 18FDG uptake can be observed in normally
aerated regions (patient 4 in Tables) (square 1), while activity is lower in the dorsal, “nonaerated”
regions of both lungs (square 2; patient 4 in Tables).

Table 2. Image-derived parameters

Patients with ALI/ARDS
Controls,

Mean # SD1 2 3 4 5 6 7 8 9 10 Mean # SD

KiNA $ 104 (mL!min"1!mL"1) 23.5 30.6 37.4 198.7 145.1 31.7 42.3 31.8 37.2 260.3 83.8 # 85.6a 10.9 # 3.1
KiCO $ 104 (mL!min"1!mL"1) 26.6 101.0 128.3 172.5 109.6 48.8 151.8 76.5 134.0 263.6 121.3 # 67.3 —
CTMEAN (HU) "343 "534 "668 "466 "409 "458 "479 "610 "652 "412 "503.2 # 109.7a "727.6 # 62.9

ALI, acute lung injury; ARDS, acute respiratory distress syndrome; KiNA, Ki values (net uptake rate of 18FDG, computed according to Patlak’s graphical
analysis %33&) of lung regions with density in the range of normal aeration (i.e., with CT attenuation between "900 and "501 HU); KiCO, Ki values of lung
regions with density in the range of collapse or consolidation (i.e., with CT attenuation between "100 and '100 HU); CTmean, mean computed tomography
value of the lungs; HU, Hounsfield units.

ap ( 0.05 vs. controls. Image-derived parameters for patients with ALI/ARDS and control subjects. Ki values of controls are similar to those reported
in the literature (17).
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Acute Lung Injury/ARDS

American-European consensus 
definition

•Acute onset after “at risk” dx 
•Bilateral infiltrates on CXR 
•PaO2/FiO2 < 40 (ALI) 
•PaO2/FiO2 < 27 (ARDS) 
•No left atrial hypertension 

•No evidence of CHF 
•Pwedge <=18 Hg

Bernard, et al. AJRCCM 1994; 149:818-24



Prone ventilation 

Volumetric analysis of CT scan. Each lung is divided into 3 equl 
sections



Prone ventilation - augments recruitment and prevents 
overdistension in ALI
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Figure 3. Distribution of the differently aerated areas of the right and
left lung volume in lobar acute lung injury (ALI)/acute respiratory distress
syndrome (ARDS). Comparison between the supine (post-recruitment)
and prone positions. , NA! nonaerated; OI! overinflated; PA! poorly
aerated; WA ! well aerated.

Figure 4. A thoracic CT scan ob-
tained at end expiration in the
supine position shows bilateral
nonaerated dorsal areas.

DISCUSSION

This study, which has examined the effects of proning applied
after an RM on the distribution of lung aeration in ALI/ARDS,
has produced five findings:
1. Patients with diffuse and lobar ALI/ARDS presented with
a significant amount of nonaerated lung and a high poten-
tial for recruitment soon after an RM in the supine
position.

2. Prone position and RM had an additive effect on oxygen-
ation. The prone position recruited the edematous lung
in dependent areas more than the RM had achieved, and
reversed overinflation of ventral areas.

3. These effects of the prone position were more pronounced
in lobar ALI/ARDS. Patients with the diffuse pattern re-
sponded to the prone position with recruitment of nonaer-
ated areas but showed no reversal of ventral overinflation.

4. There was no redistribution of nonaerated areas toward
the ventral compartment in the prone position.

5. There was no evidence of end-expiratory “de-recruitment”
in the prone position. In other words, the prone position
resulted in decreased “dispersion” of aeration and de-
creased alveolar overinflation, an effect that is possibly
protective against ventilator-induced lung injury.

To our knowledge, there is still limited and rather indirect
support of such an effect of the prone position in human studies
(24, 25), whereas some animal studies have shown that the prone
position may alleviate VILI. In experimental animal models,
the prone position resulted in less lung edema and less severe
histologic abnormality than did the supine position (18), or de-
layed the progression of VILI, possibly by inducing a more
uniform distribution of lung strain (26). A recent randomized
study has shown that prone position but not PEEP improved
oxygenation in ARDSwith localized infiltrates, whereas patients
with diffuse infiltrates responded to PEEP, whatever their
position (25). We have shown that diffuse ALI/ARDS also
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Figure 5. The thoracic CT scan of
the same patient as shown in
Figure 4 obtained at end expira-
tion in the prone position shows
the dramatic decrease of the dorsal
nonaerated areas.

responds to prone positioning albeit to a lesser degree and with-
out reversing overinflation. In patients with ARDS and dynamic
hyperinflation, the prone position has improved alveolar ventila-
tion and gas exchange without increasing overinflation (24). In
our patients with lobar ALI/ARDS, the parallel increase in PaO2
and decrease in PaCO2 after prone positioning may reflect the
reduction in overinflated areas and physiologic dead space or an
optimization of ventilation–perfusion matching. CO2 exchange is
of great prognostic significance in early ARDS, as elevated val-
ues of dead-space fraction are associated with increased risk of
death (27). Patients with ALI/ARDS who respond to prone
positioning with reduction of the PaCO2 have a better outcome
than the patients who do not (28). It is not yet clear whether
this effect of prone position on CO2 exchange is due to blood
flow redistribution from nonaerated to aerated areas of the lung,
or to recruitment of previously nonaerated and perfused regions.
In healthy experimental animals, PEEP in the prone position
results in a more uniform distribution of pulmonary blood flow,
than in the supine position (29). When supine, application of
PEEP resulted in accentuation of the gravity dependence of

TABLE 9. LOBAR ACUTE RESPIRATORY DISTRESS
SYNDROME: DIFFERENCES IN AERATION AT END
EXPIRATION VERSUS END INSPIRATION

End Expiration End Inspiration p Value*

Right Lung (n ! 4 )
Overinflated 0.34 " 0.27 0.41 " 0.24 0.1250
Well aerated 42.48 " 6.16 43.85 " 4.12 0.3750
Poorly aerated 33.38 " 3.10 35.00 " 4.79 0.3750
Nonaerated 23.70 " 6.47 25.18 " 7.84 0.6250

Left Lung (n ! 4)
Overinflated 1.33 " 1.68 0.58 " 0.14 0.8750
Well aerated 45.94 " 3.51 49.65 " 5.04 0.1250
Poorly aerated 35.41 " 6.72 38.50 " 10.41 0.3750
Nonaerated 17.36 " 6.84 17.62 " 4.23 1.1250

Values are expressed as mean " SD.
* Comparison between prone and supine position is made with a Wilcoxon
matched pairs test.

