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General introduction and outline of this thesis





Introduction

Blood transfusion is one of the most frequent therapeutic interventions in the 

Intensive Care Unit (ICU). Up to 50% of ICU patients receive a blood transfusion.1  

Although lifesaving at times, blood transfusion is associated with increased morbidity 

and mortality.2 At this moment transfusion–related acute lung injury (TRALI) is the 

leading cause of transfusion related morbidity and mortality.3-6

TRALI is a subcategory of acute lung injury/acute respiratory distress syndrome 

(ALI/ARDS). By definition, the occurrence of ALI within 6 hours of transfusion of a 

blood product should be considered as TRALI (table 1).5,7,8 Characteristics of TRALI 

are indistinguishable from acute lung injury due to other causes (e.g. pneumonia, 

trauma or sepsis). Thus, if acute lung injury developed in a patient with an underlying 

risk factor who also received a blood transfusion, designating symptoms to the 

blood transfusion or to the alternative cause is a problem. To distinguish such cases, 

the term ‘possible TRALI’ was proposed, which allows for the presence of another 

risk factor for ALI. This term has enabled estimates of incidence in the critically ill, 

in whom other ALI risk factors are often present. Although TRALI is assumed to 

be rare, it is probably under-reported.9,10 Lack of specific disease markers hampers 

the diagnosis of TRALI, which may contribute to its under-recognition. Several 

recent studies have reported an increase in the incidence of TRALI, in particular in 

patients on Intensive Care Units (ICU).11,12 At the same time, however, fewer blood 

transfusions are being given to critically ill patients.13 The concomitant increase in 

the incidence of TRALI and the decrease in blood transfusions in ICU patients require 

an explanation. Either increased awareness has led to an increase in reported TRALI 

cases, or other disease entities causing hypoxia in the critically ill are being mistaken 

for TRALI. It has been suggested that TRALI pathogenesis may differ in critically ill 

patients in comparison to the general hospital population.14,15 

Table 1. Definition of Acute Lung Injury (ALI) and Transfusion Related Acute Lung Injury (TRALI, 
reference 3-5)

Definition ALI
- Acute onset of hypoxia: PaO2/FiO2<300mm Hg or SpO2<90% on room air
- Bilateral pulmonary infiltrates
- Pulmonary artery wedge pressure ≤18 mm Hg or the absence of left 
  ventricular overload

Definition TRALI
- No ALI before transfusion
- ALI during or < 6 hours after transfusion
- No other risk factors for ALI

Definition ‘possible’ TRALI
- No ALI before transfusion
- ALI during transfusion or < 6 hours after transfusion
- One or more risk factors for ALI present

General introduction and outline of this thesis
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chapter 1

TRALI incidence

TRALI incidence in the general hospital population. 

The lack of specific disease markers and diagnostic tests have resulted in a large 

variation in estimations of the incidence of TRALI. In general hospital populations, the 

initial reported incidence ranged from 1 in 2000 to 5000 transfusions.16,17 A more 

recent study reported an incidence of 1 in 1120 transfused blood products in the 

United States.18 Compared to previous figures this is a 4-fold increase. The national 

haemovigilance office of the Netherlands (TRIP, Transfusie Reacties In Patiënten) 

registers all reported TRALI cases. Since the start of registration, an increase has 

been observed in the number of reported TRALI cases. A rise from eight cases 

in 2002 to eighteen cases in 2005 suggests that TRALI is under-reported in the 

Netherlands (http://www.tripnet.nl).19 An increase in reporting may have occurred 

with increased awareness of TRALI. Nevertheless, a look-back study, in which 

recipients of blood products from a donor linked to a TRALI-fatality were analyzed 

for symptoms of TRALI, showed that TRALI was frequently not recognized.10 

Therefore, under-diagnosing is not merely a consequence of awareness, but also of 

a failure to recognize the syndrome. 

TRALI incidence on the ICU.

The above-mentioned incidence may not apply to the critically ill. These patients are 

highly exposed to the risks of transfusion, as up to 50-85% of them receive a blood 

product during their stay on the ICU.20,21 In a randomized clinical trial on transfusion 

threshold in critically ill patients, a restrictive transfusion policy on red blood cells was 

associated with a decrease in the incidence of ALI (7.7% vs. 11.4%).22 This suggests 

that some of these patients may have had TRALI. Retrospective studies suggest 

that ALI develops more often in critically ill transfused patients than in those who 

have not received transfusion.20,21 In a cohort of mechanically ventilated patients, 
transfusion of blood products is related to the occurrence of ALI in up to 33% 

of cases.23 A recent prospective study confirms a higher incidence in critically ill 

patients.11 In this study, patients consecutively transfused in an ICU were observed 

for the development of ALI within 6 hours after transfusion. Of 904 transfused 

patients, 74 developed ALI (8%), which is 50-100 fold higher then in the general 

hospital population. 

Comparison of the incidence rates presented should be done with caution for 

several reasons. First, the definition used for TRALI differs between studies. Some 

required the presence of antibodies against human neutrophil antigen (anti-HNA) or 

against human leukocyte antigen (anti-HLA),6,16 whereas others used only clinical 

14



criteria.11,24,25 In addition, surveillance systems in some countries, including the 

United States and the Netherlands, use an alternative definition to the consensus 

definition (possible or suspected TRALI), in which imputability is scored.19,26 A case 

definition which rules out the possibility of TRALI when another ALI risk factor is 

present, will lead to lower incidence rates compared to studies that have allowed 

for an alternative risk, i.e. possible TRALI. In critically ill patients, alternative ALI risk 

factors are often present. A prospective study in this patient group reported a high 

incidence of suspected and possible TRALI cases taken together.11

TRALI pathogenesis

Presently, there are two hypotheses on the pathogenesis of TRALI. The first 

hypothesis suggests that TRALI is caused by donor antibodies against human 

neutrophil antigens (HNA) or human leukocyte antigens (HLA). This antibody-

mediated reaction can not explain all TRALI cases however. Many TRALI cases are 

reported in which no specific anti–neutrophil antibodies are detected.10,27,28 Also, 

the majority of recipients do not develop TRALI even when their neutrophils express 

the cognate antigen which the transfused antibody recognizes.29-31 The second 

hypothesis implicates two independent “hits” (figure 1).

Figure 1. Pathophysiology of transfusion-related acute lung injury (TRALI). Neutrophils are attracted to 
the lung by release of cytokines and chemokines. Firm adhesion to the endothelium of the lung capillaries 
is realized. Neutrophils are then activated by the “second hit” of bio active lipids or HLA/HNA antibodies. 
This results in alveolar capillary damage and leakage of fluid into the alveolar space, resulting in the 
clinical picture of TRALI.  

(HLA/HNA Abs-bioactive lipids)  

Lung edema

Lung capillair 

= neutrophil

= endothelium

“Second Hit”: Transfusion“First Hit”: Attraction neutrophils  

General introduction and outline of this thesis
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chapter 1

The “first hit” is the clinical condition of the patient at the time of the transfusion. 

An inflammatory reaction due to any cause attracts neutrophils to the pulmonary 

compartment.32 Primed neutrophils, trapped in the microvasculature of the 

lungs, are functionally hyperactive. The “second hit” is the transfusion. Either 

anti-neutrophil antibodies or bioactive lipids (lysophophatidylcholines, lysoPCs) or 

cytokines that have accumulated during blood storage, further activate the primed 

neutrophils in the lung vasculature of the recipient. The result is endothelial damage, 

capillary leak and extravasation of neutrophils.14,33 Accordingly, lysoPCs as well as 

aged blood products were used to cause TRALI in experimental models.17,34,35 

Also, observational studies have reported associations between prolonged storage 

of blood products and ARDS in the critically ill.18,36,37 

In conclusion, both leucocyte antibodies and neutrophil priming agents released 

in stored cellular blood products are considered causative in TRALI. A priming 

condition may be required for a TRALI reaction to develop.

Diagnosis of TRALI

There are no specific tests to diagnose TRALI. Anti-leucocyte (HLA) antibodies 

class I and II and anti-neutrophil (HNA) antibodies have been implicated in TRALI. 

Serological workup consists of testing blood from the recipient and the implicated 

donors for the

presence of HLA- and HNA-antibodies. Incompatibility is tested by cross-matching 

donor plasma against the recipient’s leucocytes. Alternatively, incompatibility can 

be studied by typing the recipient’s leucocytes for expression of the cognate HLA or 

HNA antigen. A donor with leucocytreactive antibodies which are incompatible with 

the patient, is excluded from further donation of blood for transfusion products. 

Testing for bioactive lipids such as lysoPCs is more difficult. No quantitative tests 

yet exist. Also, the implicated blood product often is not available.15 As pointed 

out above, aetiology and laboratory diagnosis are controversial. Serological tests for 

TRALI have yet to be validated against an accepted gold standard and serve only 

to support the clinical diagnosis of TRALI. Also, the serological workup for TRALI 

takes a few months, rendering this kind of diagnostic procedure unfit for clinical 

guidance. Therefore, TRALI remains a clinical diagnosis. Serological testing should 

be regarded as a preventive measure.

16



TRALI in the critically ill

The higher incidence of TRALI in patients on the ICU suggests that the aetiology 

may differ in the critically ill when compared with a general hospital population. The 

clinical state of a patient plays a significant role in the development of TRALI. At the 

time of transfusion, considerable neutrophil priming activity can be shown in TRALI 

patients,18 which could conceivably be caused by a predisposing inflammatory 

state. When compared with patients who did not develop TRALI after transfusion, 

TRALI patients more often had sustained a first event, i.e. a first “hit” before 

the transfusion.17 Implicated events include recent surgery, active infection and 

massive transfusion.15,17,33,38 Risk factors for the development of TRALI have been 

identified by a prospective study and epidemiological data from haemovigilance 

systems. Risk factors include surgery, in particular coronary bypass surgery, and 

haematological malignancies.4,18 Other clinical entities that predispose the lungs to 

TRALI have not yet been identified.

Possible risk factors for TRALI in the critically ill

As the “two hit” model of TRALI holds that priming of lung neutrophils at the 

time of transfusion can occur by a pro-inflammatory response of any origin,14 it 

is conceivable that clinical conditions causing ALI may also predispose to TRALI. 

In the critically ill, ALI is a common complication which can result from numerous 

conditions, ranging from direct pulmonary insults, such as pneumonia and aspiration, 

to indirect pulmonary insults, such as sepsis. Indeed, in the only prospective study 

on TRALI in the critically ill, patients developing ALI after transfusion were more 

likely to have sepsis than were controls.11 Also, mechanical ventilation may induce 

or worsen ALI (ventilator- associated lung injury). Of note, one-third of ventilated 

patients develop ALI after transfusion of a blood product.23 This number exceeds 

that in non-ventilated patients.39 The risk of acquiring ALI tended to be associated 

with high tidal volumes, which may suggest that mechanical ventilation is a risk 

factor for TRALI.23 If indeed ALI of any origin predisposes to TRALI, the multiple 

possible “first hits” may explain the increased incidence of TRALI in the critically ill, 

when compared with the general hospital population. 

Threshold model of TRALI

The concept that ICU patients are susceptible to a TRALI reaction due to an 

inflammatory response resulting in priming of pulmonary neutrophils, has been 

underlined by the proposal of a threshold model of TRALI.14 In this model, a 

threshold must be overcome to induce a TRALI reaction (figure 2). The factors 

that determine this threshold are the predisposition of the patient that determines 

General introduction and outline of this thesis

17



chapter 1

priming of the lung neutrophils and the ability of the mediators in the transfusion 

to cause activation of primed neutrophils. In this model, one side of the spectrum 

is a strong antibody-mediated response which can cause overwhelming TRALI in 

an otherwise “healthy” recipient. Conversely, it is possible that priming factors in 

the transfusion are not strong enough to overcome the threshold when activation 

status is too low. This would explain why TRALI does not develop in transfused 

patient even when an antibody-antigen match is present. At the other side of the 

spectrum is a patient with predisposing factors, i.e. a critically ill patient with ALI 

due to another cause. Transfusion of mediators with low neutrophil-priming activity 

is sufficient to overcome the threshold to induce a TRALI reaction.

healthy persons patients at risk

activated primed resting

Predisposition
(1e hit)

Transfusion-related
Mediators (2e hit)


se

ve
rit

y 
of

 T
RA

LI

neutrophils

Figure 2. Edited from Bux et al.14 Threshold model of TRALI. To overcome a threshold to induce a 
TRALI reaction, several factors play a role: the strength of the neutrophil-priming activity of transfused 
mediators (light box) and the clinical status of the patient (grey box).

In conclusion, ICU patients may run a great risk of acquiring TRALI. Specific conditions 

that predispose to TRALI are unknown, but may include any pro-inflammatory state. 

Management  of TRALI

Specific treatment for TRALI does not exist. Prevention of TRALI seems the best 

approach to reduce the incidence. All patients require additional oxygen and in 

70-90 %, mechanical ventilation is unavoidable.16,25 It has been shown that 

ventilation with low tidal volume is protective in patients suffering from ALI 

compared to ventilation with conventional tidal volumes.40 In line with these data, 

it could be speculated that a restrictive tidal volume ventilation should be applied to 

avoid worsening of lung injury. However no data exist that confirm this.  

18



Transfusion guidelines

Fewer transfusions will lead to fewer cases of TRALI. Restrictions in transfusion of 

erythrocytes are well tolerated in ICU patients. However, guidelines for erythrocyte 

transfusions are not always followed.1 An alternative approach which is increasingly 

receiving attention is the transfusion of fresh red blood cells. Stored red blood 

cells undergo functional and morphologic changes over time, referred to as 

storage lesions. Studies on the impact of aged blood on respiratory complications 

have yielded conflicting results. In cardiothoracic surgery patients, respiratory 

insufficiency and mortality was lower in patients that had received blood stored 

for less then 14 days compared to patients that had received blood stored for 

more then 14 days (7.4% vs. 11.0%, P<0.001).41 However, similar studies did not 

confirm these findings.42,43 The age of platelets has also been associated with ALI 

in a clinical observational study.18 Well-designed prospective studies are needed to 

determine whether patients ‘at risk’ for TRALI (i.e. critically ill or injured patients) 

would benefit from a differential transfusion policy using fresh products only. Also, 

fresh frozen plasma and platelets are the blood products most often implicated 

in TRALI reactions.1,11,44,45 Guidelines on transfusion of plasma and platelets in 

the critically ill are less clear then guidelines on transfusion of red cells. Whether a 

restrictive transfusion policy in patients with a coagulopathy outweighs the risk of 

bleeding remains to be determined. 

Exclusion of women and persons who have previously received a blood 
transfusion from donorship

After multiple pregnancies, leukocyte antibodies are more often present due to 

sensitization during labour.46 This sensitization is also seen in recipients of blood 

transfusion. In the United Kingdom, women and transfused males have been 

excluded from donation since 2004. First results after implementation of this policy 

showed an absence of TRALI cases reported by British blood banks.6 Based on 

these results, Sanquin decided to adopt this preventive measure in the Netherlands. 

Since October 2006, only plasma from non-transfused males is used for preparation 

of fresh frozen plasma. 

In conclusion, present data suggest a relation on one hand between transfusion 

of plasma from multi-parous donors and on the other hand between age of cell 

containing products and the onset of TRALI, however the evidence is not strong 

enough to support a world-wide adoption in transfusion policy. Finally, it is unclear 

whether other transfusion factors beside the immune and storage related factors 

are responsible for the onset of TRALI.

General introduction and outline of this thesis
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Outcome of TRALI in the critically ill

TRALI is generally considered to have a good outcome. However, mortality rates 

of 45% from TRALI in the critically ill have been reported,25,45 as compared to the 

5-15% reported mortality in other settings.47 

It should be stressed that the “two hit” TRALI model is conceptual. It merges the 

existing hypothesis about TRALI pathogenesis, but it does not provide guidance on 

how the relative contributions of host and transfusion factors, i.e. the “first” and 

“second hit”, should be weighed. Data are sparse, contributing to opposing opinions 

on the relevance of host factors by experts in the field.48 However data are now 

emerging that point to an important role for host factors in TRALI pathogenesis. 

In a cohort of mechanically ventilated critically ill patients 33% develops ALI after 

transfusion.23 Mechanically ventilation is known to cause mild pulmonary injury 

even in a protective modus, which may serve as a “first hit”. A recent mouse 

experiment showed that MHC-I antibodies induced TRALI reaction in the presence, 

but not in the absence of LPS as a priming factor, suggesting that host factors are 

important also in immune-mediated TRALI.  

Regardless the role of host or transfusion factors in TRALI pathogenesis, it is clear 

that transfusion adversely affects clinical outcome in the critically ill. Length of ICU 

and hospital stay are increased, and a relationship between mortality and transfusion 

is reported.1,21 This clear association is the starting point from this thesis.

Outline of the thesis 

The clear association between transfusion and adverse outcome in the critically ill 

is the starting point of this thesis. Although this association is acknowledged, it is 

not known whether specific patients are susceptible for the detrimental effects of 

transfusion. Nor is it understood which transfusion and patient factors contribute to 

adverse effects. Given the fact that transfusion is a treatment that is applied every 

day in ICU practice, knowledge on the association is crucial.

This dissertation focuses on risk factors, pathogenesis and prevention of transfusion-

related acute lung injury. Research subjects included patients from the intensive 

care departments of the Academic Medical Center and the VU-Medical Center, 

Amsterdam, The Netherlands. Pre-clinical studies were performed at the laboratory 

of experimental intensive care and anaesthesiology of the Academic Medical 

Center, and at the laboratory of the Blood foundation Sanquin, Region Northwest, 

Amsterdam the Netherlands. 

20



Part 2 of this thesis describes pre-clinical studies of TRALI. In chapter 2, the present 

status and future directions of animal models investigating TRALI are discussed, 

calling for clinical relevant in vivo models. In chapter 3 the development of a 

ventilator induced lung injury (VILI) model using healthy mice is described. VILI serves 

as a priming factor for the onset of TRALI in an antibody mediated TRALI model, 

which is shown in chapter 4. As the onset of TRALI is thought to be threshold 

dependent, we investigated whether whether onset of TRALI is dependent on the 

titer of MHC-I antibodies infused in a combined model of ventilator-induced lung 

injury and antibody-induced TRALl. The study shows that in the presence of injurious 

mechanical ventilation, onset of TRALI depends on the titer of MHC-I antibodies 

infused. These results are discussed in chapter 5. Thereby, these 2 chapters give 

proof of the concept that mechanical ventilation may serve as a “first hit” and 

that immune-mediated TRALI may be the result of a “two hit” event. Chapter 6 

describes a novel syngeinic “two hit” in vivo transfusion model using rats. In this 

model we investigated the role of storage time of red blood cells (RBCs) in the 

onset of lung injury in healthy and in neutrophil primed rats. It was found that 

aged RBCs cause lung injury in the presence of a “first hit”. In this model, infusion 

of the supernatant of aged RBCs again causes injury, whereas washing of aged 

erythrocytes prevents onset of lung injury, suggesting that soluble factors mediate 

TRALI. In chapter 7,  the role of storage time of platelets (PLTs) was investigated 

in a ‘two hit’ murine transfusion model. We show that aged PLTs cause lung injury 

in the presence of a “first hit”. Again, we found that washing of aged platelets 

prevents onset of lung injury, suggesting that supernatant of aged PLTs but not the 

aged cells immediate a TRALI reaction. In the supernatant we found accumulation 

of bio-active lipids during storage which showed neutrophil priming capacity in 

vitro. Chapter 8 investigates the contribution of different storage conditions on the 

accumulation of bio-active lipids during storage of cell containing. 

Part 3 describes clinical studies of TRALI. In chapter 9 an overview is given of 

the change of perspective on TRALI. Generally stated to be a rare event with a 

good prognosis, this chapter provides data indicating that specific patient groups 

such as critically patients are at risk of developing TRALI and that TRALI contributes 

to adverse outcome. In chapter 10 and 11 the practice of diagnosing ALI and 

TRALI is investigated. Both syndromes are defined using clinical criteria, which need 

subjective interpretation by the physician. These chapters describe the results of a 

survey investigation among Dutch clinical and pre-clinical disciplines on the practice 

of diagnosing ALI and TRALI. The data show that the practice of diagnosing ALI 

and TRALI is divergent between involved disciplines and that criteria are used which 

are not part of the international consensus definition. Chapter 12 describes the 

result of a large retrospective cohort study of critically ill patients on risk factors and 

General introduction and outline of this thesis
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outcome of TRALI. In this study we show that underlying conditions of the patient 

such as sepsis are a risk factor for the onset of TRALI. During the inclusion period, 

the National Blood Bank started with excluding female donors for fresh frozen 

plasma donation. We show that this measure reduces the relative risk for onset of 

TRALI. In chapter 13 it is shown that peri-operative transfusion of blood products 

results in an increase of pulmonary leakage measured with the pulmonary leakage 

index in a cohort of cardiac surgery patients. The transfusion of RBCs is associated 

with the increase of pulmonary leakage. Chapter 14 describes the incidence, risk 

factors and pathogenesis of TRALI in a large prospective single center study in 

a cohort of cardiac surgery patients. The study identifies patient risk factors and 

shows that antibodies in the associated blood transfusion are a risk factor for the 

onset of TRALI. Chapter 15 describes the results of the measurement of markers 

of systemic and pulmonary inflammation and coagulation in the cohort of cardiac 

surgery patients developing TRALI mentioned in chapter 14. In cardiac surgery 

patients developing TRALI, there is systemic activation of inflammation prior to the 

onset of TRALI. TRALI is characterized by both systemic and pulmonary activation 

of inflammation, as well as enhanced coagulation and decreased fibrinolysis. 

The next two chapters show the result of a prospective survey study on the transfusion 

practice of intensive care physicians, fellows and residents in our intensive care unit. 

Chapter 16 describes the determinants physicians use to order and transfuse red 

blood cells. Chapter 17 describes the reasons to transfuse plasma or platelets. Both 

chapters show that a majority of the blood products is transfused in the absence of 

bleeding. In chapter 18 the result of a randomized controlled trial on the effect of 

correction of mild coagulopathy before performing tracheostomy in the intensive 

care is discussed. These data suggest that correction of mild coagulopathy does not 

reduce the risk of bleeding.  
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Abstract

Transfusion–related (TR)- acute lung injury (ALI) is the leading cause of transfusion–

related morbidity and mortality. The pathogenesis of TRALI is thought to be a 

“two hit”–entity: the “first hit” is (any) proinflammatory pulmonary condition (e.g., 

pneumonia, sepsis or lung contusion) resulting in activation of lung endothelium 

with sequestration of polymorphonuclear neutrophils – the “second hit” is provided 

by transfusion of a blood product. Either antibodies against neutrophils are thought 

to be implicated in the activation of the sequestrated neutrophils, or bioactive 

lipids (which accumulate during storage of blood products) induce the “second 

hit”, finally resulting in lung injury. Preventive measures do not prevent all TRALI 

cases. Also, TRALI is most probably underdiagnosed. In this review, we call for the 

development of therapeutic approaches for this potentially life–threatening disease. 

Several interventions which are beneficial in ALI and may also be beneficial in TRALI 

are discussed. The application of these interventions requires the development 

of clinically relevant TRALI animal models. We discuss the present TRALI animal 

models and their shortcomings and propose future animal models, in which clinically 

relevant “first hits” can be applied, thereby imitating the complex clinical situation. 
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Introduction

Transfusion–related acute lung injury (TRALI) is a subcategory of acute lung injury/

acute respiratory distress syndrome (ALI/ARDS). ALI/ARDS is characterized by 

respiratory failure as a consequence of an acute inflammatory pulmonary response 

following a broad spectrum of underlying conditions, such as pneumonia, sepsis or 

lung contusion. Per definition, the occurrence of ALI within 6 hours of transfusion of 

a blood product should be considered as TRALI. It has been hypothesized that TRALI 

is a “two hit” entity, in which a “first hit” (any proinflammatory pulmonary condition) 

serves as a priming factor for the “second hit” (human neutrophil antibodies or 

infusion of blood products containing bioactive material). In this review, the 

incidence and pathogenesis of TRALI will be discussed. In addition, several in vivo 

animal models of ALI which can and should be used in the development of (specific) 

therapeutic strategies for TRALI will be presented. Since many pro-inflammatory 

pulmonary conditions may serve as a “first hit” for TRALI, including mechanical 

ventilation, we consider it essential to combine the several existing models for ALI 

with models for TRALI.

Methods – systematic search of the literature

The Medline database was used to identify medical subjects headings (MeSH) to 

select search terms. In addition to MeSH terms, we also used free text words. 

Search terms referred to aspects of the condition (“TRALI”, “Transfusion”) as 

well as models for ALI/ARDS (“Acute Lung Injury”, “Acute Respiratory Distress 

Syndrome”, “Animal Models”). Relevance of each paper was assessed using the on–

line abstracts. In addition, the reference lists of retrieved papers were screened for 

potentially important papers.

Definition, incidence and symptoms of TRALI

In 1994, the American-European Consensus Conference defined ALI/ARDS.1 Criteria 

are (a) acute onset of symptoms, (b) bilateral infiltrates on chest radiography, (c) 

pulmonary artery wedge pressure ≤ 18 mm Hg or the absence of left ventricular 

overload, and (d) PaO2/FiO2  ratio ≤ 300 (ALI) or PaO2/FiO2  ratio ≤ 200 (ARDS). 

Present consensus for TRALI–diagnosis requires the fulfilment of the definition of 

ALI within 6 hours after transfusion.2,3 Furthermore, other risk factors for ALI must 

be excluded, such as pneumonia, sepsis or lung contusion. The clinical diagnosis of 

TRALI appears difficult, since distinguishing markers of this disease are lacking. As a 
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consequence, TRALI is most probably underdiagnosed. This may apply in particular 

to intubated and mechanically ventilated patients on the Intensive Care unit (ICU), 

in whom hypoxemia may occur as a result of a number of conditions, such as 

volume overload or atelectasis. Clear data on the incidence of TRALI are lacking. At 

present, the incidence is estimated between 1 in 300  to 5.000 plasma containing 

transfusions.4,5 Other reports show an overall incidence of 0.02% to 0.05% per 

unit of blood transfused or from 0.08% to 0.16% per patient who received any 

transfusion.6,7 These figures may not apply to ICU–patients, as symptoms may be 

less apparent during mechanical ventilation. Moreover, this population is highly 

exposed to the risk of acquiring TRALI, as up to 85% of patients admitted to the 

ICU receive a transfusion during their stay. Indeed, a recent study from the Mayo 

Clinic showed a significant higher incidence of TRALI in ICU-patients.8 In this study, 

892 patients were prospectively observed, among whom 9% developed ALI within 

6 hours after a transfusion (28 TRALI, 51 possible TRALI), resulting in an incidence 

of 3% per ICU–patient and 0.4% per unit transfused. This relatively high incidence 

suggests that ICU–patients are possibly more susceptible to TRALI.

In most cases, patients develop the symptoms of TRALI within 1-2 hours after 

transfusion, but an incubation period of 6, or even 48 hours has also been described. 
9,10 Symptoms include rapid onset of tachypnea/dyspnea due to hypoxia and fever. 

Hypotension is not a consistent finding.11 Radiographic examination shows bilateral 

infiltrates, indistinguishable from pulmonary edema.12 The clinical symptoms 

are identical to ALI/ARDS resulting from other causes. Supportive therapy with 

intubation and mechanical ventilation is necessary in 70% of reported TRALI-cases. 

Respiratory symptoms disappear within 96 hours. In survivors, lung injury usually is 

reversible. Mortality from TRALI varies from 5–15%.6,7,13,14

Pathogenesis of TRALI

Presently, there are two hypotheses in the pathogenesis of TRALI. The first hypothesis 

suggests that TRALI is caused by donor antibodies against human neutrophil antigens 

(HNA) or human leukocyte antigens (HLA).15 The second hypothesis implicates two 

independent events – the first event is the clinical condition of the patient, in which 

neutrophils are attracted to the pulmonary compartment. The second event is the 

transfusion, in which either donor antibodies directed against host neutrophils or 

bioactive lipids which have accumulated during blood storage, cause activation of 

the primed and adherent pulmonary neutrophils, leading to endothelial damage, 

and ultimately TRALI.16

32



The first hypothesis postulates an antibody-mediated reaction. Popovsky and Moore 

were the first to report on TRALI in which neutrophil–reactive and lymphocyte–

reactive antibodies were involved. Thereafter numerous antibodies and antigens 

implicated in the development of TRALI have been reported.17-28 Most of the 

reported TRALI–cases are associated with donor antibodies reacting with recipient 

leukocytes. A minority (<10%) of TRALI case reports describe a reaction of antibodies 

of the recipient reacting with the donor leukocytes, in which case a sufficient amount 

of leukocytes have to be transfused to develop a full TRALI.5,13,17 Both HLA class 

I and II are suggested to be involved in the development of TRALI. Activation of 

polymorphonuclear neutrophils occurs via HLA class I antigens – mononuclear cells 

expressing HLA class II are involved by activation through HLA class II antibodies.29 

Human neutrophil alloantigens are likely to serve as a target for neutrophil reactive 

antibodies. An argument for the implication of antibodies against leukocytes lies 

in the fact that a higher incidence of TRALI has been reported when blood from 

multiparous women and donors with a transfusion history was used. This donor 

population has a higher incidence of HLA antibodies, caused by sensitization 

during pregnancy and/or previous transfusions.30 However, a number of events 

are not solely explained by the antibody theory. First, one study found that female 

parous donors with high HLA–sensitization rates provided 9.000 transfusions of 

which none resulted in a TRALI–reaction.31 Secondly, antigen specificity can be 

demonstrated in only a small part of the analyzed TRALI–cases, even though 25% 

of the investigated donors had anti-leukocyte antibodies 6. Thirdly, many TRALI–

cases are reported in which no specific anti–leukocyte HLA or HNA antibodies are 

detected, nor leukocytes expressing antibody-specific antigens.32-35 Therefore, 

taking into account that all included patients were really TRALI–cases, this suggests 

that the antibody-mediated reaction is not the only mechanism in the pathogenesis 

of TRALI.

The second hypothesis considers TRALI to be a “two hit” syndrome. In this theory, 

a pro-inflammatory state of the patient  is required as a “first hit”.6,34,36 First, 

activation of the pulmonary endothelium leads to sequestration of neutrophils. 

The “second hit” is provided by bioactive lipids (lysophosphatidylcholines, lysoPCs) 

which accumulate during storage of cellular blood products, such as red blood cells 

and platelets. This theory was postulated after a study of 10 TRALI patients in which 

TRALI was linked to the transfusion of lipids with significant neutrophil priming 

activity.34 Silliman et al. showed that the concentration of 4 lysoPCs (Lyso-PAF, 

steatoyl-, palitoyl, oleoyl phosphocholine) increases during storage of red blood 

cells and platelets. These LysoPCs are likely associated with TRALI  as their infusion 

causes a release of components of the microbicidal arsenal resulting in pulmonary 

leakage through the alveolar–capillary membrane.37 Besides lysoPCs, a role may 
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exist for pro-inflammatory cytokines, (e.g., tumor necrosis factor (TNF), interleukin 

(IL)-6), chemokines (e.g., IL-8) and/or endotoxins, which may also accumulate during 

storage of blood products.6,38,39

The above–mentioned 2 etiologies need not to be mutually exclusive. We, and 

others, propose a continuum Fig. (2), in which one side of the spectrum is the highly 

specific antibody-antigen matched reaction and the other side of the spectrum is a 

predisposing “first hit”, after which infusion of antibodies or lysoPCs are required 

for the development of TRALI.16 There may be a gradual course from one side to 

the other, in which a weak positive antibody–antigen matched transfusion requires 

a “first hit” to develop into a full clinical TRALI. In support of this view, resting 

neutrophils express HLA class II antigen at very low levels, whereas activated 

neutrophils have increased levels of HLA class II antigen expression.40,41 Moreover, 

experimental models of TRALI have shown the requirement of a first hit to induce 

TRALI.8,36,42-44 In addition, it was found that only a fraction of patients who 

received blood from a donor with an anti-5b antibody (implicated in a former TRALI 

case) developed TRALI,22 suggesting an additive factor. Alternatively, blood which 

has been stored for up to 6 weeks may contain a high load of bioactive lipids. It can 

be hypothesized that the predisposing condition needed to develop TRALI, may be 
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Figure 1. Pathophysiology of Transfusion Related Acute Lung Injury (TRALI). Polymorphonuclear 
neutrophils (PMNs) are attracted to the lung by release of cytokines and chemokines released from the 
upregulated lung endothelium. Lose binding by L-selectin takes place. Firm adhesion is realized by E- and 
P-selectin and intra cellular adhesion molecules (ICAM-1). These hyperactive PMNs are finally activated by 
the “second hit” of bio active lipids (Lipids) or HLA/HNA antibodies influx. This results in alveolar capillary 
damage and leakage of fluid intravascular thorugh the interstitium into the alveolar space, resulting in 
long edema and finally TRALI.  
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a subtle trigger when older blood products are transfused. In agreement, stored 

blood products cause lung injury in an animal model of TRALI.36,44 Considering the 

higher incidence of TRALI in mechanically ventilated patients, mechanical ventilation 

may be a predisposing factor.45

Present insights in the inflammatory processes involved with TRALI

TRALI is clinically and histopathologically identical to ALI.2,13,22,36,44,46,47 TRALI 

is, at least in part, a neutrophil–mediated condition,48-51 in which neutrophils 

are attracted to the pulmonary compartment by the local release of chemokines 

and cytokines from lung endothelium and the alveolar macrophages Fig. (1). 

Sequestrated neutrophils bind to the endothelium and migrate to the alveolar space 

through the interstitium. Finally, activated neutrophils degranulate with the release 

of oxidants, proteases, leukotrienes and other pro-inflammatory molecules, causing 

damage to the alveolar epithelium with subsequent leakage of the alveolar capillary 

membrane and surfactant breakdown. The result is a protein–rich edema containing 

high concentrations of inflammatory cells.52 After the acute inflammatory phase, 

ALI may pass on to a chronic inflammatory phase represented by extensive lung 

remodeling, with hyalinization of the alveoli, and fibrin deposition resulting in lung 

fibrosis. 

The fact that TRALI is neutrophil mediated was confirmed by adoptive transfer 

experiments indicating that the Fcg receptor on neutrophils is critical in the 

development of a TRALI reaction.42 However, activation of neutrophils expressing 

HLA class I antigens does not explain all the supposed antigen-antibody mediated 

Figure 2. Thresholdmodel of TRALI edited from Bux et al..79 To overcome a threshold to induce a TRALI 
reaction, several factors play a role: the strength of the neutrophil-priming activity of transfused mediators 
(light box) and the clinical status of the patient (grey box).
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TRALI reactions. Also, considering the cytokine profile found in TRALI, it is 

conceivable that cellular mediators other then neutrophils are involved. Monocytes 

which express HLA class II may be involved by activation through HLA class II 

antibodies. Indeed, monocytes of TRALI patients show enhanced activation, as 

demonstrated by increased expression of TNF-α and tissue factor, when incubated 

with serum from an implicated donor compared to serum that did not cause TRALI. 
29 The acute inflammatory lung injury initiating and maintaining ALI of any origin 

involves the same pro-inflammatory cytokines (IL-6, TNF-α, IL-8) which accumulate 

during storage of RBCs and platelets.  Furthermore, increased levels of IL-8, IL-6 and 

TNF-α are found in both syndromes. Although cytokine profiles in TRALI and ALI/

ARDS appear to be similar, inflammation in TRALI needs further exploration.

Disturbances in coagulation and fibrinolysis have clearly been demonstrated 

in patients with ALI/ARDS or pneumonia.53 Indeed, alveolar fibrin deposition 

is a hallmark of ALI/ARDS and pneumonia, and is the result of activation of 

coagulation and inhibition of fibrinolysis. Disturbed fibrin turnover plays a central 

role in the pathogenesis of pulmonary inflammation, and probably is (at least in 

part) comparable to intravascular deposition of fibrin in patients with sepsis. In 

TRALI, knowledge on coagulation and fibrinolysis is limited. Of special interest, 

however, are protease activated receptors (PARs, transmembrane proteins that are 

expressed on the surface of leukocytes and endothelial cells). Activation of PARs 

by thrombin enhances inflammation by increased production of pro-inflammatory 

cytokines.54,55 Another example of activated coagulation in TRALI is shown by an 

animal model in which TRALI was reduced by infusion of platelet activating factor 

(PAF)–receptor antagonist, suggesting that this receptor is an important mediator 

in the development of TRALI. Of interest, PAF is similar in composition to lysoPCs, 

which accumulate during blood storage and are implicated in TRALI. These LysoPCs 

are thought to be able to activate neutrophils through the PAF receptor.16,36,37,44 

In summary, ALI and TRALI both are characterized by an enhanced inflammation 

which is neutrophil mediated. Knowledge about the precise mechanism of neutrophil 

activation and of other inflammatory pathways involved in the pathogenesis of TRALI 

is limited. In ALI, coagulation is activated and fibrinolysis impaired. Considering the 

similarities between ALI and TRALI, we speculate that activated coagulation and 

impaired fibrinolysis is also present in TRALI. Furthermore, TRALI and ventilator 

induced lung injury may be interrelated.45 It is conceivable that strategies aimed 

at limiting ventilator induced lung injury in ALI may also apply in TRALI. To further 

address TRALI pathogenesis and possible therapeutic approaches, animal models 

provide a valuable tool. The innate immune respons can be investigated by depletion 

of specific cellular mediators using antibodies. Also, transgenic and knock-out 
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mouse strains (e.g. TNF-α) can be used in in vivo TRALI models, which allow to 

study specific pathways in TRALI pathogenesis.

Presently used animal models of TRALI

Despite limitations, TRALI animal models are helpful in elucidating the pathogenesis 

of this uncommon transfusion reaction. An overview of TRALI models is given in 

table 1. Animal models have been developed for TRALI even before the name TRALI 

was coined in 1985.13 Bennet et al.56 performed research on “shock lungs”, an 

ALI-model that was seen after multiple transfusions in the surgical setting. They 

hypothesized that micro–aggregates were causing ALI. In an in vivo lung model in 

dogs and baboons they compared fresh autologous blood versus whole blood of 21 

day old.57 After filtering, the 21–days old blood products induced ALI after 2 hours 

of perfusion in comparison with the fresh blood which did not show any effect. As 

filtering did not prevent ALI, the theory of micro–aggregates was turned down and 

ALI was explained by “toxic serum borne factor”. 

Ex vivo TRALI models

The first animal models of TRALI were based on the infusion of HLA and HNA 

antibodies in ex vivo lung models of rats and rabbits.58,59 Seeger et al used a 

leuko–agglutinating anti–5b neutrophil antibody extracted from multiparous donor 

plasma, which was reported to be involved in non–cardiogenic lung edema during 

transfusion. Ex vivo isolated rabbit lungs were perfused with albumin buffer, and 

human granulocytes were admixed to the circulating perfusate. In the presence 

of 5b-positive neutrophils and rabbit plasma as a source of complement, severe 

lung edema occurred after 3–6 hours when anti–5b antibody was introduced. In 

the absence of one of these three substrates lung edema did not occur. Therefore, 

the presence of both a specific antibody–antigen match and plasma is required 

for the development of TRALI. This model however has many limitations. The ex 

vivo conditions hamper extrapolation to the human situation. Also, the need for 

complement does not mimic the clinical situation. Lastly, human antibodies in an 

animal may induce unwanted reactivity.

The previous ex vivo lung model was modified by Sachs and co-workers, by 

introducing mouse anti-human IgG HNA-2a-antibody with human HNA-2a 

neutrophils. Resting neutrophils (expressing less then 30% HNA-2a) did not induce 

lung injury after perfusing the lungs with anti-HNA2a. However, when co-stimulated 

with formyl-Met-Leu-Phe (fMLP), these neutrophils were able to induce lung injury. 

In agreement with the previous model, the presence of the cognate antigen was 

mandatory for the development of TRALI, However, complement was absent, 

which was a necessary component in the rabbit model of Seeger. This modified 
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Table 1. Overview of the Transfusion Related Acute Lung Injury (TRALI) animal models with their 
experimental and clinical relevance. 

Author Experimental design Species Relevance

Bennet et al. 56,57 In vivo model
In an ALI-model fresh 
autologous blood versus 
whole blood of 21 day 
old was compared and 
the effect of filtering the 
blood. 

