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Abstract

One of the most difficult organs to procure for donation 
is the lung. A detailed understanding of the physiology 
of mechanical ventilation and its effect on donor lungs is 
needed to impact on the outcome of lung transplantation. 
An organized protocol for mechanical ventilation 
management of the organ donor using the Open Lung 
Model may positively affect the number of organs that 
can be procured, and the function of these organs post 
transplant.

Based on physiologic principles, the use of new modes 
of ventilation may affect the modulation of cytokines, 
decrease the transmigration of organisms into the 
donor lung, and preserve surfactant function in that 
lung. Therefore, we have developed a protocol guided 
by physiologic-based parameters and airway pressure 
release ventilation (APRV), with ongoing feedback from 

an advanced respiratory care team to manage donor 
patients closely.

Setting: 650 bed university hospital and transplant 
center.

Conclusion: We have developed a physiologic-based 
protocol, using APRV to achieve lung procurement 
that can decrease peak pressures and recruit the lungs 
using less and simultaneouslyincreasing the PaO2 while 
using lower FIO2. This protocol may preserve surfactant 
function and assist during postoperative management. 
Additionally, this management mode may protect the 
donor organs from physiologic decay and evenimprove 
the outcomes. Further studies to measure long-term 
outcome need to be developed to validate physiologically 
based mechanical ventilation.
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Introduction

The incidence of end stage lung disease has grown throughout 
the world in the last 20 years. (1) A large number of patients 
awaiting transplantation will not survive due to a large 
shortage of donor lungs resulting from the decay of many 
respiratory and physiological parameters while awaiting 
harvest. Another group of donor lungs does not meet the 
harvest parameters at the time of brain death or will not 
undergo the physiologically-based mechanical ventilation 
protocol required during the highly critical period between 
declaration of brain death and harvest, thus reducing the 
chances of a positive outcome. Aggressive management 
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of these lung donors has been shown to increase the pool 
of donor lungs available for transplantation (2) by using 
techniques that only improve blood gases.
The open lung concept (3) of lung recruitment and 
stabilization using physiological tidal volumes has found a 
major place in the management of patients in the operating 
theater and the intensive care unit (ICU). The use of 
ventilatory management protocols in the critically ill patients 
in ICU not only impacts the lung’s ventilation capacity, but 
also the systemic inflammatory response. These strategies 
have evolved from optimizing conventional physiological 
variables, such as oxygen and carbon dioxide levels, to 
protecting the lung from injury and decreasing the cytokine 
modulation in the lung tissue. (4)

Many of these recent studies linked both septicemia and 
multi-organ failure to mechanical ventilation. It has been 
shown by our group and others that bacterial translocation 
can occur in the lung during mechanical ventilation, and it is 
largely dependent on ventilator setting, has the end product 
of causing septicemia. (5-7) This large body of literature on 
ventilation melds well with the literature on lung preservation 
and the importance of endothelial and alveolar Type II cell 
integrity and the outcome in transplantation.

We, therefore, discuss some of the physiological changes 
of mechanical ventilation and how they can benefit donor 
lung preservation and decrease lung graft dysfunction. We 
will relate our own simple protocol on the use of airway 
pressure release ventilation (APRV) and how it can easily 
be used in this patient population as a starting point for the 
introduction of physiological principles for these patients.

Physiological Parameters Affected by Mechanical 
Ventilation

Surfactant Changes

Surfactant alterations have been implicated to contributing 
significantly to the pathophysiology of transplantation-
associated lung injuries. The process of lung transplantation 
has been shown to reduce surfactant properties after 
preservation or reperfusion of the graft. (8,9) Studies in 
pretreatment with surfactant in experimental models has been 
shown to preserve alveolar morphology and hemodynamics. 
(10) The depletion of surfactant is similar to findings that 

are observed in acute respiratory distress syndrome. (11,12) 
Therefore, an understanding of how mechanical ventilation 
and recruitment procedures affect the pulmonary surfactant 
system may prove crucial for optimal lung preservation.