blood flow. In the prone position with the same amount of PEEP,
blood flow was kept more uniform, possibly as a result of more
uniform transalveolar pressures.
The bulk of studies analyzing the physiologic effects of prone

positioning refer to the early stages of ARDS. ARDS is a
syndrome that includes patients with diverse pathologic and func-
tional characteristics and with different reactions to therapeutic
maneuvers. The lung pathology of ARDS involves alveolar flood-
ing, interstitial inflammation, and edema, with lung nonaeration
that predominates in the caudal and juxtadiaphragmatic regions
(4). Lung protective modes of mechanical ventilation with low tidal
volumesmight further increase the loss of lung aeration. Although
effective in recruiting the lung and reversing hypoxemia, RMs
have not shown a consistent and sustained effect in patients with
ALI/ARDS (7). Previous studies have revealed that combining
the prone position with cyclic sighs as RMs may provide optimal
recruitment in early ALI/ARDS (30).
Approximately one-third of patients withARDS present with

bilateral attenuations almost exclusively in the lower lobes (1).
ARDS in these patients is more frequently of secondary origin
and pressure–volume curves show a lower inflection point that
is either absent or less than 5 cm H2O. The lungs of patients
with lobar CT attenuations can be described as a bicompartmen-
tal model composed of a compliant and a stiff compartment.
Because of the interdependence between these two compart-
ments, PEEP-induced overinflation in the compliant compart-
ment prevents recruitment of the other (9). Prone position
reduces lobar interdependence and promotes the recruitment
of juxtadiaphragmatic lung regions by decreasing the chest wall
compliance through a limitation of the expansion of the cephalic
parts of the thorax (31). Our patients with lobar ARDS fulfill
the criteria for ARDS definition (32) and present lower lobar
distribution of densities with preserved aeration of the upper
lobes (1). Arterial oxygenation impairment in these patients was
severe, in contrast to the lack of extensive diffuse radiologic
abnormalities. They apparently responded partially to the RM
but have shown an impressive reversal of nonaeration and an
increase of the well-aerated and poorly aerated compartments
in the prone position. This was combined with increased Crs in
the prone position. The re-aeration of the injured lung involves
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TABLE 13. DIFFUSE ACUTE RESPIRATORY DISTRESS SYNDROME: PERCENTAGES OF VENTRAL, MIDDLE, AND DORSAL LEFT
LUNG ACCORDING TO AERATION

Ventral Middle Dorsal

Statistical Significance* Statistical Significance* Statistical Significance*

95% CI of the 95% CI of the 95% CI of the
Supine Prone p Value Difference Supine Prone p Value Difference Supine Prone p Value Difference

Left Lung Mass (n ! 6 )
OI 1.18 " 1.93 0.98 " 1.66 0.220 #0.18, 0.59 0.26 " 0.36 0.25 " 0.17 0.946 #0.30, 0.3187 0,23 " 0.36 0.07 " 0.15 0.423 #0.35, 0.67
WA 12.06 " 4.68 12.49 " 5.56 0.853 #6.45, 5.60 15.90 " 1.90 18.50 " 5.81 0.286 #8.44, 3.260 9.06 " 3.47 13.64 " 4.00 0.000 #5.89, #3.27
PA 6.48 " 2.09 10.11 " 4.06 0.025 #6.52, #0.73 10.88 " 3.02 11.20 " 5.76 0.888 #6.16, 5.53 8.10 " 3.65 10.30 " 0.83 0.262 #6.90, 2.49
NA 3.29 " 4.58 2.93 " 3.23 0.799 #3.28, 3.99 11.15 " 8.76 7.95 " 4.12 0.394 #6.12, 12.53 21.76 " 11.48 12.14 " 10.95 0.051 #0.07, 19.31

Left Lung Volume (n ! 5)
OI 6.00 " 8.60 4.80 " 7.46 0.178 #0.84, 3.24 1.40 " 1.67 1.40 " 0.89 1.00 #1.52, 1.52 3.60 " 4.50 0.40 " 0.89 0.405 #1.59, 3.19
WA 16.80 " 3.83 16.40 " 5.32 0.897 #7.67, 8.47 23.30 " 4.27 24.80 " 6.38 0.587 #9.13, 5.93 12.80 " 4.44 18.20 " 3.90 0.000 #6.81, #3.98
PA 4.80 " 2.05 7.20 " 3.83 0.051 #4.82, 0.02 8.00 " 2.83 7.80 " 4.32 0.897 #3.86, 4.26 5.60 " 1.67 7.20 " 1.79 0.242 #4.84, 1.64
NA 1.80 " 2.49 1.40 " 1.67 0.587 #1.48, 2.28 5.80, 5.07 4.00, 2.35 0.415 #3.71, 7.31 11.80 " 7.40 6.60 " 6.65 0.039 0.44, 9.96

For definition of abbreviations, see Table 5.
Values are expressed as mean " SD.
* Comparison between prone and supine position is made with paired t test.

first an increase in alveolar volume and displacement of the
gas–liquid interface from the alveolar ducts to the alveolus, and
subsequent translocation of the edematous fluid to the intersti-
tium (33). Given that the time required for fluid transfer from
the alveoli to the pulmonary interstitium is a few minutes, we
hypothesize that the increase of poorly and well-aerated areas
in combination with the improved Crs after 30 min in the prone
position could be attributed to transformation of alveolar edema
to interstitial and to amplified edema clearance (3, 33). Cardiac
and abdominal compression appear to be the main factors caus-
ing loss of dorsal and caudal lung aeration (2, 34, 35). Decrease
of intra-abdominal pressure and relief of abdominal compression
in the prone position could possibly be an additional factor
associated with increased edema clearance in the prone position
(36, 37). Prone position in animals improves oxygenation and
gas exchange to a greater degree in the presence of, versus
the absence of, abdominal distension and decreases intragastric
pressure in the presence of abdominal distension (36). In experi-
mental ALI, a rise in intraabdominal pressure increased the
amount of lung edema mainly in the base lung regions, and this
was possibly due to a combination of increased edema formation
and decreased clearance (37). All our patients were turned prone
with the abdomen suspended, butwewere notmonitoring esoph-
ageal and intraabdominal pressure throughout the procedure
and this is a limitation of our method.
Another potential methodologic limitation of this study in-

volves the risk of underestimating lung aeration by CT, particu-
larly when lung morphology displays a focal loss of aeration
(38). In this case, thick (10-mm) CT sections may lead to a
significant underestimation of overinflated, poorly aerated, non-
aerated compartments. Except in the first two patients included
in this study, we have used 1.5-mm CT sections that allow an
accurate assessment of lung overinflation. Radiologic density
does not measure “aeration” but rather a combination of aera-
tion, blood volume, and fluid volume. For example, the average
CT attenuation in each “well aerated” voxel can be composed
of either well-aerated alveoli or an equal amount of overinflated
and nonaerated alveoli. Thus, decreasing voxel size allows a
greater degree of precision. The volume of an acinus at FRC is
16 to 22 mm3, which contains approximately 2,000 alveoli (23).
The voxel volume in this study was 0.91 mm3 (i.e., it contained
83–114 alveoli at FRC).

Prone positioning is currently used as an adjunctive therapy
during mechanical ventilation to improve oxygenation, although
no randomized controlled study has demonstrated a favorable
effect of prone positioning per se on the outcome of patients with
acute respiratory failure (14, 39). Several possible mechanisms of
benefit have been proposed, such as increase in FRC, more
uniform distribution of regional ventilation, and more efficient
drainage of secretions. Our small-scale study supports the idea
that the prone position, when performed after an RM, is an

Figure 6. Differential response of diffuse and lobar ARDS to the prone
position. Decrease in the mass of nonaerated areas of right lung (! RL
recruitment) is greater for lobar ARDS (A ). Decrease in overinflated areas
of right lung (RL) is also greater for lobar ARDS (B ).

Differential response of diffuse and lobar ARDS to the prone 
position. Decrease in both the mass of nonaerated rt lung and 

overinflated areas is greater for lobar ARDS.