Dogs and 
Baboons

They hypothesized that micro–
aggregates were causing ALI and 
filtering the blood would prevent this. 
Outdated whole blood caused TRALI 
compared to fresh blood. Filtering 
the blood did not effect the results. 
Although the hypothesis was turned 
down, this was the first TRALI model.

Seeger et al. 59 Ex Vivo isolated lung
perfused with anti 5b 
neutrophil antibody 
(human), human 
neutrophils, and plasma

Rabbit Evidence for the requirement of both 
plasma and an antibody-antigen match 
to induce TRALI. Ex vivo conditions 
and preheating of plasma hampers 
extrapolation to clinical situation. Inter 
species difference results in aspecific 
activation.  This model is a single ‘hit’ 
model.

Sachs et al. 58 Ex Vivo isolated lung
perfused with HNA 2a 
antibody (human) after 
neutrophil stimulation 
with fMLP.

Rat Evidence of ‘two hit’ theory. Ex vivo 
conditions and fMLP stimulation 
hamper extrapolation to clinical 
situation

Silliman et al. 44 Ex Vivo isolated lung 
perfused with outdated 
human blood products 
after priming with LPS

Rat Evidence of “two hit” theory. 
Evidence for a role of lysoPCs in the 
pathogenesis of TRALI. Use of clinical 
relevant transfusion material. Ex vivo 
conditions, preheating of plasma and 
the use of LPS  hampers extrapolation 
to clinical situation 

Silliman et al. 61 In Vivo transfusion with 
outdated red blood cells 
(human)

Rat Evidence of “two hit” theory. 
Evidence for a role of lysoPCs in the 
pathogenesis of TRALI. Use of clinical 
relevant transfusion material. In vivo 
conditions resemble clinical situation. 
The use of LPS and pre heating of 
plasma hampers extrapolation to 
clinical situation 

Looney et al. 42 In Vivo transfusion with
Anti-H2Kd antibody 
MHC Class I

Mouse Evidence for a role of antibodies and 
the Fcg receptor in the pathogenesis 
of TRALI. In vivo conditions resemble 
clinical situation. High mortality 
hampers extrapolation to clinical 
situation. This model is a single ‘hit’ 
model.

Abbreviations: HNA (Human Neutrophil Antibody), fMLP (formyl-Met-Leu-Phe), LysoPC (Lysophosphati-
dylcholine), LPS (Lipo Poli Sacharide).
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ex vivo model was the first evidence of the requirement of a ‘first hit’ to induce 

TRALI, provided by the neutrophil co-stimulation with fMLP. Also this model has 

limitations. Again, there are ex vivo conditions, which are not representative of 

the clinical situation. No time-relation effects can be studied, nor the effect of 

therapeutic interventions. For this purpose, in vivo models of TRALI mimicking the 

clinical surroundings are warranted.    

In vivo antibody TRALI model 

Recently, the first in vivo model of TRALI was published,60 based on infusion of MHC 

Class I monoclonal anti-H2Kd antibodies in wild type BALB/c mice expressing the 

cognate antigen. The model is straightforward: after sampling an equal volume of 

blood, antibodies were infused in the vena jugularis.  Iso-type matched anti-IgG2a,κ 

antibodies and phosphate buffered saline were used as controls. In this model, 

peripheral blood neutropenia developed, reflecting neutrophil sequestration. 

Pulmonary histology and immunochemistry showed edema, inflammation and 

neutrophil sequestration. Depletion of the neutrophils by isotypic control antibody 

before starting the experiment, as well as introducing knock out mice for the 

Fcγ receptors resulted in an absence of lung injury, pointing to Fcγ receptors and 

neutrophils as essential in antibody mediated TRALI. Unfortunately, 50% mortality 

occurred 2 hours after administrating the antibodies, making the model difficult to 

handle. Also, mortality in this model is much higher then the reported mortality in 

the human situation of 5 - 15%, making comparison difficult.6,7,13,14 Furthermore, 

this model provides a solely antibody-mediated TRALI. As previously discussed, 

antibodies are not involved in a number of TRALI cases, suggesting the need of a 

priming event.58 Therefor, the development of TRALI models consisting of ‘two-hits’ 

is warranted. 

“Two hit” TRALI models

Silliman and his group,36,44 developed an isolated perfused rat lung model using 

human peripheral red blood cells, human whole blood and platelets. The “first hit” 

in their models was achieved by an intraperitoneal injection of lipopolysacharide 

(LPS) after which lungs were isolated and mechanically ventilated in an ex vivo 

experimental setting. After 2 hours, the “second hit” was caused by perfusion 

of the isolated lungs with plasma from outdated blood products (42 days old 

red blood cells or 5 days old platelets). The contained plasma was preheated to 

56 ˚C to eliminate complement and fibrogen. Plasma from outdated products 

resulted in a strong increase in pulmonary artery pressure. Histology showed influx 

of neutrophils in the lung and pulmonary damage, even in the absence of any 

neutrophils in the lung perfusate.  Also, when instead of outdated blood products, 
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lungs were  perfused with lysoPCs dissolved in 1.25 % human albumin solution, this 

resulted in TRALI, indicating that lysoPCs may be the responsible component in the 

development of TRALI.37

Recently, the first in vivo TRALI model in rats based on the “two hit” theory was 

presented.61 In this model, the “first hit” was similar as in previous models, by 

intraperitoneal injection of LPS 2 mg/kg. After two hours the “second hit” was 

induced by infusion in the vena femoralis of 42–day old human red blood cell plasma 

or 42–day old human leukocyte depleted red blood cells. Also in this model, plasma 

was preheated to eliminate complement. An equal volume of blood was taken 

before transfusion of the circulating volume (10%) to prevent an overload edema. 

Outdated red blood cells, whether leuko-depleted or not, resulted in increased 

pulmonary leakage in comparison with fresh plasma and controls. This in vivo model 

of TRALI demonstrates the necessary step of priming in the development of lung 

injury, underscoring the “two hit” model. However, it is not a clinically relevant 

situation, considering the use of preheated human transfusion material and a first 

hit by LPS injection. 

In conclusion, existing TRALI models are limited by the use of different species, the 

absence of “two hits” or the use of non-clinical first hits such as LPS.

Potentially useful TRALI models combine multiple ‘hits’

It is conceivable that many other “first hits” for the development of TRALI exist in 

the clinical situation. 

“First hits” in TRALI

Risk factors for the development of ALI may also apply to TRALI, such as sepsis, 

aspiration, pneumonia or major surgery. To test this hypothesis, animal models using 

clinical risk factors for ALI should be used in TRALI models. Clinically relevant TRALI 

models may include pneumonia, aspiration or sepsis as a “first hit” and require 

combining existing animal models with the induction of TRALI. In such models, lung 

injury induced by aspiration, pneumonia or sepsis can be compared to lung injury 

caused by the same hits with the addition of the induction of TRALI using either 

antibodies or bioactive lipids. Such an approach may provide an explanation for the 

high incidence of possible TRALI found in these patients.8,62 Another important 

priming condition may be mechanical ventilation. As discussed before, ICU patients 

are at risk for the development of TRALI. In a recent prospective study, a much 

higher incidence of TRALI was found in ICU patients, suggesting that mechanical 

ventilation may predispose for the development of TRALI.8 Furthermore, as 

mechanical ventilation adds to lung injury, it should be considered as potential 
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harmful and therefore as a factor for developing ALI and perhaps TRALI. Also,  

mechanical ventilation itself has been found to induce ALI.63,64 Therefore, the role 

of mechanical ventilation should be addressed in transfusion mediated lung damage 

by including ventilated induced lung injury (VILI)65,66 in combination with present 

in vivo TRALI models. In such a model, mechanical ventilation provides the “first 

hit”. The “second hit” may consist of the infusion of antibodies or lysoPCs. 

“Second hits” in TRALI

Conceivably, as antibodies and lysoPCs need not be exclusive in TRALI pathogenesis, 

combinations could be tested. Alternatively, in vivo transfusions of red blood cells, 

fresh frozen plasma or platelets products of the animals own species could be used. 

In our laboratory, the latter concept is currently developed. A TRALI model using in 

vivo transfusion material would be the first model without cross species difference 

simulating TRALI in clinical conditions.            

Another issue to be assessed in TRALI models is the concept of a continuum in 

TRALI pathogenesis (Fig. 2), ranging from a strong specific antibody-antigen 

mediated TRALI to TRALI caused by significant pulmonary priming, in conjunction 

with a second hit, which may be either a (weak) antibody mediated reaction or lipids 

from (outdated) blood products. The titer of antibody or the amount of bio active 

lipids to induce the second hit is not known and should be addressed. Conceivably, 

threshold dose of either antibody or lipids may differ, depending on the priming 

status of the host.  Infusion of a weak second hit may be sufficient to cause TRALI 

in the presence of a strong first hit of any origin. The concept of a continuum may 

clarify the fact that antibodies from the same donor cause TRALI in some patients 

but not in others. 

Therapy for TRALI

Specific treatment for TRALI does not exist. Treatment consists of supportive care, 

which may require mechanical ventilation, or oxygen supplementation. At present, 

prevention of TRALI seems the best approach to reduce the incidence, such as 

the application of restrictive transfusion guidelines and the exclusion of women 

and persons who have previously received a blood transfusion from donorship, 
67-71 as well as donors who have been implicated in a TRALI case. However, these 

measures are insufficient in preventing TRALI, emphasizing the importance of the 

development of TRALI research. 
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Potential therapies to be tested in the clinically relevant ‘two hit’ TRALI–models

As discussed above, patients exposed to multiple “hits” resulting in priming of 

pulmonary neutrophils may be at risk for developing TRALI. Whether specific clinical 

conditions causing ALI also predispose to TRALI remains to be established and can 

be addressed in clinically relevant animal models. In these models, the attributable 

risk related to transfusion can be assessed, as well as interventions aiming at limiting 

lung injury.  

Because of the pathophysiologic similarity of TRALI and ALI,19 it is conceivable 

that effective therapies in ALI/ARDS might be effective in TRALI. In ALI, a limited 

number of strategies exist. In late ALI/ARDS (ie after two weeks), high doses 

of methylprednisolone reduce lung injury and mortality in a small prospective 

randomized placebo controlled trial.72 A reduction in mortality of 12% in the 

methylpredisolone group versus 63% in the placebo group was found. 

Protective strategies using low tidal volumes in mechanical ventilation have been 

proven to reduce mortality with 22% in ALI/ARDS.73 Injurious mechanical ventilation 

with high tidal volumes has been postulated to play a role in TRALI pathogenesis.45 

Therefore, lung protective ventilation strategies should be applied in TRALI patients 

requiring mechanical ventilation. Whether low tidal ventilation reduces morbidity 

and mortality in TRALI remains to be determined. 

The application of a fluid-restrictive management has been shown to reduce 

ventilation days in patients with ALI.74 It is conceivable that these results are also 

applicable in TRALI. 

Other anti-inflammatory measures may include interfering with coagulation. 

Procoagulant strategies have been shown beneficial in sepsis and may be promising 

in patients with primary lung pathology, be it ALI, VILI or TRALI. However, clinical 

studies are needed to test this hypothesis. At present, several clinical trials evaluate 

anticoagulant therapy in lung injury, including a trial comparing recombinant human 

activated protein C to placebo in ALI patients and a trial comparing tissue factor 

pathway inhibitor in pneumonia patients. As deposition of fibrin is increased in 

pulmonary inflammation, stimulating fibrinolysis may prove beneficial in TRALI. 

TRALI has been found to be reduced by infusion of platelet activating factor (PAF)–

receptor antagonist.16,36,37,44 Whether PAF receptor antagonists reduce mortality 

or ventilation days remains to be determined. 

Several approaches have been shown to reduce neutrophil-mediated lung injury in 

experimental settings. Ca2+ channel blockers,36 such as verapamil and nifedipine 

both are able to inhibit the respiratory burst and bactericidal activity of neutrophils 

in vitro.75-77 Whether Ca2+ channel blockers inhibit neutrophil mediated lung 

injury in TRALI needs further investigation. Another therapeutic possibility may be 

interfering with the complement system. Type I antibodies, which are often found 
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in TRALI, are thought to cause neutrophil influx into the lung through activation 

of complement. In an animal model of lung injury, administration of a C1 inhibitor 

resulted in a reduction of pulmonary neutrophil influx.78 Whether inhibition of 

complement reduces lung injury in TRALI is unknown. 

In conclusion, therapeutic approaches which are beneficial in ALI also have a 

rationale in TRALI. Specific measures aimed at reducing neutrophil influx and –

activation are promising in ALI, but are still highly experimental and should be 

further investigated in experimental TRALI. 

Conclusion

TRALI is the leading cause of transfusion–related morbidity and mortality. TRALI is 

thought to be either antibody-mediated or a “two-hit” event, in which a pulmonary 

priming condition is required. We propose a continuum in TRALI pathogenesis, 

ranging from a strong antibody-antigen mediated reaction to TRALI caused by 

significant priming, in conjunction with a second hit, which may be a (weak) antibody 

mediated event or caused by lipids from blood products. No specific therapy exists 

for TRALI. However, several interventions which are beneficial in ALI have a rationale 

in TRALI, such as lung protective ventilation as well as anti-inflammatory measures 

including corticosteroids, blocking of coagulation and stimulation of fibrinolysis. 

Development of such therapeutic strategies require clinically relevant TRALI models. 

The present TRALI models comprise an in vivo antibody model, in which the 

presence of a “first hit” is not provided. Existing “two hit” models are limited by 

their ex vivo experimental design, or, in the in vivo model, the use of cross species 

difference with manipulated transfusion products and the use of a non-clinical “first 

hit”. Clinically relevant TRALI models may include pneumonia, sepsis or mechanical 

ventilation as a “first hit”. The “second hit” may consist of the infusion of antibodies 

or lysoPCs or blood products of the animals own species.   

An overview of potentially useful TRALI animal models

43



chapter 2

Reference List

 1.  Bernard GR, Artigas A, Brigham KL, et al. The American-European Consensus Conference on 
ARDS. Definitions, mechanisms, relevant outcomes, and clinical trial coordination. Am J Respir 
Crit Care Med 1994;149:818-24.

 2.  Goldman M, Webert KE, Arnold DM, Freedman J, Hannon J, Blajchman MA. Proceedings of a 
consensus conference: towards an understanding of TRALI. Transfus Med Rev 2005;19:2-31.

 3.  Toy P, Popovsky MA, Abraham E, et al. Transfusion-related acute lung injury: definition and 
review. Crit Care Med 2005;33:721-6.

 4.  Clarke G PLPLBL, Blood. Severe respiratory reactions to random donor platelets: an incidence and 
nested case-control study (abstract).  1994;84 (Suppl 1):465a.

 5.  Popovsky MA, Chaplin HC, Jr., Moore SB. Transfusion-related acute lung injury: a neglected, seri-
ous complication of hemotherapy. Transfusion 1992;32:589-92.

 6.  Silliman CC, Boshkov LK, Mehdizadehkashi Z, et al. Transfusion-related acute lung injury: epide-
miology and a prospective analysis of etiologic factors 9. Blood 2003;101:454-62.

 7.  Wallis JP, Lubenko A, Wells AW, Chapman CE. Single hospital experience of TRALI. Transfusion 
2003;43:1053-9.

 8.  Gajic O. TRALI Incidence on the ICU. Transfusion 2006;46:1A-231A.

 9.  Kopko PM, Holland PV. Transfusion-related acute lung injury. Br J Haematol 1999;105:322-9.

 10.  Levy GJ, Shabot MM, Hart ME, Mya WW, Goldfinger D. Transfusion-associated noncardio-
genic pulmonary edema. Report of a case and a warning regarding treatment. Transfusion 
1986;26:278-81.

 11.  Toy P, Gajic O. Transfusion-related acute lung injury. Anesth Analg 2004;99:1623-4, table.

 12.  Aberle DR, Wiener-Kronish JP, Webb WR, Matthay MA. Hydrostatic versus increased permeability 
pulmonary edema: diagnosis based on radiographic criteria in critically ill patients. Radiology 
1988;168:73-9.

 13.  Popovsky MA, Moore SB. Diagnostic and pathogenetic considerations in transfusion-related 
acute lung injury. Transfusion 1985;25:573-7.

 14.  Popovsky MA. Transfusion and lung injury. Transfus Clin Biol 2001;8:272-7.

 15.  Curtis BR, McFarland JG. Mechanisms of transfusion-related acute lung injury (TRALI): anti-leuko-
cyte antibodies. Crit Care Med 2006;34:S118-S123.

 16.  Silliman CC. The two-event model of transfusion-related acute lung injury. Crit Care Med 
2006;34:S124-S131.

 17.  Bux J, Becker F, Seeger W, Kilpatrick D, Chapman J, Waters A. Transfusion-related acute lung 
injury due to HLA-A2-specific antibodies in recipient and NB1-specific antibodies in donor blood. 
Br J Haematol 1996;93:707-13.

 18.  Davoren A, Curtis BR, Shulman IA, et al. TRALI due to granulocyte-agglutinating human 
neutrophil antigen-3a (5b) alloantibodies in donor plasma: a report of 2 fatalities. Transfusion 
2003;43:641-5.

 19.  Dry SM, Bechard KM, Milford EL, Churchill WH, Benjamin RJ. The pathology of transfusion-relat-
ed acute lung injury. Am J Clin Pathol 1999;112:216-21.

 20.  Engelfriet CP, Reesink HW, Brand A, et al. Transfusion-related acute lung injury (TRALI). Vox Sang 
2001;81:269-83.

44



 21.  Kopko PM, Popovsky MA, MacKenzie MR, Paglieroni TG, Muto KN, Holland PV. HLA class II anti-
bodies in transfusion-related acute lung injury. Transfusion 2001;41:1244-8.

 22.  Kopko PM, Marshall CS, MacKenzie MR, Holland PV, Popovsky MA. Transfusion-related acute 
lung injury: report of a clinical look-back investigation. JAMA 2002;287:1968-71.

 23.  Santamaria A, Moya F, Martinez C, Martino R, Martinez-Perez J, Muniz-Diaz E. Transfusion-relat-
ed acute lung injury associated with an NA1-specific antigranulocyte antibody. Haematologica 
1998;83:951-2.

 24.  Zupanska B, Uhrynowska M, Konopka L. Transfusion-related acute lung injury due to granulo-
cyte-agglutinating antibody in a patient with paroxysmal nocturnal hemoglobinuria. Transfusion 
1999;39:944-7.

 25.  Eastlund T, McGrath PC, Britten A, Propp R. Fatal pulmonary transfusion reaction to plasma 
containing donor HLA antibody. Vox Sang 1989;57:63-6.

 26.  Leger R, Palm S, Wulf H, Vosberg A, Neppert J. Transfusion-related lung injury with leukopenic 
reaction caused by fresh frozen plasma containing anti-NB1. Anesthesiology 1999;91:1529-32.

 27.  Nordhagen R, Conradi M, Dromtorp SM. Pulmonary reaction associated with transfusion of 
plasma containing anti-5b. Vox Sang 1986;51:102-7.

 28.  Yomtovian R, Kline W, Press C, et al. Severe pulmonary hypersensitivity associated with passive 
transfusion of a neutrophil-specific antibody. Lancet 1984;1:244-6.

 29.  Kopko PM, Paglieroni TG, Popovsky MA, Muto KN, MacKenzie MR, Holland PV. TRALI: correlation 
of antigen-antibody and monocyte activation in donor-recipient pairs. Transfusion 2003;43:177-
84.

 30.  Bux J. Transfusion-related acute lung injury (TRALI): a serious adverse event of blood transfusion. 
Vox Sang 2005;89:1-10.

 31.  Densmore TL, Goodnough LT, Ali S, Dynis M, Chaplin H. Prevalence of HLA sensitization in 
female apheresis donors. Transfusion 1999;39:103-6.

 32.  Gans RO, Duurkens VA, van Zundert AA, Hoorntje SJ. Transfusion-related acute lung injury. 
Intensive Care Med 1988;14:654-7.

 33.  Popovsky MA, Abel MD, Moore SB. Transfusion-related acute lung injury associated with passive 
transfer of antileukocyte antibodies. Am Rev Respir Dis 1983;128:185-9.

 34.  Silliman CC, Paterson AJ, Dickey WO, et al. The association of biologically active lipids with 
the development of transfusion-related acute lung injury: a retrospective study. Transfusion 
1997;37:719-26.

 35.  Thompson JS, Severson CD, Parmely MJ, Marmorstein BL, Simmons A. Pulmonary “hypersensitiv-
ity” reactions induced by transfusion of non-HL-A leukoagglutinins. N Engl J Med 1971;284:1120-
5.

 36.  Silliman CC, Voelkel NF, Allard JD, et al. Plasma and lipids from stored packed red blood cells 
cause acute lung injury in an animal model. J Clin Invest 1998;101:1458-67.

 37.  Silliman CC, Clay KL, Thurman GW, Johnson CA, Ambruso DR. Partial characterization of lipids 
that develop during the routine storage of blood and prime the neutrophil NADPH oxidase. J Lab 
Clin Med 1994;124:684-94.

 38.  Heddle NM, Klama L, Singer J, et al. The role of the plasma from platelet concentrates in transfu-
sion reactions. N Engl J Med 1994;331:625-8.

 39.  Shanwell A, Kristiansson M, Remberger M, Ringden O. Generation of cytokines in red cell concen-
trates during storage is prevented by prestorage white cell reduction. Transfusion 1997;37:678-
84.

An overview of potentially useful TRALI animal models

45



chapter 2

 40.  Gosselin EJ, Wardwell K, Rigby WF, Guyre PM. Induction of MHC class II on human polymorpho-
nuclear neutrophils by granulocyte/macrophage colony-stimulating factor, IFN-gamma, and IL-3. 
J Immunol 1993;151:1482-90.

 41.  Reinisch W, Lichtenberger C, Steger G, et al. Donor dependent, interferon-gamma induced 
HLA-DR expression on human neutrophils in vivo. Clin Exp Immunol 2003;133:476-84.

 42.  Looney MR, Su X, Van Ziffle JA, Lowell CA, Matthay MA. Neutrophils and their Fcgamma recep-
tors are essential in a mouse model of transfusion-related acute lung injury. J Clin Invest 2006

 43.  Looney MR, Matthay MA. Animal models of transfusion-related acute lung injury. Crit Care Med 
2006;34:S132-S136.

 44.  Silliman CC, Bjornsen AJ, Wyman TH, et al. Plasma and lipids from stored platelets cause acute 
lung injury in an animal model. Transfusion 2003;43:633-40.

 45.  Schultz MJ, Gajic O. Transfusion and mechanical ventilation: two interrelated causes of acute 
lung injury? Crit Care Med 2005;33:2857-8.

 46.  Kollef MH, Schuster DP. The acute respiratory distress syndrome. N Engl J Med 1995;332:27-37.

 47.  Repine JE. Scientific perspectives on adult respiratory distress syndrome. Lancet 1992;339:466-9.

 48.  Abraham E. Neutrophils and acute lung injury. Crit Care Med 2003;31:S195-S199.

 49.  Lee WL, Downey GP. Neutrophil activation and acute lung injury. Curr Opin Crit Care 2001;7:1-7.

 50.  Abraham E, Carmody A, Shenkar R, Arcaroli J. Neutrophils as early immunologic effectors in 
hemorrhage or endotoxemia induced acute lung injury.  2006;279:L1137-L1146.

 51.  Chignard M, Balloy V. Neutrophil recruitment and increased permeability during acute lung 
injury.  2006:L1083-L1090.

 52.  Greene KE, Wright JR, Steinberg KP, et al. Serial changes in surfactant-associated proteins in lung 
and serum before and after onset of ARDS. Am J Respir Crit Care Med 1999;160:1843-50.

 53.  Schultz MJ, Haitsma JJ, Zhang H, Slutsky AS. Pulmonary coagulopathy as a new target in thera-
peutic studies of acute lung injury or pneumonia--a review. Crit Care Med 2006;34:871-7.

 54.  Coughlin SR. Thrombin signalling and protease-activated receptors. Nature 2000;407:258-64.

 55.  Riewald M, Kravchenko VV, Petrovan RJ, et al. Gene induction by coagulation factor Xa is medi-
ated by activation of protease-activated receptor 1. Blood 2001;97:3109-16.

 56.  Bennett SH, Geelhoed GW, Terrill RE, Hoye RC. Pulmonary effects of autotransfused blood. A 
comparison of fresh autologous and stored blood with blood retrieved from the pleural cavity in 
an in situ lung perfusion model. Am J Surg 1973;125:696-702.

 57.  Bennett SH, Geelhoed GW, Aaron RK, Solis RT, Hoye RC. Pulmonary injury resulting from 
perfusion with stored bank blood in the baboon and dog. J Surg Res 1972;13:295-306.

 58.  Sachs UJ, Hattar K, Weissmann N, et al. Antibody-induced neutrophil activation as a trigger for 
transfusion-related acute lung injury in an ex vivo rat lung model. Blood 2006;107:1217-9.

 59.  Seeger W, Schneider U, Kreusler B, et al. Reproduction of transfusion-related acute lung injury in 
an ex vivo lung model. Blood 1990;76:1438-44.

 60.  Looney MR, Su X, Van Ziffle JA, Lowell CA, Matthay MA. Neutrophils and their Fc gamma 
receptors are essential in a mouse model of transfusion-related acute lung injury. J Clin Invest 
2006;116:1615-23.

 61.  Silliman CC. In vivo TRALI model in rats. Transfusion 2006;46:1A-231A.

 62.  Gajic O, Rana R, Mendez JL, et al. Acute lung injury after blood transfusion in mechanically venti-
lated patients. Transfusion 2004;44:1468-74.

46



 63.  Dreyfuss D, Soler P, Basset G, Saumon G. High inflation pressure pulmonary edema. Respective 
effects of high airway pressure, high tidal volume, and positive end-expiratory pressure. Am Rev 
Respir Dis 1988;137:1159-64.

 64.  Webb HH, Tierney DF. Experimental pulmonary edema due to intermittent positive pressure 
ventilation with high inflation pressures. Protection by positive end-expiratory pressure. Am Rev 
Respir Dis 1974;110:556-65.

 65.  Dreyfuss D, Saumon G. Ventilator-induced lung injury: lessons from experimental studies. Am J 
Respir Crit Care Med 1998;157:294-323.

 66.  Slutsky AS. Lung injury caused by mechanical ventilation. Chest 1999;116:9S-15S.

 67.  Gajic O, Dzik WH, Toy P. Fresh frozen plasma and platelet transfusion for nonbleeding patients 
in the intensive care unit: benefit or harm? Crit Care Med 2006;34:S170-S173.

 68.  Hebert PC, Wells G, Blajchman MA, et al. A multicenter, randomized, controlled clinical trial of 
transfusion requirements in critical care. Transfusion Requirements in Critical Care Investigators, 
Canadian Critical Care Trials Group. N Engl J Med 1999;340:409-17.

 69.  Rana R, Afessa B, Keegan MT, et al. Evidence-based red cell transfusion in the critically ill: quality 
improvement using computerized physician order entry. Crit Care Med 2006;34:1892-7.

 70.  Vincent JL, Baron JF, Reinhart K, et al. Anemia and blood transfusion in critically ill patients. 
JAMA 2002;288:1499-507.

 71.  Walsh TS, Garrioch M, Maciver C, et al. Red cell requirements for intensive care units adhering to 
evidence-based transfusion guidelines. Transfusion 2004;44:1405-11.

 72.  Meduri GU, Headley AS, Golden E, et al. Effect of prolonged methylprednisolone therapy in unre-
solving acute respiratory distress syndrome: a randomized controlled trial. JAMA 1998;280:159-
65.

 73.  Ventilation with lower tidal volumes as compared with traditional tidal volumes for acute lung 
injury and the acute respiratory distress syndrome. The Acute Respiratory Distress Syndrome 
Network. N Engl J Med 2000;342:1301-8.

 74.  Wiedemann HP, Wheeler AP, Bernard GR, et al. Comparison of two fluid-management strategies 
in acute lung injury. N Engl J Med 2006;354:2564-75.

 75.  Kazanjian PH, Pennington JE. Influence of drugs that block calcium channels on the microbicidal 
function of human neutrophils . J Infect Dis 1985;151:15-22.

 76.  Krause KH, Welsh MJ. Voltage-dependent and Ca2(+)-activated ion channels in human neutro-
phils. J Clin Invest 1990;85:491-8.

 77.  Zimmerman JJ, Zuk SM, Millard JR. In vitro modulation of human neutrophil superoxide anion 
generation by various calcium channel antagonists used in ischemia-reperfusion resuscitation 13. 
Biochem Pharmacol 1989;38:3601-10.

 78.  Vangerow B, Hafner D, Rueckoldt H, et al. Effects of C1 inhibitor and r-SP-C surfactant on 
oxygenation and histology in rats with lavage-induced acute lung injury. Intensive Care Med 
2001;27:1526-31.

 79.  Bux J, Sachs UJ. The pathogenesis of transfusion-related acute lung injury (TRALI). Br J Haematol 
2007;136:788-99.

An overview of potentially useful TRALI animal models

47





E.K. Wolthuis, A.P. Vlaar, G. Choi, J.J.T.H. Roelofs, N.P. Juffermans, 

M.J. Schultz

Crit Care 2009;13:R1

3Chapte
r

Mechanical ventilation using non-injurious 
ventilation settings causes lung injury in the 

absence of pre-existing lung injury in healthy 
mice



chapter 3

Abstract

Introduction: Mechanical ventilation (MV) may cause ventilator-induced lung 

injury (VILI). Present models of VILI use exceptionally large tidal volumes, causing 

gross lung injury and haemodynamic shock. In addition, animals are ventilated for 

a relative short period of time and only after a ‘priming’ pulmonary insult. Finally, 

it is uncertain whether metabolic acidosis, which frequently develops in models of 

VILI, should be prevented. To study VILI in healthy mice, the authors used a MV 

model with clinically relevant ventilator settings, avoiding massive damage of lung 

structures and shock, and preventing metabolic acidosis.

Methods: Healthy C57Bl/6 mice (n = 66) or BALB/c mice (n = 66) were ventilated 

(tidal volume = 7.5 ml/kg or 15 ml/kg; positive end-expiratory pressure = 2 cmH2O; 

fraction of inspired oxygen = 0.5) for five hours. Normal saline or sodium bicarbonate 

were used to correct for hypovolaemia. Lung histopathology, lung wet-to-dry 

ratio, bronchoalveolar lavage fluid protein content, neutrophil influx and levels of 

proinflammatory cytokines and coagulation factors were measured.

Results: Animals remained haemodynamically stable throughout the whole 

experiment. Lung histopathological changes were minor, although significantly 

more histopathological changes were found after five hours of MV with a larger tidal 

volume. Lung histopathological changes were no different between the strains. In 

both strains and with both ventilator settings, MV caused higher wet-to-dry ratios, 

higher bronchoalveolar lavage fluid protein levels and more influx of neutrophils, 

and higher levels of proinflammatory cytokines and coagulation factors. Also, with 

MV higher systemic levels of cytokines were measured. All parameters were higher 

with larger tidal volumes. Correcting for metabolic acidosis did not alter endpoints.

Conclusions: MV induces VILI, in the absence of a priming pulmonary insult and 

even with use of relevant (least injurious) ventilator settings. This model offers 

opportunities to study the pathophysiological mechanisms behind VILI and the 

contribution of MV to lung injury in the absence of pre-existing lung injury.
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Introduction 

Mechanical ventilation (MV) may aggravate pre-existing lung injury or even cause 

lung injury in healthy lungs, a phenomenon frequently referred to as ventilator-

induced lung injury (VILI). Present strategies at minimising VILI in critically ill patients 

consist of using low tidal volumes (VT).1 However, additional strategies to attenuate 

pulmonary inflammation may be useful to further reduce VILI. Adequate animal 

models are also required, to test various treatment strategies. However, existing 

animal models of MV have considerable disadvantages. 

Most models of VILI use very high VT and/or inspiratory pressures that are 

considerably higher than those used in the clinical management of patients.2-6 

High VT may compromise systemic circulation, eventually leading to shock. Wilson 

and colleagues used an MV strategy in which mice were ventilated with a VT of 

34.5 ml/kg for a duration of 156 minutes until mean blood pressure fell below 45 

mmHg.7,8 Consequently, duration of MV is relatively short and maybe too short to 

draw meaningful conclusions. In addition, most models of VILI lungs are ‘primed’ 

before starting MV.9-13 Indeed, animals are challenged before onset of MV, for 

instance for lipopolysaccharide causing lung injury.13,14 Such an approach prevents 

conclusions on the deleterious effects of MV in the absence of pre-existing lung 

injury being drawn. One final problem may be that infusion of saline solution to 

correct for low arterial blood pressures leads to metabolic acidosis in models of 

VILI,15,16 although metabolic acidosis may influence several endpoints of VILI.17,18 

It is uncertain whether metabolic acidosis should be corrected in models of VILI.

The aim of the present investigation was to set up a model of VILI in healthy 

animals. We chose an MV strategy that closely reflected the human setting by using 

clinically relevant VT, preventing shock and gross lung histopathological changes, 

and compared lower VT with higher VT with respect to several endpoints of VILI. 

In addition, we hypothesised preventing metabolic acidosis to affect endpoints of 

VILI. Therefore we compared two strategies for fluid resuscitation, using either 

normal saline or sodium bicarbonate.

Materials and methods 

The study was approved by the Animal Care And Use Committee of the Academic 

Medical Center. Animal procedures were carried out in compliance with Institutional 

Standards for Human Care and Use of Laboratory Animals.
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Animals 

Experiments were performed with healthy male C57Bl/6 (n = 66) and BALB/c 

mice (n = 66) (Charles River, Someren, the Netherlands), aged 8 to 10 weeks, with 

weights ranging from 19 to 25 g. Two groups of control animals served either as 

non-ventilated controls for blood gas analysis at baseline (n = 6 for each strain) 

or as non-ventilated controls after five hours (n = 12 for each strain). The other 

animals were all mechanically ventilated with two different MV-strategies and two 

different fluid support strategies. Thus, five groups of animals of each mice strain 

were compared. 

Instrumentation and anesthesia 

Throughout the experiments, rectal temperature was maintained between 36.5 

and 37.5°C using a warming path. Anaesthesia was achieved with intraperitoneal 

injection of a mix of 100 mg/ml ketamine (Eurovet Animal Health B.V., Bladel, 

the Netherlands), 1 mg/ml medetomidine (Pfizer Animal Health B.V., Capelle a/d 

IJssel, the Netherlands) and 0.5 mg/ml atropine (Pharmachemie, Haarlem, the 

Netherlands; KMA). Induction of anaesthesia was performed by injecting 7.5 µl/g 

of induction KMA mix (consisting of 1.26 ml ketamine, 0.2 ml medetomidine and 1 

ml atropine). To maintain anaesthesia, 10 µl/g of maintenance KMA mix (consisting 

of 0.72 ml ketamine, 0.08 ml medetomidine and 0.3 ml atropine) was given, via an 

intraperitoneally placed catheter every hour.

Mechanical ventilation strategies 

A Y-tube connector, 1.0 mm outer diameter and 0.6 mm inner diameter (VBM 

Medizintechnik GmbH, Sulz am Neckar, Germany) was surgically inserted into the 

trachea under general anaesthesia. Mice were placed in a supine position and 

connected to a ventilator (Servo 900 C, Siemens, Sweden). Simultaneously, six mice 

were pressure-controlled ventilated with either an inspiratory pressure of 10 cmH2O 

(resulting in VT of about 7.5 ml/kg; low VT (LVT)) or an inspiratory pressure of 18 

cmH2O (resulting in VT of about 15 ml/kg; high VT (HVT)).

In C57Bl/6 mice, respiratory rate was set at 120 breaths/minute and 70 breaths/

minute with LVT and HVT, respectively; in BALB/c mice, respiratory rate was set at 100 

breaths/minute and 70 breaths/minute with LVT and HVT, respectively. Preliminary 

studies showed these respiratory settings resulted in normal partial pressure of arterial 

carbon dioxide (PaCO2) values after five hours of MV in the different mice strains. 

Positive end-expiratory pressure (PEEP) was set at 2 cmH2O with both MV strategies. 

The fraction of inspired oxygen was kept at 0.5 throughout the experiment. The 

inspiration to expiration ratio was kept at 1:1 throughout the experiment.
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Fluid support strategies 

Mice received an intraperitoneal bolus of 1 ml normal saline one hour before the 

start of MV, followed by 0.2 ml normal saline (sodium chloride (NaCl) 0.9%) or 0.2 

ml sodium bicarbonate (containing 200 mM sodium and bicarbonate) administered 

via the intraperitoneal catheter every 30 minutes. Preliminary studies showed this 

fluid strategy to adequately compensate for insensible and observed fluid loss, and 

to keep the animals haemodynamically stable.

Haemodynamic and ventilatory monitoring 

Systolic blood pressure and heart rate were non-invasively monitored using a murine 

tail-cuff system (ADInstruments, Spenbach, Germany). Blood pressure and pulse 

were measured directly after the start of MV, after 2.5 hours and 5 hours of MV. The 

data were recorded on a data acquisition system (PowerLab/4SP, ADInstruments, 

Spenbach, Germany). An average systolic blood pressure and heart rate were taken 

from three consecutive measurements.

VT was checked hourly with a specially designed Fleisch-tube connected to the 

body-plethysmograph. The flow signal was integrated from a differential pressure 

transducer and data were recorded and digitised online using a 16-channel data 

acquisition program (ATCODAS, Dataq Instruments Inc, Akron, OH) and stored on 

a computer for post acquisition off-line analysis. A minimum of five consecutive 

breaths were selected for analysis of the digitised VT signals.

Study groups 

Non-ventilated control mice were selected for blood gas analysis at baseline (for 

both strains n =6): animals were handled one week before the experiment to 

decrease stress activation. After induction of anaesthesia with isoflurane arterial 

blood was taken from the left ventricle by heart puncture within 30 seconds. 

LVT mice receiving either normal saline (n = 12) or sodium bicarbonate (n = 12) 

and HVT mice receiving either saline (n = 12) or sodium bicarbonate (n = 12) were 

mechanically ventilated for five hours and then euthanased. Non-ventilated control 

mice (n = 12) received half the dose of induction anaesthesia, were spontaneously 

breathing and then euthanased after five hours.

Measurements 

The first series of mice (n = 6) were euthanased and blood was drawn from the vena 

cava inferior into a sterile syringe, transferred to EDTA-coated tubes and immediately 

placed on ice. Blood samples of two mice were pooled together. Bronchoalveolar 

lavage fluid (BALF) was obtained from the right lung; the left lung was used to 

measure the wet-to-dry ratio. In a second series of mice (n = 6), blood was sampled 
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from the carotid artery for blood gas analysis. The lungs of these mice were used 

for homogenate (right lung) and histopathology (left lung).

For wet-to-dry ratios the lung was weighed and subsequently dried for three days 

in an oven at 65°C. The right lung was removed and snap frozen in liquid nitrogen. 

These frozen specimens were suspended in four volumes of sterile isotonic saline 

and subsequently lysed in one volume of lysis buffer (150 mM NaCl, 15 mM Tris 

(tris(hydroxymethyl)aminomethane), 1 mM MgCl.H2O, 1mM CaCl2, 1% Triton 

X-100, 100 µg/mL pepstatin A, leupeptin and aprotinin, pH 7.4) and incubated at 

4°C for 30 minutes. Homogenates were spun at 3400 rpm at 4°C for 15 minutes 

after which the supernatants were stored at –20°C until assayed.

BALF was obtained by instilling three times 0.5 ml aliquots of saline by a 22-gauge 

Abbocath–T catheter (Abbott, Sligo, Ireland) into the trachea. About 1.0 ml of BALF 

was retrieved per mouse and cell counts were determined using a haemacytometer 

(Beckman Coulter, Fullerton, CA). Subsequently, differential counts were performed 

on citospin preparations stained with a modified Giemsa stain, Diff-Quick (Dade 

Behring AG, Düdingen, Switzerland). Supernatant was stored at –80°C for 

meausrement of total protein level, thrombin-antithrombin complexes (TATc) and 

plasminogen activator inhibitor (PAI)-1.

Lung histopathology 

For histopathology lungs were fixed in 4% formalin and embedded in paraffin. 