Two primary mechanisms of surfactant inactivation by 
mechanical ventilation have been described. The first is 
whereby mechanical ventilation has been shown to enhance 
surfactant release from the Type II pneumocyte into the 
alveolus. (13,14) This material is subsequently lost into the 
small airways as a result of compression of the surfactant 
film when the surface of the alveolus becomes smaller than 
the surface occupied by surfactant molecules. (15,16)

The second mechanism to describe the surfactant changes 
associated with mechanical ventilation is based on the 
observation that the alveolar surface area changes result in 
the conversion of surface active large surfactant aggregates 
into non-surface active small surfactant aggregates. (17,18)

It has been shown surfactant changes due to mechanical 
ventilation are reversible as a result of a metabolically 
active process involving de novo production of surfactant. 
(12) This balance between secretion and production of large 
aggregates and uptake clearance and reconversion of small 
aggregates in the Type II pneumocyte.

The use of modes of ventilation that preserve surfactant 
levels will naturally pretreat the donor organ to deal with 
preservation and transplant phases. This will maintain 
alveolar morphology. Airway Pressure Release Ventilation 
(APRV), which was first introduced by Downs and a co-
workers, (19) has a clear benefit. By maintaining the alveoli 
open, it prevents surfactant depletion caused by the cyclic 
opening and closing of alveolar beds. (20) Spontaneous 
breathing with APRV in experimentally induced lung injury 
was associated with less atelectasis formation as measured 
in CT scans. (21) This may affect surfactant turnover and 
provide a more robust surfactant rich lung for transplant.

Ventilation-induced Mediator Release

The modulation of the immune system by the transplanted 
organ is a major aspect in the care of the patient post 
operatively. Unlike the transplanted heart or kidney, lung 
tissue is particularly sensitive to ischemia because of the 
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delicate alveolar capillary network. (22) The proposed 
sequence is as follows: when ischemic pulmonary 
endothelium is reperfused with whole blood, leukocytes, 
which normally roll along the vascular endothelium, become 
weakly attached due to activation of adhesion molecules. 
(23) This weak binding triggers stronger adhesion as a result 
of induction of ICAM-1 on the endothelium and ligands in 
the leukocytes. Firmly attached leukocytes then extravasate 
across the endothelial wall, migrating into tissues along a 
concentration gradient of cytokines such as interleukins-8 
that are secreted by injured endothelial cells.

Activated leukocytes release humoral mediators such as 
oxygen-free radicals, various cytokines and proteases. 
Resulting in exposure of the thrombogenic basement 
membrane and ultimately in manifested as an inflammatory 
response in the transplanted lung.

The transplant literature has various reports to use controlled 
reperfusion and leukocyte filtration to decrease this immune 
lead prior to transplantation. (22,23) It is well-known that 
mechanical ventilation and alveolar collapse can lead to 
immune modulation and cytokine release.

A study by Tremblay and co-workers in isolated lungs 
investigated the effect of different ventilation strategies 
on lung inflammatory mediator expression and production 
of cytokines TNF-α, IL-1β, IL-6, IL-10, MIP-2 and γ-IFN 
in the presence and absence of a preexisting inflammatory 
stimulus. (24) High peak inspiratory lung volumes and not 
using PEEP that leads to alveolar collapse during mechanical 
ventilation having a synergistic effect on the release of pro-
inflammatory mediators from the lung tissue into the airway. 
Thus, the application of the open lung concept and APRV 
to decrease inspiratory pressures will decrease the cytokine 
load in the donor lung, which in concert with leukocyte 
filtration, greatly decreases the ischemia-reperfusion injury.

Ventilation-induced Bacterial Translocation

Infection is the leading cause of death after lung 
transplantation; accounting for more than 25% of all 
post-transplant deaths. (25) Studies have suggested that 
bloodstream infections frequently occur in transplant 

recipients with considerable morbidity and mortality. 
The most common source of infection was pulmonary, 
accounting for 70% of infections.