ARDS 

and radial concentration gradient (Tay-
lor’s dispersion) also play an important
role during HFOV (Fig. 3) (9–11). Be-
cause of these mechanisms, adequate gas
exchange during HFOV is possible with

extremely small tidal volumes, often less
than the anatomic dead space (1–3 mL/kg).
In addition, during HFOV, it is possible to
maintain relatively high end-expiratory
lung volume, without inducing overdisten-

sion. HFOV may have a larger margin of
safety in keeping the lung open within the
desired target range of alveolar overdisten-
sion in heterogeneously injured ARDS
lungs (12) (Fig. 4).

Figure 1. Overdistension (volutrauma) and recruitment/derecruitment (atelectrauma). Overdistension (volutrauma) develops when inspired air preferably
distributes to the areas with higher compliance (nonatelectatic regions). Recruitment/derecruitment denotes the situation whereby alveolar units open
during inspiration and collapse again during expiration in atelectatic regions. This cycle of repeated opening and collapse results in high shear stress that
can further injure the lungs (atelectrauma), in particular at end-expiration. Reproduced with permission from Frank JA, Imai Y, Slutsky AS: Pathogenesis
of ventilator-induced lung injury. Physiological Basis of Ventilatory Support [Marcel Dekker] 2003.

Figure 2. Postulated mechanisms whereby volutrauma, atelectrauma, and biotrauma caused by mechanical ventilation contribute to multiple organ dysfunction
syndrome (MODS). The potential importance of biotrauma is not only that it can aggravate ongoing lung injury, but also that it can contribute to the development
of MODS, possibly through the release of proinflammatory mediators from the lung. Adapted with permission from Slutsky and Tremblay (2).
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ARDS 

through the use of HFOV results in reduced
pulmonary damage.” This critical concept
in the use of HFOV to mitigate VILI is still
valid today.

McCulloch et al. (16) addressed the
issue of whether the use of high mean
airway pressures was important during
HFOV. They ventilated rabbits after lung
lavage using three different strategies:
HFOV at high mean lung volume, HFOV
at low mean lung volume, and CMV at a
low mean lung volume. The latter two
groups ventilated at low lung volumes
had lower respiratory system compliance,
more hyaline membranes, and more se-
vere airway epithelial damage. These data
demonstrated that maintenance of an ad-
equately high mean lung volume is crit-
ical to minimize the lung injury caused
by mechanical ventilation, and they also
emphasized the importance of appropri-
ate lung recruitment during HFOV.

In 1987, Delemos et al. (17) used a
very clinically relevant model of prema-
ture baboons with hyaline membrane dis-
ease and reported that HFOV at 10 Hz
resulted in decreased pulmonary baro-
trauma compared with CMV. Meredith et
al. (18) used the same premature baboon
model and reported that application of
HFOV for 24 hrs protected animals from
lung injury as assessed by gas exchange,
lung mechanics, morphologic findings,
and measurements of platelet-activating
factor compared with CMV (peak inspira-
tory pressure, 31.4–45.0 cm H2O; PEEP,
4.0–6.9 cm H2O). Using saline-lavaged
adult rabbits, Matsuoka et al. (19) dem-

onstrated that HFOV led to decreased re-
spiratory burst of neutrophil activation
compared with CMV (peak inspiratory
pressure, 25 cm H2O; PEEP, 5 cm H2O).
Imai et al. (20) used the same model and
found that HFOV, as opposed to CMV
(peak inspiratory pressure, 25 cm H2O;
PEEP, 5 cm H2O), led to decreased pro-
duction of platelet-activating factor and
thromboxane-A2 in lung. Furthermore,
Takata et al. (21) confirmed that only 1 hr
of HFOV produced less tumor necrosis
factor-! messenger RNA in intra-alveolar
cells compared with CMV (peak inspira-
tory pressure, 28 cm H2O; PEEP, 5 cm
H2O) in the same model. Very recently,
using a surfactant-depleted piglet model,
von der Hardt et al. (22) demonstrated
that messenger RNA expression of cyto-
kines (interleukin [IL]-1", IL-6, IL-8, and
IL-10), transforming growth factor-"1,
endothelin-1, and adhesion molecules (E-
selectin, P-selectin, intercellular adhe-
sion molecule-1) in lung tissue and IL-8
expression in microdissected alveolar
macrophages were highly reduced with
HFOV compared with CMV (peak inspira-
tory pressure, 38 cm H2O; PEEP, 8 cm
H2O), suggesting HFOV can reduce pul-
monary inflammatory response.

All of these data from various animal
studies indicate that HFOV can reduce
VILI compared with CMV with conven-
tional ventilatory strategies (nonprotec-
tive ventilatory strategies). However,
early clinical trials targeting neonates
were unable to demonstrate the superi-
ority of HFOV over CMV, even when CMV
was used with a nonprotective ventilatory
strategy (23). There was no benefit of
HFOV in the High-Frequency Interven-
tion (HIFI) study (23), and HFOV was
associated with an increased prevalence
of air leak, intracranial hemorrhage, and
periventricular leukomalacia. It was sug-
gested that this lack of benefit was related
to the lack of an adequate volume recruit-
ment strategy inherent in the protocols
(24). Later studies using a volume re-
cruitment strategy demonstrated im-
proved gas exchange, reductions in baro-
trauma, and overall improved outcome in
neonatal patients receiving HFOV (25–
27). Using volume recruitment maneu-
vers, HFOV maintains end-expiratory
lung volume higher up on the deflation
pressure–volume relationship without in-
ducing simultaneous overdistension be-
cause of the much smaller tidal volume
used. This should result in minimal
stretch injury generated by the pressure
amplitude excursions.

Many of the animal studies described
above were performed before the wide-
spread use of protective ventilatory strat-
egies using CMV, so a critical question is:
does HFOV have a protective advantage
from VILI over CMV with protective ven-
tilatory strategies? To address this issue,
we conducted a study using a rabbit-lung
lavage model (28). Because there is no
consensus on what constitutes the opti-
mal (protective) strategy with CMV, we
chose two strategies that have been
shown to decrease mortality in two re-
cent randomized, controlled trials: 1) a
strategy similar to that used by Amato et
al. (6) in which the PEEP was set 2–3 cm
H2O greater than the lower Pinf base on
the inflation limb of the pressure–volume
curve (6, 7) and 2) a strategy similar to
the ARDSNet trial (8) using small tidal
volumes and PEEP of !10 cm H2O. The
first strategy that used PEEP # Pinf led to
hypotension and barotraumas, suggest-
ing that a strategy with PEEP above Pinf
may not be always possible during CMV
because of hemodynamic compromise
and possible barotrauma. In addition, the
validity of this approach has been ques-
tioned because the lung is often not fully
recruited, even if PEEP # Pinf, and it does
not take into account the effect of the
chest wall on Pinf. The second strategy
that was similar to that used in the ARD-
SNet trial (8) fulfilled two criteria for an
adequate lung-protective strategy: pla-
teau pressure of $30 cm H2O and PaO2 of
#300 Torr, indicating adequate recruit-
ment. We found that HFOV attenuated
the decrease in pulmonary compliance,
lung inflammation assessed by polymor-
phonuclear leukocyte infiltration and tu-
mor necrosis factor-! concentration in
the alveolar space, and pathologic
changes of the small airways and alveoli,
whereas CMV, with a strategy similar to
the ARDSNet trial, only attenuated the
decrease in oxygenation and pulmonary
compliance (Fig. 5). These data suggest
that HFOV may have a larger margin of
safety in keeping the lung open within
the desired target range of alveolar over-
distension, and thus, HFOV may have ad-
vantages over CMV with respect to VILI,
even when CMV is used with a protective
ventilatory strategy.