Sections 4µm in diameter were stained with H&E and analysed by a pathologist 

who was blinded for group identity. To score lung injury we used a modified VILI 

histopathology scoring system as previously described.2 VILI was scored according 

to the following four items: alveolar congestion; haemorrhage; infiltration or 

aggregation of neutrophils in airspace or vessel wall; and thickness of the alveolar 

wall/hyaline membrane formation. A score of 0 represented normal lungs; 1 

represented mild, less than 25% lung involvement; 2 represented moderate, 25 to 

50% lung involvement; 3 represented severe, 50 to 75% lung involvement; and 4 

represented very severe, more than 75% lung involvement. An overall score of VILI 

was obtained based on the summation of all the scores from normal or ventilated 

lungs (n = 12 per group). 

Assays 

Total protein levels in BALF were determined using a Bradford Protein Assay Kit (OZ 

Biosciences, Marseille, France) according to the manufacturers’ instructions with 

BSA as standard. Cytokine levels in blood lung homogenates were measured by 

ELISA according to the manufacturer’s instructions. Tumour necrosis factor (TNF) 

α, interleukin (IL) 6, macrophage inflammatory protein (MIP) 2 and keratinocyte-

54



derived chemokine (KC) assays were all obtained from R&D Systems (Abingdon, 

UK). TATc levels in BALF were measured with a mouse specific ELISA as previously 

described.19 Levels of PAI-1 were measured by means of a commercially available 

ELISA (Kordia, Leiden, the Netherlands).

Statistical analysis 

All data in the results are expressed as mean ± standard deviation or median ± 

interquartile range (IQR), where appropriate. To detect differences between groups 

the Dunnett method or Mann Whitney U test, in conjunction with two-way analysis 

of variance was performed. Haemodynamics were measured in 12 animals, all other 

measurements were performed in six animals. A p value of less than 0.05 was 

considered significantly. All statistical analyses were carried out using SPSS 12.0.2 

(SPSS, Chicago, IL).

Results 

Haemodynamic and ventilatory monitoring 

All animals survived five hours of MV after which they were euthanased; control 

animals survived anaesthesia and were also euthanased after five hours. The systolic 

blood pressure and heart rate remained stable in all animals for the entire duration 

of the experiment, with no differences noted between mice strains, MV strategies 

and fluid strategies. Although blood gas analysis from LVT mice and HVT mice using 

Table 1. Arterial blood gas analysis in C57Bl/6 mice.

Control Low VT High VT

NaCl NaHCO3 NaCl NaHCO3

pH 7.42 (0.04) 7.17 (0.07)‡ 7.41 (0.07) 7.23 (0.06)‡ 7.49 (0.02)

PaCO2 (mmHg) 34.4 50.1 45.0 33.7 31.0

[32.2 to 38.3] [36.7 to 59.6] [38.6 to 50.0] [32.1 to 34.0] [27.6 to 34.4]

PaO2 (mmHg) _ 133 (15) 148 (28) 186 (45) 223 (20)

HCO3- (mmol/l) 21.4 16.6 28.0 14.6 24.9

[21.1 to 24.1] [15.2 to 18.9] [26.1 to 30.0] [13.3 to 15.6] [21.3 to 25.5]

BE -1.3 -11.7 4.1 -12.8 2.3

[-2.3 to -0.5] [-12.5 to -10.2] [1.3 to 6.0] [-13.4 to -10.1] [-0.4 to 2.9]

Data are mean (SD) or median [IQR]; Control = spontaneously breathing mice; Low VT = mice ventilated 
for five hours with a VT of 7.5 ml/kg; High VT = mice ventilated for five hours with a VT of 15 ml/kg. n = 
6 per group. *p< 0.05; ‡p< 0.001 vs. control mice. PaCO2 = partical pressure of arterial carbon dioxide; 
PaO2 = partical pressure of arterial oxygen; BE = base excess.
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normal saline revealed metabolic acidosis after five hours of MV (in C57Bl/6 mice 

pH with LVT = 7.17 ± 0.07 and pH with HVT = 7.23 ± 0.06, and in BALB/c mice pH 

with LVT = 7.22 ± 0.04 and pH with HVT =7.11 ± 0.07, Tables 1 and 2) with the use 

of sodium bicarbonate metabolic acidosis was prevented (in C57Bl/6 mice pH with 

LVT = 7.41 ± 0.07 and pH with HVT = 7.49 ± 0.02, and in BALB/c mice pH with LVT 

= 7.42 ± 0.05 and pH with HVT = 7.37 ± 0.08). Arterial oxygenation in C57Bl/6 mice 

was significantly higher in HVT-mice as compared with LVT-mice (205 ± 33 vs. 141 

± 22 mmHg, p< 0.001). No differences regarding oxygenation were found between 

MV-groups in BALB/c mice (partial pressure of arterial oxygen (PaO2) for HVT = 167 

± 50 and PaO2 for LVT =181 ± 42 mmHg).

Lung histopathology scores 

The histopathological changes were minor (Figure 1 and Table 3). For both mice 

strains the lung histopathology score was higher in HVT mice as compared with 

controls. However, no differences were noted between mice strains, MV strategies 

and fluid strategies.

Wet-to-dry ratios, BALF-protein content and neutrophil influx 

In C57Bl/6 mice lung wet-to-dry ratios were significantly higher with both MV 

strategies compared with controls (LVT mice = 4.8 ± 0.3 and HVT mice = 5.3 ± 0.5, 

as compared with control mice = 4.2 ± 0.2; p< 0.01). Wet-to-dry ratios in HVT mice 

were also significantly higher as compared with LVT mice (p = .009). For BALB/c mice 

higher lung wet to dry ratios were found in HVT mice (5.6 ± 0.6 as compared with 4.6 

Table 2. Arterial blood gas analysis in BALB/c mice.

Control Low VT High VT

NaCl NaHCO3 NaCl NaHCO3

pH 7.34 (0.05) 7.22 (0.04)* 7.42 (0.05) 7.11 (0.07)‡ 7.37 (0.08)

PaCO2 (mmHg) 39.3 35.7 41.2 40.8 44.3

[31.6 to 51.3] [31.1 to 39.5] [35.3 to 43.6] [37.0 to 55.6] [36.1 to 51.7]

PaO2 (mmHg) _ 193 (36) 168 (48) 173 (51) 161 (50)

HCO3- (mmol/l) 21.1 14.4 25.2 13.5 24.5

[17.9 to 24.1] [12.9 to 15.2] [23.6 to 25.9] [12.1 to 14.7] [22.7 to 25.4]

BE -3.9 -12.3 0.15 -15.9 -0.7

[-6.2 to -2.5] [-13.6 to -11.8] [-1.1 to 2.2] [-16.7 to -14.8] [-2.4 to -0.1]

Data are mean (SD) or median [IQR]; Control = spontaneously breathing mice; Low VT = mice ventilated 
for five hours with a VT of 7.5 ml/kg; High VT = mice ventilated for five hours with a VT of 15 ml/kg. n 
= 6 per group. ‡p< 0.001 vs. control mice. PaCO2 = partical pressure of arterial carbon dioxide; PaO2 = 
partical pressure of arterial oxygen; BE = base excess.
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± 0.4 in LVT mice (p< 0.001) and 4.5 ± 0.2 in control mice (p< 0.001), respectively). 

No significant differences were found between LVT mice and control mice. 

Total BALF protein levels in C57Bl/6 were significantly higher in HVT mice as 

compared with LVT mice (p = .012) and control mice (p = .008; Figure 2). No 

significant difference was found between LVT mice and control mice. In BALB/c 

mice, total BALF protein levels were significantly higher in HVT mice as compared 

with LVT mice and control mice (p< .001). No significant difference was found 

between LVT mice and control mice. 

The numbers of neutrophils in BALF were significantly higher in HVT mice as 

compared with control mice in both mice strains (Figure 1 and Table 3). Neutrophil 

counts in BALF from HVT mice did not differ from LVT mice.

Figure 1: Histological specimens from the lungs of spontaneously breathing mice and mice ventilated 
with low/high tidal volumes. (a to c) Images of histological specimens from the lungs of spontaneously 
breathing C57Bl/6 mice (control) or ventilated with low tidal volumes (LVT) and high VT (HVT) for five 
hours. H&E stain; magnification 200x. (a) Control mice; (b) LVT mice; (c) HVT mice. (d to e) Images of 
citospin preparations of BALF of C57Bl/6 mice stained with Diff-Quick. (d) control mice; (e) LVT mice ; (f) 
HVT mice. For color figure see page 353

Table 3. Cell counts in lung lavage fluid and histopathological examination of lung tissue of C57Bl/6 
mice.

Control LVT HVT

Total cells (x 104/ml BALF) 44 [30 to 45] 23 [14 to 221] 14 [10 to 20]

Neutrophils (x 104/ml BALF) 0.13 [0.0 to 0.73] 1.9 [1.2 to 2.8] 4.5 [3.9 to 12.7]*

VILI–score 0.0 [0.0 to 0.5] 1.0 [0.0 to 3.0] 2.0 [1.0 to 4.5]*

Data are presented as median [IQR]. Control = spontaneously breathing mice, LVT = low tidal volumes, 
HVT = high tidal volumes, BALF = broncho-alveolar lavage fluid, VILI =  ventilator-induced lung injury. n = 
6 per group. *p< 0.05 vs. control. 
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Pulmonary and plasma cytokine levels 

In the HVT group of both mice strains, higher pulmonary levels of TNF-α were 

found as compared with the LVT group (p< 0.05) and control group (p≤ 0.001; 

Figure 3). In BALBc mice only, pulmonary levels of TNF-α in LVT mice were higher as 

compared with control mice (p = 0.018). Pulmonary levels of IL-6 in the HVT group 

of both mice strain were higher as compared with the LVT group and control group. 

Only for BALBc mice a significant difference between LVT mice and control mice 

were found. For pulmonary levels of MIP-2 in C57Bl/6 mice higher levels were found 

in HVT mice and LVT mice as compared with control (p = 0.001). No difference was 

found between LVT mice and HVT mice in this mice strain. In BALBc mice, higher 

pulmonary levels of MIP-2 in the HVT group were found as compared with the LVT 
group and control group, with also a significant difference between HVT mice and 

LVT mice. In both mice strain higher pulmonary levels of KC were found in the HVT 

group as compared with the LVT group and control group (p = 0.001). Only in BALBc 

mice, there was also a significant difference between LVT mice and control mice. 

Plasma levels of IL-6 and KC were elevated in the both ventilation groups, with 

higher levels in the HVT group (Figure 4). Plasma levels of TNF-α and MIP-2 were 

below the detection limit of the assay (data not shown).

Pulmonary coagulopathy 

TATc levels in BALF were significantly higher in HVT mice in both mice strain as 

compared with LVT mice and control (p< 0.001; Figure 5). No significant difference 

Figure 2: Total protein level in control mice and mice ventilated with low/high tidal volumes. Total 
protein level in control mice (C), 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 (HVT vs. LVT); ‡p< 
0.001 (HVT vs. LVT).  
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Figure 3: Pulmonary levels of tumour necrosis factor (TNF)-α, interleukin (IL)-6, keratincyte-derived 
cytokine (KC) and macrophage inflammatory protein (MIP)-2 in lung tissue homogenate. Pulmonary levels 
of TNF-α, IL-6, KC and MIP-2 and in lung tissue homogenate in control mice (C), 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).
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was found between LVT mice and control mice in both mice strain. Levels of PAI-1 

were not significantly different in C57Bl/6 mice. BALB/c mice did show increased 

PAI-1 levels in the HVT group as compared with the LVT group and control group (p< 

0.001). No differences were found between LVT mice and control mice.

Lung injury with different fluid support strategies 

The different fluid support strategies showed no difference in endpoint of VILI, 

except for pulmonary MIP-2 and IL-6 levels in C57Bl/6 mice. MIP-2 levels were 

significantly higher in HVT mice and LVT mice that received sodium bicarbonate 

as compared with mice that received normal saline (p< 0.01; Figure 3). Pulmonary 

IL-6 levels were significantly higher in HVT mice receiving sodium bicarbonate as 

compared with mice receiving normal saline (p = 0.026).

Figure 4: Plasma levels of interleukin (IL)-6 and keratinocyte-derived chemokine (KC). Plasma levels of 
IL-6 and KC in control mice (C), and in mice ventilated with low tidal volumes (LVT) and high VT (HVT) for 
five hours. Data of the two fluid strategies are pooled. Data represent median and interquartile range of 
six mice. Levels of IL-6 and KC in control mice were below the detection limit of the assay. *p< 0.05 vs. 
control; †p< 0.01 vs. LVT; ‡p< 0.001 vs. LVT.
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Discussion 

We here show MV to cause VILI in healthy lungs (i.e. in the absence of a ‘priming’ 

lung insult). VILI did not only develop in animals ventilated with HVT but also in 

animals ventilated with LVT, although to a lesser extent. We chose an MV strategy 

that closely reflects the human setting by using clinically relevant (i.e. physiological) 

VT, preventing shock and gross lung histopathological changes. Although we 

hypothesised that preventing metabolic acidosis would affect the several endpoints 

of VILI, we showed that correction of the acid-base balance did not affect VILI.

We developed and tested a model of VILI in two commonly used mice strains 

using clinically relevant VT and preventing hypovolaemia with fluid support. 

By using a clinically relevant VT and fluid support we prevented shock. By using 

Figure 5: Thrombin-antithrombin complexes (TATc) levels and plasminogen activator inhibitor (PAI)-1 
levels in bronchoalveolar lavage fluid. TATc levels and PAI-1 levels in bronchoalveolar lavage fluid in 
control mice (C), 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< 0.001 (HVT vs. LVT).
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sodium bicarbonate instead of normal saline, metabolic acidosis was prevented. We 

developed a model that enhances translation of results into clinical practice and/or 

future studies. To our best knowledge, this is one of the first studies that compares 

more physiological VT then previously used in healthy lungs of mice.

Our model has several limitations. First, VT in HVT mice are still quite large (about 

15 ml/kg). Although lung-protective ventilation with the use of LVT is underused in 

patients with acute lung injury (ALI)/adult respiratory distress syndrome (ARDS) 20 

and patients at risk for ALI/ARDS,21 in the clinical arena VT have declined gradually 

over the past 10 years.22,23 However, VT of as large as 15 ml/kg are still reported 

to be used.24,25 Therefore our comparison may still reveal relevant information 

on lung injury caused by MSecond, LVT ventilation can promote development of 

atelectasis. This may, in part, explain the lower oxygenation levels with use of 

LVT in our experiments. It was recently demonstrated that periodic recruitment 

with relatively frequent deep inflations during ventilation with LVT can improve 

oxygenation, ventilation and lung mechanical function with no evidence of lung 

injury by two hours in mechanically ventilated mice.26 Therefore, lung injury seen in 

our LVT mice could be caused by atelectotrauma. 

Third, our non-ventilated control animals were not sham operated, did not receive 

fluid resuscitation and were breathing room air as opposed to our ventilated 

animals. It can be suggested 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.27 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 ventilation, 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.28 On the 

other hand, Altemeier and colleagues demonstrated that MV with tidal volumes 

of 10 ml/kg for six hours did not cause significant cytokine expression.29 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 
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that did not show any effect of larger VT in patients with non-injured lungs,24,30 

several articles did display harmful effects of large VT. In one study on postoperative 

MV after cardiopulmonary bypass surgery, MV with tidal volumes of 6 ml/kg 

predicted bodyweight (PBW) resulted in significantly lower BALF TNF-α levels as 

compared with tidal volumes of 12 ml/kg PBW.31 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.32 In our study, patients ventilated with HVT 

(12 ml/kg PBW) for five hours showed upregulation of pulmonary inflammatory 

mediators as opposed to patients ventilated with LVT (6 ml/kg).33 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.2,34 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 ventilated for four hours with VT of 8 ml/kg, electron microscopy 

revealed intact epithelial cell and basement membranes with sporadically minimal 

signs of partial endothelial detachment.35

Although it is well known that acid-base parameters are reliable indicators of the 

general condition of the animal, these parameters are not or only partly assessed 

in previous murine models of MV.2,11,36,37 Acid-base balance in spontaneously 

breathing mice are mainly under isoflurane anaesthesia 38 and reported values 

on pH are rather acidotic.39 It has been suggested that mice have a considerably 

lower alveolar and arterial PCO2 than other mammals (PaCO2 ranging from 33 to 

41 mmHg). However, instrumentation of animals cannot be completely excluded as 

causative.40 Here we show normal values for pH and PaCO2 in C57BL/6 mice and 

BALB/c mice after brief anaesthesia. Our animals developed metabolic acidosis when 

normal saline was used. Metabolic acidosis in mice can be induced by isoflurane 

anaesthesia and/or saline administration.41,42 However we can not totally exclude 

that metabolic acidosis was not caused by some haemodynamic impairment, 

although blood pressure measured during five hours of MV was stable. Probably 

the effects of anaesthetics during five hour of MV are more impressive in terms of 

fluid losses. For this reason we choose a fluid resuscitation regimen of 0.2 ml for 30 

minutes intraperitoneally. In the present study we only found subtle differences in 

endpoints of VILI between the two fluid therapies. Nevertheless, we favour the use 

of sodium bicarbonate instead of normal saline as fluid support therapy to prevent 
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metabolic acidosis, because severe acidosis may influence unmeasured endpoints 

of VILI.

We found higher plasma levels of KC and IL-6 as compared with control mice and 

levels were higher in HVT mice. This finding is in accordance with data from human 

studies. Indeed, in patients with ALI/ARDS a lung protective MV strategy using 

LVT and sufficient PEEP levels resulted in significantly lower systemic inflammatory 

mediators as compared with ALI/ARDS patients ventilated with a more conventional 

MV strategy, using HVT.
43

We chose an one-hit model instead of a two-hit model to avoid the interference 

of an additional source of inflammation. Whether MV per se initiates pulmonary 

inflammation in patients with non-injured lungs is still unclear, although we have 

shown that a lung protective MV strategy (VT of 6 ml/kg PBW and 10 cmH2O PEEP) 

attenuates pulmonary coagulation caused by a more conventional MV strategy (VT 

of 12 ml/kg and no PEEP).44 In addition, MV with lower VT and PEEP attenuated 

the increase of pulmonary levels of IL-8, myeloperoxidase and elastase as seen with 

higher VT and no PEEP.45 The inflammatory changes observed in healthy lungs are 

merely physiological adaptations to the artificial process of MV. Our model offers 

opportunities to study the pathophysiological mechanisms behind VILI and the 

contribution of MV to the ‘multiple-hit’ concept.

Several studies suggest pulmonary coagulopathy is also a feature of VILI. Indeed, 

we have shown that MV using high VT resulted in increased alveolar thrombin 

generation.46 It is likely that the alveolar epithelium can initiate intra-alveolar 

coagulation by expressing active tissue factor.47 Recently, we also showed MV with 

high VT to attenuate fibrinolysis in rats, in part via upregulation of PAI-1.48,49 These 

results are in line with results from the present study. Of note, use of LVT also 

resulted in profound procoagulant changes, underlining the fact that even a lung 

protective MV strategy to induce VILI in healthy mice.

Conclusions 

In this model of VILI in two commonly used mice strains we show physiological 

VT to induce VILI in healthy mice. Lung injury was found with both VT used in our 

experiments (i.e. also with LVT VILI developed). This model offers opportunities to 

study the pathophysiological mechanisms behind VILI and the contribution of MV 

to lung injury in the absence of pre-existing lung injury. 
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Abstract

Background: Transfusion-related acute lung injury (TRALI) occurs more often 

in critically ill patients than in a general hospital population, possibly due to the 

presence of underlying inflammatory conditions that may prime pulmonary 

neutrophils. Mechanical ventilation may be a risk factor for developing TRALI. We 

determined the influence of mechanical ventilation (MV) on the development of 

TRALI, combining a murine MV model causing ventilator-induced lung injury with a 

model of antibody-induced TRALl.

Methods: BALB/c mice (n=84) were ventilated for five hours with low (7.5 ml/kg) 

or high (15 ml/kg) tidal volume, a positive end-expiratory pressure of 2 cmH2O and a 

fraction of inspired oxygen of 50%. After three hours of MV, TRALI was induced by 

infusion of MHC-I antibodies (4.5 mg/kg), controls received vehicle. Non-ventilated 

animals receiving vehicle, isotype or MHC-I antibodies served as additional controls. 

Results: All animals receiving MHC-I antibodies developed TRALI within 2 hours. In 

mice in which TRALI was induced, MV with low tidal volumes aggravated pulmonary 

injury as evidenced by an increase in neutrophil influx, pulmonary and systemic 

levels of cytokines and lung histopathological changes compared to unventilated 

controls. The use of high tidal volume ventilation resulted in a further increase in 

protein leakage and pulmonary edema. 

Conclusions: MV synergistically augmented lung injury during TRALI, which was 

even further enhanced by the use of injurious ventilator settings. Results suggest 

that MV may be a risk factor for the onset of TRALI and may aggravate the course 

of disease. 
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Introduction

Transfusion-related acute lung injury (TRALI) is the leading cause of transfusion-

related morbidity and mortality.1,2 Traditionally, TRALI is viewed as a rare 

complication of blood transfusion. However, this may not hold true for critically 

ill patients. An accumulating number of studies report a high incidence of TRALI 

in the critically ill patient population,3-10 with incidences ranging from 5.1-8% per 

transfused patient compared to 0.02-0.16% per transfused patient in the general 

hospital population.4,5,7-10 These differences may be explained by the proposed 

“two hit” mechanism of TRALI.11 The “first hit” is the underlying condition of 

the patient which results in priming of the pulmonary neutrophils (e.g. sepsis, 

pneumonia). The “second hit” is caused by the transfusion of antibodies directed 

against the recipient’s antigens or biologically active lipids which accumulate during 

storage. As critically ill patients frequently suffer from an underlying condition, this 

patient group may be more susceptible to develop TRALI. 

Although mechanical ventilation (MV) may be an inevitable procedure, MV can 

induce or aggravate lung injury, referred to as ventilator induced lung injury (VILI). 

Low tidal volume ventilation reduces mortality in patients with acute lung injury,12 

indicating that ventilator settings influence pulmonary injury. Notably, also ventilation 

with low tidal volumes  induces neutrophil-mediated lung injury.13-15 Therefore, 

it can be hypothesized that MV may prime pulmonary neutrophils, rendering the 

lungs more susceptible to a TRALI reaction. In an observational study, as much as 

33% of mechanically ventilated critically ill patients developed lung injury within 48 

hours after transfusion.16 Also, transfusion and large tidal volumes appear to have a 

synergistic effect on the development of ALI.17 However, no direct evidence exists 

whether MV may be a priming factor for the onset of TRALI, or may aggravate the 

course of a TRALI reaction.

Although it is usually stated that the prognosis of TRALI is good,18 recent studies 

show that TRALI is associated with increased morbidity and mortality in the critically 

ill.3-5,7 Therefore, it is important to elucidate the pathogenesis of TRALI in this 

patient group. To investigate whether MV affects the development and course of a 

TRALI reaction, we adopted a well-established model of VILI,  in which TRALI was 

induced by infusion of MHC-I antibodies.15,19,20   

Methods

The study was approved by the Animal Care And Use Committee of the Academic 

Medical Center at the University of Amsterdam, Amsterdam, The Netherlands. 
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Animal procedures were carried out in compliance with Institutional Standards for 

Human Care and Use of Laboratory Animals.

MHC-I mAb production 

A hybridoma (34-1-2S) was purchased from the American Type Culture Collection 

that produces mAb against H2Kd (IgG2a, κ), which have previously been shown 

to induce TRALI in an animal model.19 The hybridoma was grown in tissue culture 

medium containing 1% fetal bovine serum and incubated at 37°C and 5% CO2. 

Hybridoma supernatant was collected and, the MHC-I mAb was purified using 

protein A sepharose affinity chromatography and dialyzed overnight against PBS (pH 

7.4) and subsequently filtered through a 0.2 µm filter. The protein concentration of 

the mAb was spectrophotometrically determined. The mAb solution (2.0–2.5 mg/

ml) was frozen at –80°C until use. As isotype matched antibodies we used an IgG2a, 

κ producing hybridoma (CRL-1908), from the American Type Culture Collection.

Mice

Experiments were performed with healthy male BALB/c mice (n = 84) (Charles River, 

Someren, the Netherlands), aged 8 to 10 weeks, with weights ranging from 19 to 

25 g. The mice were randomly assigned to 7 groups (n=12 per group) (figure 1).  

T=0 min.
Start MV

T=180 min.
Infusion

T=300 min.
Harvest

T=0 min.
Infusion

T=120 min.
Harvest

Non-ventilated groups

Ventilated groups

Groups; a) PBS infusion b) isotype infusion c) MHC - I infusion

Groups; d) Low VT and PBS infusion e) High VT and PBS infusion f) Low VT and MHC - I
infusion g) High VT and MHC - I infusion

Figure 1. Flow diagram of the study design. The mice (n=84) were randomly assigned to 7 groups (n=12 
per group). Three groups of animals (infusion of PBS, infusion of isotype antibody, infusion of MHC-I class 
antibody) served as non-ventilated controls and were sacrificed after 2 hours. The other animals were 
mechanically ventilated with two different strategies (Low VT (mice ventilated for 5 hours with a tidal 
of 7.5 ml/kg) or High VT (mice ventilated for 5 hours with a tidal of 15 ml/kg))  and received either PBS 
infusion or MHC-I class infusion after 3 hours of ventilation.
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Three groups of animals (infusion of PBS, infusion of isotype antibody, infusion of 

MHC-I class antibody) served as non-ventilated controls and were sacrificed after 2 

hours. The other animals were mechanically ventilated with two different strategies 

for 5 hours and received either PBS infusion or MHC-I class infusion after 3 hours of 

ventilation (n = 12 for all groups).

Instrumentation and anesthesia 

Anesthesia was achieved with intraperitoneal injection (i.p.) of a mix of ketamine 

(Eurovet Animal Health B.V., Bladel, the Netherlands), medetomidine (Pfizer Animal 

Health B.V., Capelle a/d IJssel, the Netherlands), and atropine (Pharmachemie, 

Haarlem, the Netherlands) (KMA). Induction of anesthesia consisted of injection 

of KMA “induction”–mix: 7.5 µl per gram of body weight of 1.26 ml 100 mg/mL 

ketamine, 0.2 ml 1 mg/ml medetomidine, and 1 mL 0.5 mg/ml atropine in 5 ml 

normal saline (0.9%). The non-ventilated mice were placed supine on a warming 

blanket and the jugular vein was isolated. Using a 30-gauge sterile needle attached to 

PE-10 tubing, venous blood was aspirated from the jugular vein to verify intravascular 

placement of the needle and to remove a sample of blood (~200 µl). Mice were 

given an i.v. volume-matched injection (150–250 µl) of either MHC I mAb (4.5 mg/

kg), an isotype-matched mAb (IgG2a, κ; 4.5 mg/kg), or PBS. The skin was sutured 

with 6-0 silk suture and the mice were recovered. Throughout the experiments, 

rectal temperature was monitored and maintained between 36.0 – 37.5 °C using 

a warming path. Mice were sacrificed after 2 hours with an i.p. injection of KMA. 

Anaesthesia for the ventilated mice was achieved with an i.p. injection of 7.5 µl per 

gram of body weight KMA induction-mix. Maintenance anesthesia was achieved 

by injection of 10 µl per gram body weight of KMA “maintenance”–mix, consisting 

of 0.72 ml 100 mg/ml ketamine, 0.08 ml 1 mg/ml medetomidine, and 0.3 ml 0.5 

mg/ml atropine, in 20 mL normal saline, hourly administered via an intraperitoneal 

catheter (PE 10 tubing, BD, Breda, the Netherlands). 

Mechanical ventilation strategies

A Y–tube connector, 1.0 mm outer diameter and 0.6 mm inner diameter (VBM 

Medizintechnik GmbH, Sulz am Neckar, Germany) was surgically inserted into 

the trachea under general anesthesia. Mice were placed in a supine position and 

connected to a human ventilator (Servo 900 C, Siemens, Sweden). Mice were 

pressure-controlled ventilated with either an inspiratory pressure of 10 cm H2O 

(resulting in lung–protective VT ~ 7.5 mL/kg; low tidal) or an inspiratory pressure of 

18 cm H2O (resulting in injurious VT ~ 15 mL/kg; high tidal). Respiratory rate was set 

at 110 breaths/min and 70 breaths/min with low tidal and high tidal, respectively. 

These respiratory settings resulted in normal PaCO2 values after 5 h of MV. PEEP 
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was set at 2 cm H2O with both MV–strategies. The fraction of inspired oxygen 

was kept at 0.5. The inspiration to expiration ratio was kept at 1:1 throughout 

the experiment. A sigh (sustained inflation with 30 cm H2O) for 5 breaths was 

performed every 30 minutes. Mice received an intraperitoneal bolus of 1 ml normal 

saline 1 hour before start of anesthesia and initiation of MV, followed by 0.2 ml 

sodium carbonate (200 mmol/L NaHCO3) administered via the intraperitoneal 

catheter every 30 minutes until the end of MV. After 3 hours of MV, the jugular 

vein was isolated. Using a 30-gauge sterile needle attached to PE-10 tubing, venous 

blood was aspirated from the jugular vein to verify intravascular placement of the 

needle and to remove a sample of blood (~200 µl). Mice were given an i.v. volume-

matched injection (150–250 µl) of either MHC I mAb (4.5 mg/kg) or PBS.

Hemodynamic monitoring

Systolic blood pressure and heart rate were non–invasively monitored using a 

murine tail–cuff system (AD Instruments, Spenbach, Germany). Blood pressure and 

pulse were measured directly after start of MV, after 2.5 and 5 hours of MV. The 

data were recorded on a data acquisition system (PowerLab/4SP, ADInstruments). 

Systolic blood pressure and heart rate were averaged from three consecutive 

measurements. 

Study groups and sampling

Non–ventilated control mice were spontaneously breathing and were sacrificed 

after 2 hours. LVT–mice and HVT–mice (PBS infusion and MHC-I class infusion) were 

mechanically ventilated for 5 hours and then sacrificed. Blood was drawn from 

the inferior vena cava into a sterile syringe, transferred to EDTA–coated tubes and 

immediately placed on ice. Subsequently, in 6 animals, bronchoalveolar lavage fluid 

(BALF) was obtained from the right lung, by instilling three times 0.5 mL aliquots of 

saline by a 22-gauge Abbocath–T catheter (Abbott, Sligo, Ireland) into the trachea. 

Approximately, 1.0 mL of lavage fluid was retrieved per mouse and cell counts were 

determined using a hemacytometer (Beckman Coulter, Fullerton, CA). Differential 

counts were done (up to 100 cells per slide) on cytospin preparations stained with 

a modified Giemsa stain, Diff–Quick (Dade Behring AG, Düdingen, Switzerland). 

Supernatant was stored at -80° C for total protein level and cytokine measurement. 

The left lung was weighed and dried for three days in an oven at 65°C. The ratio 

of wet weight to dry weight represents tissue edema. Another 6 mice were used 

for blood gas analysis from blood sampled from the carotid artery. The lungs of 

these mice were fixed in 4% formalin and embedded in paraffin for histopathology. 

4 µm sections were stained with hematoxylin–eosin (H&E) and analyzed by a 

pathologist who was blinded for group identity. To score lung injury, we used a 
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modified VILI  histology scoring system as previously described.21 In short, four 

pathologic parameters were scored on a scale of 0 – 4: (a) alveolar congestion, 

(b) hemorrhage, (c) leukocyte infiltration, and (d) thickness of alveolar wall/hyaline 

membranes. A score of 0 represents normal lungs; 1, mild, < 25% lung involvement; 

2, moderate, 25 – 50% lung involvement; 3, severe, 50 – 75% lung involvement and 

4, very severe, > 75% lung involvement. The total histology score was expressed as 

the sum of the score for all parameters. 

Assays

For blood gas analysis, blood was immediately analyzed in a Rapidlab 865 blood 

gas analyzer (Bayer, Mijdrecht, the Netherlands). The other blood samples were 

centrifuged at 3000 rpm at 4°C for 10 minutes and the supernatants were aliquoted 

and frozen at -20 °C until assayed. Total protein levels in BALF were determined 

using a Bradford Protein Assay Kit (OZ Biosciences, Marseille, France) according to 

manufacturers’ instructions with bovine serum albumin as standard. Cytokine and 

chemokine levels in the BALF were measured by enzyme–linked immunosorbent 

assay (ELISA) according to the manufacturer’s instructions. Tumor necrosis factor 

(TNF)–α, interleukin (IL)–6, macrophage inflammatory protein (MIP)–2 and 

keratinocyte–derived chemokine (KC) assays were obtained from R&D Systems 

(Abingdon, UK). 

Statistical analysis

All data in the results are expressed as mean ± sem or median ± interquartile range, 

where appropriate. To detect differences between groups, paired T-test, Dunnett’s 

method or Mann Witney-U test was used when appropriate. A p value of < 0.05 

was considered statistically significant. All statistical analyses were carried out using 

SPSS 12.0.2 (SPSS, Chicago, IL).

Results

Hemodynamic and ventilatory monitoring

In non-ventilated control animals, respiratory rate did not change after infusion of 

vehicle or isotype control antibody (figure 2). All control animals survived the 2 

hours. In contrast, mice infused with MHC-I antibodies showed respiratory distress 

and tachypnea shortly after infusion. Survival after two hours in non-ventilated 

animals with TRALI was reduced to 60%.
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All ventilated animals survived the 5 hours of MV. Blood gas analysis showed that 

animals achieved adequate gas exchange. Systolic arterial pressure and heart rate 

remained stable in all animals throughout the experiment.

Infusion of MHC-I antibodies results in TRALI in non-ventilated animals

MHC-I antibodies induced TRALI in non-ventilated animals, as indicated by an 

increase in respiratory rate (figure 2, p<0.01), accompanied by an increase in 

pulmonary wet-to-dry ratio (figure 3, p< 0.01), pulmonary neutrophil influx (table 

2, p<0.05) and protein leakage of the lungs (figure 4, p<0.01) compared to vehicle 

Figure 2. Respiratory rate of non-ventilated mice 
receiving PBS infusion, isotype control antibody 
or MHC-I antibody. Infusion of MHC-I antibodies 
resulted in respiratory distress as measured by an 
increase in respiratory rate, compared to the PBS 
and isotype controls. In the MHC-I antibody group, 
40% of the mice showed respiratory failure which 
resulted in death after 2 hours (data not shown). 
*P<0.01.
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Figure 3. Wet to dry ratio of the lungs. Non- 
ventilated animals receiving PBS, isotype control 
antibody or MHC-I antibody. Low VT (mice 
ventilated for 5 hours with a tidal of 7.5 ml/kg) 
and High VT (mice ventilated for 5 hours with a 
tidal of 15 ml/kg) received PBS or MHC-I antibody 
infusion. * p<0.01

Figure 4. Total protein leakage in bronchoalveolar 
lavage fluid (BALF). Non-ventilated animals 
receiving PBS, isotype control antibody or MHC-I 
antibody. Low VT  (mice ventilated for 5 hours with 
a tidal of 7.5 ml/kg) and High VT (mice ventilated 
for 5 hours with a tidal of 15 ml/kg) received PBS 
or MHC-I antibody infusion. *p<0.05, **p<0.01
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Table 1. Arterial blood gas analysis and hemodynamic measurements

PBS infusion MHC-I infusion

Arterial blood gas Low Vt High Vt Low Vt High Vt

  pH 7.53 (0.1) 7.53 (0.1) 7.48 (0.2) 7.54 (0.1)

  PaCO2 (mmHg) 29.1 [20.2 to 36.6] 24.4 [20.4 to 30.4] 24.0 [23.3 to 39.0] 25.5 [19.5 to 29.3]

  PaO2 (mmHg) 158 [128 to 216] 136 [95 to 169] 133 [66 to 224] 149 [77 to 212]

  HCO3-(mmol/l) 22.8 (3.4) 23.3 (1.4) 20.9 (1.1) 20.8 (2.7)

  BE 1.8 [0.6 to 4.1] 0.4 [-0.5 to 1.2] 2.1 [-0.8 to 5.3] 2.2 [-3.9 to 5.4]

Systolic BP

  Start MV 120 (20.6) 143 (18.5) 132 (21.5) 136 (19.3) 

  Pre-infusion 108 (20.3) 106 (27.5)  97 (21.0) 84 (24.0)

  Post-infusion  88 (17.8)  88 (16.8) 93 (31.8) 92 (13.9)

Heart rate

  Start MV 350 (27.7) 379 (30.1) 354 (43.6) 391 (26.9)

  Pre-infusion 363 (53.9) 387 (54.9) 385 (44.2) 364 (46.8)

  Post-infusion 350 (38.5) 339 (47.8) 378 (81.1) 370 (57.8)

Data are mean (SD) or median [IQR]; Low VT = mice ventilated for five hours with a tidal of 7.5 ml/
kg; High VT = mice ventilated for five hours with a tidal of 15 ml/kg. n = 6 per group. PaCO2 = partical 
pressure of arterial carbon dioxide; PaO2 = partical pressure of arterial oxygen; BE = base excess; BP = 
blood pressure; MV = mechanical ventilation.

and isotype controls. Histopathological changes showed an increase in pulmonary 

neutrophil sequestration compared to controls (table 2, figure 5). 

Pulmonary levels of IL-6 and KC were increased in non-ventilated mice challenged 

with MHC-I infusion compared to controls (figure 6, p<0.01). The antibodies also 

induced a systemic inflammatory reaction, increasing plasma levels of IL-6, KC and 

MIP-2 compared to controls (p<0.01), whereas TNF did not change (figure 7).

Mechanical ventilation induces lung injury in previously healthy lungs 

MV with high tidal volumes, but not with low tidal volumes, resulted in an increased 

wet-to-dry ratio, accompanied by an increased neutrophil influx and protein leakage 

in the BALF compared to non-ventilated controls (P<0.01) (figure 3 and 4 and table 

2) as well as a higher histopathology score (table 2 and figure 5, p<0.05).  

MV with high tidal volumes, but not with low tidal volumes, resulted in increased 

pulmonary levels of IL-6 and KC compared to non-ventilated controls (figure 6, 

p<0.01). MV with high tidal volumes also induced a systemic inflammatory reaction, 

increasing plasma level of IL-6, KC, MIP-2 and TNF compared to non-ventilated 

controls (figure 7, p<0.01). MV with low tidal volumes resulted only in increased 

plasma levels of IL-6 compared to non-ventilated controls.  
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Figure 5. Transfusion of MHC-I antibodies aggravates ventilator induced lung injury. Histologic sections 
of hematoxylin and eosin stained mice lungs at 100x magnification. Non-ventilated animals receiving 
PBS, or MHC-I antibody. Low VT (mice ventilated for 5 hours with a tidal of 7.5 ml/kg) and High VT 
(mice ventilated for 5 hours with a tidal of 15 ml/kg) received PBS or MHC-I antibody infusion (a): PBS 
non-ventilated (b): MHC-I non-ventilated (c): PBS and Low VT (d): PBS and High VT (e): MHC-I and Low 
VT (f): MHC-I and High VT. Normal vasculature (a). Neutrophils sequestrated in the vasculature (arrow) 
(b-f). Increased pulmonary edema and neutrophil extravasation (d-f). For color figure see page 354

a b

c d

e f

78



Mechanical ventilation with protective tidal volumes aggravates lung injury 
induced by MHC-I antibodies 

We investigated the effect of combining MV with protective ventilation settings 

with the TRALI model. MV with low tidal volumes in animals challenged with 

MHC-I antibodies resulted in an increased pulmonary neutrophil influx compared 

to non-ventilated animals challenged with MHC-I antibodies, together with a higher 

lung injury score (table 2, p<0.05 and figure 5), but did not aggravate pulmonary 

protein leakage (figure 4) nor pulmonary wet-to-dry ratio (figure 3). MV with low 

tidal volume increased pulmonary levels of KC in mice challenged with MHC-I 

Table 2. Cell counts in bronchoalveolar lavage fluid and histopathological examination of lung tissue

Total cells 
( x 104/ml BALF)

Neutrophil 
( x 104/ml BALF)

Lung Injury Score

Non-Ventilated

  Control PBS 81 [48-132] 0 [0-0.3] 0 [0-0.5]

  Control isotype 30 [15-77] 0 [0-0.4] 0 [0-0.5]

  Control MHC-I 158 [64-313]* 8.9 [4.7-16.6]** 1.0 [1-2.5]*

Ventilated

  PBS LowVt 136 [37-174] 1.3 [0.2-17.3] 1.0 [0-1.5]

  PBS HighVt 120 [43-227] 11.3 [8.3-45.1]** 1.0 [1-3.0]*

  MHC-I LowVt 274 [72-457]* 10.1 [6.0-105.1]** 2.5 [1-5.5]

  MHC-I HighVt 296 [137-363]* 27.4 [16.1-40.4]** 3.0 [3-4.5]*

Data are median [IQR]. *P<0.05 Control PBS vs. Control MHC-I, MHC-I LowVt and MHC-I HighVt. 
**P<0.01 Control PBS and Control isotype vs. Control MHC-I, PBS HighVt, MHC-I LowVt and MHC-I 
HighVt. Low VT = mice ventilated for five hours with a tidal of 7.5 ml/kg; High VT = mice ventilated for 
five hours with a tidal of 15 ml/kg. n = 6 per group.
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Figure 6. Interleukin (IL)-6 and keratinocyte-derived chemokin (KC) concentrations in the bronchoalveolar 
lavage fluid (BALF). Non-ventilated animals receiving PBS, isotype control antibody or MHC-I antibody. 
Low VT (mice ventilated for 5 hours with a tidal of 7.5 ml/kg) and High VT (mice ventilated for 5 hours 
with a tidal of 15 ml/kg) received PBS or MHC-I antibody infusion. *P<0.05 and **P<0.01. 
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antibody infusion compared to non-ventilated animals challenged with the MHC-I 

antibody (figure 6, p<0.01), with a non-significant increase in pulmonary levels of 

IL-6. MV with low tidal volume also aggravated the systemic inflammatory reaction 

after MHC-I antibody infusion, resulting in increased plasma levels of KC, IL-6 and 

MIP-2 compared to non-ventilated animals challenged with MHC-I antibody infusion 

(figure 7, p<0.05). 