Mechanically ventilated patients often develop pneumonia 
and there are many national and organizational guidelines to 
decrease ventilator-associated pneumonia (VAP).

One of the most important aspects in the prevention of VAP 
is an understanding of how mechanical ventilation affects 
bacterial translocation. It is conceivable that bacteria can 
thus gain access to the circulation from damaged lung 
parenchyma than from previously normal lung tissue. 
(26,27) This physiology leads to loss of “compartment” 
where bacteria can migrate both in and out of the lung.

It has been established that preserving end-expiratory 
lung volume keeping the lung recruited with PEEP has a 
beneficial effect on the course of infection in terms of 
reducing bacterial counts recovered from lung tissue after 
prolonged mechanical ventilation of lungs inoculated with 
bacteria. (28) It is important to realize that avoiding high 
peak transpulmonary pressures and preserving an open 
lung with end-expiratory volume with PEEP, can reduce 
translocation of Pseudomonas aeruginosa, (27) Klebsiella 
pneumonia, (29) and Escherichia coli (30) from the lung into 
the bloodstream and from the systemic circulation into the 
lung. It is interesting that some of these organisms are very 
common bloodstream isolates after lung transplantation. 
(25)

This data suggests that ventilation-induced changes in 
barrier function of the lung epithelium and/or endothelium 
to bacteria to ascertain extent may contribute to the 
development of bacteremia and endotoxemia seen post-
transplant. The maintenance of lung volume through close 
ventilator management with APRV and monitoring to keep 
the lung open prior to transplant may keep bacterial counts 
low and prevent VAP prior to transplantation.

The APRV Protocol

The APRV protocol to maintain lung volume and maintain 
an open lung model was developed at the University of 
Rochester (31) after review of several lung procurement 
protocols that did not match the standards of physiologic-



133Crit Care & Shock 2009. Vol 12, No. 4

based ventilation. The majority of these protocols used older 
means of ventilation, for example, tidal volumes of 10-15 ml/
kg on volume-based platforms, which do not follow the current 
practice of ventilation in critically ill patients in the ICU.

We introduced the use of APRV, (32) which is a mode 
commonly used in our trauma ICU, where the majority of 
organ donors are admitted. The University of Rochester 
has been using the open lung practice, developed in 
collaboration with Erasmus University in Rotterdam for 
over 20 years, (33) so the entire staff was familiar with such 
physiologically based ventilation.

All patients placed on APRV were placed on FIO2 of .40 
and a P high to maintain a tidal volume of 6-8 ml/kg. If a 
P/F ratio was >300 with these ventilator settings, the patient 
was considered a candidate for lung procurement. In a pilot 
study, (31) all nine patients had a 37% increase in PaO2 
without changing FIO2 (Figure 1) on the ventilator. This 
was due to the lung recruitment and stabilization and the 
control of peak pressures due to the mode of ventilation. Six 
of the nine patients were used for transplantation, and none 
were rejected for primary pulmonary reason; but for other 
criterion reason, two were not used due to prolonged time 
on ventilator (3 weeks) and the other for possible aspiration 

around the time of trauma.

We have been shown that using APRV in the use of lung 
procurement can decrease peak pressure and recruit the 
lungs using less pressure, but also increased PaO2 using the 
lower lung protective FIO2. Projecting the data derived from 
multiple studies in mechanical ventilation, lung protective 
modes may also preserve surfactant, decrease cytokine 
modulation and bacterial location.

Further physiological studies to quantify the level of lung 
protection in donor lungs to measure surfactant levels and 
cytokine modulation should be done. Also, outcome studies 
in patients who have received these lungs should evaluate 
the rate of infections and complications to historic controls.

Conclusions

APRV and open lung strategy improves oxygenation and 
may improve post transplant outcomes. Physiologically 
based ventilatory strategy may play an important role in 
transplantation by preventing the donor organ decaying 
in multiple aspects of its function gas exchange and 
immunomodulation being the most important.

Figure 1. Improved Oxygenation with APRV and Lung Recruitment
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