HFOV: Clinical Implications in
Adult ARDS

As described above, there are convinc-
ing clinical and animal data indicating
that HFOV can lead to reduced VILI, par-

Figure 4. Pressure–volume curve of a moderately
diseased lung, such as one with adult acute re-
spiratory distress syndrome. Two hazard zones
exist; overdistension and derecruitment and atel-
ectasis. High end-expiratory pressures and small
tidal volumes are needed to stay in the “safe”
window. High-frequency oscillatory ventilation
may have a larger margin of safety in keeping the
lung open within the desired target range of
alveolar overdistension. Reproduced with permis-
sion from Froese (12).

S132 Crit Care Med 2005 Vol. 33, No. 3 (Suppl.)

Imai et al. CCM  2005; 33: No.3 (Suppl.): S129-S134
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Pleural Effusions/Pneumothorax



How does a pleural effusion influence 
mechanics during ventilation?



Always remove a pleural effusion?



PEEP offsets pleural effusions
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PEEP offsets pleural effusions



PEEP offsets pleural effusions



PEEP offsets pleural effusions



PEEP offsets pleural effusions



Local transpulmonary pressures?



Global transpulmonary pressures 
(Paw-Poesoph).....unchanged



Normal chest wall expands > lung volume decreases



Pleural Effusions - lessons?

• Pleural effusions de-couples lung from chest wall and alters 
regional transmural pressures 

• PEEP dramatically changes mechanical impact of pleural 
effusion 

• Global lung behavior and regional stresses cannot be 
predicted from airway pressures alone. 

• Intra-tidal recruitment of both the flooded and “dry” sides is 
the rule, especially with insufficient PEEP applied.



Pleural Effusions + Acute respiratory failure

Assess chest wall compliance 
• Abdominal pathology 
• Positive fluid balance-edema 
• Intra-abdominal hypertension 
• Esophageal pressure measurement

Low chest wall compliance Normal chest wall compliance

Consider drainage Perform recruitment manoeuvre

Oxygenation  
improves

Increase PEEP 
+/- negative fluid balance

Consider 
drainage

No change

Drainage not 
warranted



Pneumothorax

ACCP : distance from lung apex to cupola 
• small: <3 cm apex-to-cupola distance 
• large: >3 cm apex-to-cupola distance

BTS : distance from lung margin and the 
chest wall 

• small: <2 cm 
• large: >2 cm

Chest 2001: 119. 590 
BMJ 1993: 307: 114



Drainage tube sizes

Small 
• <=14 F

Moderate 
• 16F to 22F

Chest 2001: 119. 590

Large 
• 24F to 36F



Clinically unstable patients with 
large pneumothoraces

• Hospitalize and insert chest tube 
• ACCP: moderate-sized chest tube (16F-22F) 

• though can use <=14F 
• BTS recommends <=14F 
• Large chest tube if one anticipates large air leak or requires 

positive-pressure ventilation

Chest 2001: 119. 590 
BMJ 1993: 307: 114



Chest tube removal

• Should be removed in a staged manner 
• lung re-expansion on CXR 
• no air leak 
• H20 seal 
• repeat CXR 5-12 hrs later 

• some (47%) would clamp the tube for about 4 hrs 
• pull chest tube

Chest 2001: 119. 590



Parapneumonic effusions and empyema

• 40-57% of patients with bacterial pneumonia develop PPE 
• no clinical difference 

• Associated with increased mortality 
• 3.4 - 7 fold 
• especially with delayed drainage 

• 3.4%->16% 
• 10-20% of PPE will evolve into empyema 

• up to 58% overall mortality

Light et al. Am J Med 1980: 69: 507 
Sahn ARRD: 1993: 148: 813



Microbiology
• Changing spectra 

• mixed infections 
• S. milleri ~27% 
• S. aureus ~21% 
• S. pneumoniae ~16% 
• anaerobes ~15% 

• Bacteroides spp., Peptostreptococcus 
• GN aerobes 

• E.coli, Klebsiella spp., Pseudomonas spp., Haemophilus 
influenza 

• miscellaneous: Actino spp., Nocardia spp. 
• Not identified - 33%

Light et al. Am J Med 1980: 69: 507 
Sahn ARRD: 1993: 148: 813



A word on catheter size

• No RCTs 
• Tubes < 10F have failure rate up to 23% in patients with 

empyema 
• Small bore (<=14F) tubes equivalent to larger bore tubes & 

causes less pain 
• SITE is much more important than SIZE

Davies et al. Thorax 2003: 58:183 
Rahman et al. Chest 2010, 137:536



Cardiovascular



150 cm H20

Intra-thoracic presure

Nature 1969; 221 : 
1199-1204



Intra-thoracic presure

Nature 1969; 221 : 
1199-1204
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Preload

Why fluid responsiveness matters

Starling curve

EVLW
Stroke 
Volume  

 /  
Lung 
water



Fluid responsiveness - means where is 
patient on the Starling curve?

Stroke volume

Preload

∆ P

∆ SV

Fluid responsive

∆ P
∆ SV

Not fluid responsive



Mechanical Ventilation
Pa

w

Venous return 

RVEDV

RVSV

Respiratory variations in LV stroke volume 

Static parameters vs. Dynamic parameters

LVEDV

LVSV

Pulmonary vascular transit time



Maximising 02 delivery : O2 Cascade

02 + Airway maintenance

CPAP or Ventilation

Blood +/- Goal directed therapy

Vasodilators

Future agents?

Trachea

Alveolus

Arterial blood

Microcirculation

Mitochondria

P02



Br J Anaesth 2008; 101: 761 –8 !
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Let’s recap, what works ?
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Predicting fluid responsiveness in ICU patients

Calvin (Surgery 81)
Schneider (Am Heart J 88)
Reuse (Chest 90)
Magder (J Crit Care 92)
Diebel (Arch Surg 92)
Diebel (J Trauma 94)
Wagner (Chest 98)
Tavernier (Anesthesiology 98)
Magder (J Crit Care 99)
Tousignant (A Analg 00)
Michard (AJRCCM 00)
Feissel (Chest 01)

Responders/Non-responders % Responders

20/8
13/5
26/15
17/16
13/9
26/39
20/16
21/14
13/16
16/24
16/24
10/9

71%
72%
63%
52%
59%
40%
56%
60%
45%
40%
40%
53%

Mean 211/195 52%
Michard & Teboul. Chest 121:2000-8, 2002



1500 simultaneous measurements of blood volume and CVP in a 
cohort of 188 ICU patients demonstrating no association

conditions. In none of the studies included in this
analysis was CVP able to predict either of these
variables. Indeed, the pooled area under the ROC
curve was 0.56. The ROC curve is a statistical tool
that helps assess the likelihood of a result being a
true positive vs a false positive. As can be seen from
Figure 2, an ROC of 0.5 depicts the true-positive
rate equal to the false-positive rate; graphically, this
is represented by the straight line in Figure 1. The
higher the AUC, the greater the diagnostic accuracy
of a test. Ideally, the AUC should be between 0.9 to

1 (0.8 to 0.9 indicates adequate accuracy with 0.7 to
0.8 being fair, 0.6 to 0.7 being poor, and 0.5 to 0.6
indicating failure). In other words, our results sug-
gest that at any CVP the likelihood that CVP can
accurately predict fluid responsiveness is only 56%
(no better than flipping a coin). Furthermore, an
AUC of 0.56 suggests that there is no clear cutoff
point that helps the physician to determine if the
patient is “wet” or “dry.” It is important to emphasize
that a patient is equally likely to be fluid responsive
with a low or a high CVP (Fig 1). The results from
this study therefore confirm that neither a high CVP,
a normal CVP, a low CVP, nor the response of the
CVP to fluid loading should be used in the fluid
management strategy of any patient.