Mechanical ventilation with injurious tidal volume ventilation further 
aggravates lung injury induced by MHC-I antibodies 

Next, to determine whether injury induced by mechanical ventilation contributes 

to the course of a TRALI reaction, the effect of injurious ventilation settings was 

studied in the TRALI model. MV with high tidal volumes induced an increase in 

wet-to-dry ratio in animals challenged with MHC-I antibodies compared to MV with 

Figure 7. Interleukin (IL)-6, keratinocyte-derived chemokin (KC), tumor necrosis factor (TNF) and MIP-2 
concentrations in the plasma. Non-ventilated animals receiving PBS, isotype control antibody or MHC-I 
antibody. Low VT (mice ventilated for 5 hours with a tidal of 7.5 ml/kg) and High VT (mice ventilated 
for 5 hours with a tidal of 15 ml/kg) received PBS or MHC-I antibody infusion. *P<0.05 and **P<0.01.
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low tidal volumes and non-ventilated controls challenged with MHC-I antibodies 

(figure 3, p<0.01). Also, MV with high tidal volumes in animals challenged with 

MHC-I antibodies increased neutrophil influx (table 2, p<0.05), protein leakage in 

the BALF (figure 4, p<0.01) and histopathology score (table 2, p<0.01) compared 

to non-ventilated animals challenged with MHC-I antibodies. Although not reaching 

statistical significance, protein leakage and neutrophil influx in the BALF was higher 

in the animals receiving MV with high tidal volumes and MHC-I antibodies compared 

to MV with low tidal volumes and MHC-I antibodies. 

MV with high tidal volumes increased pulmonary levels of IL-6 (figure 6, p<0.05) and 

KC (figure 6, p<0.001) compared to non-ventilated controls challenged with MHC-I 

antibodies. MV with high tidal volume also aggravated the systemic inflammatory 

reaction after MHC-I antibody infusion, increasing plasma levels of IL-6, KC and 

TNF compared to non-ventilated animals after MHC-I antibody infusion (figure 7, 

p<0.01). Although not reaching statistical significance, pulmonary levels of IL-6 and 

KC and systemic levels of IL-6, MIP-2 and TNF were higher in the animals receiving 

MV with high tidal volumes and MHC-I antibodies compared to MV with low tidal 

volumes and MHC-I antibodies. 

Discussion

We describe a model of antibody-mediated TRALI in a clinically relevant model of 

mechanical ventilation. MV synergistically augmented lung injury during TRALI, 

which was even further enhanced by the use of high tidal volumes. These findings 

support the concept that MV aggravates the pulmonary and systemic course of 

a TRALI reaction. We postulate that MV may serve as a priming factor, thereby 

rendering critically ill patients susceptible for a TRALI reaction after receiving a 

blood transfusion.

In this study, MV synergistically worsened histopathology, pulmonary edema, 

neutrophil influx and pulmonary and systemic inflammation in MHC-I antibody 

challenged animals, even with the use of ‘protective’ ventilator settings that 

did not induce lung injury. In line with this, mechanical stress induced by MV is 

characterized by a pro-inflammatory response. Such a response may be present 

even in protective ventilator settings, i.e. with settings that do not cause overt lung 

injury.15,22 Neutrophils recruited to the pulmonary compartment by the ventilator 

have been found to show evidence of priming,23 resembling a “first hit” in TRALI 

models. Thereby, during MV, pulmonary neutrophils may be more susceptible to 

the detrimental effects of the antibodies, resulting in activation after transfusion 
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and the clinical symptoms of TRALI. In line with these findings, we found that MV 

with low tidal volumes augmented injury inflicted by TRALI antibodies compared 

to unventilated animals. In particular, neutrophil-influx was enhanced, as well 

as mediators which are released by neutrophils such as pulmonary and systemic 

inflammation. Mechanical ventilation may predispose patients to TRALI, which may 

account, at least in part, for the high incidence of TRALI among the critically ill.4,5,7 

MV with injurious settings causing VILI and antibody-induced TRALI synergistically 

induced lung injury in this study, suggestive of a “two hit” phenomenon, in 

which MV is the “first hit” and the antibodies are the “second hit”. The  “two 

hit” phenomenon in TRALI has been described after infusion of biological response 

modifiers that have accumulated during storage of cell containing blood products, 

resulting in TRALI in primed lungs. Transfusion of the supernatant of stored blood 

products caused lung injury after priming with a “first hit” of endotoxin (LPS), but 

not in the absence of a “first hit”.24-26 However, the “two hit” phenomenon has 

infrequently been described in immune-mediated TRALI.24,27 An explanation may 

be a lack of case reports. The original case description of TRALI involved patients 

developing acute respiratory failure after transfusion of a plasma product, in whom 

donor antibodies against leukocyte antigens in the recipient have been linked with 

the TRALI symptoms. Since then, reports of TRALI cases predominantly describe 

these “classic” antibody-mediated TRALI symptoms, in which other ALI risk factors 

are absent.28-32 In line with our results suggesting that a “two hit” phenomenon 

may also be present in immune-mediated TRALI, a recent previous experiment 

showed that antibodies could induce a TRALI reaction in the presence, but not in 

the absence of LPS as a priming factor.27  

Our results underscore the relevance of low tidal volume ventilation. Although low 

tidal volume is now strongly recommended,12 it is still not widely implemented in 

ALI patients.33 Our study demonstrates that high tidal ventilation may prime the 

lungs, thereby lowering the threshold to develop or worsen TRALI. This suggests 

that the application of low tidal volumes in patients exposed to the risk of a blood 

transfusion is rational. Another clinical implication pertains to the reporting of TRALI 

to the Blood Bank. Our results suggest that antibodies in combination with a priming 

factor may increase lung injury to a clinically significant degree. However, medical 

disciplines involved in diagnosing and reporting of TRALI consider an inflammatory 

condition prior to the transfusion a reason to withhold from reporting a suspected 

TRALI-case.34 Our results may increase the awareness of critical care specialists, 

haematologists and transfusion medicine experts that TRALI may also occur in 

the presence of another ALI risk factor. Results also underline the importance of 

reporting a suspected TRALI case to the blood bank, for analysis of neutrophil and 

leukocyte antibodies, in order to exclude implicated donors to prevent future TRALI 

reactions. 
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Plasma from multi-parous donors is associated with the onset of TRALI as these 

donors were sensitized during labour resulting in a higher incidence of the presence 

of leukocyte and/or neutrophil antibodies compared to plasma from male donors. 

From our results it can be speculated that transfusion with male only plasma 

may reduce the amount of lung injury in patients with a pro-inflammatory state, 

such as critically ill patients.  In line with this, excluding female donors for high 

volume plasma components in the UK and The Netherlands reduced the onset of 

TRALI in several critically ill patient populations.35-37 However, deferring women 

from plasma donation did not completely prevent the onset of TRALI. Therefore, 

a restrictive transfusion policy remains mandatory. Further studies are needed to 

identify the effect of male only plasma and restrictive transfusion guidelines of high 

plasma volume blood products in the critically ill on the occurrence of respiratory 

complications.

This study has several limitations. First, we only used a component of the blood 

product which does not reflect the clinical situation. Second, not all endpoint of 

lung injury showed a significant difference between the vehicle and MHC-I high tidal 

ventilation group. This may be due to a type II error, using only 6 animals per group. 

However, the lung injury endpoints which did not reach statistical significance, all 

showed a clear trend towards a difference.

Conclusion

We developed a clinically relevant model of combining mechanically ventilation 

and TRALI, in which mechanical ventilation served as a “first hit”, synergistically 

aggravating lung injury during TRALI, an effect that was augmented by the use of 

lung injurious mechanical ventilation settings. Our results suggest that in patients at 

risk for receiving a blood transfusion, even in the absence of lung injury, protective 

low tidal ventilation is a rational approach.
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Abstract 

Background: Transfusion-related acute lung injury (TRALI) is suggested to be 

a threshold model in which a threshold must be overcome to induce a TRALI 

reaction. Factors that determine the threshold are the predisposition of the patient 

which primes the neutrophils and the ability of the mediators in the transfusion 

product to cause activation of primed neutrophils in the pulmonary compartment. 

Patient related factors for the onset of TRALI may include mechanical ventilation 

(MV). We determined whether onset of TRALI is dependent on the titer of MHC-I 

antibodies infused in a combined model of ventilator-induced lung injury and 

antibody-induced TRALl.

Methods: BALB/c mice (n=96) were ventilated for five hours with low (7.5 ml/kg) 

or high (15 ml/kg) tidal volume, a positive end-expiratory pressure of 2 cmH2O and a 

fraction of inspired oxygen of 50%. After three hours of MV, TRALI was induced by 

infusion of 0.5 mg/kg, 2.0 mg/kg or 4.5 mg/kg MHC-I antibodies. Controls animals 

received vehicle. After five hours of MV, animals were sacrificed. 

Results: MV with high tidal volumes resulted in increased levels of all markers of 

lung injury compared to animals ventilated with low tidal MV. Ventilator-induced 

lung injury was further enhanced after infusion of 4.5 mg/kg of MHC-I antibodies, 

but not after infusion of lower dose of MHC-I antibodies, as evidenced by an 

increased pulmonary wet-to-dry ratio, pulmonary neutrophil influx and pulmonary 

KC levels. In contrast, mice ventilated with low tidal volumes, did not develop lung 

injury, irrespective of the dose of antibody used.  

Conclusions: In the presence of injurious mechanical ventilation, onset of TRALI 

depends on the titer of MHC-I antibodies infused. Results may suggest that 

decreasing the concentration of MHC-I antibodies in blood products may prevent or 

decrease the severity of a TRALI reaction in mechanically ventilated patients.  
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Introduction

Transfusion-related acute lung injury (TRALI) is the leading cause of transfusion 

related morbidity and mortality.1-3 The pathogenesis of TRALI has not been fully 

elucidated. A two hit event has been postulated.4 The first event is an inflammatory 

condition of the patient (e.g. sepsis, recent surgery) causing sequestration and 

priming of neutrophils in the pulmonary compartment. The second event is the 

transfusion, containing either antibodies or bioactive lipids that have accumulated 

during blood storage, stimulating the primed neutrophils to release proteases. The 

result is endothelial damage, capillary leak and extravasation of neutrophils, finally 

resulting in pulmonary edema i.e. TRALI. 

The association between HLA antibodies in donor plasma and TRALI is not always 

apparent.5-7 A threshold model has been suggested,8 in which a threshold must 

be overcome to induce a TRALI reaction. Factors that determine the threshold are 

the predisposition of the patient that determines priming of the lung neutrophils 

and the ability of the mediators in the transfusion to cause activation of primed 

neutrophils. A strong antibody-mediated response can cause severe TRALI in an 

otherwise “healthy” recipient. When activation status is too low, it is possible that 

priming factors in the transfusion are not strong enough to overcome the threshold. 

The threshold model may explain why the estimated incidence of TRALI is higher in 

critically ill patients.9-11 These patients often suffer from an inflammatory condition, 

which may contribute to neutrophil priming, after which transfusion of mediators 

with low activating capacity may be sufficient to overcome the threshold to induce 

a TRALI reaction.11 Indeed, LPS priming allowed for lower amounts of antibody 

needed to induce TRALI.12 In line with this, sepsis was found to be a risk factor for 

TRALI in critically ill patients.9,11 In addition, we recently showed that mechanical 

ventilation (MV) aggravates the course of a TRALI reaction in a murine model.13 

Although data on patient related risk factors is increasing,9-11,14 data on the 

threshold titer of antibodies needed to induce TRALI is sparse. 

Blood transfusion significantly contributes to morbidity and mortality in critically 

ill patients.15 Understanding the interaction between the underlying condition of 

the patient on the one hand and the concentration of antibodies needed to cause 

TRALI on the other, may help define interventions that diminish the risk of TRALI. 

To investigate whether onset of TRALI depends on the titer of MHC-I antibodies 

infused, we tested three concentrations of MHC-I antibodies in a combined model 

of TRALI and ventilator-induced lung injury.16,17   

Onset of TRALI is threshold dependent
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Materials and Methods

The study was approved by the Animal Care And Use Committee of the Academic 

Medical Center at the University of Amsterdam, Amsterdam, The Netherlands. 

Animal procedures were carried out in compliance with Institutional Standards for 

Human Care and Use of Laboratory Animals.

MHC I mAb production

A hybridoma (34-1-2S) was purchased from the American Type Culture Collection 

that produces a mAb against H2Kd (IgG2a, κ). The hybridoma was grown in tissue 

culture medium containing 1% fetal bovine serum and incubated at 37 °C and 5% 

CO2. Hybridoma supernatant was collected and filtered through a 0.2-µm filter. 

The MHC I mAb was purified using protein A sepharose affinity chromatography 

and dialyzed overnight in PBS (pH 7.4). The protein concentration of the mAb was 

spectrophotometrically determined using Bio-Rad protein reagent. The mAb stock 

solution (2.0–2.5 mg/ml) was frozen at –80°C until the time of the experiments. 

Mice

Experiments were performed with healthy male BALB/c mice (n = 96, Charles River, 

Someren, the Netherlands), aged 8 to 10 weeks, with weights ranging from 19 to 

25 g. Animals were mechanically ventilated with two different MV-strategies for 

5 hours and received  0.5, 2.0 or 4.5 mg/kg MHC-I class antibodies infusion  after 

3 hours of ventilation. In a previous study using the same model, no differences 

between markers of lung injury were found between animals receiving ISO-type 

antibody and animals receiving vehicle infusion.13 Therefore, only controls receiving 

vehicle infusion were used.

Instrumentation and anesthesia 

Anesthesia was achieved with intraperitoneal injection (i.p.) of a mix of ketamine 

(Eurovet Animal Health B.V., Bladel, the Netherlands), medetomidine (Pfizer Animal 

Health B.V., Capelle a/d IJssel, the Netherlands), and atropine (Pharmachemie, 

Haarlem, the Netherlands) (KMA). Induction anesthesia consisted of injection of 

KMA “induction”–mix: 7.5 µl per gram of body weight of 1.26 ml 100 mg/mL 

ketamine, 0.2 ml 1 mg/ml medetomidine, and 1 mL 0.5 mg/ml atropine in 5 ml 

normal saline. Throughout the experiments rectal temperature was maintained 

between 36.0 – 37.5 0C using a warming path. Maintenance anesthesia consisted 

of 10 µl per gram body weight of  a mix of 0.72 ml 100 mg/ml ketamine, 0.08 

ml 1 mg/ml medetomidine and 0.3 ml 0.5 mg/ml atropine in 20 mL normal 
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saline administered via an intraperitoneal catheter (PE 10 tubing, BD, Breda, the 

Netherlands) every hour. 

Mechanical ventilation strategies

A Y–tube connector, 1.0 mm outer diameter and 0.6 mm inner diameter (VBM 

Medizintechnik GmbH, Sulz am Neckar, Germany) was surgically inserted into 

the trachea under general anesthesia. Mice were placed in a supine position and 

connected to a ventilator (Servo 900 C, Siemens, Sweden). Mice were pressure 

controlled ventilated with either an inspiratory pressure of 10 cm H2O (resulting 

in lung–protective VT ~ 7.5 mL/kg; low VT, LVT) or an inspiratory pressure of 18 

cm H2O (resulting in injurious VT ~ 15 mL/kg; high VT, HVT). Respiratory rate was 

set at 110 breaths/min and 50 breaths/min with LVT and HVT, respectively. These 

respiratory settings resulted in normal PaCO2–values after 5 h of MV.17 PEEP was 

set at 2 cm H2O with both MV–strategies. The fraction of inspired oxygen was kept 

at 0.5 and inspiration to expiration ratio was set at 1:1. A sigh (sustained inflation 

with 30 cm H2O) for 5 breaths was performed every 30 minutes. Mice received 

an intraperitoneal bolus of 1 ml normal saline 1 hour before start of anesthesia 

and initiation of MV, followed by 0.2 ml sodium carbonate (200 mmol/L NaHCO3) 

administered via the intraperitoneal catheter every 30 minutes until the end of 

MV. After 3 hours of mechanical ventilation the jugular vein was isolated. Using 

a 30-gauge sterile needle attached to PE-10 tubing, venous blood was aspirated 

from the jugular vein to verify intravascular placement of the needle and to remove 

a sample of blood (~200 µl). Mice were given an i.v. volume-matched injection 

(150–250 µl) of either 0.5, 2.0 or 4.5 mg/kg MHC-I class antibodies. Controls 

received vehicle. The skin was sutured with 6-0 silk suture, and the mice were 

sacrificed after two more hours of mechanical ventilation.

Hemodynamic monitoring

Systolic blood pressure and heart rate were non–invasively monitored using a murine 

tail–cuff system (AD Instruments, Spenbach, Germany). The data were recorded on 

a data acquisition system (PowerLab/4SP, AD Instruments). Systolic blood pressure 

and heart rate were averaged from three consecutive measurements. 

Study groups and sampling

At the end of the experiment animals were sacrificed, bronchoalveolar lavage fluid 

(BALF) was obtained from the right lung (n=6), by instilling three times 0.5 mL 

aliquots of saline by a 22-gauge Abbocath–T catheter (Abbott, Sligo, Ireland) into 

the trachea. Approximately, 1.0 mL of lavage fluid was retrieved per mouse and cell 

counts were determined using a hemacytometer (Beckman Coulter, Fullerton, CA). 

Onset of TRALI is threshold dependent
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Differential counts were done (up to 100 cells per slide) on cytospin preparations 

stained with a modified Giemsa stain, Diff–Quick (Dade Behring AG, Düdingen, 

Switzerland). Supernatant was stored at -80° C for cytokine measurement. The 

left lung was weighed and dried for three days in an oven at 65°C. The ratio of 

wet weight to dry weight represents tissue edema. Another 6 mice were used for 

blood gas analysis from blood sampled from the carotid artery. The lungs of these 

mice were fixed in 4% formalin and embedded in paraffin for histopathology. 4 µm 

sections were stained with hematoxylin–eosin (H&E) and analyzed by a pathologist 

who was blinded for group identity. To score lung injury, we used a modified 

VILI  histology scoring system as previously described 18. In short, four pathologic 

parameters were scored on a scale of 0 – 4: (a) alveolar congestion, (b) hemorrhage, 

(c) leukocyte infiltration, and (d) thickness of alveolar wall/hyaline membranes. A 

score of 0 represents normal lungs; 1, mild, < 25% lung involvement; 2, moderate, 

25 – 50% lung involvement; 3, severe, 50 – 75% lung involvement and 4, very 

severe, > 75% lung involvement. The total histology score was expressed as the sum 

of the score for all parameters. 

Assays

Cytokine and chemokine levels in the BALF were measured by enzyme–linked 

immunosorbent assay (ELISA) according to the manufacturer’s instructions. 

Interleukin (IL)–6, macrophage inflammatory protein (MIP)–2 and keratinocyte–

derived chemokine (KC) assays were all obtained from R&D Systems (Abingdon, UK). 

Statistical analysis

All data in the results are expressed as means ± SEM or median ± interquartile range, 

where appropriate. To detect differences between groups, the Dunnett method 

was used, in conjunction with two–way analysis of variance or Mann Withney-U 

test. A p value of < 0.05 was considered significant. All statistical analyses were 

carried out using SPSS 12.0.2 (SPSS, Chicago, IL). 

Table 1. Cell counts in bronchoalveolar lavage fluid and histopathological examination of lung tissue

Control
 LowVt

Control 
 HighVt

0.5 mg/kg 
 LowVt

0.5 mg/kg 
 HighVt

2.0 mg/kg 
 LowVt

2.0 mg/kg 
 HighVt

4.5 mg/kg 
 LowVt

4.5 mg/kg 
 HighVt

Total cells ( x 104/ml BALF) 99 [76-153] 137 [81-160] 144 [114-167] 152 [140-193] 177 [153-254] 153 [85-176] 124 [80-169] 182 [131-216]

Neutrophil ( x 104/ml BALF) 11.8 [0.8-23.3] 24.6 [9.8-46.7]* 19.2 [3.2-34.4] 36.5 [13.9-46.7] 11.3 [3.8-52.5] 38.3 [9.2-50.5] 13.2 [6.8-22.5] 46.2 [40.3-82.9]**

Lung Injury Score 0.8 (0.3) 1.7 (0.4) 2.3 (0.5)* 3.4 (0.5)* 2.5 (0.8)* 4.2 (0.6)* 3.0 (0.9)* 4.0 (1.0)*

Data are mean (SEM) or median [IQR]. Low VT = mice ventilated for five hours with a tidal of 7.5 ml/
kg; High VT = mice ventilated for five hours with a tidal of 15 ml/kg. Dose of MHC-I antibodies infused 
0.5, 2.0 and 4.5 mg/kg. BALF= bronchoalveolar lavage fluid. Controls received vehicle. n = 6 per group. 
*p<0.05 compared to control LowVt. **p<0.01 compared to 4.5 mg/kg LowVt and control HighVt.
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Results

Hemodynamic and ventilatory monitoring

All ventilated animals survived the 5 hours of MV. Blood gas analysis showed 

adequate gas exchange as previously shown.13 Arterial pressure and heart rate 

remained stable in all animals throughout the experiment, with no differences 

noted between pre- and post-infusion nor between groups. 

Mechanical ventilation with high tidal volume induces lung injury 

Animals receiving high tidal MV showed pulmonary neutrophil sequestration with 

an increased wet to dry ratio compared to animals receiving low tidal MV (table 1, 

figure 1 and 2, p<0.01), consistent with previous results.13,17,19 Also, high tidal MV 

resulted in increased pulmonary levels of KC and IL-6 compared to low tidal MV 

(figure 3 a-b, p<0.01). 

Onset of MHC-I antibody induced lung injury is threshold dependent in mice 
ventilated with injurious tidal volumes. 

The increased wet dry ratio of the lungs induced by high tidal MV was further 

increased using a high dose of MHC-I antibodies (4.5 mg/kg) (figure 2, p<0.01). 

When lower dose of MHC-I antibodies were administered, the increased wet dry 

ratio of the lungs was absent. Animals ventilated with high tidal MV and receiving 

high dose of MHC-I antibodies had increased pulmonary levels of KC and increased 

neutrophil influx in the BALF compared to animals receiving lower titers of antibody 

(figure 3, and table 1, p<0.01). This effect was also seen for pulmonary levels of IL-6 

and MIP-2, although not reaching statistical significance (figure 3, ns). Together, 

results suggest a threshold-dependent onset of TRALI in the presence of injurious 

mechanical ventilation.

Table 1. Cell counts in bronchoalveolar lavage fluid and histopathological examination of lung tissue

Control
 LowVt

Control 
 HighVt

0.5 mg/kg 
 LowVt

0.5 mg/kg 
 HighVt

2.0 mg/kg 
 LowVt

2.0 mg/kg 
 HighVt

4.5 mg/kg 
 LowVt

4.5 mg/kg 
 HighVt

Total cells ( x 104/ml BALF) 99 [76-153] 137 [81-160] 144 [114-167] 152 [140-193] 177 [153-254] 153 [85-176] 124 [80-169] 182 [131-216]

Neutrophil ( x 104/ml BALF) 11.8 [0.8-23.3] 24.6 [9.8-46.7]* 19.2 [3.2-34.4] 36.5 [13.9-46.7] 11.3 [3.8-52.5] 38.3 [9.2-50.5] 13.2 [6.8-22.5] 46.2 [40.3-82.9]**

Lung Injury Score 0.8 (0.3) 1.7 (0.4) 2.3 (0.5)* 3.4 (0.5)* 2.5 (0.8)* 4.2 (0.6)* 3.0 (0.9)* 4.0 (1.0)*

Data are mean (SEM) or median [IQR]. Low VT = mice ventilated for five hours with a tidal of 7.5 ml/
kg; High VT = mice ventilated for five hours with a tidal of 15 ml/kg. Dose of MHC-I antibodies infused 
0.5, 2.0 and 4.5 mg/kg. BALF= bronchoalveolar lavage fluid. Controls received vehicle. n = 6 per group. 
*p<0.05 compared to control LowVt. **p<0.01 compared to 4.5 mg/kg LowVt and control HighVt.

Onset of TRALI is threshold dependent
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Figure 1. Transfusion of MHC-I antibodies aggravates ventilator induced lung injury. Histologic sections 
of hematoxylin and eosin stained mice lungs at 100x magnification. Ventilated animals receiving 0.5 mg/
kg, 2.0 mg/kg or 4.5 mg/kg MHC-I antibody. Animals were mechanical ventilated using low ventilation 
tidal (VT) (7.5 ml/kg) or High VT (15 ml/kg). (a): Low VT control (b): High VT control (c): 0.5 mg/kg Low 
VT (d): 0.5 mg/kg High VT (e): 2.0 mg/kg Low VT (f): 2.0 mg/kg High VT (g): 4.5 mg/kg Low VT (h): 4.5 
mg/kg High VT. Neutrophils sequestrated in the vasculature (arrow) (a-h). Increased pulmonary edema 
and neutrophil extravasation (d, f-h). For color figure see page 355
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Figure 2. Wet to dry ratio of the lungs. Ventilated 
animals receiving 0.5 mg/kg, 2.0 mg/kg or 4.5 
mg/kg MHC-I antibody. Animals were Low VT 
(mice ventilated for 5 hours with a tidal of 7.5 ml/
kg) and High VT (mice ventilated for 5 hours with 
a tidal of 15 ml/kg). Controls received vehicle.  
**p<0.01
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Figure 3. (a) keratinocyte-derived chemokin (KC), 
(b) Interleukin (IL)-6 and (c) MIP-2 concentrations 
in the bronchoalveolar lavage fluid (BALF). 
Ventilated animals receiving 0.5 mg/kg, 2.0 mg/
kg or 4.5 mg/kg MHC-I antibody. Animals were 
Low VT (mice ventilated for 5 hours with a tidal 
of 7.5 ml/kg) and High VT (mice ventilated for 5 
hours with a tidal of 15 ml/kg). Controls received 
vehicle. *p<0.05, **p<0.01
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Effect of MHC-I antibody infusion in mice ventilated with protective tidal 
volumes. 

In animals ventilated with low tidal volume, infusion of MHC-I antibodies did not 

increase wet to dry ratio, irrespective of the concentration used. Also, pulmonary 

levels of IL-6, KC and MIP-2 did not differ between groups infused with different 

doses of MHC-I antibodies (figure 3). Although not reaching statistical difference, 

infusion of high dose (4.5 mg/kg) MHC-I antibodies in animals ventilated with 

protective ventilator settings tended to induce pulmonary neutrophil sequestration 

and pulmonary edema, compared to animals receiving lower dose of MHC-I 

antibodies or vehicle, as evidenced on histopathologic examination (table 1, figure 1)

Discussion

We describe the effect of different doses of antibodies in inducing TRALI in a 

clinically relevant model of mechanically ventilated animals. In the presence of 

injurious MV (“first hit”), but not during protective MV, infusion of antibodies 

aggravated parameters of lung injury in a threshold manner. These findings suggest 

that onset of TRALI depends both on the “first hit” as well as on the amount of 

MHC-I antibodies infused, supporting a threshold model. Furthermore, the data 

suggest that immune-mediated TRALI is a “two hit” event.

Our results support the threshold model of TRALI. The concept that the presence of 

a “first hit” is required for a TRALI reaction, has been shown in several non-immune-

mediated TRALI models. Infusion of stored blood products or bioactive lipids 

require LPS priming before inducing a TRALI reaction.20-24 Recently, it was shown 

that onset of TRALI induced by antibodies in the presence of priming with LPS is 

threshold dependent.12 Here, we confirm the finding of a threshold-dependency 

with a clinically relevant “first hit” of mechanical ventilation. In the presence of 

injurious MV, additional injury inflicted by TRALI occurred only following infusion of 

a high dose (4.5 mg/kg) of MHC-I antibodies, an effect that was not observed after 

infusion of lower concentrations of MHC-I antibodies. Of note, not all endpoints of 

lung injury showed a significant difference between groups infused with high and 

low doses of MHC-I antibodies, which may be have been due to a type II error . 

However, these data suggest that below a certain concentration of antibodies, a 

TRALI reaction does not occur, or is at least abrogated. 

Clinical data on the amount of antibodies sufficient to induce TRALI are absent. 

It was found that plasma volumes in red blood cell units as small as 10-20 mL 

containing donor-derived antibodies or a single buffy coat donor from a pooled 
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platelet product, are sufficient to cause TRALI.25 However, the practice of pooling 

of plasma from a high number of donors, which results in dilution of any antibody 

that may be present,26 was found to essentially eliminate TRALI reactions.27,28 Also, 

we previously showed that deferring women from plasma donation resulted in less 

TRALI in a critically ill patient population.29 Further research is needed to establish 

which titer of antibodies can be safely transfused and whether this concentration 

differs between relative healthy patients and patients suffering from an underlying 

condition.

Our findings suggest that mechanically ventilated patients may be at risk for the 

onset of TRALI. This accords with the finding that mechanically ventilated critically ill 

patients are at risk for onset of ALI after transfusion with fresh frozen plasma.30 The 

mechanism of the synergistic effect of injurious MV and TRALI13 may be recruitment 

of neutrophils to the pulmonary compartment induced by MV,31 resulting in a 

pro-inflammatory response, (i.e. priming), resembling a “first hit” in TRALI models. 

The primed pulmonary neutrophils may be prone to activation after a second hit, 

which results in TRALI. In the absence of the primed neutrophils (i.e. first hit), the 

second hit may not overcome the threshold and TRALI will not occur.20  In support 

of this view, resting neutrophils express HLA class II antigens at very low levels, 

whereas cytokine activated neutrophils express increased HLA class II antigens.32,33 

The finding that MV predisposes patients to TRALI, may account, at least in part, for 

the high incidence of TRALI among the critically ill.9-11 

Originally, TRALI was thought to be a single hit antibody-mediated reaction, in which 

antibodies in the blood product react with a matching antigen in the recipient, 

leading to pulmonary neutrophil activation and increased pulmonary capillary 

permeability and subsequent pulmonary edema.34 Then, evidence emerged that 

TRALI may also be the result of biological response modifiers, which were able to 

cause TRALI after a priming event.21,22 Recent studies show that the “two event 

model” also holds true for immune-mediated TRALI using LPS as a “first hit”.12,20 

Here, we confirm this finding, using a clinically relevant “first hit” of mechanical 

ventilation. The two-event model may explain why TRALI does not always develop 

in a transfused patient even when an antibody-antigen match is present.5 

Injurious mechanical ventilation settings can facilitate the onset and course of a 

TRALI reaction, allowing for a lower titer of MHC-I antibodies to induce TRALI. 

This may have relevance for the prevention of TRALI. Plasma from multi-parous 

donors contain higher levels of leukocyte and/or neutrophil antibodies due to 

sensitization during labour compared to male donors. Excluding female donors 

for high volume plasma components in the UK and The Netherlands reduced the 

Onset of TRALI is threshold dependent
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onset of TRALI in several critically ill patient populations.29,35,36 However, deferring 

women from plasma donation has a strong impact on blood supply. When blood 

supply is an issue,  our results may support a policy of plasma transfusions from 

male donors only to the critically ill, or mechanically ventilated patients, instead 

of to all patient populations. Alternatively, screening of donors with a history of 

pregnancy or transfusion may be a logical and cost-effective TRALI prevention 

strategy.37 In addition, pooling of plasma may prevent or reduce the severity of a 

TRALI reaction.26-28 Another implication of our results is the relevance of low tidal 

volume ventilation in critically ill patients exposed to a blood transfusion. Although 

low tidal volume is now strongly recommended,38 it is still not widely implemented 

in ALI patients.39 Our data clearly show that the application of low tidal volumes in 

patients exposed to the risk of a blood transfusion is recommendable. 

Conclusion 

In the presence of injurious mechanical ventilation, onset of TRALI is dependent on 

the amount of MHC-I antibodies infused, supporting the threshold model. Results 

suggest that decreasing the concentration of MHC-I antibodies in blood products 

may abrogate or at least decrease the severity of a TRALI reaction in mechanically 

ventilated patients.
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Abstract

Background: Transfusion of red blood cells (RBCs) is associated with increased 

morbidity in certain patient groups. Storage time of RBCs may contribute to 

respiratory complications. Using a syngeneic in vivo transfusion model, we 

investigated whether transfusion of stored rat RBCs cause lung injury in healthy and 

in lipopolysaccharide-primed rats in a “two hit” model of lung injury.

Methods: Rats were infused with aged rat RBCs (14 days of storage), washed 

aged RBCs or supernatant of aged RBCs. Controls received fresh rat RBCs (0 days 

of storage) or saline. In a “two hit” model of lung injury, lipopolysaccharide was 

used as a “first hit” prior to transfusion. Rat and control human RBC products were 

analyzed for lysophosphatidylcholine accumulation.

Results: In healthy rats, transfusion of aged RBCs caused mild pulmonary 

inflammation, but no coagulopathy. In lipopolysaccharide–pretreated rats, 

transfusion of aged RBCs augmented lung injury by inducing coagulopathy, both 

in the pulmonary and systemic compartment, when compared to transfusion with 

fresh RBCs. When transfused separately, supernatant of aged RBCs, but not washed 

aged erythrocytes, mediated coagulopathy in the “two hit” model. Analysis of the 

supernatant of aged RBCs (rat and human) showed no lysophosphatidylcholine 

accumulation. 

Conclusions: Transfusion of aged RBCs induces lung injury in healthy rats. In a 

“two hit” model, injury induced by aged RBCs was characterized by coagulopathy, 

and was abrogated by washing. Washing of aged RBCs may decrease pulmonary 

complications in patients with an inflammatory condition who are exposed to a 

blood transfusion.
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Introduction

Transfusion of red blood cells (RBCs) has increased in the past years. This increase may 

be explained by an aging population and evolving surgical and medical procedures.1 

Annually, almost 14,000,000 RBC units are transfused in the United States.2 However, 

it is increasingly recognized that transfusion of RBCs is associated with morbidity 

and mortality in certain patient populations, including critically ill, post-operative and 

trauma patients.3 The age of red blood cells has been implicated as a causative 

factor in transfusion-related complications.4-10 In particular, transfusion of aged 

RBCs is associated with respiratory complications.8,11 The mechanism linking adverse 

outcomes with RBC storage remains unclear. A decreased deformability capacity, 

increased adhesiveness of the aged erythrocyte, donor white blood cells and soluble 

factors such as cytokines and bio-active lipids (i.e. lysophospatidylcholines) have all 

been suggested to mediate adverse effects.12-21

Aged blood products have been associated with the occurrence of transfusion-

related acute lung injury (TRALI) in the clinical setting 18 and have been used to 

induce TRALI in “two hit” animal models.17,22 In the “two hit” hypothesis, TRALI is 

the result of endothelial activation, caused by an underlying inflammatory condition 

(e.g. pneumonia or sepsis), resulting in priming of the pulmonary neutrophils. 

This “first hit” is followed by activation of the primed neutrophils caused by the 

“second hit” (transfusion of a blood product), resulting in activation of the primed 

neutrophils, with subsequent endothelial damage and capillary leak, leading 

to pulmonary edema. Coagulopathy and decreased fibrinolysis are a distinctive 

feature of acute lung injury due to other causes,23,24 contributing to morbidity and 

mortality.25,26 As the endothelium initiates and regulates coagulation,27 it can be 

hypothesized that coagulopathy may also play a role in TRALI. However, data on 

coagulation during TRALI are absent. 

The “two hit” hypothesis has been proposed as a mechanism to explain why critically 

ill patients, who frequently suffer from an inflammatory condition, are susceptible 

to a TRALI reaction.28-30 Because transfusion is associated with adverse outcome, 

at least in certain patient groups including trauma patients and the critically 

ill,11,31-37 it is important to study pathways of disease in models that represent the 

clinical situation. Present TRALI models investigating the role of storage time of 

blood products are limited by cross species design and modification of transfusion 

protocols.17,22,38 Currently, no clinically relevant “in species” transfusion model 

using a clinical preparation protocol has confirmed the hypothesis that aged RBCs 

contribute to lung injury.39 We investigated the effect of aged rat RBCs on lung 

inflammation and coagulation in a syngeneic in vivo RBC transfusion model in 

healthy rats. As a model of patients with an underlying inflammatory condition, 

the effect of aged RBCs was also studied in a “two hit” model of lung injury, using 
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lipopolysaccharide-primed rats.17,40 In addition, we evaluated whether washing of 

RBCs influenced the development of lung injury inflicted by transfusion. 

Materials and Methods

The Institutional Animal Care and Use Committee of the Academic Medical Center, 

Amsterdam, The Netherlands and the Medical Ethical Committee of Sanquin Blood 

Bank Foundation approved all experiments. All animals were handled in accordance 

with the guidelines prescribed by the Dutch legislation and the International 

Guidelines on protection, care, and handling of laboratory animals.

Preparation of rat RBC products 

Male Sprague–Dawley rats (> 250 g, Harlan; The Hague, The Netherlands) were 

used to obtain blood. Rats were anesthetized with an intramuscular injection of 

ketamin 45 mg/kg (Eurovet; Bladel, The Netherlands) and medetomidin 0.25 mg/kg 

(Novartis; Arnhem, The Netherlands). Blood was collected from the vena cava inferior 

in a syringe containing 1.25 ml citrate-phosphate-dextrose (Fersenius HemoCare 

GmbH; Bad Homburg, Germany). Approximately 8-10 ml of blood could be obtained 

from a single rat. Blood of five rats was pooled for component preparation. Prior to 

pooling, cross-matching was carried out to ensure compatibility. 

Blood was handled and stored according to national standards for human blood 

(Sanquin Blood Supply Foundation, Amsterdam, The Netherlands), with minor 

changes to adapt for the smaller volumes. After overnight storage at room 

temperature, blood was centrifuged for 10 min at 1,892 g and 20 °C. Plasma was 

removed and the buffy coat was separated from the packed red blood cells. Saline-

adenine-glucose-mannitol was added to the red blood cells up to a hematocrit of 

55-60%. The final products were stored in 50 ml falcons at 4 °C, which were partly 

open. 

Preparation of washed aged RBCs and supernatant rat RBC products 

After 14 days of storage, rat RBC products were separated into washed erythrocytes 

and supernatant. NaCl 0.9% was added to rat RBC products before centrifugation to 

obtain as much as possible soluble factors from the product. The RBC/NaCl mixture 

was centrifuged for 15 min at 1,500 g and 4 °C. For the final supernatant used in the 

experiment, NaCl 0.9% was added to the supernatant up to the original volume of 

the rat RBC product. The erythrocytes were washed using saline-adenine-glucose-

mannitol (1:1) and centrifuged for 15 min at 1,250 g and 4 °C. The supernatant was 
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removed and the saline-adenine-glucose-mannitol was added to the erythrocytes 

up to the original volume of the rat RBC product. 

In vivo RBC transfusion models

Male Sprague-Dawley rats (275 g) raised on a regular diet were weighed and 

anaesthetized with pentobarbital 50 mg/kg intra-peritoneally. The tail vein was 

cannulated with a 24 gauge venflon (Vasofix Certo; B.Braun, Meisungen, Germany) 

and blood was aspirated to verify intravascular placement and to remove 0.5 ml of 

blood for cross-matching and baseline measurements. A 10% circulating volume 

transfusion was administered over 30 minutes using an infusion pump (Harvard 

Pump 11, Harvard Apparatus; Holliston, MA).

Animals were randomized by an independent researcher into 3 groups (n=6 per 

group) to receive transfusion with NaCl 0.9%, fresh RBCs or RBCs stored for 14 

days (aged RBCs). A storage time of 14 days was chosen, because pilot experiments 

showed that rat RBCs stored for 14 days showed storage-related changes, which 

were comparable to storage-related changes found in previous studies comparing 

human RBCs stored for 28-35 days to rat RBCs stored for 14 days.41 Rats were 

placed back in their cages to recover and were sacrificed 6 hours after transfusion. 

In a separate set of experiments, animals were transfused with washed aged 

erythrocytes or with supernatant of washed aged erythrocytes. For the experiments 

in the “two hit” RBC transfusion model, rats received 2 mg/kg of lipopolysaccharide 

(from Salmonella enteritidis, Sigma; St. Louis, MO) intra-peritoneally two hours prior 

of transfusion. This dose have been used before as a “first hit” in TRALI models, 

including a model using aged human RBCs, and was shown to result in sequestration 

of neutrophils in the lungs.17,22,40 Controls received saline (equal volume). 

Blood and tissue sampling 

After anesthesia with ketamin and medetomidin as described, blood was collected 

from the vena cava inferior in citrated (0.109 M) vacutainer tubes for analysis and 

blood culture. The right lung was ligated and the left lung was lavaged three times 

with 2 ml of saline. After lavage, lungs were weighed and homogenized using a 

tissue homogenizer (Biospec Products, Bartlesville, OK). For cytokine and chemokine 

measurements, lung homogenates were diluted 1:1 in lysis buffer (150 nmol/l 

NaCl; 15 mmol/l Tris; 1 mmol/l MgCl2–H2O; 1 mmol/l CaCl2; 1% Triton X-100; and 

100 µg/ml pepstatin A, leupeptin, and aprotinin). The right lung was fixed in 4% 

formalin and embedded in paraffin for histopathology examination. 4 µm sections 

were stained with hematoxylin–eosin, and analyzed by two researchers who were 

blinded for group identity. A histology scoring system was used as previously 

described.42 In short, the following parameters were scored on a scale of 0 – 4: (a) 
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interstitial inflammation, (b) endothelialitis, (c) bronchitis, (d) edema, (e) thrombus, 

and (f) pleuritis. The histology score was expressed as the sum of the score for all 

parameters. 

Assays

Thrombin–antithrombin complexes (TATc; Behring, Marburg, Germany) and fibrin 

degradation products (Asserachrom D–Di, Diagnostica Stago, Asnières–sur–Seine, 

France) were measured using Enzyme-Linked Immuno Sorbent Assay. Plasminogen 

activator activity, and plasminogen activator inhibitor–1 activity were measured 

by automated amidolytic assays.43 Tumor necrosis factor, interleukine–6, and 

cytokine-induced neutrophil chemoattractant–3 were measured by Enzyme-Linked 

Immuno Sorbent Assay according to instructions from the manufacturer (R&D 

Systems, Abingdon, United Kingdom). Detection limit was 62.5, 31.25 and 125 pg/

ml, respectively.

Storage-related biochemical changes in rat RBCs.

RBC samples were collected at the indicated time intervals and analyzed for pH, 

potassium, sodium, glucose and lactate with a Rapidlab 865 blood gas analyzer 

(Siemens Medical Solutions Diagnostics; Breda, The Netherlands). Cell counts for 

leukocytes and red blood cells were done with an Advia 2120 hematology counter, 

with special software for counting animal blood samples (Siemens Medical Solutions 

Diagnostics). Supernatants were prepared by centrifugation for 10 minutes at 

14,500 g at 4 °C to remove cells and a-cellular debris. Aliquots of supernatants 

were stored at -80 °C for analysis of lysophosphatidylcholine, phosphatidylcholine 

and cytokine levels. 

Lipid extraction and lysophosphatidylcholine and phosphatidylcholine 
measurement

Lipid extraction of supernatant from stored RBC supernatant was performed using 

Bligh and Dyer method. In short, 3 ml of CHCl3:MeOH (1:2) was added to 100 µl 

of sample and 100 µl of internal standard solution (lysophosphatidylcholine 14:0, 

2.5 nmol and phosphatidylcholine 28:0, 10 nmol). 700 µl HAc 0.5%, 1 ml CHCl3 
and 800 µl of HAc 0.5% were added. After each step samples were vortexed for 

30 seconds. The final mixture was centrifuged for 10 minutes at 1,892 g at room 

temperature. After centrifugation, the lower layer of CHCl3 was separated. This step 

was repeated two times by adding 1 ml CHCl3. The separated CHCl3 layers were 

combined and dried (N2, 30°C). Samples were dissolved in 150 µl CHCl3/MeOH/

H2O/NH3 25% (50/45/5/0.01 v/v/v/v) for further analysis. 
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High Performance Liquid Chromatography tandem mass spectrometry

The relative concentrations of lysophosphatidylcholines and phosphatidylcholine 

species in supernatant of RBCs were determined using High Performance Liquid 

Chromatography tandem mass spectrometry (HPLC-MS/MS). 10 µl of extracted 

lipid sample was injected on the HPLC-MS/MS system. Chromatographic separation 

was achieved on a modular HPLC system (Surveyor; Thermo Finnigan; San Jose, CA) 

consisting of a cooled autosampler (T=12°C), a low-flow quaternary MS pump and 

analytical HPLC column: LichroSpher Si60, 2 ×250 mm column, 5 µm particle diameter 

(Merck; Darmstadt, Germany). Samples were eluted with a flow rate of 300 µl/minute 

and a programmed linear gradient between solution B (chloroform-methanol, 97:3, 

v/v) and solution A (methanol-water, 85:15, v/v); A and B contained 1 ml and 0.1 ml 

of 25% (v/v) aqueous ammonia per liter of eluent, respectively. The gradient was: T 

= 0 -10 minutes: 20% A to 100% A; T = 10-12 minutes, 100% A; T= 12-12.1 minutes: 

100% A to 0% A; and T= 12.1–17 minutes, equilibration with 0% A. Total run-time, 

including the equilibration, was 17 minutes. A splitter between the HPLC and MS was 

used for the introduction of the eluent in the MS by 75 µl/minutes.

MS/MS analyses were performed on a TSQ Quantum AM (Thermo Finnigan; 

Waltham, MA) operated in the positive ion electrospray ionization mode. The 

Skimmer Offset was set at 10 V; spray voltage was 3600 V and the capillary 

temperature was 300°C. In the optimized MS/MS experiments, argon was used as 

collision gas at a pressure of 0.07 Pa and a collision energy of 40 V. The parent ion 

scan of m/z 184.1 (m/z 400 - m/z 1000, 1 s) was used for the quantization of the 

following precursor ions: m/z 468.3 (lysophosphatidylcholine 14:0, I.S.), m/z 496.3 

(lysophosphatidylcholine 16:0), m/z 524.3 (lysophosphatidylcholine 18:0/ Platelet 

Activating Factor (PAF) 16:0), m/z 522.4 (lysophosphatidylcholine 18:1), m/z 482.4 

(LysoPAF 16:0), m/z 510.4 (LysoPAF 18:0), m/z 508.4 (LysoPAF 18:1), m/z 678.4 

(phosphatidylcholine 28:0, I.S.), m/z 758.4 (phosphatidylcholine 34:2), m/z 782.4 

(phosphatidylcholine 36:2).

Storage-related biochemical changes in human RBCs

Healthy adult volunteers (n=5) donated 1 unit of whole blood (500 ml), collected 

in citrate-phosphate-dextrose (70 ml) and stored for 12 to 18 hours at 20 to 22°C. 

Leuko-reduced RBCs were prepared by centrifugation for 8 minutes at 2,800 g. 

After removal of plasma and buffy coat, 110 ml of the standard storage medium 

saline-adenine-glucose-mannitol was added via the filter to the packed red cells, 

which were subsequently leukoreduced by filtration. The RBCs were stored at 4 °C 

according to National Blood Bank standards. Supernatants were collected at day 

0, 35 and 42 and prepared by centrifugation for 10 minutes at 14,500 g at 4 °C to 
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remove cells and a-cellular debris. Aliquots of supernatants were stored at -80 °C for 

analysis of lysophosphatidylcholine and phosphatidylcholine levels.

Statistical analyses

Data are expressed as mean ± SEM. A paired t–test was used to compare the results of 

RBCs before and after storage. Comparisons between the rat groups were performed 

using student t-test, one–way ANOVA, followed by post–hoc Dunnett’s. A p–value < 

0.05 was considered statistically significant. Statistical analyses were performed with 

SPSS 12.0 (SPSS, Chicago, IL) and Prism 4.0 (GraphPad Software, San Diego, CA).

Results

All animals completed the experimental protocol. Blood cultures from the blood 

products and from the rats collected at the end of the experimental protocol 

showed no outgrowth of bacteria.

Effect of transfusion of aged rat RBCs in healthy rats

Transfusion of aged RBCs resulted in endothelial neutrophil sequestration and 

edema in lung tissue (fig. 1), with a concomitant higher histopathology score 

compared to transfusion of fresh RBCs and saline control groups (p<0.05, fig. 

2). Aged RBCs also caused an increase of interleukine-6 and cytokine-induced 

neutrophil chemoattractant-3 concentrations in the lung homogenate of healthy 

animals (P<0.01 compared to controls, fig. 3). Aged RBCs did not increase markers 

of pulmonary coagulation compared to fresh RBCs (TATc (mean±sem): 1.5±0.4 

vs. 1.6±0.4 ng/ml,ns; fibrin degradation products: 94±15.3 vs. 99±9.8 ng/ml, ns) 

nor did aged RBCs impair fibrinolysis by reducing plasminogen activator activity 

(38%±7.4 vs. 36%±4.5, ns) or increasing fibrinolytic inhibitor plasminogen activator 

inhibitor-1 (6.9±1.9 vs. 6.4±1.6 ng/ml, ns). 

Effect of transfusion of aged rat RBCs in lipopolysaccharide-primed rats

To determine whether the “two hit” effect could be reproduced in our syngeneic 

model, we repeated transfusion with aged RBCs in lipopolysaccharide-pretreated 

animals. In this experiment, lipopolysaccharide-pretreatment resulted in lung injury, 

exemplified by neutrophil sequestration in the lung endothelium and pulmonary 

edema, with an elevated histopathology score (p<0.001, fig. 1 and 2) and increased 

levels of interleukine-6 and cytokine-induced neutrophil chemoattractant-3 in 

lung homogenate (p<0.01, fig. 3) compared to saline controls. Furthermore, 

lipopolysaccharide-pretreatment increased pulmonary coagulation as shown by 
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increased thrombin generation (as reflected by TATc, fig. 4) and increased fibrin 

degradation products levels. In addition, fibrinolysis was impaired, as evidenced 

by reduced plasminogen activator activity levels (in percentage, %), caused by an 

increase in the levels of the fibrinolytic plasminogen activator inhibitor-1 compared 

Figure 1. Histologic sections of hematoxylin and eosin stained rat lungs at 20x magnification. (a): Saline 
control, (b): Lipoplysaccharide (LPS) control, (c): Saline + red blood cells (RBCs) day 0, (d): LPS + RBCs day 
0, (e): Saline + RBCs day 14, (f): LPS + RBCs day 14. Normal vasculature (arrow) (a and c). Neutrophils 
sequestrated in the vasculature (arrow) (b,d-f). N=6 per group. For color figure see page 356

a b

c d

e f
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to saline controls. lipopolysaccharide-pretreatment also increased TATc levels in 

plasma compared to saline controls, indicating increased systemic coagulation.

Transfusion of aged RBCs in lipopolysaccharide-primed animals did not further 

augment pulmonary inflammation, shown by an unaltered histopathology score 

(fig. 1 and 2) and a non-significant increase in pulmonary cytokine and chemokine 

levels compared to lipopolysaccharide-primed rats transfused with saline or fresh 

RBCs (fig. 3). Aged RBCs worsened pulmonary coagulopathy in lipopolysaccharide-

0 5 10 15

LPS + RBC Day 14

LPS +  RBC Day 0

Control LPS

Saline + RBC Day 14

Saline + RBC Day 0

Control Saline

* **

Total histology score

Figure 2. Histology scores on lung injury. Lung injury score was significant increased in lipopolysaccharide 
(LPS)-pretreated animals compared to saline controls. Aged red blood cells (RBC day 14) increased 
lung injury compared to fresh RBCs (day 0) in healthy animals but did not further augment injury in 
LPS pretreated animals. Data are presented as mean±sem. *p<0.05, **p<0.001. N=6 per group. One 
way-ANOVA analysis, followed by post–hoc Dunnett’s.  
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Figure 3. Levels of interleukine (IL)-6 and cytokine-induced neutrophil chemoattractant (CINC)-3 in the 
lunghomogenate of healthy animals (A and D) and LPS-primed animals infused with aged red blood 
cells (RBCs day 14), fresh RBCs (day 0), or saline (B and E) (one way-ANOVA analysis, followed by post–
hoc Dunnett’s). Additional experiments (C and F) show the effect of infusion of supernatant (Sup) of 
aged RBC blood products or washed (Wash) aged erythrocytes in lipopolysaccharide (LPS)-primed animals 
(Student t-test). Data are presented as mean ±sem. *P< 0.01. N=6 per group. 
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Figure 4. Concentrations of thrombin anti-thrombin complexes (TATc), plasminogen activator activity 
(PAA%), plasminogen activator inhibitor (PAI-1) and fibrin degradation products (FDP) in the broncho-
alveolar lavage fluid (BALF) of lipopolysaccharide (LPS)-primed animals transfused with stored red blood 
cells (RBCs day 14), fresh RBCs (day 0), saline (control), supernatant (Sup) of aged RBC blood products 
or washed (Wash) aged erythrocytes. Data are presented as mean ±sem. Aged RBCs and supernatant 
of aged RBCs activate lung coagulation and decrease fibrinolysis as shown by an increase in TATc level 
in the BALF and decrease of PAA% and increase of PAI-1 levels in the BALF respectively. *P< 0.05, 
**P<0.01. N=6 per group. Student t-test (right column) and one way-ANOVA analysis, followed by post–
hoc Dunnett’s (left column).
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primed animals, by increasing broncho-alveolar lavage fluid levels of TATc compared 

to lipopolysaccharide controls receiving saline or fresh RBCs (P<0.01, fig. 4). Also, 

aged RBCs strongly contributed to impaired fibrinolysis in lipopolysaccharide-

primed animals, decreasing plasminogen activator activity in the broncho-alveolar 

lavage fluid and increasing the level of plasminogen activator inhibitor-1 compared 

to lipopolysaccharide controls receiving fresh RBCs (P<0.05 for both). In addition, 

aged RBCs further augmented systemic coagulation, by increasing plasma TATc level 

compared to the lipopolysaccharide controls receiving fresh RBCs (fig. 5, P<0.001). 

Effect of transfusion of washed aged erythrocytes vs. supernatant of aged 
RBCs in healthy and lipopolysaccharide-primed rats

To determine whether lung injury was due to soluble factors in the storage 

medium or to the aged erythrocyte itself, aged RBCs were washed and separated 

from supernatant. Using these products, we repeated experiments in healthy and 

Figure 5. Systemic concentrations of thrombin anti-thrombin complexes (TATc) and plasminogen activator 
activity (PAA) in the plasma of lipopolysaccharide (LPS)-primed animals transfused with stored red blood 
cells (RBCs day 14), fresh RBCs (day 0), saline (control), supernatant (Sup) of aged RBC blood products 
or washed (Wash) aged erythrocytes. Data are presented as mean ±sem. Aged RBCs and supernatant of 
aged RBCs activate systemic coagulation and decrease fibrinolysis as shown by an increase in TATc level 
and decrease of PAA% in the plasma respectively. **P<0.01. N=6 per group. Student t-test (right column) 
and one way-ANOVA analysis, followed by post–hoc Dunnett’s (left column).
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lipopolysaccharide-pretreated animals. In healthy rats, transfusion of both washed 

aged erythrocytes and supernatant of aged RBCs reproduced the findings of the 

previous experiment, increasing pulmonary cytokine and chemokine levels (data 

not shown). Washing of the aged RBCs did not prevent the onset of pulmonary 

inflammation in healthy rats. 

In lipopolysaccharide-primed rats, transfusion of supernatant, but not of aged 

washed erythrocytes, worsened lung inflammation and coagulation, comparable to 

the previous experiment. Supernatant of aged RBCs increased pulmonary levels of 

interleukine-6 and cytokine-induced neutrophil chemoattractant-3 compared to rats 

receiving washed aged erythrocytes (P<0.01, fig. 3), as well as an increase in levels 

of TATc and decrease in plasminogen activator activity in broncho-alveolar lavage 

fluid compared to those receiving washed aged erythrocytes (P<0.01, fig. 4). Also, 

the increase in systemic levels of TATc caused by RBC products was reproduced after 

transfusion of supernatant but not after transfusion of washed aged erythrocytes 

(P<0.001, fig.5). 

Table 1. Storage-related biochemical changes in rat RBCs

Whole blood (fresh)a RBCs day 0b RBCs day 14b

K+ (mmol/l) 5.3 ± 0.2 3.6 ± 0.4 31.2 ± 2.1*

Na+(mmol/l) 154 ± 4.2 146 ± 1.8 126 ± 2.0**

pH 6.9 ± 0.1 7.1 ± 0.0 6.6 ± 0.01**

Lactate (mmol/l) 6.2 ± 1.2 7.0 ± 0.7 16.9 ± 3.1**

Glucose (mmol/l) 8.7 ± 0.5 18.5 ± 2.7 7.1± 0.3** 

Leukocytes (x 10/9/l) 5.4 ± 0.6 4.5 ± 0.8 3.6 ± 0.5

Hb (mmol/l) 6.0 ± 0.2 9.9 ± 0.3† 9.7 ± 0.3

Hematocrit 0.34  ± 0.01 0.58 ± 0.02† 0.53 ± 0.02**

LysoPC 16:0 (µM) 91.8 ± 6.9 87.3 ± 4.2

LysoPC 18:1 (µM) 22.9 ± 2.6 22.0 ± 2.4

LysoPC 18:0/PAF 16:0 (µM) 2.9 ± 0.2 3.2 ± 0.1

LysoPAF 16:0 (µM) 2.6 ± 0.3 2.7 ± 0.1

LysoPAF 18:0 (µM) 2.9 ± 0.2 3.2 ± 0.1

LysoPAF 18:1 (µM) 1.2 ± 0.1 1.4 ± 0.2

PC 34:2 (µM) 42.6 ± 6.4 42.6 ± 5.3

PC 36:4 (µM) 16.2 ± 1.7 16.2 ± 0.8

TNF (pg/ml) <62.5 <62.5

IL-6 (pg/ml) <31.25 <31.25

RBC=Red Blood Cells, K+=potassium, Hb=Hemoglobin in mmol/ml, Hct=hematocrit. LysoPC=lysophos-
phatidylcholine, PAF=platelet activating factor, PC=phosphatidylcholine. TNF=tumor necrosis factor. Data 
are presented as mean±SD. *p< 0.001, **p<0.01, †p<0.01 RBCs day 14 compared to RBCs day 0 or 
RBCs day 0 compared to Whole blood (fresh) (n=5 batches), (a) one way-ANOVA, followed by post–hoc 
Dunnett’s and (b) paired t-test.
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Effects of storage time of rat RBCs on biochemical changes  

In an effort to determine which factors in the supernatant are causative in inducing 

pulmonary injury, biochemical changes of RBC products were analyzed. After 14 

days of storage, RBCs had significant storage lesions, exemplified by an increase in 

potassium and lactate levels and a decrease in pH, sodium and glucose compared 

to day 0 (p<0.01 for all, table 1). Total hemoglobin concentration remained stable 

during storage, whereas hematocrit decreased during storage. Concentrations of 

lysophosphatidylcholine 16:0, lysophosphatidylcholine 18:0/PAF 16:0, LysoPAF 18:0, 

lysophosphatidylcholine 18:1, LysoPAF 16:0 and LysoPAF 18:1 did not increase during 

storage. In line with these results, the concentration of the biochemical precursors 

of lysophosphatidylcholines (phosphatidylcholines) remained stable. Interleukine-6 

and tumor necrosis factor were not detectable in the supernatant of stored RBCs at 

either time point. 

Effect of storage time of human RBCs on lysophosphatidylcholine accumulation

In contrast to our results, several previous studies found lysophosphatidylcholine 

accumulation in stored blood products.15,17 Therefore we performed additional 

studies using human RBCs. Comparable to the results with the rat RBC products, 

concentrations of lysophosphatidylcholines did not increase in human RBC products 

stored for 35 and even 42 days when compared to day 0 of storage (table 2). 

In line with these results, the concentration of the biochemical precursors of 

lysophosphatidylcholines (phosphatidylcholines) remained stable during storage.

Table 2. Storage-related changes in lysophophatidylcholines in human RBCs

RBC day 0 RBCs day 35 RBCs day 42

LysoPC 16:0 (µM) 13.4±3.0 10.8±4.4 10.6±5.0

LysoPC 18:1 (µM) 3.2±0.9 3.1±1.1 2.7±1.2

LysoPC 18:0/PAF 16:0 (µM) 0.8±0.1 0.6±0.2 0.5±0.1

LysoPAF 16:0 (µM) 0.5±0.2 0.6±0.2 0.6±0.2

LysoPAF 18:0 (µM) 0.3±0.1 0.2±0.2 0.2±0.1

LysoPAF 18:1 (µM) 0.8±0.1 0.6±0.2 0.5±0.1

PC 34:2 (µM) 25.0±6.5 25.0±7.2 24.0±7.9

PC 36:4 (µM) 9.8±2.5 10.0±3.0 9.3±2.6

RBC=Red Blood Cells, LysoPC=lysophosphatidylcholine, PAF=platelet activating factor, PC=phos-
phatidylcholine. Data are presented as mean±SD, n=5 batches. One–way ANOVA, followed by post–hoc 
Dunnett’s, non significant.
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Discussion

We describe a novel in vivo syngeneic rat RBC transfusion model, using a clinical 

protocol for the preparation and storage of blood products according to National 

Blood Bank standards. In the model that we believe is clinically relevant, the main 

findings are as follows: 1) transfusion of aged RBCs resulted in mild lung inflammation 

in the absence of a priming “first hit”, i.e. in healthy lungs, 2) transfusion of aged 

RBCs increased lung injury in a “two hit” TRALI model, which was characterized 

by profound pulmonary and systemic coagulopathy, 3) lung injury in the “two hit” 

model was abrogated by washing of the aged RBCs before transfusion. 

Transfusion of aged RBCs induced lung inflammation in healthy lungs.44 Notably, 

the amount of inflammation we found was mild. This may partly be explained 

by a lack of immunogenicity. However, it can be speculated that the observed 

mild effects accumulate after repeated transfusions, which may contribute to 

respiratory complications. In accordance, observational clinical studies show that 

the number of RBCs transfused is associated with the onset of TRALI as well as 

with adverse outcome.34,45 The clinical relevance of our findings remains to be 

determined in randomized trials investigating the effect of storage time of RBCs 

and onset of transfusion related morbidity and mortality. Importantly, although 

use of a syngeneic model does not reflect allogeneic blood transfusion, our model 

resembles the clinical situation more closely then the use of cross species or an ex 

vivo design.17,22,40 Using an “in species” transfusion model, we show that aged 

RBCs contribute to lung injury. 

Previous models that have pointed towards a “two hit” TRALI hypothesis are limited 

by ex vivo designs, use of blood products which were not manufactured according 

to clinical protocols or by the use of cross species, including human blood products 

which were transfused in rat recipients.17,22,40 In our syngeneic transfusion model, 

we confirm the “two hit” TRALI hypothesis with the use of aged rat RBCs,16,17,22 

suggesting that effects of aged RBCs depend on priming status,46,47 which is in 

line with the concept of the threshold model.28 In this model, a threshold must 

be overcome to induce a TRALI reaction. Factors that determine the threshold are 

the clinical condition of the patient (i.e. priming of the lung neutrophils) and the 

ability of the mediators in the transfusion to cause activation of primed neutrophils. 

Therefore, in the threshold model, severity of the TRALI reaction depends both 

on patient- as well as on transfusion-related factors. In accordance, we found that 

transfusion of aged RBCs induced mild lung inflammation in healthy rats, whereas 

lung injury increased when a priming hit preceded the transfusion. Of note, not all 

parameters of inflammation were augmented in the “two hit” model. An explanation 

for this finding may be that inflammatory reactions, including extravasation of 

neutrophils, were already elicited by lipopolysaccharide-priming, which could not 
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be further enhanced by aged RBCs. However, results from our study underline the 

concept that critically ill patients with an inflammatory response may be susceptible 

to additional injury following a blood transfusion.47,48 If indeed risk factors for acute 

lung injury of any origin predispose to TRALI, the multiple possible “first events” 

may explain the increased incidence of TRALI in the critically ill, when compared 

to the general hospital population.29,49-51 Indeed, it is increasingly becoming clear 

that RBC transfusion is associated with adverse outcome in patient groups which 

frequently suffer from inflammatory conditions, such as trauma and critically ill 

patients.3 Our results underline the importance of restrictive transfusion protocols 

in these patient groups.

Our study extends previous findings, showing for the first time that aged RBCs 

cause increased coagulation and impaired fibrinolysis in the presence of primed 

neutrophils. RBCs are often considered passive bystanders in coagulation. However, 

it has long been known that aged RBCs have pro-coagulant activity,52 which 

may result via increasing thrombin generation,53,54 and activation of coagulation 

factors.55 Our results suggest that in the presence of a “first hit”, coagulopathy may 

be an important pathway in mediating lung injury after transfusion of aged RBCs. 

Of note, histopathologic examination of the lungs did not reveal evident thrombosis. 

This is in line with histopathologic findings in lungs of patients with acute lung injury 

due to other causes, in which thrombi are not a frequent finding, even though, 

coagulopathy is abundant.56 Taken together, we suggest that lung injury induced 

by transfusion is comparable with the pathogenesis of acute lung injury/acute 

respiratory distress syndrome,56,57 with regard to neutrophil extravasations and 

coagulopathy. Moreover, morbidity and mortality in critically ill patients developing 

TRALI may be comparable to patients with acute lung injury/acute respiratory 

distress syndrome, as evidenced by recent studies.29,49,58 We suggest that TRALI 

should be regarded as a form of acute lung injury and not as a separate entity. 

Proposed mechanisms of the induction of lung injury by storage of RBCs have 

included white blood cell derived mediators, soluble factors in the supernatant, in 

particular lysophosphatidylcholines, or erythrocytes as the causative agents.15,17,38 

Our study suggests that the supernatant of the stored RBCs and not the aged 

erythrocyte itself caused inflammation in primed lungs. We found no increase in 

levels of lysophosphatidylcholines or other pro-inflammatory factors after storage. 

As these findings are in contrast with previous studies,15-18 we performed 

additional experiments with human RBC blood products, which also did not show 

lysophosphatidylcholine accumulation. Blood product preparation for animal models 

varies considerably between laboratories, including use of storage solutions and 

leucoreduction, which may account for different study outcomes.17,22,38,40,59-62 

Also clinical studies on the association between lysophosphatidylcholine concentration 

in transfused blood products and TRALI,63 show conflicting results.18,29 
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An alternative explanation for the mechanism of the detrimental effects in 

our model may be biochemical deterioration of the blood product. An increase 

in potassium, lactate and a decrease in pH in transfused products have been 

associated with morbidity and mortality in the pediatric patient.64,65 Whether 

biochemical deterioration of blood products is able to induce coagulopathy, is 

not answered by our study. Possibly, mediators produced by residual white blood 

cells may have contributed to lung injury. However, plasma from stored RBCs that 

were leukoreduced before storage were shown to induce lung injury in a 2-event 

transfusion model,22 rendering this hypothesis unlikely. Further research on the 

factor in the supernatant that elicits coagulopathy is required. 

Of note, results suggest that whereas supernatant is the causative factor in primed 

lungs, both aged cells as well as supernatant elicit inflammation in healthy lungs. 

This interesting finding calls for further experiments with aged RBCs in various 

storage conditions. Also, it should be noted that the comparison of supernatant 

with aged RBCs in this study, does not account for possible interactions between 

aged cells and aged supernatant. Furthermore, separating the products may have 

introduced other variables, such as a change in blood viscosity. 

Our finding that washed aged RBCs inhibited lung injury in the “two hit” model, may 

have implications for the preparation and storage of red blood cells. Washing of red 

blood cells may reduce respiratory complications. Washing of stored blood without 

disturbing integrity of the aged erythrocyte seems a feasible procedure.66,67 

Alternatively, transfusion of fresh cells only may reduce pulmonary complications. 

A retrospective study suggested that cardiac surgery patients transfused with fresh 

RBCs (<14 days) compared to patients receiving aged RBCs (>14 days) had a reduced 

ventilation time and suffered less from respiratory insufficiency.11 However, other 

clinical trials have not confirmed this finding.68,69 Although it is clear that RBC 

products deteriorate over time, a specific cut-off point in the risk/benefit ratio 

in transfusion related to the age of RBCs remains to be determined. Our data, 

however, suggest that in certain patient populations (e.g. the critically ill), washing 

of aged RBCs before transfusion or transfusion of fresh RBCs only may be a rational 

approach in reducing respiratory complications. 

In conclusion, we show that transfusion of the supernatant of aged RBCs but not 

washed aged RBCs, causes lung injury in a clinically relevant transfusion model, 

an effect which was modulated by the presence of a priming hit. In primed lungs, 

red blood cell-induced lung injury was characterized by increased inflammation and 

coagulation and impaired fibrinolysis. The findings in the lipopolysaccharide-primed 

rats suggest that washing procedures of aged RBCs may decrease pulmonary 

complications after a blood transfusion. Given that critically ill and trauma patients 
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are the patients who are most often transfused and that transfusion is the most 

common event preceding the development of acute lung injury,70-72 and an 

independent risk factor for acute lung injury,32,36,45,73 efforts to reduce the adverse 

relation of blood transfusion and outcome are mandatory. Whether transfusion of 

fresh RBCs or washed aged RBCs reduces the increased risk for acquiring lung injury 

deserves further clinical studies.
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Abstract

Background: Transfusion–related acute lung injury (TRALI) is suggested to be a 

“two hit” event, resulting from priming and activation of pulmonary neutrophils. 

Activation may result from infusion of lysophosphatidylcholines (LysoPCs), which 

accumulate during storage of blood products. 

Methods: In the present study, we developed a syngeneic in vivo transfusion model 

to test whether storage of platelet concentrates (PLTs) results in lung injury in healthy 

rats as well as in a “two hit” model using lipopolysaccharide (LPS)-pretreated rats. In 

addition, the effect of washing of platelets was studied. In healthy rats, transfusion 

of aged PLTs caused mild lung inflammation. 

Results: In LPS–pretreated rats, transfusion of aged PLTs, but not fresh PLTs, 

augmented pulmonary and systemic coagulopathy. When PLTs components were 

transfused separately, supernatant of aged PLTs, but not washed aged platelets, 

induced pulmonary injury in the “two hit” model. Supernatants of aged PLTs 

contained increased concentrations of LysoPCs compared to fresh PLTs, which 

enhanced neutrophil priming activity in vitro. 

Conclusions: We conclude that transfusion of aged PLTs induces lung inflammation 

in healthy rats. In a “two hit” model, aged PLTs contribute to pulmonary and 

systemic coagulopathy, which may be mediated by LysoPCs, which accumulate in 

the supernatant of PLTs during storage. 
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Introduction

Transfusion-related acute lung injury (TRALI) is the leading cause of transfusion 

related morbidity and mortality.1-3 TRALI is characterized by the acute onset of 

hypoxia within 6 hours after transfusion of a blood product.4 Although TRALI is 

rarely reported in the general hospital population, the incidence is high among 

critically ill patients, ranging between 5.3 and 8% per transfused patient.5-7 

The high incidence of TRALI in this specific patient population may be explained 

by the pathogenesis of TRALI, which is thought to be a “two hit” event. The “first 

hit” is inflicted by a pro-inflammatory pulmonary condition, e.g., pneumonia, 

sepsis, or lung contusion, causing activation of lung endothelium with subsequent 

sequestration and priming of polymorphonuclear neutrophils. The “second hit” is 

provided by transfusion of a blood product, resulting in degranulation and release 

of reactive oxygen species of the primed neutrophils and subsequent pulmonary 

edema. Besides antibodies against human leukocyte antigens, biologically active 

lipids (lysophosphatidylcholines, LysoPCs) and cytokines, which are released and 

accumulate during storage of platelets products, have been implicated in the 

pathogenesis of TRALI.8-10 

Transfusion of (aged) platelet concentrates (PLTs) was found to be associated with 

the onset of TRALI and adverse outcome.5-7 Mechanisms of the detrimental effect 

of PLTs on lung inflammation may include accumulation of soluble factors such as 

LysoPCs in the supernatant. Indeed, LysoPCs from the supernatant of aged PLTs were 

found to activate neutrophils in vitro. Also, LysoPCs have been used in “two hit” TRALI 

animal models.8,9,11 Alternatively to soluble factors, PLTs themselves may induce 

pulmonary vascular injury in TRALI. Thrombocytopenia has been observed in TRALI 

patients.12-14 Also in a mouse model of antibody-mediated TRALI, thrombocytopenia 

occurred, suggesting that platelets may be involved. In this model, neutrophils were 

found to capture platelets, resulting in vascular damage and lung injury, which did 

not occur after depletion of platelets.15 In a similar model depletion of platelets 

prevented onset of TRALI.16 Whether PLTs transfusion enhances this phenomenon 

is unknown. Also, although coagulopathy is a hallmark of acute lung injury due to 

other causes,17 knowledge on coagulation disorders in TRALI is limited. 

The clinical relevance of existing TRALI models is hampered by cross species and ex 

vivo design. At present, no in vivo platelet transfusion model exists that confirms 

the “two hit” TRALI hypothesis.18 In this paper, we describe a novel syngeneic in 

vivo rat platelet transfusion model in which the effect of aged PLTs on lung injury 

was studied in healthy rats and in a “two hit” model using lipopolysaccharide 

(LPS)-pretreated rats. Besides pulmonary inflammation, markers of pulmonary 

coagulopathy were determined. To elucidate the mechanism of lung injury induced 
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by aged PLTs, we performed additional experiments using specific components of 

the aged PLTs products.

Materials and Methods

The Institutional Animal Care and Use Committee of the Academic Medical Center 

and the Medical Ethical Committee of Sanquin Blood Bank Foundation approved all 

experiments. All animals were handled in accordance with the guidelines prescribed 

by the Dutch legislation and the International Guidelines on protection, care, and 

handling of laboratory animals.

Preparation of rat PLTs products

Male Sprague–Dawley rats (> 250 g, Harlan; The Hague, The Netherlands) were 

used to obtain blood. Rats were anesthetized with an intramuscular injection of 

ketamin 45 mg/kg (Eurovet; Bladel, The Netherlands) and medetomidin 0.25 mg/

kg (Novartis; Arnhem, The Netherlands). Blood was collected from the inferior vena 

cava in a syringe containing 1.25 ml citrate-phosphate-dextrose (CPD, Fresenius 

Kabi; Emmer Compascuum, The Netherlands). Approximately 8-10 ml of blood 

could be obtained from a single rat. Blood of five rats was pooled for component 

preparation. Prior to pooling, cross-matching was carried out to ensure compatibility. 

Blood was handled and stored according to national standards for human blood 

(Sanquin Blood Supply Foundation), with minor changes to adapt for the smaller 

volumes. After overnight storage at room temperature, blood was centrifuged for 

10 minutes at 1,892 x g and 20 °C. Plasma was removed and the buffy coat was 

separated from the red blood cells. The buffy coat was diluted with pooled plasma 

to end up with a hematocrit of about 20% (v/v) and centrifuged for 10 minutes 

at 288 x g and 20 °C to separate the majority of the remaining erythrocytes and 

leukocytes from the platelets. To enable a final platelet count in PLTs of approximately 

1,000 x 109/L, platelet counts were performed between the separation steps. 

The supernatant containing the platelets was collected and stored at 22 ± 2°C 

horizontally shaking with 1 cycle/s (Platelet Incubator Helmer; Noblesville, Indiana, 

USA) in culture flasks, (NunclonTM surface 50 ml, NuncTM,Thermo Fisher; Rochester, 

New York, USA) 7 ml PLTs each, under 5% CO2/95% air mixture. Storage of aliquots 

of platelet concentrates in a culture bottle with 5% CO2 has been used in several 

studies on human platelets, resulting in similar storage conditions compared to 

storage in a standard platelet storage container.19,20 
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Preparation of washed aged platelets and supernatant rat PLT products 

After 5 days of storage, rat PLTs products were separated into washed platelets 

and supernatant. The PLTs products were centrifuged for 15 minutes at 1,250 x g 

and 22 °C. The supernatant of the rat PLTs product was separated. The platelets 

were washed using CompoSol (Fresenius Hemocare, Emmer Compascuum, The 

Netherlands) which was added up to the original volume and centrifuged for 15 

minutes at 1,000 x g and 22 °C. The supernatant was removed and the CompoSol 

was added to the platelets up to the original volume of the rat PLT product. Platelet 

count in the final washed product was >90% of the original count.

In vivo PLTs transfusion model

Male Sprague-Dawley rats (275 g) raised on a regular diet were randomized into 3 

groups (n=6 per group) to receive transfusion with saline (NaCl 0.9%), transfusion 

with fresh PLTs or transfusion with PLTs stored for 5 days (aged PLTs). A storage 

time of 5 days was chosen, because in pilot experiments, rat PLTs stored for 5 days 

showed storage-related changes comparable to those found in previous studies 

using aged human platelets stored for 5 days.9 For the experiments in the “two hit” 

PLTs transfusion model, rats received a “first hit” of 2 mg/kg of lipopolysaccharide 

(from Salmonella enteritidis, Sigma; St. Louis, Missouri, USA) intra-peritoneally two 

hours prior of transfusion. The animals in the other experiments received instead of 

LPS, saline as a “first hit” (equal volume). Animals were weighed and anaesthetized 

with pentobarbital 50 mg/kg intra-peritoneally. The tail vein was cannulated with 

a 24 gauge venflon (Vasofix Certo B.Braun; Meisungen, Germany) and blood was 

aspirated to verify intravascular placement and to remove 0.5 ml of blood for 

cross-matching and baseline measurements. A 10% circulating volume transfusion 

was administered over 30 minutes using an infusion pump (Harvard Pump 11, 

Harvard Apparatus; Holliston, Massachusetts, USA). Rats were placed back in their 

cages to recover and were sacrificed 6 hours after transfusion. In a separate set 

of experiments, LPS-pretreated and healthy animals were transfused with washed 

aged platelets or with supernatant of aged PLTs. 

Blood and tissue sampling 

After anesthesia with ketamine 45 mg/kg and medetomidin 0.25 mg/kg as 

described above, blood was collected from the inferior vena cava in citrated (0.109 

M) vacutainer tubes for analysis and blood culture. The right lung was ligated, 

and the left lung was lavaged three times with 2 ml of saline. After lavage, lungs 

were weighed and homogenized using a tissue homogenizer (Biospec Products; 

Bartlesville, Oklahoma, USA). For cytokine and chemokine measurements, lung 

homogenates were diluted 1:1 in lysis buffer (150 nmol/l NaCl; 15 mmol/l Tris; 1 
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mmol/l MgCl2–H2O; 1 mmol/l CaCl2; 1% Triton X-100; and 100 µg/ml pepstatin A, 

leupeptin, and aprotinin). The upper lobe of the right lung was fixed in 4% formalin 

and embedded in paraffin for histopathology examination. 