The strength of our review includes the rigorous
selection criteria used to identify relevant studies as
well as the use of quantitative end points.8,9,34 Fur-
thermore, the studies are notable for the consistency
(both in magnitude and direction) of their findings.
This suggests that the findings are likely to be
true.8,9,34 The results of our study are most disturb-
ing considering that 93% of intensivists report using
CVP to guide fluid management.35 It is likely that a
similar percentage (or more) of anesthesiologists,
nephrologists, cardiologists, and surgeons likewise
use CVP to guide fluid therapy. It is important to
note that none of the studies included in our analysis
took the positive end-expiatory pressure levels or
changes in intrathoracic pressure into account when

Figure 1. Fifteen hundred simultaneous measurements of blood volume and CVP in a heterogenous
cohort of 188 ICU patients demonstrating no association between these two variables (r ! 0.27). The
correlation between "CVP and change in blood volume was 0.1 (r2 ! 0.01). This study demonstrates
that patients with a low CVP may have volume overload and likewise patients with a high CVP may be
volume depleted. Reproduced with permission from Shippy et al.11

Figure 2. Comparison of ROC curves showing tests with
different diagnostic accuracies.

www.chestjournal.org CHEST / 134 / 1 / JULY, 2008 175
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(r=0.27)
Marik et al. Chest 134:172-178, 2008



Denault et al. J Appl Physiol 91:298-308, 2001

Pressure-volume loops during positive pressure ventilation



Pinsky et al. J Appl Physiol 56:765-71, 1984 
Mesquida, Kim, Pinsky preliminary data

Effect of tidal volume on the dynamic intrathoracic blood 
volume shifts
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Murugan et al. Crit Care Med 2009

Preload responsiveness is associated with lower organ yield 
from brain-dead donors



Murugan et al. Crit Care Med 2009

Cardiopulmonary interactions
“The more sensitive a ventricle is to preload, the more the 

stroke volume will be impacted by changes in preload due to 
positive pressure ventilation”

Preload independant Preload dependant

∆SV=
SVmax-SVmin

(SVmax+SVmin)/2



Cannesson Anesthesiology. 106(6):1105-1111, June 2007

Respiratory Variations in Pulse Oximetry Plethysmographic 
Waveform Amplitude to Predict Fluid Responsiveness in 

the Operating Room



Monnet et al. CCM 2006

Passive leg raising - an alternative for predicting fluid 
responsiveness



Chest 2008; 133:252-263

Fluid therapy in Resuscitated Sepsis!
Less is more

•When given additional fluid, some patients will respond... 
other patients will not: hemodynamics fail to improve and 
the fluid bolus is ineffective, at best.!
•Moreover, ineffective fluid challenges often lead to 
additional boluses, culminating in a grossly edematous 
patient (still hypotensive and oliguric)!
•When  patient has indications for a fluid bolus (and)...if 
there is reasonable potential for harm, a dynamic predictor 
should be used to limit fluid infusion only to patients who 
will benefit.



Monnet et al. CCM 2006

Passive leg raising vs. oesophageal doppler



Dynamic changes in arterial waveform derived variables and fluid 
responsiveness in mechanically ventilated patients: A systematic 
review of the literature*	


Paul E. Marik, MD, FCCM; Rodrigo Cavallazzi, MD; Tajender Vasu, MD; Amyn Hirani, MD

Meta-analysis of 29 studies, 685 patients

High level of evidence
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Increase in cardiac output by venoconstriction 
or increased blood volume

Flow

Pressure
!
Current Opinion in Critical Care 2005, 11:264 -270

venoconstriction 

5 
blood volume

RAP

5Cardiac	


Output

Is dependent on 
intracavity pressure, 
(which “opposes” 
blood flowing from 
the extra-thoracic 

capillaries and veins). 
It is independent 
from the pleural 

pressure



Decrease in cardiac output by venodilation or 
decreased blood volume

Flow

Pressure
!
Current Opinion in Critical Care 2005, 11:264 -270

venodilation 
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blood volume

RAP

6Cardiac	


Output

Is dependent on 
intracavity pressure, 
(which “opposes” 
blood flowing from 
the extra-thoracic 

capillaries and veins). 
It is independent 
from the pleural 

pressure



Shift in Starling curve with negative inspiratory 
pleural pressure
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Current Opinion in Critical Care 2005, 11:264 -270

Is dependent on transmural 
pressure (the “distending 

pressure”) 
 i.e., difference between the 
intracavity pressure inside 
and the pleural pressure 

outside.



Shift in Starling curve with positive inspiratory 
pleural pressure
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Output
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!
Current Opinion in Critical Care 2005, 11:264 -270

Is dependent on 
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(the “distending 
pressure”) 
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CVP and spontaneous ventilation - 
Fluid responsive
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CVP and spontaneous ventilation -  
Fluid unresponsive
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Current Opinion in Critical Care 2005, 11:264 -270
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Inspiratory fall in CVP

Non Responder

No inspiratory fall in CVP

Respiratory variations in CVP predict response to fluid 
challenge in spontaneous breathing patients

!
Current Opinion in Critical Care 2005, 11:264 -270

CO increased  
in 1/14 pts

CO increased  
in 16/19 pts



Assessing cardiac preload or fluid responsiveness? 
It depends on the question we want to answer

!
Michard & Reuter Intensive Care Medicine 2003



SPV is not PPV. DPV accounts for ~ 1/3rd of SPV

!
Michard & Reuter Intensive Care Medicine 2003



Micro-circulation













tion II and Sepsis-related Organ Failure
Assessment scores and lower serum lac-
tate concentration than nonsurvivors (p
! .01). We found no difference in the
type or the dose of initial vasopressor/
inotropic agents or the analgo-sedation
between survivors and nonsurvivors, who
had similar hemodynamic and oxygen-
ation variables at the onset of shock (Ta-
ble 2). The evolution of hemodynamic
variables was similar in survivors and in
patients dying with persistent MOF (Ta-
ble 3).

Time Course of Sublingual Microvas-
cular Perfusion. At the onset of shock,
vascular density (5.6 [4.7–7.0] vs. 6.2
[5.4–7.0]/mL; p " nonsignificant) and
the percentage of perfused small vessels
(65.0 [53.1–68.9] vs. 58.4 [47.5–69.1] %;
p " nonsignificant) were similar in sur-
vivors and nonsurvivors. Large vessels
were completely perfused (100%) over
the entire period of follow-up in all pa-
tients. The evolution of small vessel per-
fusion differed between survivors and
nonsurvivors (analysis of variance, p !
.05): it improved over time in the survi-
vors (to 79.3 [67.2–79.3]; p ! .01) but not
in the nonsurvivors (to 58.4 [43.1–65.7];
p " nonsignificant, Fig. 2).