Histology and Immunohistochemistry

Sections of 4µm were stained with hematoxylin–eosin (H&E), and analyzed by two 

researchers who were blinded for group identity. A histology scoring system was 

used as previously described.21 In short, the following parameters were scored on a 

scale of 0 – 4: interstitial inflammation, endothelialitis, bronchitis, edema, thrombus, 

and pleuritis. The histology score was expressed as the sum of the score for all 

parameters. Immunohistochemistry was performed for CD40L. Positive control was 

a rat spleen section stained for CD40L and CD3 (T-cell marker). Deparaffinized and 

rehydrated lung and spleen sections were incubated with a rat antibody against 

CD40L or CD3 (Abcam, Cambridge, United Kingdom) and were detected using 

the DAB substrate kit (Vector Laboratories, Burlingame, CA). Of each specimen, 

digital images were captured of five non overlapping areas (x10 objective) using 

a DFC500 digital camera mounted on a DM5000B microscope (both from Leica 

Microsystems). The area positive for CD40L was determined with Image Pro Plus 

(Media Cybernetics) and expressed as the percentage of the total surface area. 

Assays

Thrombin–antithrombin complexes (TATc; Behring, Marburg, Germany) and fibrin 

degradation products (FDP; Asserachrom D–Di, Diagnostica Stago, Asnières–sur–

Seine, France) were measured using ELISA. Plasminogen activator activity (PAA), 

and plasminogen activator inhibitor (PAI)–1 activity were measured by automated 

amidolytic assays.22 Tumor necrosis factor (TNF), interleukin (IL)–6, and cytokine-

induced neutrophil chemoattractant (CINC)–3 were measured by ELISA according 

to instructions from the manufacturer (R&D Systems, Abingdon, United Kingdom). 

Detection limit was 62.5, 31.25 and 125 pg/ml, respectively.

Storage-related biochemical changes in rat platelets

PLTs samples were collected at the indicated time intervals and analyzed for pH 

and lactate with a Rapidlab 865 blood gas analyzer (Siemens Medical Solutions 

Diagnostics; Breda, The Netherlands). Cell counts for leukocytes and platelets 

were done with an Advia 2120 hematology counter, with special software for 

counting animal blood samples (Siemens Medical Solutions Diagnostics). The 

Kunicki morphology score,23 as well as the aggregation response to ADP and to the 

combination of ADP and collagen was measured as described.24 The percentage of 

platelets positive for Annexin V was determined as described earlier.19 Supernatants 
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were prepared by centrifugation for 10 minutes at 12,500 x g to remove cells and 

a-cellular debris. Aliquots of supernatants were stored at -80 °C for analysis of 

LysoPC, phosphatidylcholine (PC), cytokine levels and to test for neutrophil priming. 

Lipid extraction and LysoPC and PC measurement

Lipid extraction of supernatant from PLTs supernatant was performed using the 
Bligh and Dyer method (chloroform:methanol:aqueous solution 1:1:1). In short, 3 

ml of CHCl3:MeOH (1:2) was added to 100 µl of sample and 100 µl of internal 

standard solution (LysoPC 14:0, 2.5 nmol and PC 28:0, 10 nmol). 700 µl HAc 0.5%, 

1 ml CHCl3 and 800 µl of HAc 0.5% were added. After every addition, samples 

were vortexed for 30 seconds. The final mixture was centrifuged for 10 minutes at 

1,892 x g at room temperature. After centrifugation, the lower layer of CHCl3 was 

separated. This step was repeated two times by adding 1 ml CHCl3. The separated 

CHCl3 layers were combined and dried (N2, 30 °C). Samples were dissolved in 150 µl 

CHCl3/MeOH/H2O/NH3 25% (50/45/5/0.01 v/v/v/v) for further analysis. 

HPLC tandem mass spectrometry

LysoPCs and PC concentrations in supernatant of PLTs were determined using HPLC 

tandem mass spectrometry (HPLC-MS/MS). 10 µl was injected on the HPLC-MS/

MS system. Chromatographic separation was achieved on a modular HPLC system 

(Surveyor; Thermo Finnigan, San Jose, CA, USA) consisting of a cooled autosampler 

(T=12°C), a low-flow quaternary MS pump and analytical HPLC column: LichroSpher 

Si60, 2 ×250 mm column, 5 µm particle diameter (Merck, Darmstadt, Germany). 

Samples were eluted with a flow rate of 300 µl/min and a programmed linear 

gradient between solution B (chloroform-methanol, 97:3, v/v) and solution A 

(methanol-water, 85:15, v/v); A and B contained 1 ml and 0.1 ml of 25% (v/v) 

aqueous ammonia per liter of eluent, respectively. The gradient was: T = 0 -10 min: 

20% A to 100% A; T = 10-12 min, 100% A; T= 12-12.1 min: 100% A to 0% A; and 

T= 12.1–17 min, equilibration with 0% A. Total run-time, including the equilibration, 

was 17 min. A splitter between the HPLC and MS was used for the introduction of 

the eluent in the MS by 75 µl/min.

MS/MS analyses were performed on a TSQ Quantum AM (Thermo Finnigan) 

operated in the positive ion electrospray ionization mode. The Skimmer Offset was 

set at 10 V; spray voltage was 3600 V and the capillary temperature was 300°C. In 

the optimized MS/MS experiments, argon was used as collision gas at a pressure 

of 0.07 Pa and a collision energy of 40 V. The parent ion scan of m/z 184.1 (m/z 

400 - m/z 1000, 1 s) was used for the quantization of the following precursor ions: 

m/z 468.3 (LysoPC 14:0, I.S.), m/z 496.3 (LysoPC 16:0), m/z 524.3 (LysoPC 18:0/ 

PAF 16:0), m/z 522.4 (LysoPC 18:1), m/z 482.4 (LysoPAF 16:0), m/z 510.4 (LysoPAF 
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18:0), m/z 508.4 (LysoPAF 18:1), m/z 678.4 (PC 28:0, I.S.), m/z 758.4 (PC 34:2), 

m/z 782.4 (PC 36:2).

Neutrophil priming assay

Rat neutrophils were isolated using Percoll 1.076 g/ml gradient centrifugation and 

NH4Cl/KHCO3 lysis of red blood cells.25 Neutrophils (1.0 x 106/ml) were incubated 

with supernatant for 30 min at 37 °C, and thereafter activated with formyl-methionyl-

leucylphenylalanine (fMLP). H2O2-release was measured with the fluorescent dye 

Amplex Red in the presence of horsh radish peroxidase.

Storage-related biochemical changes in human PLTs

Platelet concentrates in plasma were prepared from pooled buffy coat platelets 

as previous described.26 The concentrates were filtered through a Compostop 

CS leukoreduction filter (Fresenius Kabi, type T3995) with a PVC-citrate container 

connected to the outlet of the filter. The PLTs were stored at 22 °C ± 2°C horizontally 

shaking with 1 cycle per minute (Helmer labs Inc, Noblesville, IN, USA), according 

to National Blood Bank standards. Supernatants were collected after preparation of 

the products and at day 5 and 7 and prepared by centrifugation for 10 minutes at 

14,500 x g at 4 °C to remove cells and a-cellular debris. Aliquots of supernatants 

were stored at -80 °C for analysis of LysoPC and phosphatidylcholine (PC) levels.

Statistical analyses

Data are expressed as mean ± SEM or median with interquartile ranges, as 

appropriate. A paired t–test was used to compare the results of platelets before and 

after storage. Comparisons between the rat groups were performed using one–

way ANOVA or Kruskal–Wallis test, followed by post–hoc Bonferroni’s or Dunnett’s 

tests, depending on data distribution. A p–value < 0.05 was considered statistically 

significant. Statistical analyses were performed with SPSS 12.0 (SPSS, Chicago, IL) 

and Prism 4.0 (GraphPad Software, San Diego, CA).

Results

Effect of transfusion of aged PLTs in healthy rats

All animals completed the experimental protocol. Blood cultures from the rats 

collected at the end of the experimental protocol showed no outgrowth of 

bacteria. Transfusion of aged PLTs induced lung injury in healthy rats, characterized 

by neutrophil adherence on the endothelial wall and edema in lung tissue (fig. 1). 
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Figure 1. Effect of transfusion of aged platelets on lung injury in healthy and primed rats. Histologic 
sections of hematoxylin and eosin stained rat lungs at 20x magnification. (a): Saline control, (b): 
Lipoplysaccharide (LPS) control, (c): Saline + fresh platelet concentrates (PLTs) day 0, (d): LPS + PLTs 
day 0, (e): Saline + aged PLTs (PLTs day 5), (f):LPS + PLTs day 5. Normal vasculature (arrow) (a and c) 
Neutrophils sequestrated in the vasculature (arrow) (b,d,f). For color figure see page 357
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The histopathology score was higher compared to transfusion of fresh PLTs and 

saline control groups (10.6±1.1 vs. 1.7±1.6 and 2.2±2.2, p<0.05). Aged PLTs caused 

an increase of IL-6 and CINC-3 concentrations in the lung homogenate (p<0.05 

compared to controls, fig. 2). No differences were seen between fresh or aged 

PLTs on markers of coagulation and fibrinolysis in neither the pulmonary (fig. 3) 

nor the systemic compartment (data not shown). As accumulation of soluble CD40 

during storage of PLTs has been implicated in the pathogenesis of TRALI,27 CD40L 

was stained in the lung tissue using immunohistochemistry. After PLTs transfusion, 

expression of CD40L was detected on pulmonary T cells and on the endovascular 

wall, but no differences were observed between fresh vs. aged PLTs (fig. 4).

Effect of transfusion of aged PLTs in LPS-primed rats

LPS-pretreatment resulted in neutrophil sequestration in the lung endothelium 

and pulmonary edema, with an elevated histopathology score when compared 

to the saline control group (11.8±1.1 vs. 1.7±1.6 p<0.001). Also, LPS-pretreatment 

increased levels of IL-6 and CINC-3 in lung homogenate compared to the saline 

control (p<0.01, fig. 2). LPS increased pulmonary coagulation as shown by increased 

thrombin generation (as reflected by TATc) and increased FDP levels. In addition, 

fibrinolysis was impaired, as evidenced by reduced plasminogen activator activity 
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Figure 2. Effect of aged platelets transfusion on cytokine and chemokine concentration in the lungs. 
Saline or lipopolysacharide (LPS)-pretreated animals were transfused with saline (control), fresh platelet 
concentrates (PLTs day 0) or aged PLTs (day 5). Data are presented as mean±sem. *p<0.05 
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Figure 3. Effect of aged platelets transfusion on pulmonary coagulation and fibrinolysis. Concentrations 
of thrombin anti-thrombin complexes (TATc), plasminogen activator activity (PAA), plasminogen activator 
inhibitor (PAI-1) and fibrin degradation products (FDP) in the broncho-alveolar lavage fluid (BALF) of 
animals receiving saline or LPS as “first hit” and subsequently infusion of saline (control), fresh PLTs (day 
0) or aged PLTs (day 5). Data are presented as mean ±sem. Aged PLTs products activate lung coagulation 
and decrease fibrinolysis in LPS-primed rats as shown by an increase in TATc level in the BALF and 
decrease of PAA% and increase of PAI-1 levels in the BALF respectively. *P< 0.05, **P<0.01, ***p<0.001. 
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(PAA) levels, at least in part caused by an increase in the levels of the fibrinolytic 

inhibitor PAI-1 compared to saline controls (p<0.01, fig. 3). LPS-pretreatment 

also induced systemic coagulopathy, evidenced by increased plasma TATc levels 

compared to saline controls (10.5±1.0 vs. 3.4±0.3 ng/ml, p<0.01).

Figure 4. Effect of transfusion of aged platelets on CD40L expression in lung tissue. Histologic sections of 
CD40L stained rat lungs at 20x magnification. (a): Saline control, (b): Lipoplysaccharide (LPS) control, (c): 
Saline + fresh platelet concentrates (PLTs) day 0, (d): LPS + PLTs day 0, (e): Saline + aged PLTs (PLTs day 
5), (f):LPS + PLTs day 5. CD40L is indicated by brown staining. In all sections, except for the saline negative 
control, CD40L staining is present on pulmonary T-cells and on the endovascular wal (arrows). For color 
figure see page 358 
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Transfusion of aged PLTs in LPS-primed animals had a differential effect on lung 

injury. Histopathology score of LPS-primed rats did not worsen after transfusion 

of aged PLTs compared to LPS-primed controls transfused with saline or fresh PLTs 

(9.3±2.0 vs. 11.8±1.1 and 10.6±1.0 resp., p=0.7, fig. 1). Pulmonary wet weight was 

not increased (not shown). No differences were seen for CD40L staining in the lungs 

between LPS-pretreated animals transfused with aged PLTs compared to animals 

receiving fresh PLTs (fig. 4). Aged PLTs did not increase pulmonary cytokine and 

chemokine levels in the “two hit” model (fig. 2). However, aged PLTs had a strong 

effect on pulmonary coagulopathy in LPS-primed animals, increasing BALF levels of 

TATc compared to fresh PLTs (p<0.001, fig. 3). Aged PLTs contributed to impaired 

fibrinolysis in LPS-primed animals, decreasing PAA in the BALF and increasing 

the level of PAI-1 compared to animals receiving fresh PLTs (p<0.001 and p<0.01 

respectively). FDP levels were reduced in LPS-primed animals receiving aged PLTs 

compared to animals receiving fresh PLTs (p<0.05). Also, aged PLTs caused systemic 

coagulation, by increasing plasma TATc level compared to fresh PLTs (20.2±1.3 vs. 

10.9±0.6, p<0.001).

Effect of transfusion of washed aged platelets vs. supernatant of aged PLTs in 
healthy and LPS-primed rats

To determine whether lung injury caused by aged PLTs was mediated by soluble 

factors in the storage medium or by the platelets themselves, aged PLTs were washed 

and separated from supernatant. Using these products, we repeated transfusion 

experiments in healthy and LPS-pretreated animals. In healthy rats, no difference 

was seen on lung inflammation or coagulation between animals transfused with 

washed aged PLTs or with supernatant of aged PLTs (fig. 5 and 6). 

In contrast, in LPS-primed rats, transfusion of supernatant, but not of washed aged 

PLTs, worsened lung coagulopathy. Supernatant of aged PLTs caused an increase in 

levels of TATc and decrease in %PAA in BALF compared to those receiving washed 

aged PLTs (p<0.01 for both, fig. 6). Also, the increase in systemic levels of TATc 

caused by PLT products was reproduced after transfusion of supernatant but not 

after transfusion of washed aged platelets (18.2±0.8 vs. 11.6±0.8, p<0.001). No 

effect was seen on markers of inflammation between animals receiving transfusion 

of supernatant or aged washed PLTs (fig. 5).

Effect of storage time of rat PLTs on biochemical changes  

Platelet count was stable during storage. At day 0, morphology and PS-exposure 

were similar to that of human platelets. Also, aggregation response to ADP and to 

the combination of ADP and collagen was normal. At day 5 of storage, morphology 

changed and annexin V expression of rat platelets increased (Table 1). Also, rat PLTs 
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showed significant biochemical changes, exemplified by an increase in lactate levels 

and a decrease in pH compared to day 0 (p<0.01 for all, table 1). These storage 

lesions are comparable to that of human platelets stored for 7 days.24,26,28 The 

phenomenon of more rapid worsening of rat cells during storage was previously 

described for erythrocytes.29 The presence of platelet aggregates was judged by 

visual observation and by a hematologic cell counter. No aggregates were present 

until day 7 of storage for rat platelets. Concentrations of LysoPC 16:0, LysoPC 18:0/

PAF 16:0 and LysoPAF 18:0 were significantly increased after 5 days of storage 
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Figure 5. Effect of washing of aged platelets before transfusion on cytokine and chemokine concentrations 
in the lungs. Concentrations of IL-6 and cinc-3 in the lunghomogenate of animals receiving saline or LPS 
as first hit and subsequently infusion of saline (control), supernatant (Sup) of aged PLT products or 
washed (Wash) aged platelets. Data are presented as mean ±sem. No differences are seen between 
supernatant of aged PLT products and washed aged platelets on lung inflammation in both saline and 
LPS-pretreated animals.
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Figure 6. Effect of washing of  aged platelets before transfusion on coagulation and fibrinolysis in the 
lungs. Concentrations of thrombin anti-thrombin complexes (TATc) and plasminogen activator activity 
(PAA) in the broncho-alveolar lavage fluid (BALF) of animals receiving saline or LPS as first hit and 
subsequently infusion of saline (control), supernatant (Sup) of aged PLT products or washed (Wash) aged 
platelets. Data are presented as mean ±sem. Supernatant of aged PLT products and not washed aged 
platelets increased lung coagulation and decreased fibrinolysis in LPS-primed animals as shown by an 
increase in TATc and decrease in PAA% in the BALF. *P< 0.01
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compared to day 0, with a concomitant decrease in phosphatidylcholine (PC) 

concentrations (p<0.05 for all, table 1). The concentration of LysoPC 18:1, LysoPAF 

16:0 and LysoPAF 18:1 showed a non-significant increase of respectively 5%, 8% 

and 30% at day 5 storage compared to day 0 storage. IL-6 and TNF were not 

detectable in the supernatant of PLTs at either time point. 

Table 2. Storage-related changes in lysophophatidylcholines levels in human platelet concentrates

Fresh Platelets Platelets day 5 Platelets day 7

LysoPC 16:0 (µM) 141±10.7 169±13.4** 192±20.8**

LysoPC 18:1 (µM) 32±4.6 34±2.8 36±2.8*

LysoPAF 16:0 (µM) 3.2±0.7 3.5±0.5 4.1±0.5*

LysoPAF 18:0 (µM) 4.5±0.7 5.2±0.6 6.0±1.3**

LysoPAF 18:1 (µM) 1.7±0.3 1.7±0.3  2.3±0.4**

LysoPC 18:0/PAF 16:0 (µM) 4.5±0.3 5.2±0.3 6.0±0.6**

PC 34:2 (µM) 122±13.2 115±11.9 105±10.0*

PC 36:4 (µM) 42±2.9 41±2.1 39±1.4**

LysoPC=lysophosphatidylcholine, PAF=platelet activating factor, PC=phosphatidylcholine. Data are 
presented as mean±SD (n=5 batches). *P<0.05, **p<0.01.

Table 1. Storage-related biochemical changes in rat platelet concentrates

Whole blood (fresh) Platelets day 0 Platelets day 5

pH 6.9 ± 0.1 7.4 ± 0.1 6.9 ± 0.1*

Lactate (mmol/L) 6.2 ± 1.2 8.0 ± 0.3 21.5 ± 1.2*

Leukocytes (x 10^9/L) 5.4 ± 0.6 0.03 ± 0.01 0.02 ± 0.01

Platelets (x 10^9/L) 858 ± 48 1086 ± 65 1076 ± 76

Morphology (Kunicki score) N/A  270±8.7 192±20.2**

% positive for Annexin V N/A   4.3±0.6 42±1.5*

LysoPC 16:0 (µM) 164 ± 13 183 ± 17**

LysoPC 18:1 (µM)   41 ± 4.3  43 ± 1.6

LysoPAF 16:0 (µM)  4.5 ± 0.4 4.9 ± 0.1

LysoPAF 18:0 (µM)  5.1 ± 0.5 6.2 ± 0.4**

LysoPAF 18:1 (µM)  2.0 ± 0.4 2.6 ± 0.4

LysoPC 18:0/PAF 16:0 (µM)  5.1 ± 0.5 6.2 ± 0.4**

PC 34:2 (µM)   86 ± 11  46 ± 4**

PC 36:0 (µM) 23 ± 3.3  13 ± 0.9**

TNF (pg/ml) <62.5 <62.5

IL-6 (pg/ml) <31.25 <31.25

LysoPC=lysophosphatidylcholine, PAF=platelet activating factor, PC=phosphatidylcholine. TNF=tumor 
necrosis factor. Data are presented as mean±SD (n=5 batches). *p< 0.01. **p<0.05.
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Effect of storage time of rat PLTs on neutrophil priming capacity

Supernatant of fresh PLTs had significant neutrophil priming capacity compared 

to buffer control (H2O2 release 105.2±3.0 vs. 18.0±1.0 pmol/ml, p< 0.01, fig. 

7). Storage further enhanced neutrophil priming capacity, as supernatant of PLTs 

stored for 2 and 5 days had higher in vitro neutrophil priming capacity compared 

to supernatant of fresh PLTs (H2O2 release 117.2±3.0 and 113.0±3.0. vs. 105.2±3.0 

pmol/ml, p< 0.01, fig. 7).  

Effect of storage time of human PLTs on LysoPC accumulation

In contrast to previous findings,8,9 LysoPC accumulation in aged rat PLTs products 

was modest in this study. Therefore, additional studies using human PLTs were 

performed. Comparable to our results with the rat PLTs products, concentrations of 

LysoPCs increased in human PLT products stored for 5 and 7 days when compared 

to fresh PLTs (table 2). Concentrations of LysoPC 16:0 was already increased after 

5 days of storage compared to fresh concentrations, and LysoPC 18:1, LysoPAF 

16:0, LysoPAF 18:1, LysoPC 18:0/PAF 16:0 and LysoPAF 18:0 were increased after 

7 days of storage compared to fresh concentrations with a concomitant decrease 

in phosphatidylcholine (PC) concentrations (p<0.05 for all, table 2). In line with the 

rat PLTs product, the maximum increase in LysoPCs was around 30% compared to 

baseline. 

Figure 7. Supernatant of aged platelet concentrates have increased neutrophil priming capacity. 
Neutrophil priming activity of the aged platelet concentrates (PLTs) expressed in pmol H2O2 release per 
minute per 106 neutrophils. Supernatant of fresh PLTs (Day 0) showed an increased in vitro neutrophil 
priming capacity compared to buffer controls. Supernatant of aged PLTs stored for 2 days and 5 days 
showed an increased in vitro neutrophil priming capacity compared to supernatant of fresh PLTs. *p< 0.01. 
Data are presented as mean±sem. 
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Discussion

We describe a novel in vivo syngeneic platelet transfusion model, using clinical 

protocols for the preparation and storage of blood products. We demonstrate for 

the first time that transfusion of aged PLTs cause mild pulmonary inflammation 

in healthy recipients. In the “two hit” transfusion model, aged PLTs augmented 

pulmonary and systemic coagulopathy, an effect that was mediated by supernatant 

of aged PLTs, but not by washed aged PLTs. Aged platelet products had increased 

levels of LysoPCs, with a concomitant ability to prime neutrophils. Therefore, lysoPCs 

accumulating in supernatant during storage of PLTs may possibly mediate TRALI in 

predisposed patients. 

Pulmonary injury induced by aged platelets was characterized by enhanced 

inflammation, as shown by extravasation of neutrophils in lung tissue, a higher total 

pathophysiology score and an increase in IL-6 and CINC-3 in lung homogenate. These 

findings are in line with ex vivo animal studies which show pulmonary edema after 

transfusion of aged blood without previous priming of the animals.30-32 We stress 

that the effect of aged PLTs on lung injury was mild in this study and that pulmonary 

edema as a measure of pulmonary leak was absent. Results of this study need to 

be interpreted within the limits of the model we used. We hypothesize that aged 

PLTs cause inflammatory processes, which have the potential to disrupt endothelial 

and epithelial barriers, eventually leading to fluid accumulation within alveoli, if the 

pulmonary ‘hit’ is severe enough. As storage time and amount of PLTs transfused 

were found to be risk factors for the occurrence of ALI in the clinical setting,7,13 it 

may be hypothesized that repeated PLTs transfusion results in significant pulmonary 

injury. In patient populations that had suffered a “first hit” of trauma or cardiac 

surgery, transfusion of stored blood was associated with the occurrence of ALI. 

We speculate that mild lung injury caused by aged platelets may be augmented by 

subsequent “hits”.33-35 

Previous studies have pointed towards a “two hit” TRALI hypothesis. However, 

TRALI models that were used were limited by ex vivo designs, use of blood products 

which were not manufactured according to clinical protocols and by the use of cross 

species, including human blood products which were transfused in rat recipients. 
9,36,37 In our syngeneic in vivo transfusion model, we confirm the “two hit” TRALI 

hypothesis with the use of aged PLTs.8,9,38 Our study extends previous findings, 

showing for the first time that aged PLTs enhance coagulation and impair fibrinolysis 

in the presence of primed neutrophils. Activation of coagulation and impairment 

of fibrinolysis have been found in ALI/ARDS due to many causes, including sterile 

inflammation as well as infection.17,21,39-41 From this point of view, TRALI may 

be regarded as part of the ALI/ARDS syndrome and not as a separate entity, as 

suggested before.5-7 In line with this, we recently found that TRALI contributes 
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to mortality in critically ill patients,7 suggesting that prognosis of TRALI is not as 

favourable as generally considered, but rather may parallel ALI due to other causes, 

at least in certain patient populations.5-7 

Of interest, in the “two event” model, worsening of coagulopathy occurred in 

the absence of worsening of markers of inflammation, pulmonary edema or 

histopathology score. In the LPS-primed animals, extravasation of neutrophils was 

already elicited. Transfusion of aged platelets may have resulted in activation of 

these neutrophils, contributing to coagulopathy. Indeed, increased expression of 

P-selectin (CD62p) on the cytoplasmic surface of platelets occurs during storage, 

which results in binding of the aged platelets to neutrophils and monocytes after 

transfusion.42 Subsequently, this may directly lead to activation of coagulation. 

Furthermore, the endothelial response to neutrophils not only includes mediation 

of trafficking,43 but also the release of pro-coagulant factors. Pro-inflammatory 

cytokines stimulate expression of endothelial tissue factor, thereby eliciting the 

extrinsic coagulation pathway, leading to activation of coagulation.44 In accordance, 

a pro-coagulant state has been shown in patients with ALI.45 We speculate that 

coagulopathy may be an important mediator of injury in TRALI. The interaction 

between coagulopathy and neutrophil-mediated inflammation has been described 

in other causes of acute lung injury.46 Such interactions may also exist in TRALI. 

Alternatively, lung inflammation due to the “first hit” may have been too severe to 

discriminate between the two hits.

The effect on coagulopathy occurred after infusion with supernatant of the aged 

PLTs but not when washed aged PLTs were used. Of interest, plasma-stored platelets 

cause more transfusion complications compared to platelets stored in additive 

solution II.47 Further studies are required to determine whether replacement of 

plasma as a storage medium for PLTs or washing of aged PLTs before transfusion 

should be implemented.

Bioactive lipids which accumulate in the supernatant of blood products have been 

implicated in TRALI. We found an increase in LysoPCs and a decrease of LysoPC 

precursors during storage of rat platelets, as well as in aged human platelet 

products, which were able to prime neutrophils in vitro. These data are in line 

with the finding that the concentration of bio-active lipids increases during blood 

storage,8,9 and the finding that plasma-derived purified LysoPCs have neutrophil 

priming capacity.8,9,36 Also, clinical studies show an association between the 

concentration of lysoPCs in the transfused products and the onset of TRALI.5,13,38 

Our data suggest that bio-active lipids that have accumulated during storage of PLTs 

may have mediated TRALI by priming of neutrophils. Of note, fresh PLTs already 

showed increased neutrophil priming capacity when compared to buffer control. 

However, fresh PLTs did not result in lung injury in our transfusion model. This may 

suggest that a threshold amount of LysoPCs may be needed before transfusion 
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results in neutrophil priming. However, it should be noted that besides lysoPCs, 

other mediators that are released during platelet storage but were not measured in 

this study, may have contributed to the inflammatory process. 

Recently, it has been suggested that sCD40L accumulating during PLT storage may 

be involved in the pathogenesis of TRALI.27 Interestingly, CD40L was present in 

pulmonary tissue after transfusion, which seemed to be expressed by both T cells, 

as determined by CD3 staining, and cells lining the endothelial vascular wall. In line 

with these findings, it has been hypothesized that sCD40L from aged PLTs ligates 

CD40 on primed neutrophils, resulting in endothelial damage.27 As no differences 

were found between fresh and aged platelets, we could not confirm the role of 

CD40L in the onset of the lung injury in our model. However, we only measured 

cell-associated CD40L and we can not rule out that sCD40L may have played a role. 

Unfortunately, we were not able to determine the concentration of sCD40L in the 

aged PLTs, as no assay exists to determine sCD40L in rat plasma. 

Alternatively, cytokines that accumulate during storage of cell containing blood 

products may cause TRALI.48 High levels of IL-8 have been measured in platelet 

concentrates implicated in TRALI reactions.13 However, a clinical study on TRALI 

could not confirm an association between high IL-8 levels and the occurrence 

of TRALI.5 We did not find elevated levels of cytokines in aged rat platelets. Of 

importance, it should be noted that products used in this study were leukocyte-

poor before storage by our preparation method. Lastly, biochemical deterioration of 

the blood products, such as increase in lactate and potassium and decrease in pH, 

may have contributed to the observed lung injury. 

An important issue is how the results from our study should be implemented in 

the pathogenesis of TRALI. Our results support the hypothesis that transfusion can 

cause lung injury in the absence of antibodies in the blood product. In accordance, 

the use of male-only plasma has reduced, but not prevented the occurrence of 

TRALI 49. Another interesting finding is that aged platelets are able to induce lung 

injury in the absence of a “first hit”, thus implying that TRALI in the absence of 

antibodies is not necessarily a “two hit” event. However, as PLTs were also found to 

augment lung injury in a “two hit” model, it may be suggested that PLTs transfusion 

may contribute to morbidity in patients with primed neutrophils, i.e., with an 

underlying inflammatory condition.5,7,50 Another issue is whether our results have 

implications for manufacturing processes and storage time of PLT products. It 

may not be feasible to avoid transfusion of platelets that do not cause neutrophil 

priming, as in vitro neutrophil priming occurred already after 2 days of storage. As 

washing of the aged PLTs abrogated the detrimental effect, washing of the aged 

PLTs as a manufacturing process may reduce pulmonary complications. However, 

while of theoretical benefit, recommendations for washing of platelets in the clinical 

setting are premature for several reasons: the process is logistically complex and 
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expensive, the platelet count (and hence the therapeutic efficacy) of a washed 

platelet product is reduced, availability of a platelet product in emergent situations 

would be delayed, it is unknown at what age human platelets would acquire a 

(theoretical) incremental risk of causing TRALI, and no clinical data exist to support 

the efficacy of this policy in reducing TRALI.

In conclusion, we show that aged platelets cause lung injury, in which pulmonary 

coagulopathy is prominent, in a “two hit” in vivo transfusion model, which may be 

caused by LysoPCs which have accumulated in the aged platelet products. 

142



Reference List

 1.  Holness L, Knippen MA, Simmons L, Lachenbruch PA. Fatalities caused by TRALI. Transfus Med 
Rev 2004;18:184-8.

 2.  Kleinman S, Caulfield T, Chan P, et al. Toward an understanding of transfusion-related acute lung 
injury: statement of a consensus panel. Transfusion 2004;44:1774-89.

 3.  Toy P, Popovsky MA, Abraham E, et al. Transfusion-related acute lung injury: definition and 
review. Crit Care Med 2005;33:721-6.

 4.  Goldman M, Webert KE, Arnold DM, Freedman J, Hannon J, Blajchman MA. Proceedings of a 
consensus conference: towards an understanding of TRALI. Transfus Med Rev 2005;19:2-31.

 5.  Gajic O, Rana R, Winters JL, et al. Transfusion-related acute lung injury in the critically ill: prospec-
tive nested case-control study. Am J Respir Crit Care Med 2007;176:886-91.

 6.  Rana R, Fernandez-Perez ER, Khan SA, et al. Transfusion-related acute lung injury and pulmonary 
edema in critically ill patients: a retrospective study. Transfusion 2006;46:1478-83.

 7.  Vlaar AP, Binnekade JM, Prins D, et al. Risk factors and outcome of transfusion-related acute lung 
injury in the critically ill: A nested case-control study. Crit Care Med 2010;38:771-8.

 8.  Silliman CC, Dickey WO, Paterson AJ, et al. Analysis of the priming activity of lipids generated 
during routine storage of platelet concentrates. Transfusion 1996;36:133-9.

 9.  Silliman CC, Bjornsen AJ, Wyman TH, et al. Plasma and lipids from stored platelets cause acute 
lung injury in an animal model. Transfusion 2003;43:633-40.

 10.  Toy P, Lowell C. TRALI--definition, mechanisms, incidence and clinical relevance. Best Pract Res 
Clin Anaesthesiol 2007;21:183-93.

 11.  Silliman CC, Clay KL, Thurman GW, Johnson CA, Ambruso DR. Partial characterization of lipids 
that develop during the routine storage of blood and prime the neutrophil NADPH oxidase. J Lab 
Clin Med 1994;124:684-94.

 12.  Boshkov LK, maloney J, Bieber S, et al. Two cases of TRALI from the same platelet unit: Implica-
tions for pathophysiology and the role of PMNs and VEGF. 2000;96:655a.

 13.  Silliman CC, Boshkov LK, Mehdizadehkashi Z, et al. Transfusion-related acute lung injury: epide-
miology and a prospective analysis of etiologic factors. Blood 2003;101:454-62.

 14.  Vlaar AP, Porcelijn L, Van Rooijen Schreurs I, Lardy NM, Kersten MJ, Juffermans NP. The diver-
gent clinical presentations of transfusion-related acute lung injury illustrated by two case reports. 
Med Sci Monit;2010. In Press.

 15.  Hidalgo A, Chang J, Jang JE, Peired AJ, Chiang EY, Frenette PS. Heterotypic interactions 
enabled by polarized neutrophil microdomains mediate thromboinflammatory injury. Nat Med 
2009;15:384-91.

 16.  Looney MR, Nguyen JX, Hu Y, Van Ziffle JA, Lowell CA, Matthay MA. Platelet depletion and aspi-
rin treatment protect mice in a two-event model of transfusion-related acute lung injury. J Clin 
Invest 2009

 17.  Ware LB, Matthay MA. The acute respiratory distress syndrome. N Engl J Med 2000;342:1334-
49.

 18.  Vlaar AP, Zweers MM, Schultz MJ, Juffermans NP. Developing specific therapeutic strategies for 
transfusion-related acute lung injury. An overview of potentially useful animal models. Cardiovasc 
Hematol Agents Med Chem 2007;5:319-26.

Supernatant of stored platelets causes lung injury

143



chapter 7

 19.  Dekkers DW, De C, I, van der Meer PF, Verhoeven AJ, de KD. Influence of pH on stored human 
platelets. Transfusion 2007;47:1889-95.

 20.  Terpstra FG, van ‘t Wout AB, Schuitemaker H, et al. Potential and limitation of UVC irradiation 
for the inactivation of pathogens in platelet concentrates. Transfusion 2008;48:304-13.

 21.  Choi G, Hofstra JJ, Roelofs JJ, et al. Recombinant human activated protein C inhibits local and 
systemic activation of coagulation without influencing inflammation during Pseudomonas aerugi-
nosa pneumonia in rats. Crit Care Med 2007;35:1362-8.

 22.  Levi M, de Boer JP, Roem D, ten Cate JW, Hack CE. Plasminogen activation in vivo upon intrave-
nous infusion of DDAVP. Quantitative assessment of plasmin-alpha 2-antiplasmin complex with a 
novel monoclonal antibody based radioimmunoassay. Thromb Haemost 1992;67:111-6.

 23.  Kunicki TJ, Tuccelli M, Becker GA, Aster RH. A study of variables affecting the quality of platelets 
stored at “room temperature”. Transfusion 1975;15:414-21.

 24.  Boomgaard MN, Gouwerok CW, Palfenier CH, et al. Pooled platelet concentrates prepared by 
the platelet-rich-plasma method and filtered with three different filters and stored for 8 days. Vox 
Sang 1995;68:82-9.

 25.  Kuijpers TW, Maianski NA, Tool AT, et al. Neutrophils in Barth syndrome (BTHS) avidly bind 
annexin-V in the absence of apoptosis. Blood 2004;103:3915-23.

 26.  Kostelijk EH, Folman CC, Gouwerok CW, Kramer CM, Verhoeven AJ, de KD. Increase in glycocali-
cin levels in platelet concentrates stored in plasma or synthetic medium for 8 days: comparison 
with other platelet activation markers. Vox Sang 2000;79:21-6.

 27.  Khan SY, Kelher MR, Heal JM, et al. Soluble CD40 ligand accumulates in stored blood compo-
nents, primes neutrophils through CD40, and is a potential cofactor in the development of trans-
fusion-related acute lung injury. Blood 2006;108:2455-62.

 28.  Dumont LJ, VandenBroeke T. Seven-day storage of apheresis platelets: report of an in vitro study. 
Transfusion 2003;43:143-50.

 29.  d’Almeida MS, Gray D, Martin C, Ellis CG, Chin-Yee IH. Effect of prophylactic transfusion of 
stored RBCs on oxygen reserve in response to acute isovolemic hemorrhage in a rodent model. 
Transfusion 2001;41:950-6.

 30.  Bennett SH, Geelhoed GW, Aaron RK, Solis RT, Hoye RC. Pulmonary injury resulting from perfu-
sion with stored bank blood in the baboon and dog. J Surg Res 1972;13:295-306.

 31.  Bennett SH, Geelhoed GW, Terrill RE, Hoye RC. Pulmonary effects of autotransfused blood. A 
comparison of fresh autologous and stored blood with blood retrieved from the pleural cavity in 
an in situ lung perfusion model. Am J Surg 1973;125:696-702.

 32.  Pearse DB, Sylvester JT. Spontaneous injury in isolated sheep lungs: role of resident polymorpho-
nuclear leukocytes. J Appl Physiol 1992;72:2475-81.

 33.  Keller ME, Jean R, LaMorte WW, Millham F, Hirsch E. Effects of age of transfused blood on 
length of stay in trauma patients: a preliminary report. J Trauma 2002;53:1023-5.

 34.  Koch CG, Li L, Sessler DI, et al. Duration of red-cell storage and complications after cardiac 
surgery. N Engl J Med 2008;358:1229-39.

 35.  Weinberg JA, McGwin G, Jr., Griffin RL, et al. Age of transfused blood: an independent predictor 
of mortality despite universal leukoreduction. J Trauma 2008;65:279-82.

 36.  Kelher MR, Masuno T, Moore EE, et al. Plasma from stored packed red blood cells and MHC class 
I antibodies causes acute lung injury in a 2-event in vivo rat model. Blood 2009;113:2079-87.

 37.  Silliman CC, Voelkel NF, Allard JD, et al. Plasma and lipids from stored packed red blood cells 
cause acute lung injury in an animal model. J Clin Invest 1998;101:1458-67.

144



 38.  Silliman CC, Paterson AJ, Dickey WO, et al. The association of biologically active lipids with 
the development of transfusion-related acute lung injury: a retrospective study. Transfusion 
1997;37:719-26.

 39.  Choi G, Vlaar AP, Schouten M, et al. Natural anticoagulants limit lipopolysaccharide-induced 
pulmonary coagulation but not inflammation. Eur Respir J 2007;30:423-8.

 40.  Hofstra JJ, Cornet AD, de Rooy BF, et al. Nebulized antithrombin limits bacterial outgrowth and 
lung injury in Streptococcus pneumoniae pneumonia in rats. Crit Care 2009;13:R145.

 41.  Hofstra JJ, Vlaar AP, Cornet AD, et al. Nebulized Anticoagulants Limit Pulmonary Coagulopathy, 
But Not Inflammation, in a Model of Experimental Lung Injury. J Aerosol Med Pulm Drug Deliv 
2010

 42.  Gutensohn K, Geidel K, Brockmann M, et al. Binding of activated platelets to WBCs in vivo after 
transfusion. Transfusion 2002;42:1373-80.

 43.  Silliman CC, Kelher M. The role of endothelial activation in the pathogenesis of transfusion-
related acute lung injury. Transfusion 2005;45:109S-16S.

 44.  van der Poll T, Buller HR, ten Cate H, et al. Activation of coagulation after administration of 
tumor necrosis factor to normal subjects. N Engl J Med 1990;322:1622-7.

 45.  Fuchs-Buder T, de MP, Ricou B, et al. Time course of procoagulant activity and D dimer in bron-
choalveolar fluid of patients at risk for or with acute respiratory distress syndrome. Am J Respir 
Crit Care Med 1996;153:163-7.

 46.  Hofstra JJ, Haitsma JJ, Juffermans NP, Levi M, Schultz MJ. The role of bronchoalveolar hemosta-
sis in the pathogenesis of acute lung injury. Semin Thromb Hemost 2008;34:475-84.

 47.  Kerkhoffs JL, Eikenboom JC, Schipperus MS, et al. A multicenter randomized study of the effi-
cacy of transfusions with platelets stored in platelet additive solution II versus plasma. Blood 
2006;108:3210-5.

 48.  Stack G, Snyder EL. Cytokine generation in stored platelet concentrates. Transfusion 1994;34:20-
5.

 49.  Shot Annual report 2008: www.shotuk.org. SHOT annual report 2008

 50.  Pereboom IT, de Boer MT, Haagsma EB, Hendriks HG, Lisman T, Porte RJ. Platelet transfusion 
during liver transplantation is associated with increased postoperative mortality due to acute 
lung injury. Anesth Analg 2009;108:1083-91.

Supernatant of stored platelets causes lung injury

145





A.P. Vlaar, W. Kulik, R. Nieuwland, C.P. Peters, A.T. Tool, R. van Bruggen, 

N.P. Juffermans, D. de Korte 

Submitted

8Chapte
r

Accumulation of bio-active lipids during 
storage of blood products is not cell 

dependent but plasma and temperature 
dependent



chapter 8

Abstract 

Background: Bio-active lipids (lysophosphatidylcholines, lysoPCs), accumulating 

during storage of cell-containing blood products, have been implicated in 

transfusion-related acute lung injury through activation of pulmonary neutrophils. 

Methods: We investigated mechanisms of lysoPCs accumulation and in vitro 

neutrophil-priming capacity during storage of red blood cells (RBCs) and platelet 

concentrates (PLTs). Blood from healthy volunteers was drawn, processed and 

stored according to Sanquin Blood Bank protocols. RBCs were sampled at day 0, 7, 

21, 35 and 42. PLTs were sampled at day 0, 5 and 7. 

Results: Storage of RBCs in SAGM did not result in accumulation of lysoPCs or 

neutrophil-priming capacity. Replacement of SAGM by plasma as RBC storage 

medium caused elevated lysoPC levels at day 0, which did not further increase 

during storage. Cell depleted plasma stored at 22 °C showed accumulation of 

lysoPCs during storage, which was not seen when plasma was stored at 4 °C. In 

PLTs, lysoPC accumulation during storage was plasma dependent, but lysoPCs only 

partially explained the observed neutrophil-priming effect as removal of the lysoPCs 

did not prevent the neutrophil-priming capacity. 

Conclusion: Accumulation of lysoPCs during storage is not cell-dependent but 

plasma and temperature-dependent and only partially explains the neutrophil 

priming effect of aged products.
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Introduction

Transfusion-related acute lung injury (TRALI) is at this moment the number one 

cause of transfusion related morbidity and mortality.1-4 TRALI is thought to be a two 

hit event.5 The first event is an inflammatory condition of the patient (e.g. sepsis, 

recent surgery) causing sequestration and priming of neutrophils in the pulmonary 

compartment. The second event is the transfusion, containing either antibodies 

or bio-active lipids that have accumulated during blood storage, stimulating the 

primed neutrophils to release proteases. The result is endothelial damage, capillary 

leak and extravasation of neutrophils. The two event hypothesis is supported by 

experimental studies, in which bioactive lipids (lysophosphatidylcholines, lysoPCs) as 

well as outdated blood products have been used to cause TRALI after a priming 

hit.6,7 Also, observational studies report associations between prolonged storage 

of blood products and respiratory failure in patients after cardiac surgery or 

trauma.8,9  Silliman et al. showed that the concentration of 4 lysoPCs (lyso-PAF, 

steatoyl-, palitoyl, oleoyl phosphocholine) increases during storage of red blood cells 

(RBCs) and platelet concentrates (PLTs).10,11 These lysoPCs have been associated with 

TRALI as their infusion causes a release of components of the microbicidal arsenal 

resulting in pulmonary leakage through the alveolar–capillary membrane.6,7,12-14 In 

line with this, a study of 10 TRALI patients linked the occurrence of TRALI with  

transfusion of blood products containing lipids with significant neutrophil priming 

activity.13 LysoPCs, also called lysolecithins, are a class of chemical compounds which 

are derived from phosphatidylcholines (PC). They result from partial hydrolysis of 

PC, a process that is catalyzed by phospholipase A2 (PLA2). It could be speculated 

that difference in temperature storage may influence this enzymatic process. We 

recently showed that accumulation of lysoPCs occurs during storage of PLTs when 

blood banking processes are followed.15  As lysoPCs are thought to play a key role 

in onset of TRALI via activation of the neutrophil, it is important to understand 

whether storage conditions influence lysoPC accumulating. Insight in the mechanism 

of lysoPC accumulation may aid in developing new manufacturing processes of 

blood products that prevent transfusion related adverse events. In this study, we 

investigated mechanisms of accumulation of lysoPCs during storage of RBCs and 

PLTs, including storage in different media and temperature conditions. Furthermore, 

we tested the effect of soluble PLA2 inhibitors on the accumulation of lysoPCs.

Analysis of accumulation of bio-active lipids during storage
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Materials and Methods 

Storage-related biochemical changes in human RBCs

Healthy adult volunteers (n=9) donated 1 unit of whole blood (500 ml), collected 

in citrate phosphate dextrose (CPD) (70 ml) and stored for 12 to 18 hours at 20 to 

22°C. RBCs were prepared by centrifugation for 8 minutes at 2,800 g. After removal 

of plasma and buffy coat, 110 ml of the standard storage medium SAGM was added 

via the in-line leukoreduction filter to the packed red cells, which were subsequently 

leukoreduced by filtration. The RBCs were stored at 2 - 6 °C according to Sanquin 

Blood Bank (SBB) standards. Supernatants were collected after preparation of the 

products and at day 7, 21, 35 and 42 prepared by centrifugation for 10 minutes at 

14,500 g at 4 °C to remove cells and a-cellular debris. Aliquots of supernatants were 

stored at -80 °C for analysis of lysoPC and phosphatidylcholine (PC) and in vitro 

neutrophil-priming capacity. 

Storage-related biochemical changes in human RBCs using adaptive storage 
solution.

To study the effect of storage solution on accumulation of lysoPCs and in vitro 

neutrophil priming capacity, we compared 2 types of storage solutions for RBCs; 1) 

the conventional storage solution SAGM as described above (n=9), 2) CPD plasma 

with added adenine as storage solution (n=4), to mimic plasma from collections 

using CPD-A1 as anti-coagulant. Supernatants were collected after preparation of 

the products and at day 35 and 42.

Storage-related biochemical changes in human PLTs

Platelet concentrates in plasma were prepared from pooled buffy coat platelets 

as previous described.16 The concentrates were filtered through a Compostop 

CS leukoreduction filter (Fresenius Kabi, type T3995) with a PVC-citrate container 

connected to the outlet of the filter. The PLTs (n=6) were stored at 22 °C ± 2°C 

horizontally shaking with 1 cycle per minute (Helmer labs Inc, Noblesville, IN, USA), 

according to SBB standards. Supernatants were collected after preparation of the 

products and at day 5, 7 and 9.

Storage-related biochemical changes in human PLTs using adaptive storage 
solutions

To study the effect of storage solution on accumulation of lysoPCs and in vitro 

neutrophil priming capacity we compared 3 type of storage solutions for PLTs; 1) 

we used the conventional storage solution of 100% plasma from one of the 5 buffy 

donors as described above (n=6), 2) we centrifuged the PLTs and replaced part 
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of the plasma by SSP+ up to a final resuspension mixture of 65% SSP+ and 35% 

plasma (n=3) 3) we centrifuged the PLTs, and replaced as much as possible of the 

plasma by SSP+, resulting in a resuspension mixture of 95% of SSP+ and 5% plasma 

(n=3). Plasma stored at 22 °C served as a control. Supernatants were collected after 

preparation of the products and at day 5 and 7.

Storage-related biochemical changes in human plasma using different storage 
conditions and the effect of sPLA2 inhibitors

In additional studies, cell depleted plasma obtained directly after whole blood 

donation (n=6) was stored at 4 °C (comparable to storage of RBCs) and at 22 °C 

(comparable to storage of PLTs). As the formation of lysoPCs results from partial 

hydrolysis of PCs which removes one of the fatty acid groups, which is generally 

the result of the enzymatic action of phospholipase A2 (PLA2), we tested whether 

soluble (s)PLA2 is essential in formation of lysoPCs during storage of products in 

plasma by adding a sPLA2 inhibitor, to the plasma during storage. We investigated 

the effect of two different sPLA2 inhibitors in two different concentrations (c2NapA)

LS(2NapA)R (10 µM and 62 µM), cat #525145, Calbiochem, San Diego, CA, USA 

and Thioetheramide-PC (40µM and 100µM), cat #62750, Cayman Chemical, 

Ann Arbor, MI, USA) on the formation of lysoPCs during storage (n=3, for each 

concentration).17 Supernatants were collected after preparation of the products 

and at day 5 and 7. 

Lipid extraction and lysoPC and PC measurement

Lipid extraction of supernatant from stored RBC and PLTs supernatant was performed 

using Bligh and Dyer method. In short, 3 ml of CHCl3:MeOH (1:2) was added to 100 

µl of sample and 100 µl of internal standard solution  (lysophosphatidylcholine 14:0, 

2.5 nmol and phosphatidylcholine 28:0, 10 nmol). 700 µl HAc 0.5%, 1 ml CHCl3 
and 800 µl of HAc 0.5% were added. After each step samples were vortexed for 

30 seconds. The final mixture was centrifuged for 10 minutes at 1,892 g at room 

temperature. After centrifugation, the lower layer of CHCl3 was separated. This step 

was repeated two times by adding 1 ml CHCl3. The separated CHCl3 layers were 

combined and dried (N2, 30 °C). Samples were dissolved in 150 µl CHCl3/MeOH/

H2O/NH3 25% (50/45/5/0.01 v/v/v/v) for further analysis. 

High Performance Liquid Chromatography tandem mass spectrometry

The relative concentrations of lysoPC and PC species in supernatant of RBCs and 

PLTs were determined using High Performance Liquid Chromatography tandem 

mass spectrometry (HPLC-MS/MS). 10 µl of extracted lipid sample was injected 

on the HPLC-MS/MS system. Chromatographic separation was achieved on a 

Analysis of accumulation of bio-active lipids during storage
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modular HPLC system (Surveyor; Thermo Finnigan; San Jose, CA, USA) consisting 

of a cooled autosampler (T=12°C), a low-flow quaternary MS pump and analytical 

HPLC column: LichroSpher Si60, 2 ×250 mm column, 5 µm particle diameter (Merck; 

Darmstadt, Germany). Samples were eluted with a flow rate of 300 µl/minute and 

a programmed linear gradient between solution B (chloroform-methanol, 97:3, v/v) 

and solution A (methanol-water, 85:15, v/v); A and B contained 1 ml and 0.1 ml of 

25% (v/v) aqueous ammonia per liter of eluent, respectively. The gradient was: T = 

0 -10 minutes: 20% A to 100% A; T = 10-12 minutes, 100% A; T= 12-12.1 minutes: 

100% A to 0% A; and T= 12.1–17 minutes, equilibration with 0% A.  Total run-time, 

including the equilibration, was 17 minutes. A splitter between the HPLC and MS 

was used for the introduction of the eluent in the MS by 75 µl/minutes.

MS/MS analyses were performed on a TSQ Quantum AM (Thermo Finnigan; 

Waltham, MA, USA) operated in the positive ion electrospray ionization mode. 

The Skimmer Offset was set at 10 V; spray voltage was 3600 V and the capillary 

temperature was 300°C. In the optimized MS/MS experiments, argon was used as 

collision gas at a pressure of 0.07 Pa and a collision energy of 40 V. The parent ion 

scan of m/z 184.1 (m/z 400 - m/z 1000, 1 s) was used for the quantization of the 

following precursor ions: m/z 468.3 (lysophosphatidylcholine 14:0, I.S.), m/z 496.3 

(lysophosphatidylcholine 16:0), m/z 524.3 (lysophosphatidylcholine 18:0/ Platelet 

Activating Factor (PAF) 16:0), m/z 522.4 (lysophosphatidylcholine 18:1), m/z 482.4 

(LysoPAF 16:0), m/z 510.4 (LysoPAF 18:0), m/z 508.4 (LysoPAF 18:1), m/z 678.4 

(phosphatidylcholine 28:0, I.S.), m/z 758.4 (phosphatidylcholine 34:2), m/z 782.4 

(phosphatidylcholine 36:2).

Neutrophil priming assay

Blood was collected from healthy volunteers as described previously.18 The 

neutrophils were isolated using standard techniques including Percoll 1.076 g/ml 

gradient centrifugation and NH4Cl/KHCO3 lysis of red blood cells. Neutrophils (1.0 

x 106/ml) were incubated with supernatant for 30 min at 37 °C, and thereafter 

activated with formyl-methionyl-leucylphenylalanine (fMLP). We used H2O2-release 

as a measure of neutrophil priming measured with the fluorescent dye Amplex 

Red in the presence of horsh radish peroxidase. Buffer and E.Coli LPS/LPB 20ng/

ml (Sigma, St Louis, MO, USA) served as negative and positive control respectively.

Statistical analyses

Data are expressed as mean ± SEM or mentioned otherwise. Comparisons between 

the groups were performed using student t-test, Mann-Withney U-test, Kruskal–

Wallis test or one–way ANOVA, followed by post–hoc Dunnett’s, depending on 

data distribution. A p–value < 0.05 was considered statistically significant. Statistical 
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analyses were performed with SPSS 12.0 (SPSS, Chicago, Illinois, USA) and Prism 

4.0 (GraphPad Software, San Diego, California, USA

Results

Lysophosphatidylcholine accumulation and neutrophil priming capacity during 
storage of RBCs in SAGM solution 

Several previous studies found lysoPC accumulation in stored RBC blood 

products.6,10 However, comparable to our previous reported results with human 

RBC products,19 concentrations of lysoPC did not increase in human RBC products 

stored up to 42 days in SAGM with minimal plasma content table 1, first block). In 

line with these results, the concentration of the biochemical precursors of lysoPCs 

(phosphatidylcholines, PC) remained stable during storage (table 1). Supernatant of 

Table 1. Lysophophatidylcholine concentrations in human RBCs stored in SAGM or plasma.

RBC day 0 RBCs day 35 RBCs day 42

RBCs stored in SAGM

LysoPC 16:0 (µM) 12.2±2.7 9.2±3.7 9.2±4.0

LysoPC 18:1 (µM) 3.1±0.6 2.8±0.9 2.6±0.8

LysoPC 18:0/PAF 16:0 (µM) 0.7±0.1 0.6±0.2 0.5±0.1

LysoPAF 16:0 (µM) 0.5±0.1 0.5±0.2 0.5±0.2

LysoPAF 18:0 (µM) 0.3±0.1 0.2±0.2 0.2±0.1

LysoPAF 18:1 (µM) 0.7±0.1 0.6±0.2 0.5±0.1

PC 34:2 (µM) 24.3±4.7 23.4±5.7 23.4±5.8

PC 36:4 (µM) 9.2±2.1 8.7±2.6 8.7±2.1

RBCs stored in plasma

LysoPC 16:0 (µM) 82.9±11.3** 75.1±15.1** 79.4±19.8**

LysoPC 18:1 (µM) 22.5±2.6** 21.7±1.2** 22.0±2.2**

LysoPC 18:0/PAF 16:0 (µM) 2.9±0.3** 3.1±0.8** 3.6±1.3**

LysoPAF 16:0 (µM) 2.1±0.4** 2.0±0.5** 2.0±0.6**

LysoPAF 18:0 (µM) 1.0±0.2** 1.1±0.2** 1.3±0.4**

LysoPAF 18:1 (µM) 2.9±0.3** 3.1±0.8** 3.6±1.3**

PC 34:2 (µM) 77.5±14.0** 74.5±9.0** 73.1±15.1**

PC 36:4 (µM) 22.2±3.5** 19.4±3.7** 20.9±5.2**

RBC=Red Blood Cells, lysoPC=lysophosphatidylcholine, PAF=platelet activating factor, PC=phosphatidylcholine. 
Data are presented as mean±SD. RBCs stored in SAGM (n=9 batches); RBCs stored in plasma (n=4 batches). 
No increase in lysoPC during storage, ANOVA repeated measurement, followed by post–hoc Dunnett’s, non 
significant. RBCs stored in plasma have during all time an higher concentration of lysoPCs in the supernatant 
compared to RBCs stored in SGM, **p<0.01, Mann Withney test.
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RBCs stored in SAGM did not have neutrophil priming capacity, not even after 35 

and 42 days of storage (fig. 1b). 

Lysophosphatidylcholine accumulation and neutrophil priming capacity during 
storage of PLTs in 100% plasma 

Comparable to several previous studies,7;11 we found that concentrations of lysoPCs 

increased in human PLT products stored in 100% plasma for 5 and 7 days when 

compared to fresh PLTs (table 2, first block), with a concomitant decrease in PC 

concentrations (p<0.01 for all, table 2). 

Supernatant of fresh PLTs had significant neutrophil priming capacity compared 

to buffer control (H2O2 release 200±4.0 (fig 1c) vs. 100±1.0 pmol/ml (fig 1a), p< 

0.01). Storage further enhanced neutrophil priming capacity, as supernatant of PLTs 

stored for 5, 7 and 9 days in 100% plasma had higher in vitro neutrophil priming 

capacity compared to supernatant of fresh PLTs stored in 100 % plasma (H2O2 

release 260±4.0, 290±3.0 and 292±2.0 vs. 200±4.0 pmol/ml, p< 0.05 and p<0.01, 

resp., fig. 1c).   

Lysophosphatidylcholine accumulation during storage of human RBCs in 100% 
plasma

The results of the first experiments revealed that lysoPCs only accumulated during 

storage of PLTs and not during storage of RBCs. This raised the question whether 

the accumulation of lysoPCs is cell - or plasma dependent. When RBCs were stored 

in plasma, the lysoPC concentration was significantly higher at day 0 compared to 

RBCs stored in SAGM (table 1, second block). However, the lysoPC concentration 

did not further increase during storage. 
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Figure 1. Panel A shows H2O2-release when neutrophils were incubated with buffer solution (negative 
control) or E.Coli LPS/LPB 20ng/ml (positive control). Panel B shows H2O2-release when neutrophils 
were incubated with supernatant of human red blood cells (RBCs) stored in SAGM of different storage 
time points up to 42 days (n=5, ns). Panel C shows H2O2-release when neutrophils were incubated with 
supernatant of  supernatant of human platelet concentrates (PLTs) stored in 100% plasma at 22 °C of 
different storage time points up to 9 days (n=5), *p<0.05, ** p<0.01, ANOVA repeated measurement, 
Dunnett´s post test). Data are presented as Mean and SEM.
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Lysophosphatidylcholine accumulation and neutrophil priming capacity during 
storage of PLTs using different additive solution

The previous results suggest that plasma is essential in the process of lysoPC 

formation during storage of PLTs. We investigated whether reduction of the lysoPC 

Table 2. Lysophophatidylcholine concentrations in human platelet concentrates stored in 100% plasma, 
35%plasma:65% SSP or 5%plasma:95% SSP.

Platelets day 0 Platelets day 5 Platelets day 7

Platelets stored in plasma

LysoPC 16:0 (µM) 97±6.7 155±22.4** 169±37.7**

LysoPC 18:1 (µM) 17±1.5 29±6.2** 31±8.2**

LysoPAF 16:0 (µM) 2.4±0.1 3.3±0.2** 3.6±0.9**

LysoPAF 18:0 (µM) 3.1±0.4 4.9±0.6**  5.2±1.5**

LysoPAF 18:1 (µM) 1.1±0.2 1.7±0.3**  2.0±0.7**

LysoPC 18:0/PAF 16:0 (µM) 3.1±0.4 4.9±0.6**  5.2±1.5**

PC 34:2 (µM) 100±32.9 92±32.0** 83±31.1**

PC 36:4 (µM) 32.6±13.5 30.7±13.9* 28.5±14.0**

Platelets stored in 65% SSP†

LysoPC 16:0 (µM) 40±2.2 44±3.3 42±1.3

LysoPC 18:1 (µM) 9.6±2.4 10.2±2.0 9.8±1.4

LysoPAF 16:0 (µM) 1.0±0.2 1.1±0.1 1.0±0.1

LysoPAF 18:0 (µM) 1.4±0.1 1.7±0.2 1.3±0.2

LysoPAF 18:1 (µM) 0.5±0.1 0.5±0.1 0.4±0.1

LysoPC 18:0/PAF 16:0 (µM) 1.4±0.1 1.7±0.2 1.3±0.2

PC 34:2 (µM) 49±4.6 36±3.7* 35±5.2*

PC 36:4 (µM) 16.1±0.2 12.0±2.0* 12.6±1.7*

Platelets stored in 95% SSP†

LysoPC 16:0 (µM) 13±2.8 13±3.2 13±4.0

LysoPC 18:1 (µM) 3.3±1.3 3.2±1.3 3.2±1.2

LysoPAF 16:0 (µM) 0.6±0.1 0.5±0.1 0.5±0.1

LysoPAF 18:0 (µM) 0.6±0.2 0.5±0.1 0.7±0.2

LysoPAF 18:1 (µM) 0.2±01 0.2±0.1 0.3±0.2

LysoPC 18:0/PAF 16:0 (µM) 0.6±0.2 0.5±0.1 0.7±0.2

PC 34:2 (µM) 24±3.1 22±3.8* 21±3.7*

PC 36:4 (µM) 8.0±0.2 7.4±0.6 7.5±0.8

LysoPC=lysophosphatidylcholine, PAF=platelet activating factor, PC=phosphatidylcholine. Data are 
presented as mean±SD (data present n=3 batches, platelets stored in plasma n=9 batches). *P<0.05, 
**p<0.01 compared to day 0 platelets (ANOVA repeated measurement, followed by post–hoc Dunnett’s). 
† p<0.05, platelets stored in 65% SSP and platelets stored in 95% SSP compared to platelets in plasma 
for all measurements and platelets stored in 95% SSP compared to platelets stored in 65% SSP (ANOVA 
followed by bonferroni’s post test).
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concentration in PLTs by using different mixtures of plasma and additive solutions 

results in decrease of neutrophil priming capacity during storage. In PLTs day 0, 

replacement of plasma with 35% plasma and 65% SSP as additive solution resulted 

in a significant decrease in lysoPCs and PC levels (table 2, second block).  During 

storage, there was some decrease in PC levels, but no increase in lysoPCs. When 

plasma was nearly eliminated as additive solution using 95% SSP mixture, levels of 

lysoPCs were even lower (table 2, third block). 

Supernatant of fresh PLTs all had significant neutrophil priming capacity, irrespective 

of the additive solution used (H2O2 release 185±59 (100% plasma), 221±13 

(35%plasma and 65% SSP) and 201±20 (5% plasma and 95% SSP) vs. 100±1 (buffer 

control) pmol/ml, p< 0.01, fig. 2a,c,d,e). Of interest, supernatant of PLTs stored 

in 5%plasma:95% SSP for 7 days resulted in a higher neutrophil priming in vitro 

compared to supernatant of PLTs stored in 35%plasma:65% SSP or in 100% plasma 

despite a lower lysoPC concentration (528±12 vs. 334±14 and 290±15 pmol/ml, 

p<0.01, fig 2c,d,e).
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Figure 2. Panel A shows H2O2-release when neutrophils were incubated with buffer solution (negative 
control) or E.Coli LPS/LPB 20ng/ml (positive control). Panel B shows H2O2-release when neutrophils 
were incubated with supernatant of cell depleted plasma obtained directly from whole blood donation, 
stored at 22 °C of different storage time points (day 0 and day 7). Panel C shows H2O2-release when 
neutrophils were incubated with supernatant of platelet concentrates (PLTs) stored in 100 % plasma of 
different storage time points (day 0 and day 7). Panel D shows H2O2-release when neutrophils were 
incubated with supernatant of PLTs stored in 35%plasma:65% SSP of different storage time points (day 
0 and day 7). Panel E shows H2O2-release when neutrophils were incubated with supernatant of PLTs 
stored in 5%plasma:95% SSP of different storage time points (day 0 and day 7). (n=3 batches for each 
measurement). *p<0.05, **p<0.01, paired t-test. Data are presented as Mean and SEM.
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Lysophosphatidylcholine accumulation and neutrophil priming capacity during 
storage of plasma stored at 22 °C and 4 °C 

Plasma stored at 22 °C showed a similar lysoPC accumulation as PLTs stored in 

plasma. Concentrations of lysoPCs were already increased after 5 days of storage 

compared to fresh plasma, with a concomitant decrease in PC concentrations 

(p<0.05 for all, table 3, first block). Plasma stored at 4 °C showed similar lysoPC 

changes as RBCs stored in plasma. There was a high level of lysoPCs at day 0, 

without further increase during storage (table 3, second block). 

Supernatant of fresh plasma had significant neutrophil priming capacity compared 

to buffer control (H2O2 release 270±7.0 vs. 100±1.0 pmol/ml, p<0.01, fig. 2a,b). 

Surprisingly however, supernatant of plasma stored for 7 days at 22 °C showed 

no increase in neutrophil priming in vitro compared to fresh plasma, despite an 

increase in lysoPC concentration (fig 2b).

Effect of addition of a sPLA2 inhibitor on lysophosphatidylcholine accumulation

Addition of a sPLA2 inhibitor to plasma did not prevent an increase in lysoPC 

concentration compared to plasma stored under the same condition but without the 

sPLA2 inhibitor (table 3, only shown for highest concentration of Thioetheramide-

PC). (table 3, second and fourth block). Storage temperature did not influence this 

effect.

Discussion

We describe the effect of different storage solutions and temperature conditions 

on lysoPC accumulation and neutrophil priming, using a clinical protocol for the 

preparation and storage of blood products according to SBB standards. In this study, 

the main findings are as follows: 1) accumulation of lysoPCs is not cell dependent, 

but depends on the presence of plasma, 2) accumulation of lysoPCs during storage 

is temperature dependent and absent at a storage temperature of 4 °C, 3) in vitro 

neutrophil priming by aged PLTs is at least partly lysoPC independent. 

Previous studies showed that accumulation of lysoPCs occurs during storage of 

RBCs and that these lipids may play a key role in the onset of neutrophil priming 

and/or activation in the pathogenesis of TRALI.6,10,20 The association of aged RBCs 

and transfusion-related morbidity and mortality has been described in observational 

studies.9,21 It should be noted however, that both pre-clinical and clinical studies 

are mainly performed in the US.6,9,10,20,21 Indeed, clinical and pre-clinical studies 

outside the US did not show this effect,22-24 which may suggest that there is a 

difference in product preparation or storing processes of RBCs. Of note, the 
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Table 3. Storage-related changes in lysophophatidylcholines in plasma stored at different storage 
temperature and with addition of sPLA2 inhibitor.

Day 0 Day 5 Day 7

Plasma stored at 22 °C

LysoPC 16:0 (µM) 102±8.1 146±14.2**    140±30.6**

LysoPC 18:1 (µM) 24.2±2.1 30.0±4.7** 29.0±6.4*

LysoPAF 16:0 (µM) 2.5±0.4 3.2±0.4** 3.0±0.7*

LysoPAF 18:0 (µM) 3.5±0.6 4.8±0.6** 4.5±0.9**

LysoPAF 18:1 (µM) 1.2±0.2 1.5±0.2** 1.4±0.2*

LysoPC 18:0/PAF 16:0 (µM) 3.5±0.6 5.2±0.5** 4.7±1.0**

PC 34:2 (µM) 122±20.8 91±7.3** 106±10.5

PC 36:4 (µM) 55±14.2 42±4.5* 47±5.9

Plasma stored at 4 °C

LysoPC 16:0 (µM) 102.3±7.0 97±2.5 106±9.4

LysoPC 18:1 (µM) 22.5±2.9 21.0±2.4 22.5±1.6

LysoPAF 16:0 (µM) 2.6±0.3 2.3±0.3 2.4±0.4

LysoPAF 18:0 (µM) 3.5±0.3 3.4±0.5 3.4±0.6

LysoPAF 18:1 (µM) 1.4±0.3 1.2±0.1 1.2±0.2

LysoPC 18:0/PAF 16:0 (µM) 3.5±0.5 3.4±0.5 3.6±0.7

PC 34:2 (µM) 125±20.2 113±16.6 114±14.0

PC 36:4 (µM) 58±11.5     52±8.9  49±5.9

Plasma with sPLA2 inhibitor stored at 22 °C

LysoPC 16:0 (µM) 94±5.3 146±5.9** 142±15.3**

LysoPC 18:1 (µM) 23.0±1.0 29.0±3.6 26.0±7.1

LysoPAF 16:0 (µM) 2.6±0.1 3.4±0.5** 3.2±0.2**

LysoPAF 18:0 (µM) 3.5±0.7 5.1±0.8** 4.5±0.6**

LysoPAF 18:1 (µM) 1.3±0.3 1.6±0.3** 1.6±0.4**

LysoPC 18:0/PAF 16:0 (µM) 3.5±0.4 5.7±0.5 5.5±1.5

PC 34:2 (µM) 147±16.8 84±7.0** 91±18.0**

PC 36:4 (µM) 67±5.0 40±23** 41±9.5**

Plasma with sPLA2 inhibitor stored at 4 °C

LysoPC 16:0 (µM) 96±5.1 98±4.9 99±5.6

LysoPC 18:1 (µM) 22.3±3.5 23.3±3.1 23.0±2.7

LysoPAF 16:0 (µM) 2.4±0.2 2.3±0.2 2.4±0.1

LysoPAF 18:0 (µM) 3.8±0.9 3.4±0.4 3.3±0.2

LysoPAF 18:1 (µM) 1.4±0.3 1.2±0.1 1.3±0.2

LysoPC 18:0/PAF 16:0 (µM) 3.5±0.3 3.6±0.3 3.5±0.2

PC 34:2 (µM) 122±6.4 112±20.0 110±12.5

PC 36:4 (µM) 62±6.0 49±6.7 46±3.1*

LysoPC=lysophosphatidylcholine, PAF=platelet activating factor, PC=phosphatidylcholine. Data are 
presented as mean±SD (Plasma without sPLA2 inhibitor, n=6 batches; Plasma with sPLA2 inhibitor, 
Thioetheramide-PC, 100µM, n=3 batches). Similar results were found with the lower concentration of 
Thioetheramide-PC (40 µM) and the two concentrations of the other sPLA2 inhibitor used (c2NapA)
LS(2NapA)R (10 µM and 62 µM) (data not shown). *P<0.05, **p<0.01 compared to day 0 plasma 
(ANOVA repeated measurement, followed by post–hoc Dunnett’s).
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absence of lysoPC accumulation was not caused by the shorter storage time of 

RBCs in the Netherlands compared to the US (35 days vs. 42 days). Our results 

suggest that the percentage of plasma present in the storage medium, is important 

in accumulation of lysoPCs, a process that is temperature dependent and does not 

occur at  4 °C. We showed that lysoPCs still accumulate during storage when the 

supernatant is immediately cell depleted at day 0. This suggests that the lysoPCs 

are mainly formed from PCs which are already present in the plasma and not from 

PCs resulting from cell degradation during storage. LysoPCs result from partial 

hydrolysis of PCs which removes one of the fatty acid groups. The hydrolysis is 

generally the result of the enzymatic action of phospholipase A2 (PLA2). Indeed, a 

low storage temperature prevented formation of lysoPCs during storage, which was 

not prevented when stored at a higher temperature. This suggests an enzymatic 

process. For this reason we investigated the effect of a sPLA 2 inhibitor to plasma. 

However, no effect was seen on the increase of lysoPCs in plasma stored at 22 °C, 

independent of the type sPLA2 inhibitors or concentration used (additional data 

not shown). An explanation for this result is tempting. First, besides soluble PLA2 

inhibitors, there are also cytosolic PLA2 inhibitors.  However, you may expect that 

these play a minor role as the supernatant was cell depleted and the cells keep their 

integrity during preparation. Second, the sPLA  2 inhibitors used may not have been 

specific or strong enough, although in previous experiments these agents were 

shown to be effective.17 

We confirm that supernatant of aged PLTs is able to prime neutrophils in vitro.15 

However, replacing plasma for SSP mixtures decreased lysoPC levels while in vitro 

neutrophil priming capacity increased, suggesting that the neutrophil priming 

capacity of aged products is at least partly lysoPC independent. In line with this, 

plasma stored for 7 days showed an increase in lysoPC concentration in the absence 

of an increased neutrophil priming. This finding raises the question whether in our 

products, lysoPCs are merely a marker or a mediator of product deterioration and 

transfusion related morbidity and mortality. We recently showed that supernatant 

of aged products caused lung injury in an in vivo “two hit” animal transfusion 

model,15,19 irrespective of the presence of lysoPC accumulation. Other factors 

which may play a role are biochemical changes in the supernatant such as an 

increase in potassium, decrease in pH, accumulation of pro-inflammatory cytokines 

and pro-coagulant activity.25 

Our data may have relevance for manufacturing processes, suggesting that storage 

conditions have significant effect on accumulation of bio-active lipids and in vitro 

neutrophil priming capacity. Whether minimizing the amount of plasma in the 

resuspension fluid for erythrocytes or platelets prevents adverse effects of transfusion 

remains to be determined. Also, considerable differences in manufacturing and 
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storage protocols exist between blood banks. Our results suggest that these 

differences may have clinical relevance. Trials investigating whether a fresh blood 

policy should be applied are under way.26 When results of these studies will be 

available, conclusions should be drawn with caution. It may be impossible to 

generalize the conclusions to countries which were not involved in the trial. 

In conclusion, we show that in vitro neutrophil priming and accumulation of lysoPCs 

during storage is absent in RBCs, which may be caused by the storage temperature. 

Furthermore we showed that lysoPC accumulation is not cell dependent but plasma 

dependent in combination with storage temperature. In PLTs, lysoPC accumulation 

during storage is only a partial explanation for the observed in vitro neutrophil 

priming effect, as prevention of accumulation and/or removing of the lysoPCs does 

not decrease the in vitro neutrophil priming capacity. 
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Abstract

Two decades ago, transfusion-related acute lung injury (TRALI) was considered a 

rare complication of transfusion-medicine. Nowadays, TRALI has emerged as the 

leading cause of transfusion related mortality, presumably as a consequence of 

reaching international agreement on defining TRALI with subsequent increased 

recognition and reporting of TRALI-cases. Specific patient populations such 

as critically ill patients have an increased risk to develop TRALI, which may be 

explained by the two event hypothesis. The first event is the underlying condition of 

the patient resulting in priming of neutrophils. The second event is the transfusion 

of a blood product, after which either antibodies or bioactive lipids activate the 

primed neutrophils, resulting in pulmonary edema. Opposed to the traditional 

view that TRALI has a good prognosis, TRALI may have a significant impact on 

morbidity and outcome, at least in specific patient groups. The association of 

transfusion with adverse outcome calls for blood product and donor management 

strategies aimed at decreasing the risk of acquiring TRALI. Excluding female donors 

for plasma donation seems to have reduced, but not prevented the occurrence of 

TRALI. Additional research is needed to determine whether the use of fresh blood 

products may be an additional measure to reduce TRALI. Studies are also needed 

to identify at risk patients. In these studies, we advocate the use of the consensus 

definition to improve comparability of risk factors and outcome of TRALI across 

patient populations.
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Introduction

Acute respiratory distress after transfusion of a plasma rich blood product is known as 

transfusion–related (TR-) acute lung injury (ALI). Of all adverse reactions associated 

with transfusion, TRALI is the most common and the most serious complication. 

According to the Food and Drug Administration and to several surveillance systems, 

TRALI has become the leading cause of transfusion-related death.1-4 Originally, 

TRALI was thought to be an antibody-mediated reaction, in which antibodies 

in the blood product react with a matching antigen in the recipient, leading to 

pulmonary neutrophil activation and increased pulmonary capillary permeability and 

subsequent pulmonary edema.5 Although the exact incidence of TRALI is unknown, 

TRALI is considered to be a rare event. With supportive therapy, TRALI is generally 

reported to have a good prognosis.6

The above described traditional outlook on TRALI has changed in recent years. The 

development of a case definition has greatly facilitated research and estimates of 

incidence of TRALI. Studies using this definition showed that TRALI occurs more 

frequently then previously reported, in particular in the critically ill and injured patient 

population.7,8 Also, insight in TRALI pathogenesis has evolved. In addition to the 

original antibody hypothesis, a two event hypothesis of TRALI has been postulated.9,10 

The first event is the patient’s underlying clinical condition, including infection, 

surgery, or trauma, causing inflammation with priming of the pulmonary neutrophils. 

The second event is caused by the blood product. Either bioactive molecules which 

have accumulated during storage of cell containing blood products or antibodies 

activate the primed neutrophils, resulting in permeability edema. Previously regarded 

as a relatively self-limiting disease,1,5,6,11 some observations suggest that TRALI may 

significantly contribute to morbidity and mortality in certain patient groups.7 

In this manuscript, we describe the change in perspective on incidence, pathogenesis 

and outcome of TRALI. The impact of these changes on current and possibly 

implicated future management of TRALI is discussed.  

Methods – Systematic search of the literature

The Medline database was used to identify medical subject’s headings (MeSH) to 

select search terms. In addition to MeSH terms, we also used free–text words. 

Search terms referred to aspects of the condition (“TRALI”, “blood transfusion/

adverse effects”) as well as related topics (“storage”, “human leukocyte antibodies”, 

“red blood cells”, “fresh frozen plasma” and “platelet transfusion”). All papers back 

TRALI: a change of perspective

167



chapter 9

to 1985 were assessed on relevance using the on–line abstracts. In addition, the 

reference lists of retrieved papers were screened for potentially important papers.

TRALI definition

As distinguishing bio-markers are absent, TRALI is a clinical diagnosis. The lack of a 

consensus definition of TRALI has contributed to under-diagnosing of this syndrome. 

In recognition of this problem, a case definition of TRALI based on clinical and 

radiological parameters was formulated during a consensus conference and by the 

US National Heart, Lung and Blood Institute in 2004.1,11,12 The definition is derived 

from the widely used definition of ALI and its more severe form acute respiratory 

distress syndrome (ARDS), as proposed by the North American-European Consensus 

Conference (NAECC) consensus.13 These criteria include the acute onset of hypoxia 

with bilateral pulmonary infiltrates, no evidence of left ventricular overload and the 

presence of a risk factor for ALI/ARDS (table 1). TRALI is defined as the fulfillment 

of the definition of ALI within 6 hours after transfusion in the absence of another 

risk factor for ALI (table 1).1,11,12

Although this definition appears straightforward, a complicating factor is that the 

characteristics of TRALI are indistinguishable from ALI due to other etiologies, such 

as pneumonia, sepsis or lung contusion. Using this definition would rule out the 

possibility of diagnosing TRALI in a patient with an underlying ALI risk factor who 

has also received a transfusion. To identify such cases, the term “possible TRALI” 

was developed (table 1), which allows for the presence of another risk factor for 

ALI. Given the uncertainty of the relationship of ALI to the transfusion in possible 

TRALI, this term facilitates separate categorization in surveillance systems to permit 

comparisons across systems. 

Table 1. Definition of transfusion-related acute lung injury

TRALI

-Acute onset within 6 hours after a blood transfusion

- PaO2/FiO2 <300 mmHg

-Bilateral infiltrative changes on the chest X-ray

-No sign of hydrostatic pulmonary edema 

(PAOP <18 mmHg or CVP < 15 mmHg)

-No other risk factor for ALI present

Possible TRALI

-All of the above but another risk factor for ALI present

PAOP=pulmonary arterial occlusion pressure, CVP=central venous pressure, ALI=acute lung injury.
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TRALI incidence 

The incidence of TRALI has not been well established. Estimated incidence rates 

vary widely, ranging from 0.002% to 1.12% per product transfused and from 

0.08 to 8% per patient transfused,5,7,8,14-19 (table 2). The rates presented should 

be regarded with caution for several reasons. First, the definition used for TRALI 

differed between studies. Some required the presence of antibodies against human 

neutrophil antigen (anti-HNA) or against human leukocyte antigen (anti-HLA),4,5 

whereas others used only clinical criteria.7,17,18 In addition, surveillance systems in 

some countries, including the United States and the Netherlands, use an alternative 

definition to the consensus definition, in which imputability is scored.19,20 A case 

definition which rules out the possibility of TRALI when another ALI risk factor is 

present, will lead to lower incidence rates compared to studies that have allowed 

for an alternative risk, i.e. possible TRALI. In critically ill patients, alternative ALI risk 

factors are often present. A prospective study in this patient group reported a high 

incidence of suspected and possible TRALI cases taken together.7 However, the high 

incidence is probably not merely a consequence of applying a broader definition. 