Time Course of Sublingual Microvas-
cular Perfusion in Patients Dying of MOF
After Resolution of Shock. Despite simi-
lar hemodynamic and oxygenation pro-
files (Table 3), an improvement in micro-
circulatory variables was observed in the
26 ICU survivors but not in the 13 pa-
tients dying in shock or in the seven
patients who died later of persistent MOF
(Fig. 3, analysis of variance group vs.
time effect !.01). Similar findings were
observed when we looked at the changes
in microvascular perfusion between the
first and last measurement (Fig. 4). Al-
though small vessel perfusion at the end
of shock was still lower in all groups than
in normal individuals, it was higher in
the ICU survivors (79.3 [67.2–79.3]%)
than in patients dying in shock (64.4
[32.6–66.7]%; p ! .01 vs. survivors) or in
those who died in MOF after resolution of
shock (57.3 [46.6–64.9]%; p ! .05 vs.
survivors). Actually, the microcirculatory
alterations were similar in those who died
in MOF after the resolution of shock and
those who died in shock. There was an
inverse relationship between the perfu-
sion of small vessels at the end of shock
in survivors and patients dying in MOF
and the degree of organ failure in these
patients evaluated the same day by the
Sepsis-related Organ Failure Assessment

Figure 2. Box plot demonstrating the time course of small vessel perfusion in survivors and nonsur-
vivors. The numbers above the boxes show the numbers of patients at each time point and, of course,
decrease during the study period. The evolution was significantly different between survivors and
nonsurvivors (*analysis of variance, p ! .05). There was a significant increase in small vessel perfusion
in survivors (p ! .05) and not in nonsurvivors. ICU, intensive care unit.

Figure 3. Box plot demonstrating the time course of small vessel perfusion in survivors, patients dying
in shock, and patients dying after resolution of shock due to persistent multiple organ failure (MOF).
The numbers above the boxes show the numbers of patients at each time point and, of course, decrease
during the study period. The evolution was significantly different between survivors and patients dying
in shock or dying after the resolution of shock due to persistent MOF (*analysis of variance, p ! .05).
Small vessel perfusion increased only in survivors (p ! .05).

1828 Crit Care Med 2004 Vol. 32, No. 9

Persistent microcirculatory alterations are associated with 
organ failure and death in patients with septic shock

CCM 2004, 32:1825-1831

Despite similar hemodynamic and oxygenation profiles and use of vasopressors at the end 
of shock, patients dying after the resolution of shock in multiple organ failure had a lower 

percentage of perfused small vessels than survivors.



















The microcirculation - 
physiology



The microcirculation and sepsis



The microcirculation -physiology



The microcirculation and oxygenation



Normal microcirculation



Abnormal microcirculation 
Septic shock



Normal microcirculation



Microcirculation in Sepsis



Microcirculation in cardiogenic shock



Microcirculation before terlipressin

MAP 58 
HR 98 
CVP 13 
UO 20 ml/hr



Microcirculation after terlipressin

MAP 80 
HR 98 
CVP 12 
UO 110 ml/hr



Renal





Normal

Kidney

Intermittent

HD

Peritoneal 

Dialysis CRRT

Ultrafiltration 

(ml/min) 120 34 14 100

Vol. of filtrate (L) 173 8 14 144

Vol. removed/day (L) 0.1-1.5 0-8 0-14 0-100

Regulatory 
mechanism GFR control UFR control UFR control UFR control

Reabsorption Replacement 
fluid

Sensing mechanism Hemodynami
c

? hemodynamic 
status

Volume 
status ? vol. status

Comparisons of fluid management capability



Look this up in anesthesiology









Role of the microcirculation in acute kidney injury

Curr Opin Crit Care 15:503-508



Legrand et al. Mol Med 2008



Injury begins inducing molecular modifications 
subsequently evolving into cellular damage. Cells start 
to produce biomarkers of injury well before the clinical 

syndrome develops.



Neutrophil gelatinase-associated lipocalin (NGAL)

•25-kDA protein 
•Bound to gelatinase of neutrophils 
•Expression in injured epithelia of trachea, 
lungs, stomach, colon, and kidney 
•Upregulation proximal tubules 
•May induce re-epithelialization and reduce 
apopotosis 



Conceptual model for AKI- 
Kidney Injury Continuum



Acute Kidney Injury Biomarkers



•Cystatin C is a cysteine protease inhibitor released into the 
blood by all nucleated cells. > 99% is cleared by the GFR 
and tubular reabsorption. The urine content is negligible 
under physiological conditions. 
•Cystatin C levels are not affected by age, gender nor 
muscle mass. It is a better predictor of glomerular function 
than creatinine. 
•In the ICU, a 50% increase predicts AKI 1-2 days before 
the rise in serum creatinine. 
•During CVVH there is no change in serum concentration of 
cystain C. This suggests that it can be used to monitor renal 
function.

Cystatin C



Biomarkers 



Pathogenesis of acute kidney injury



Hepatic



SBP-induced circulatory dysfunction 
defined mechanisms

Spontaneous bacterial peritonitis

Impairment of effective arterial blood volume

Activation of vasoconstrictor systems

Reduced renal perfusion

Hepatorenal syndrome

Albumin
Cytokines, NO, 

CO

Arterial vasodilation 
Cardiac dysfunction



Acute variceal bleeding

• Best practice - elective intubation within ICU environment 
• Meta-analysis of 40 yrs reduction in mortality 65 -> 40% 

(2001) 
• Recent study 12% in hospital mortality (2006) 
• Survival related to: 

• Child’s score 
• Renal dysfunction



Advanced liver disease/aetiology

• Increased severity correlate with outcome 
• CP>=12-85% 
• MELD 30-9 - 77% 

• ICU scoring systems 
• SOFA (includes liver) best - 3 organ failure >90% 

mortality 



GASTROENTEROLOGY 2009;136:2048–2063

LOLA acts to stimulate glutamine synthesis in muscle -->   ammonia detoxification.

Severe liver dysfunction--> 
impaired urea synthesis. 

Ammonia + glutamate  -->  glutamine 
(major alternative ammonia de-tox 

pathway)  
!

If it occurs in astrocytes --> brain 
swelling. 



“LOLA”

But is only part of the story......as ammonia rebound may 
occur, as the glutamine formed is metabolized in the gut 

to ammonia !



“LOPA” - L-Ornithine Phenylacetate

Giving LOPA with LOLA may stop ammonia rebound by stopping from glutamine being 
metabolized in the gut to ammonia. Phenylacetate lowers ammonia by binding glutamine 

to form phenylacetylglutamine instead of ammonia.

HEPATOLOGY, Vol. 50, No. 1, 2009

Hence, ammonia-lowering strategies remain the primary
therapeutic target for the treatment of increased ICP in
ALF.

Studies focusing on ammonia metabolism in animal
models and patients with liver failure indicate that the
circulating levels of ammonia are regulated by a critical
interplay of multiple organs, namely, the liver, muscles,
kidney, and the small bowel, particularly in the context of
liver disease.6,7 It has been shown that gut ammonia is
primarily produced by the breakdown of glutamine in the
small bowel through the action of the enzyme glutami-
nase.3,8,9 Many ammonia-lowering strategies have been
directed toward reducing the production of ammonia in
the gut, such as with nonabsorbable antibiotics and ca-
thartics (nonabsorbable disaccharides).10 A recent meta-
analysis concluded that there was a lack of evidence for the
routine use of these strategies for the treatment of hepatic
encephalopathy (HE) in patients with cirrhosis.11 No
clinical trials have been performed with these strategies in
patients with ALF.11,12 The preliminary results of a retro-
spective study from the U.S. liver failure group showed no
effect of lactulose in ALF.13 Increasing ammonia detoxi-
fication as opposed to decreasing ammonia production
has gained interest as an ammonia-lowering strategy. One
approach is to increase the amount of substrates to stim-
ulate ammonia-removing pathways such as glutamine
synthetase (GS). GS, which is located in the brain, liver,
and muscle, removes ammonia by aminating glutamate to
form glutamine. The administration of the amino acids
L-ornithine and L-aspartate to rats with ALF (hepatic
devascularization) resulted in lowering of arterial ammo-
nia and an increase in muscle GS activity.14 Here, L-
ornithine and L-aspartate transaminated to glutamate in
the muscle and stimulated glutamine production through
GS, lowering plasma ammonia. However, instead of be-
ing excreted through the kidneys, glutamine is capable of
being metabolized in the gut or kidney and regenerating
ammonia, causing an ammonia-rebound effect.15 Hence,
the treatment of hyperammonemia and intracranial hy-
pertension in ALF remains an unmet clinical need.

Phenylacetate is safe and effectively reduces ammonia
concentration and improves survival of patients with urea
cycle enzyme deficiencies.16-19 Phenylacetate lowers am-
monia by reducing the substrate for ammoniagenesis (glu-
tamine) through the formation of phenylacetylglutamine,
which is excreted through the kidneys.16-18 The enhanced
understanding of interorgan ammonia metabolism is the
basis of the hypothesis in which the combination of L-
ornithine and phenylacetate would act synergistically to
increase excretion of ammonia in ALF (Fig. 1).15 Accord-
ingly, the administration of L-ornithine would increase
glutamine production through GS in muscle, thereby
capturing one molecule of ammonia. Phenylacetate
would conjugate this ornithine-derived glutamine, form-
ing phenylacetylglutamine, which is excreted into the
urine, thereby eliminating ammonia from the circulation.
The aims of this study were to determine whether admin-
istration of L-ornithine phenylacetate (OP) reduces arte-
rial ammonia and brain microdialysis ammonia and
whether this reduction in ammonia is associated with an
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Address reprint requests to: Lars Marius Ytrebø, MD, PhD, Department of Anesthesiology, University Hospital of North Norway and University of Tromsø, N-9038

Tromsø, Norway. E-mail: larsmy@fagmed.uit.no; fax: !47 776 26192; or Rajiv Jalan, MD, PhD, Liver Failure Group, Institute of Hepatology, Division of Medicine,
University College London, UK. E-mail: r.jalan@ucl.ac.uk; fax: !44 207 3800405; or Christopher Rose, PhD, Neuroscience Research Unit, Hôpitcal Saint-Luc
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Fig. 1. Hypothesis: The coadministration of L-ornithine and phenyl-
acetate to pigs with ALF stimulates ammonia removal by increasing
glutamate in the muscle (transamination of ornithine to glutamate) and
increasing glutamine production through GS. Newly formed glutamine is
thus conjugated with phenylacetate and excreted as phenylacetylglu-
tamine through the kidneys, preventing a glutamine-induced ammonia
rebound effect.
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pared with the ALF ! OP-treated group, the arterial glu-
tamine concentration was about 360 !M less in the
ALF ! OP-treated group. Due to the fewer number of
animals in the ornithine and phenylacetate alone groups,
formal statistics were not possible to perform. In the OP-
treated group there was a significantly higher concentra-
tion of the ornithine-treated ALF animals in the arterial
plasma, muscle, and brain compared to ALF, indicating
the bioavailability of the infused ornithine to the muscle.
Similar results were found in the ornithine-treated ani-
mals (see Supporting Table 1). The muscle and brain
ornithine levels were not significantly different between
the ALF animals compared to sham-operated controls
(Table 2).

Muscle Glutamine Synthetase Activity. Hindleg mus-
cle GS activity tended to be higher in the ALF (19.1 " 9.9
nU/mg protein; 115% higher than sham) and the ALF !
OP groups (40.6 " 21.1 nU/mg protein; 356% higher
than sham) compared with the sham-operated group
(8.9 " 1.3 nU/mg protein), but these differences did not
reach statistical significance (ALF versus sham, P # 0.10;
ALF versus ALF ! OP; P # 0.82) (Fig. 5).

Urinary Phenylacetylglutamine. The concentration
of phenylacetylglutamine increased significantly with
time in the ALF ! OP treated group (T # 8; 4.9 " 0.6
!mol/L) compared to the untreated ALF group (T # 8;
0.5 " 0.04 !mol/L; PGT $ 0.001) (Fig. 6). The total
amount of phenylacetylglutamine excreted (concentra-
tion % urine volume) was also significantly higher in
ALF ! OP-treated group (T # 8; 0.32 " 0.11 !mol)
compared to the untreated ALF group (0.02 " 0.01
!mol; P # 0.04). No correlation was found between
concentrations of phenylacetylglutamine in the urine and
concentrations of ammonia in the blood (data not
shown).

Discussion
The prevention and treatment of intracranial hyper-

tension in patients with ALF remains an unmet clinical
need. The hypothesis that ammonia is central in the
pathogenesis of HE from over 100 years ago has been
confirmed with several studies in the past 10 years point-
ing to the important relationship between arterial ammo-
nia levels and the severity of cerebral edema, intracranial
hypertension, and deaths related to brain herniation.2-5,27

The most important observation of this study was the
demonstration that the combination of L-ornithine and
phenylbutyrate (prodrug of phenylacetate), compounds
that are already being used individually in humans, act
synergistically to significantly attenuate the increase in
arterial and cerebral microdialysis ammonia that is asso-

Fig. 4. (A) ICP levels over time: significant interaction between ALF
versus sham (PGT $ 0.001) and ALF versus ALF ! OP (PGT # 0.001).
Contrast analysis: †ALF versus sham, *ALF versus ALF ! OP. (B)
Correlation between ICP and arterial ammonia (P $ 0.001). (C) Corre-
lation between ICP and extracellular brain ammonia (P $ 0.001) (■ #
SHAM, F # ALF, Œ # ALF ! OP).
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(3-(4-hydroxyphenyl)propionic acid) to 50 !L urine in a
4.5 mL polypropylene tube (Sarstedt, Germany). To the
same tube, 1 mL tert-butyl methyl ether was added as the
extractant. The tubes were capped, mixed by shaking for 1
minute, and centrifuged at 1,700g for 180 seconds. Then
750 !L of the supernatant was transferred to a second set
of clean polypropylene tubes and evaporated to dryness
under a stream of nitrogen at 40°C. The residue was then
reconstituted in 100 !L mobile phase. Samples were an-
alyzed by liquid chromatography-tandem mass spectrom-
etry (LC/MS-MS) using Waters Acquity UPLC system
with an autosampler and a binary solvent delivery system
(Waters, Milford, MA) interfaced to a Waters Micromass
Quattro Premier XE benchtop tandem quadrupole mass
spectrometer (Waters, Manchester, UK). The system was
controlled by MassLynx version 4.1. The chromatogra-
phy was performed on a 2.1 ! 100 mm Waters Acquity
BEH C18 1.7 mm column. The mobile phase consisted of
50% methanol in 10 mM aqueous formic acid with a flow
rate of 0.2 mL/minute (isocratic).

Statistical Analysis. Statistical analysis was per-
formed using the Statistical Package for the Social Sci-
ences, v. 14.0 for Windows (SPSS, Chicago, IL). Data are
expressed as mean " standard error of the mean (SEM).
Two-way analysis of variance (ANOVA) was applied to
test for differences within and between groups over time.
An overall significance in ANOVA for repeated measure-
ments (F-test, P " 0.05) may be attributable to either the
effect of group (PG) or the interaction for group and time
(PGT). Overall significance for the effect of group means
that the groups were different when all the repeated mea-
surements were taken together (independent of time),
whereas a significant interaction denotes a different time
course in the two groups. When significant interactions
between the groups were found, simple contrast analyses
were performed to identify at which specific timepoints
the groups diverted from each other. Significance of dif-
ference between groups was tested by unpaired Student’s
t test to evaluate GS activity data, total amount of pheny-
lacetylglutamine formed, and percent change in extracel-
lular brain ammonia. Correlation coefficients were
assessed using the Spearman Rank Correlation Test (data
was collected from all pigs at all timepoints). P " 0.05 was
considered significant for all tests applied.

Results
One pig developed surgical complications and was ex-

cluded (ALF # OP group). Two pigs (one ALF and one
sham pig) were excluded due to technical errors. Accord-
ingly, data from 21 pigs (seven pigs in each group) were
included in the present study.

Ammonia. Eight hours following hepatic devascular-

ization, arterial ammonia levels significantly increased
from 30.6 " 4.7 !M (T $ 0) to 589.6 " 56.7 !M (T $
8) in the ALF group, which was significantly attenuated in
the ALF # OP treated group (T $ 0: 36.6 " 4.6 !M;
T $ 8: 365.2 " 60.4 !M, PGT $ 0.002). Arterial con-
centrations of ammonia remained unchanged in the sham
group (T $ 0: 34.9 " 5.0 !M; T $ 8: 50.7 " 8.7 !M)
(Fig. 2A). Arterial concentrations of urea were signifi-
cantly lower in the ALF group compared to sham-oper-
ated animals (PGT $ 0.021). There was no significant
difference between ALF and ALF # OP treated animals
(PG $ 0.08) (Fig. 2B).

Cerebral microdialysate ammonia levels increased in
the ALF animals from T $ 0: 91.5 " 39.0 !M to T $ 8:

Fig. 2. (A) Arterial ammonia concentrations over time: significant
interaction between ALF versus sham (PGT $ 0.002) and ALF versus
ALF # OP (PGT % 0.001). (B) Arterial urea concentrations: significant
interaction between ALF versus sham (PGT $ 0.021), no significant
interaction ALF versus ALF # OP. Contrast analysis: †ALF versus sham,
*ALF versus ALF # OP.
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Pathophysiological basis of hepatic encephalopathy in acute 
on chronic liver failure

Jalan et al. Int J Biochem Mol Biol 2003
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How does cirrhosis predispose to 
ACLF

Cirrhosis Altered gut permeability

Endotoxaemia

Priming

ACLF

Increased expression 
of TLR’s 2 and 4 

Liver, kidneys, brain

Insult

Shah et al.  AASLD 2009



Prevalence of infections in liver failure

Acute liver failure 
Bacterial infections            26-80% 
Fungal infections               19-30% 
!

Cirrhosis                                25-46%

Rolando et al. Sem Liv Dis 2003, Fernandez et al. Hepatology 2002



Pathogenesis of bacterial infections

Enteric bacteria Non-enteric bacteria

Bacterial translocation to 
lymphatics

Impaired hepatic RES 
function 

Reduced systemic clearance 
Portosystemic shunts

Spontaneous bacteremia
Hemorrhage

Reduced antimicrobial 
activity of ascitic fluid

Spontaneous bacterial peritonitis

Impaired mucocutaneous 
barriers.Instrumentation

Pneumonia, secondary 
bacteremia, 

urinary infections



Effects of plasma volume expansion 
with albumin in SBP
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Effects of plasma volume expansion 
with albumin in non-SBP
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Antibiotic prophylaxis -  
Current indications in liver failure

• In ALF : oral or systemic antibiotics 
• In cirrhosis 

• Upper GI bleeding : oral norfloxacine 400 mg/12h 
during 7 days. Ceftriaxone 1g/d IV if advanced cirrhosis 

• Secondary prophylaxis of SBP : norfloxacin 400 mg/
day. 

• Primary prophylaxis : Low protein ascites and poor liver 
or renal function 

Rimois et al. J Hepatol 2003



Peripheral arterial vasodilation hypothesis
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Infection



Kill characteristics
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Sepsis

Increased 
cardiac output

Leaky 
capillaries/
decreased 

albumin

Normal organ 
function

End organ 
dyfunction

Increased 
clearance

Increased Vd Unchanged 
Vd

Decreased  
clearance

Low plasma  
concentrations

Normal plasma  
concentrations

High plasma  
concentrations

Roberts and Lippman Crit Care Medicine 2009: 37; 840-851

Up to 30% of ICU patients had high Cr clearance
Low levels of antibiotics lead to increased resistance





Physiology



Sydney Ringer’s solution

• Clinician and pharmacologist 
• The effect of electrolytes on cardiac and 

involuntary muscle. 
• Accidentally mixed a cardiac bath with 

(London) tap water

Ringer S. “Concerning the influence exerted by each of the 
constituents of the blood on the contraction of the ventricle.  

Journal of Physiology 1882:3:380-393

“The salts of sodium, potassium, calcium and chloride in definite 
concentrations and in precise proportion is necessary for 

protoplasmic activity”



Hartmanns solution

• Alexis Frank Hartmann (1898-1964) 
• Paediatrician and biochemist 
• 1932 added sodium lactate to Ringer’s 

solution 
• “Normal” saline rehydration of children with 

diabetic ketoacidosis increased acidosis and 
worsened the prognosis 

• “Need proportionally more sodium than 
chloride in parenteral solutions to avoid the 
development of an acidosis in children” 

• Hyperchloraemic metabolic acidosis



Albumin pharmacokinetics
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Intra abdominal hypertension



Intra abdominal hypertension



Intra abdominal hypertension



Intra abdominal hypertension

Cheatham et al. ICM 2007; 33:951



Intra abdominal hypertension



Pulmonary embolism



Pulmonary embolism-Thrombolysis?

Pro

• Mortality almost never occurs in patients with initial normal 
RV function 

• Right ventricular dysfunction is bad 
• Thrombolysis improves RVD 
• Risk of delayed shock



Pulmonary embolism-Thrombolysis?

Con

• Risk of dying correlates best with shock 
• Rt ventricular dysfunction is very common 
• Patients with RVD usually survive 
• No clear evidence of a mortality benefit 
• Resolution of PE at 7 days is equivalent 
• Risk of intracranial bleed



Pulmonary embolism-Thrombolysis

Indications

• Persistent hypotension-typical use 
• Persistent severe hypoxaemia despite maximization of 02 

therapy - rare



Pulmonary embolism - conclusions

• Echocardiography is highly specific and has a low 
sensitivity in the diagnosis of PE 

• In patients with RV dilation TEE has a good sensitivity and 
high specificity in PE diagnosis 

• Presence of central thrombus, PFO and RVD are 
associated with poor prognosis 

• Then echo examination with contrast should be performed 
in patients with suspected and confirmed PE.



Pulmonary embolism - 
biomarkers and echocardiography diagnostic strategy and 
treatment

low BNP 
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Anticoagulant alone
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Consider 
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embolectomy
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Kucher et Goldhaber Circulation 2003
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