In addition to fulfilling the clinical diagnosis, immunologic work-up of these cases 

Table 2. Overview of incidence reports of TRALI 

Incidence of TRALI

reference type of study 
and inclusion 

population country study year per patient
transfused

per product
transfused

Popovsky5 retrospective
active 

hospital US 1983 N/A   0.02 %*

Henderson15 retrospective
passive

regional Australia 1981-89 N/A 0.001 %

Clarke14 retrospective 
passive

hospital US 1994 N/A 0.33 %**

Silliman16 retrospective 
active

hospital Canada 1991-95 0.08% 0.22 %**

Wallis18 retrospective 
passive

hospital UK 1991-2003 N/A 0.01 %*

Wiersum19 retrospective 
passive

national Netherlands 2002-05 N/A 0.002 %

Rana8 retrospective 
active

ICU US 2003 1.8% 0.26 %

Vlaar55 retrospective 
active

ICU Netherlands 2004-07 5.1% 0.9 %

Gajic7 prospective 
active

ICU US 2005-07 8% 1.12 %

* Incidence determined only in plasma products transfused, ** incidence determined only in platelets, 
concentrate products transfused.
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showed the presence of HLA/HNA antibodies in the plasma of associated donors, 

contributing to the suspicion that most of these were indeed TRALI-cases. Second, 

the method of surveillance differs between studies. Obviously, studies with an 

active case investigational approach yield higher incidence rates than outcomes 

of passive surveillance systems. Third, the population under investigation differs 

between studies, which may hamper comparability of the available incidence 

data. Finally, in the absence of a bio-marker, TRALI is diagnosed using clinical and 

radiological parameters. Subjective interpretation of clinical findings may contribute 

to differences in estimates of incidence . 

Studies that have applied the consensus definition formulated in 2004, report 

higher TRALI rates then before, in particular in critically ill patients.7,8 These findings 

support the general notion that TRALI is under-diagnosed and under-reported.3,11 

An increase in reporting may have occurred with increased awareness of TRALI. 

Nevertheless, a look-back study, in which recipients of blood products from a donor 

linked to a TRALI-fatality were analyzed for symptoms of TRALI, showed that TRALI 

was frequently not recognized.21 Therefore, under-diagnosing is not merely a 

consequence of awareness, but also of a failure to recognize the syndrome. 

A rise in incidence has also been reported by national surveillance systems,1,2,19,20 

suggesting that the rise in incidence is not limited to the critically ill patient population. 

Rather, before the consensus definition, the presence of other risk factors for ALI 

excluded critically ill or injured patients from a diagnosis of TRALI and consequently, 

Figure 1. Pathophysiology of transfusion-related acute lung injury (TRALI). Neutrophils are attracted to 
the lung by release of cytokines and chemokines. Firm adhesion to the endothelium of the lung capillaries 
is realized. Neutrophils are then activated by the “second hit” of bio active lipids or HLA/HNA antibodies. 
This results in alveolar capillary damage and leakage of fluid into the alveolar space, resulting in the 
clinical picture of TRALI.

(HLA/HNA Abs-bioactive lipids)  

Lung edema

Lung capillair 

= neutrophil

= endothelium

“Second Hit”: Transfusion“First Hit”: Attraction neutrophils  

170



from estimates of the incidence of TRALI in this patient population. The consensus 

definition has made estimates of incidence in this patient group possible. Overall, 

the consensus definition may also have facilitated clinical recognition of TRALI-cases.

The more recent figures suggest that TRALI may be a significant health problem. 

Several other observations support this notion. Transfusion of blood products is 

associated with development of respiratory complications in ICU patients, including 

ALI.22-24 Also, a liberal transfusion strategy was associated with an increased risk of 

ALI when compared to a restrictive policy.25 Although the temporal relation in most 

of these studies was not defined, it is likely that a significant part of these patients 

may have had TRALI. Therefore, the traditional held view that TRALI is a rare event, 

may not hold true, at least not in the Intensive Care Unit. 

The observations that blood transfusion is associated with respiratory complications 

are in keeping with the two event hypothesis of TRALI, discussed below, in which 

transfusion worsens micro vascular injury characteristic of ALI.    

TRALI pathogenesis

Any cell-containing blood product or plasma rich blood product can cause TRALI. 

The pathogenesis has not been fully elucidated. Two hypotheses have been 

formulated. The first hypothesis suggests that TRALI is caused by donor antibodies 

against human neutrophil antigens (HNA) or human leukocyte antigens (HLA) in 

the lungs of the recipient.5,26 However, the association between HLA antibodies 

in donor plasma and TRALI is not very strong. A significant fraction of TRALI-cases 

have no detectable antibodies.21,27,28 Also, many antibody-containing blood 

products fail to produce TRALI.29-31 An alternative hypothesis implicates a two 

event model.9,32,33 The first event is an inflammatory condition of the patient 

(e.g. sepsis, recent surgery) causing sequestration and priming of neutrophils in the 

pulmonary compartment (figure 1). The second event is the transfusion, containing 

either antibodies or bioactive lipids that have accumulated during blood storage, 

stimulating the primed neutrophils to release proteases. The result in both hypotheses 

is endothelial damage, capillary leak and extravasation of neutrophils.33-35 The two 

event model is supported by experimental studies, in which bioactive lipids as well as 

outdated blood products have been used to cause TRALI after a priming hit.32,33,36 

Also, observational studies report associations between prolonged storage of blood 

products and ARDS in the critically ill. 

However, the premise that only patients in poor clinical condition develop TRALI does 

not hold true in some case reports, in which a relatively active patient and a healthy 

research volunteer develop TRALI.11,37 A threshold model has been suggested,9 
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in which a threshold must be overcome to induce a TRALI reaction. Factors that 

determine the threshold are the predisposition of the patient that determines 

priming of the lung neutrophils and the ability of the mediators in the transfusion 

to cause activation of primed neutrophils. A strong antibody-mediated response can 

cause severe TRALI in an otherwise “healthy” recipient. When activation status is 

too low, it is possible that priming factors in the transfusion are not strong enough 

to overcome the threshold. This would explain why TRALI does not develop in a 

transfused patient even when an antibody-antigen match is present. In a critically 

ill patient with predisposing factors for ALI, such as pneumonia, sepsis or trauma, 

transfusion of mediators with low neutrophil-priming activity may be sufficient to 

overcome the threshold to induce a TRALI reaction. 

The above mentioned model underlines the concept that critically ill patients are 

susceptible to a TRALI reaction due to an inflammatory response, resulting in priming 

of pulmonary neutrophils.1,11 If indeed risk factors for ALI of any origin predispose 

to TRALI, the multiple possible “first events” may explain the increased incidence of 

TRALI in the critically ill, when compared to the general hospital population. 

TRALI symptoms 

In its fulminant presentation, TRALI is indistinguishable from ALI secondary to other 

causes. Symptoms include rapid onset of respiratory distress due to severe bilateral 

pulmonary edema. Chest radiographs classically demonstrate bilateral “white out” 

lungs, indistinguishable from hydrostatic pulmonary edema,38 but in the first few 

hours, a patchy pattern may be observed.5 Typically, patients develop the symptoms 

of TRALI within 1-2 hours after transfusion, but an onset of 6 hours has also been 

accepted. Some case reports indicate an incubation period of up to 48 hours.39,40 

Hypotension is not a consistent finding. Transient neutropenia has been described.41 

Most clinical cases described in the medical literature refer to the abovementioned 

severe presentation.42-45  However, there is growing appreciation that milder forms 

of respiratory distress may still represent the syndrome. A spectrum of severity is 

noted in TRALI-cases, ranging from transient dyspnea to fulminant ALI/ARDS.1,6 

Reports from a donor with neutrophil antibodies involved in multiple transfusion 

reactions, showed a wide variety of transfusion reactions, including mild symptoms 

that do not meet the definition of TRALI.46 

A particular challenge is the distinction between TRALI and transfusion associated 

circulatory overload (TACO), as clinical and radiological features are similar.47 

The TRALI definition holds that the pulmonary artery occlusion pressure should 
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not exceed 18 mmHg (table 1), whereas in TACO, elevated wedge pressure 

is a common finding. However, the scenario that TRALI and TACO are mutually 

exclusive is probably not true. Indeed, a considerable part of patients with clinical 

criteria for ALI is misclassified after measurement of the pulmonary artery occlusion 

pressure.48 Vice versa, pulmonary edema due to capillary leak, as found in TRALI, 

may also increase pulmonary arterial pressure, thereby no longer satisfying the 

TRALI consensus definition. Other markers, such as brain natriuretic peptide and 

N-terminal pro-brain natriuretic, were not helpful in discriminating between TACO 

(or cardiogenic pulmonary edema) and TRALI,49 rendering distinction between 

TRALI and TACO a continuing challenge. 

Considering the spectrum of disease severity, including a mild presentation, as well 

as the difficulty in distinguishing TRALI from circulatory overload, TRALI may often 

be overlooked. Failure to recognize TRALI clinically, may contribute to low incidence 

rates that may represent only a small part of lung injury inflicted by transfusion. 

Efforts to increase recognition of the TRALI syndrome are important, to determine 

when to start complex and expensive immunologic work-up of involved donors in 

a suspected TRALI-case and subsequent donor exclusion to prevent future TRALI 

reactions. 

TRALI outcome

It is often stated that TRALI differs from ALI due to other causes in terms of outcome. 

Whereas mortality of ALI is 40-60%,50 the majority of TRALI patients improve within 

48 to 96 hours after the insult, when appropriate respiratory support is supplied. 

The mortality rate of TRALI is considered to be low, around 5-10%.5,6,11,16 Also, in 

contrast to many ALI patients who develop irreversible lung injury, it is stated that 

pulmonary function of TRALI patients usually recovers, without apparent structural 

damage such as the occurrence of fibrosis.6 However, data on outcome of TRALI 

are sparse, mostly based on case series.

In contrast with the above, studies in critically ill or injured patients report that blood 

transfusion is associated with considerable morbidity and mortality. Transfusion of 

blood is an independent risk factor for developing ALI in trauma patients and in 

ICU patients,22-24,51 thereby increasing length of ICU and hospital stay. Adverse 

outcome appears to be associated with the number of units transfused  and with 

transfusion of fresh frozen plasma or platelets.24,52 An association of transfusion 

with mortality was found in established ALI patients,23 and in patients after 

cardiothoracic surgery.53 The impact of red blood cell transfusion on outcome was 
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reviewed recently, showing that red blood cell transfusion increased the risk of 

developing ALI and contributed to mortality in ICU, trauma and surgical patients.54  

Of note, these studies show an association between transfusion and adverse 

outcome, not between TRALI and outcome. The association between TRALI and 

outcome has still not firmly been established. However, although time frame was 

mostly not determined in these studies, it is likely that part of these patients complied 

with the TRALI definition. Indeed, mortality of TRALI was found to be higher 

compared to transfused controls in a critically ill patient population.7 In addition, 

we have recently performed a retrospective study of TRALI in a large cohort of over 

5.000 critically ill patients admitted to our ICU, using the consensus definition. We 

found that patients developing TRALI had a prolonged ICU stay and were longer 

mechanically ventilated compared to transfused controls.55 Mortality was higher in 

the TRALI group compared to the transfused controls (24% vs. 13%, P=0.04).  

Importantly, from these reports on the association between transfusion and adverse 

outcome, it is not clear to what extent the transfusion or other ALI risk factors have 

contributed to mortality. These observations have the potential limitation that blood 

is more frequently administered to sick patients and sick patients more frequently 

develop complications and die. Therefore, whether transfusion is a marker or a 

mediator of disease is an important question that remains to be answered. 

TRALI management

Management of TRALI is supportive, as would be for any patient with permeability 

edema. All patients require additional oxygen and in 70-90 %, mechanical ventilation 

is unavoidable.5,18 In line with treatment of ALI patients, it could be speculated that 

a restrictive tidal volume ventilation should be applied to avoid worsening of lung 

injury.56  Specific treatment strategies for TRALI however, do not exist.   

TRALI management consists mainly of preventing future adverse reactions. A 

patient suspected for TRALI should be reported to the National Blood Bank for a 

serologic workup of the recipient and the implicated donors on the presence of 

HLA- and HNA-antibodies. Incompatibility is tested by cross-matching donor plasma 

against recipient’s leucocytes. A donor with antibodies which are incompatible with 

the patient is excluded from further donation of blood for transfusion products. 

As stated before, the two event hypothesis does not exclude the role of antibodies 

in the occurrence of TRALI. Therefore, we would like to underscore that ‘possible 

TRALI’, i.e. a TRALI reaction in a patient with an additional TRALI risk factor, should 

be reported to the National Blood Bank, to allow for reliable incidence estimates in 
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this patient group and to determine whether serologic workup should be initiated 

to identify an implicated donor. 

The two TRALI theories yield different approaches to further preventive strategies.  

In the antibody-based theory, blood products with the highest antibody content 

(fresh frozen plasma and platelet concentrates) would be more likely to cause TRALI.  

Most donors associated with cases of TRALI are multiparous women. The likelihood 

of HLA allo-immunization increases with the number of pregnancies, from 8% in 

the absence of previous pregnancies up to 26% of multiparous women harboring 

HLA antibodies.57 The clinical significance of donor gender was demonstrated 

in two studies in critically ill patients reporting worsened oxygenation after FFP 

transfusion from (multiparous) female donors.8,58 Given the association of female 

donors with TRALI, the U.K. national Blood Service deferred women from plasma 

donation since 2003. Since then, report of TRALI-cases has diminished. It should 

be noted however, that the U.K. hemovigilance system only reports a TRALI-case 

in the presence of antibodies. Two clinical studies have appeared, showing that 

excluding female donor plasma may prove effective. In the U.K., the onset of ALI 

in patients receiving multiple transfusions while undergoing repair of a ruptured 

abdominal aortic aneurysm was reduced from 36% to 21%.59 Excluding all females 

from plasma donation was copied by the Dutch National Blood Service in 2006. We 

showed that this policy also reduced, but not prevented, the occurrence of ALI in a 

mixed medical–surgical population of critically ill patients.17 

Regardless of which theory one accepts, the deferral of women from plasma 

donation will not prevent all cases of TRALI. Measures aimed at preventing two 

event TRALI include an alternative approach. Obviously, less transfusion results 

in less TRALI. In the critically ill, a restrictive transfusion trigger is well tolerated 

and associated with improved outcome in selected patient groups.25 However, 

adherence to restrictive guidelines for erythrocyte transfusions are not always 

followed.60 Also, blood transfusions are not avoidable. An alternative approach 

which is increasingly receiving attention is the transfusion of fresh red blood cells. 

Stored red blood cells undergo functional and morphologic changes over time, 

referred to as storage lesions. Studies on the impact of aged blood on respiratory 

complications have yielded conflicting results. In cardiothoracic surgery patients, 

respiratory insufficiency and mortality was lower in patients that had received blood 

stored for less then 14 days compared to patients that had received blood stored 

for more then 14 days (7.4% vs. 11.0%, P<0.001).61 However, similar studies did not 

confirm these findings.62,63 The age of platelets has also been associated with ALI 

in a clinical observational study.16 Well-designed prospective studies are needed to 
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determine whether patients ‘at risk’ for TRALI (i.e. critically ill or injured patients) 

would benefit from a differential transfusion policy using fresh products only. 

Without doubt, both the deferral of female donors as well as the use of fresh blood 

only, has serious consequences on blood availability. For the sake of the patient, 

product management strategies as well as donor-exclusion policies should be aimed 

at decreasing the risk of acquiring TRALI without impeding a continuous reliable 

blood supply. 

Conclusion

The perspective on TRALI has changed in the past years. TRALI is an under-estimated 

health problem, with a significant impact on outcome in specific patient groups. 

Recognition of the association of transfusion with pulmonary injury is important, in 

terms of adherence to restrictive transfusion policies, but also in terms of reporting 

suspected TRALI-cases for immunologic work-up to prevent future reactions. We 

propose to use the consensus definition rather then national protocols to identify 

TRALI-cases to improve comparability of incidence rates, course of disease and 

outcome in different patient populations. Excluding females from plasma donation 

has reduced, but not prevented TRALI. Future research is needed to determine 

whether transfusion of fresh blood only reduces the risk of a TRALI reaction in at 

risk patients. 
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Abstract

Background: Incidence reports on Acute Lung Injury (ALI) vary widely. Insight in 

diagnostic preferences of critical care physicians when diagnosing ALI may improve 

identification of the ALI patient population.

Methods: Critical care physicians in the Netherlands were surveyed using 

vignettes involving hypothetical patients and a questionnaire. The vignettes varied 

in 7 diagnostic determinants based on the North American European Consensus 

Conference and the Lung Injury Score. Preferences were analyzed by a mixed-effects 

logistic regression model and presented as odds ratio (OR) with 95% confidence 

interval. 

Results: From 243 surveys sent to 30 hospitals, 101 were returned (42%). Odds 

ratios were as follows: chest X-ray consistent with ALI: OR 1.7(1.3 - 2.3), high Positive 

End-Expiratory Pressure (PEEP) (15 cmH2O): OR 5.0(3.9 - 6.6), low Pulmonary Artery 

Occlusion Pressures (PAOP) (< 18 mmHg): OR 4.7(3.6 - 6.1), low compliance (30 ml/

cmH2O): OR 0.7(0.5 - 0.9), low PaO2/FiO2 (< 250 mmHg): OR 9.2(6.9 - 12.3), the 

absence of heart failure: OR 1.2(0.9 - 1.5), presence of a risk factor for ALI (sepsis): 

OR 1.0(0.8 - 1.3). The questionnaire revealed that critical care physicians with an 

anesthesiology background differed from physicians with an internal medicine 

background with regard to hemodynamic variables when considering ALI diagnosis 

(P< 0.05).

Conclusions: Dutch critical care physicians consider the PEEP level, but not the 

presence of a risk factor for ALI, an important factor to diagnose ALI. Background 

specialty of critical care physicians influences diagnostic preferences and may 

account for variance in the reported incidence of ALI.
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Introduction

Acute lung injury (ALI) is one of the most important reasons for admittance to an 

intensive care unit (ICU) and initiation of mechanical ventilation.1 Because of a lack 

of specific diagnostic tests, ALI is defined by clinical and radiological criteria. The 

syndrome can be defined according to criteria from the North American European 

Consensus Conference (NAECC), which is most widely used in clinical research, or 

to the Lung Injury Score (LIS) (table 1).2 The LIS-based definition scores additional 

ventilatory criteria, including the compliance of the respiratory system and the level 

of positive end expiratory pressure (PEEP) and depends less on hemodynamic criteria 

then the NAECC-based definition.3 

A wide variance of estimated incidences of ALI has been reported, ranging from 

1.5 up to 100 per 100.000 person-years 4-13 implying that identification of ALI 

patient populations varies considerably. The wide variance of the incidence of 

ALI may be caused by individual differences in daily practice of physicians. Critical 

care physicians may differ in their interpretation of the importance of diagnostic 

determinants provided by the ALI definitions. It can be hypothesized that the medical 

background and the level of experience of the critical care physician influences 

clinical interpretation. Also, the hemodynamic variables of ALI criteria require 

subjective interpretation, as guidance for the exclusion of patients with hydrostatic 

pulmonary edema is limited. It has been suggested that echocardiographic findings 

should be used in determining the nature of bilateral pulmonary infiltrates,14,15 but 

whether echocardiographic findings are used in the practice of diagnosing ALI is 

not known. Insight in diagnostic preferences of critical care physicians may help 

to improve identifying the ALI patient population. The aim of this study was to 

determine which diagnostic determinants are taken into account by critical care 

physicians when considering the diagnosis ALI, as well as the influence of their 

medical background on preferences of diagnostic determinants.

Methods

Setting

All Dutch hospitals with an adult ICU department (n=102) were asked to participate 

in this survey. Surveys were sent to fellows and staff physicians working in the 

ICU department of the hospitals who agreed to participate. Since the study was a 

survey conducted among physicians, institutional review board approval was not 

necessary.

Diagnosing ALI
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Table 1. Definitions of Acute Lung Injury

North American European Consensus Conference (NAECC) 

- Acute onset 

- PaO2/FiO2 <300 (or <200 ARDS)

- Bilateral infiltrative changes on the chest x-ray

- Absence of hydrostatic pulmonary edema

- Risk factor for ALI present

Lung Injury Score (LIS)

1. Chest x-ray with alveolar consolidation confined to;

No quadrant 0

1 quadrant 1

2 quadrants 2

3 quadrants 3

4 quadrants 4

2. PaO2/FiO2

≥ 300 0

225-299 1

175-224 2

100-174 3

< 100 4

3. PEEP (when ventilated)

≤ 5 cm H2O 0

6-8 cm H2O 1

9-11 cm H2O 2

12-14 cm H2O 3

≥ 15 cm H2O 4

4. Compliance score

≥ 80 ml/cmH2O 0

60-79 ml/cmH22O 1

40-59 ml/cmH2O 2

20-39 ml/cmH2O 3

≤ 19 ml/cmH2O 4

Total:

LIS score

No lung injury 0

Mild-to-moderate lung injury  0.1-2.5

Severe lung injury (ARDS) > 2.5

PaO2/FiO2=arterial oxygen tension to inspired oxygen concentration; PEEP=Positive End-Expiratory,  
Pressure; ARDS= Acute Respiratory Distress Syndrome.
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Survey 

The survey consisted of three parts: (a) characteristics of the respondent and its ICU; 

(b) 20 clinical vignettes; (c) questionnaire with questions on hemodynamic variables 

influencing ALI diagnosing. The survey was introduced with a cover letter, without 

providing NAECC or LIS definitions for ALI to avoid influencing the physician’s 

opinion how to diagnose ALI.

Vignettes

To assess clinical physicians’ decision making in diagnosing ALI, vignettes were 

used. Vignette-based surveys are a well-suited tool to measure practice variation 

in differential diagnosis.16 A vignette is a brief, written case history of a fictitious 

patient. The physicians were asked whether he/she would diagnose this patient 

as having ALI. The vignette describes case scenarios in which seven factors that 

determine the presence of ALI are embedded. Each factor has two different levels: 

the first may indicate ALI, the second can exclude ALI. These factors, which are 

shown in table 2, were agreed upon during a meeting of critical care physicians 

(NJ, MS, JG, PS). The levels were embedded in a brief case history (appendix 1). The 

vignette was tested in a pilot study by 17 critical care physicians for clarity of content.

A full factorial design would generate 128 vignettes, which is a number too great 

to score. Therefore the number of vignettes was reduced using an orthogonal main 

effects design (SPSS version 15.0).17 The number of combinations was reduced to 

20 from the original 128 possible vignettes. This procedure generates a specific 

subset of all possible combinations while statistical analysis is still possible of all 

possible combinations of the factors and their levels. 

Table 2. Factors and levels implemented in the vignette used to assess the presence of ALI.

Factor Level

1. Chest X-ray with bilateral interstitial 
abnormalities

Suggestive or not suggestive for pulmonary 
oedema

2. PEEP 5 or 15 cmH2O

3. PAOP (CVP) <18 (15) or >20 (18) mmHg

4. Lung compliance 30 or 60 ml/cmH2O

5. PaO2/FiO2 <250 or >350 mmHg

6. History of heart failure Absent or Present

7. ALI risk factor Vascular surgery or Sepsis

PEEP = Positive End-Expiratory Pressure; PAOP=Pulmonary, Artery Occlusion Pressure; CVP = Central 
Venous Pressure.
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Questionnaire 

Next to the 20 vignettes, critical care physicians were questioned using a list of 

5 hemodynamic variables. The questions were added because not all diagnostic 

determinants that may influence the assessment of the physician of the presence or 

absence of ALI could be taken into account in the vignette. The statements had to 

be visually scored on a 10 cm line providing a 0% (not taken into account) – 100% 

(total taken into account) scale. 

Statistics 

The means and standard deviations for continuous variables and distributions for 

frequency of categorical variables were summarized using descriptive statistics. 

(SPSS version 15.0). 

A mixed-effects logistic regression model was used to determine whether the levels 

of diagnostic determinants for ALI clustered within each respondent assessment of 

the 20 vignettes. Mixed-effects logistic regression models can be used to predict 

discrete outcome variables when observations are correlated. Therefore, the 

respondent was included in the model as a random effect parameter (corresponding 

to individuals drawn at random from a population) and the factor levels as fixed 

parameters. The mixed-effects logistic regression model showed to be a significant 

better model then the “naive” multivariable logistic regression model (difference 

in log likelihood Chi2 47.16, df 1, p < 0.001) (Statistics version 10.1, Statacorp). 

The levels of diagnostic determinants in favor of ALI diagnosis were coded as 1 

(PaO2/FiO2 < 250 mmHg, chest X-ray consistent with interstitial abnormalities 

suggestive for pulmonary edema, high PEEP (15 cmH2O), low pulmonary artery 

occlusion pressure (< 18mmHg), low compliance (30 ml/cmH2O), no history of heart 

failure present, risk factor for ALI present). Therefore, odds ratio’s and their 95% 

confidence intervals above 1 are supportive for a diagnosis of ALI. 

The scores on the statements (visual analogue scale) are given as means ± standard 

error. Differences between medical specialty were analyzed using ANOVA analysis 

followed by Bonferroni post test. A p value of < 0.05 was taken as statistically 

significant. 

Results

Thirty hospitals participated in this study. Of the 243 questionnaires sent, 101 

were returned (response rate 42%). Characteristics of the responding critical care 

physicians showed that 38% of the critical care physicians had an anesthesiology 

background specialty while 57% had an internal medical background specialty 
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(table 3). More than 50% of the responding critical care physicians had 10 years 

or less of working experience. Forty-two percent of the respondents worked in an 

academic hospital while 58% of the respondents worked in a referral hospital.   

Vignette

The impact of the determinants in ALI diagnosing is depicted in figure 1. The odds 

ratios were as follows; chest X-ray abnormalities consistent with ALI: OR 1.7 (1.3 

- 2.3), high PEEP (15 cmH2O): OR 5.0 (3.9 – 6.6), low pulmonary artery occlusion 

pressure (< 18mmHg): OR 4.7 (3.6 - 6.1), low compliance (30 ml/cmH2O): OR 0.7 

(0.5 - 0.9), low PaO2/FiO2 (< 250 mmHg): OR 9.2 (6.9 - 12.3), the absence of heart 

failure: OR 1.2 (0.9 - 1.5), the presence of a risk factor for ALI (sepsis): OR 1.0 (0.8 

- 1.3). Teaching hospitals did not differ from referral hospitals in the use of clinical 

factors to diagnose ALI. 

Table 3. Characteristics of the participating physicians and centers in the survey.

Function

Fellow 15%

Critical care specialist 78%

Specialist with other background 7%

Medical specialty

Medicine 57%

Anesthesiology 38%

Other 5%

Sex

Male 69%

Female 31%

Age (SD) 42±7

Experience (years)

0-5 44%

6-10 28%

11-20 20%

20+ 8%

Hospital

Academic 42%

Non-Academic 58%

ICU capacity (CI 95%)

Ventilated beds 16 (13.6-18.4)

Non-ventilated beds 2.3 (1.6-2.9)

ICU=Intensive Care Unit 

Diagnosing ALI
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Questionnaires

Hemodynamic factors that may be considered when diagnosing ALI were measured 

with the Visual Analogue Scale (VAS) and presented in table 4. Critical care physicians 

with an anesthesiology background differed from critical care physicians with an 

internal medicine background when considering ALI diagnosis. Both the presence 

of a valve dysfunction and a diastolic dysfunction (as measured by E/A ratio) was 

more often taken into account by critical care physicians from anesthesiology origin 

(p< 0.05). 

Table 4. Relative importance of factors that are taken into account when diagnosing ALI by a visual 
analogue scale. 

Statements Percentage taken into account

Overall Anesthesiology Internal Medicine

1. Cardiac output estimated by PAC 26 (3) 22 (4) 27 (4)

2. Left ventricle function  estimated by 
echocardiography

40 (3) 45 (5)   35 (4)

3. E/A ratio estimated by echocardiography 33 (3) 38 (5)   26 (3)*

4. Valvular dysfunction present 43 (3) 52 (5)   33 (3)†

5. 24 hours fluid balance 41 (3) 46 (5) 36 (4)

Data are represented as mean percentage (SE). Data present percentage that physicians take a factor 
into account when considering ALI (0=not taken into account, 100=always taken into account). PAC 
=Pulmonary Artery Catheter; E/A =diastolic dysfunction (Early diastolic filling velocity / Atrial filling 
velocity). *p< 0.05, † p< 0.001 anesthesiology vs. internal medicine, ANOVA analysis with Bonferroni 
post test.

Figure 1. Preferences for diagnostic determinants for acute lung injury (ALI). Data are presented for 
each factor level separately as odds ratios (OR) and 95% confidence interval (95%CI). Abbreviations; 
AAA=Abdominal Aortic Aneurysm; PAOP=Pulmonary Artery Occlusion Pressure.

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Admission diagnosis sepsis

Admission diagnosis AAA

No history of heartfailure

History of heartfailure

PaO2/FiO2 <250 mmHg

PaO2/FiO2 >350 mmHg

O2Compliance 30 ml/cmH

O2Compliance 60 ml/cmH

PAOP <18 mmHg

PAOP >20 mmHg

PEEP 15 cmH2O

PEEP 5 cmH2O

Chest x-ray lung edema

Chest x-ray no lung edema

 OR > 1 (95% CI) are in favor of ALI diagnose
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Discussion

This national survey assessed the relative importance of diagnostic determinants 

for critical care physicians when diagnosing ALI in their patients. Of the respiratory 

determinants, PaO2/FiO2 and PEEP level are considered important determinants 

in diagnosing ALI, whereas pulmonary artery occlusion pressure and results of 

chest X-ray are considered less important. The history of heart failure, level of 

compliance or presence of a risk factor for ALI had no impact on diagnosing ALI. 

The medical background specialty of critical care physicians influenced preferences 

of hemodynamic diagnostic determinants. 

Besides PaO2/FiO2, the application of high PEEP levels in mechanical ventilation 

had a strong preference. Current practice of mechanical ventilation of critically ill 

patients indicates that PEEP is increasingly applied.18,19 It is probable that critical care 

physicians recognize that PEEP aids in keeping the alveoli open, resulting in better 

oxygenation.20 The application of PEEP may even result in excluding a patient from 

fulfilling the definition of ALI according to NAECC criteria, despite worsening of the 

pulmonary condition of the patient.21,22 However, the optimal PEEP level in ALI is 

unknown. There is no strong evidence that high PEEP is beneficial in ALI patients.23 

We do not argue that patients with a high PEEP level have ALI. Our data however, 

suggest that patients ventilated with a high level of PEEP may be diagnosed as 

ALI in clinical practice. In accordance, a prior descriptive study showed that critical 

care physicians diagnose ALI more frequent then predicted by NAECC criteria.24 

Our finding of a strong diagnostic preference of high PEEP in diagnosing ALI may 

influence implication of results from intervention trials in ALI patients identified by 

NAECC criteria, which may be applied to a different patient population. 

Although compliance is severely compromised in ALI, critical care physicians rated 

this parameter to be of no importance in diagnosing ALI. This finding, which is in 

accordance with an earlier survey study on diagnosing ALI,25 may be explained 

by the emphasis on the beneficial effect of application of PEEP on oxygenation 

in research on mechanical ventilation.26,27 Also, compliance is calculated from 

the change in volume relative to a change in applied pressure and requires 

interpretation of ventilatory settings, rather then mere application of a PEEP level. 

Not all ventilators display compliance on the monitor which may result in under 

appreciation of this variable. Notably, although considered a hallmark of ALI, the 

finding of interstitial abnormalities on the chest X-ray was not a strong preference 

when considering ALI. Physicians may recognize that application of PEEP increases 

radiographic translucency, thereby diminishing interstitial abnormalities.28 

The presence of an appropriate risk factor is mandatory in the current NAECC 

definition.29 In this study, an admission diagnosis of sepsis, which is frequently 

accompanied by lung injury, was not scored in favor of the diagnosis ALI. An 
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explanation for this finding is tempting. We speculate that the diversity of the 

diseases that can cause ALI may result in ignoring established risk factors. 

Alternatively, physicians may only be interested in the presence or absence of ALI at 

a given moment and not in the cause.

We found that medical specialty background of critical care physicians influenced 

preferences of diagnostic determinants to diagnose ALI. Hemodynamic variables 

were considered more important by critical care physicians with anesthesiology as 

their background specialty. This may be explained by a difference in emphasis on 

hemodynamic monitoring during anesthesiology residency compared to internal 

medicine residency. The ability of cardiothoracic anesthesiologists to perform 

echocardiography, may contribute to a preference of hemodynamic variables 

estimated by this technology. Differences in medical background of critical care 

physicians may be a source of variance in identifying ALI patient populations. 

We propose that background specialty of critical care physicians is taken into 

consideration when ALI criteria are applied in future clinical trials.

The survey design of this study has several limitations. Firstly, although vignettes 

have been recognized as a valid tool to assess preferences in clinical practice, we can 

not rule out a discrepancy between physician’s practice of ALI diagnosing and their 

answers to vignettes with hypothetical patients. Secondly, diagnostic determinants 

influencing ALI diagnosis are many. A vignette survey is limited to a number of 

determinants to generate an optimal number of vignettes which respondents can 

adequately evaluate.30 We chose determinants which are accepted characteristics 

of the syndrome ALI. Lastly, although surveys were returned from all participating 

centers, the response rate of individual critical care physicians was disappointing. 

However, assuming that the opinions of critical care physicians are consistent 

within one centre, the results of this study reflects the opinion of Dutch critical care 

physicians on what factors are considered important in the diagnosis of ALI.

Conclusion 

In conclusion, this survey on the practice of diagnosing ALI shows that critical 

care physicians consider the level of PEEP an important determinant in diagnosing 

ALI. Clinical risk factors are not considered when diagnosing ALI. The medical 

background specialty of critical care physicians influenced preferences of diagnostic 

hemodynamic determinants, which may contribute to variance in the estimated ALI 

patient population. These findings provide insight in the practice of ALI diagnosis.  
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Appendix 1.

Example Vignettes

 1. A male patient of 55 years old is admitted to the ICU because of sepsis. The 

patient is mechanically ventilated.

 • No history of heart failure

 • PaO2/FiO2 <250 mmHg

 • PEEP 15 cmH2O

 • Lung compliance 30 ml/cmH2O

 • Chest X-ray shows bilateral interstitial abnormalities suggestive for 

pulmonary oedema

 • Pulmonary Artery Occlusion Pressure <18 mmHg

Does this patient have Acute Lung Injury? Yes/No

 2. A male patient of 55 years old undergoes elective correction of an 

abdominal aneurysm. During surgery, the patient received 2 units of red 

blood cells and 1000 ml colloid infusion. The patient is 4 hours post surgery 

and is mechanically ventilated on the ICU. 

 • History of heart failure

 • PaO2/FiO2 >350 mmHg

 • PEEP 5 cmH2O

 • Lung compliance 60 ml/cmH2O

 • Chest X-ray shows bilateral interstitial abnormalities not suggestive for 

pulmonary oedema

 • Pulmonary Artery Occlusion Pressure >20 mmHg

Does this patient have Acute Lung Injury? Yes/No

Diagnosing ALI
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Abstract

Background: Transfusion-related acute lung injury (TRALI) is hypothesized to be 

a ‘two hit’ entity, in which an inflammatory condition (e.g. sepsis) predisposes to 

TRALI. TRALI is a clinical diagnosis. Disciplines involved in managing TRALI may 

differ in decision-making on the reporting of TRALI. 

Methods: A survey was conducted among critical care physicians, hematologists, 

hemovigilance workers and transfusion medicine physicians, using case vignettes 

and a questionnaire. The vignettes varied in patient and blood product related 

factors that may influence the decision to report a TRALI-case. Multiple-linear 

regression analysis was performed. A positive β-coefficient is in favor of reporting.

Results: Ninety-two questionnaires were returned (response rate 68%). For all 

disciplines, preferences in favor of reporting TRALI were onset of symptoms within 

1 hour (β 0.4), after transfusion of a single unit of FFP (β 0.5), in the absence of 

ALI prior to transfusion (β 1.3). An admission diagnosis of sepsis was a negative 

preference (β -0.3). Massive transfusion (6 RBC + 4 FFP units) was a negative 

preference for transfusion medicine physicians (β -0.3), but a positive preference for 

the other disciplines. The questionnaire revealed that massive transfusion and the 

age of blood products were considered relatively more important reasons to report 

TRALI by critical care physicians compared to the other disciplines (p<0.05). 

Conclusions: A pre-transfusion inflammatory condition is a reason to withhold 

from reporting of a suspected TRALI-case. Disciplines involved in managing TRALI 

differ in decision-making of reporting TRALI, which may contribute to variance in 

incidence. 

196



Introduction 

Insight into the pathogenesis of TRALI is evolving. Leukocyte and neutrophil 

antibodies present in the transfusion product have long been considered the sole 

implicated causative agents in the development of a TRALI reaction.1 However, 

antibodies are not involved in all cases fulfilling the clinical definition of TRALI.1-4 

Furthermore, look-back investigations reveal that even in the presence of antibody-

antigen pairing of the donor and recipient, TRALI does not always occur.5,6 Studies 

indicating that TRALI may be caused by a “two hit” event are accumulating.3,7-12 

The “first hit” is any inflammatory condition (e.g. pneumonia, sepsis or trauma), 

resulting in priming of pulmonary neutrophils. The “second hit” is the transfusion of 

a blood product and results in activation of the primed neutrophils, with subsequent 

pulmonary edema. Besides antibodies, bio-active lipids which accumulate during 

storage have been implicated.3,9-12 Stored blood products have been found to 

induce lung injury after priming of the lungs with lipopolysaccharide in ‘two hit’ 

animal models’,9,10,13 In patients, bio-active lipids have been associated with the 

occurrence of TRALI.3,11 However, the clinical relevance of bio-active lipids is still 

under debate.  Besides lipids, antibodies also induced lung injury in an endotoxemic 

“two hit” TRALI rat model, but not in healthy animals.13 These “two hit” models 

mimic the clinical situation of a patient suffering from an underlying inflammatory 

condition.14,15 In accordance, the presence of sepsis has been identified as a risk 

factor for the development of TRALI in a critically ill patient population.7 The 

antibody model and the two hit model may not be mutually exclusive. A threshold 

model of TRALI has been introduced, in which the onset of TRALI is dependent 

both on the severity of the underlying condition of the patient and on the severity 

of the transfusion mediator ( antibody titer or concentration of bio-active lipids).16  

Table 1. Definition of transfusion-related acute lung injury

TRALI

-Acute onset within 6 hours after a blood transfusion

-PaO2/FiO2 < 300 mmHg

-Bilateral infiltrative changes on chest X-ray

-No sign of hydrostatic pulmonary edema (wedge pressure <18 mmHg or CVP < 15 mmHg)

-No ALI prior to transfusion

-No other risk factor for ALI present

Possible TRALI

-Other risk factor for ALI present

-Fulfillment of the definition of TRALI

Abbreviations; CVP=central venous pressure, ALI=acute lung injury

Diagnosing TRALI
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Disciplines involved in reporting TRALI
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Figure 1. Flowchart representing the multidisciplinary reporting of a patient suspected of TRALI to the 
blood bank.

Due to a lack of diagnostic markers, TRALI is defined by clinical criteria, in which 

possible TRALI is defined as TRALI in the presence of another ALI risk factor (table 

1).17 The reported incidence of TRALI varies widely, ranging from 0.0008% to 1.2% 

per blood product and from 0.08% to 8% per transfused patient.7,18-22 This 100 

to 1000 fold difference in incidence may partly be explained by differences in study 

design and patient population. However, under-reporting has been coined as an 

alternative explanation.8,21,23-28 In the Netherlands, as in many other counties, 

reporting of TRALI is done by a multidisciplinary system (figure 1).19,21,29 Reporting 

of TRALI-cases is important for identifying and excluding involved donors with 

leukocyte or neutrophil antibodies to prevent future TRALI reactions. Immunologic 

work-up to detect antibodies is performed when the transfusion medicine physician 

of the blood bank agrees on the suspicion of a TRALI-case. 

198



Insight into patient and blood product related determinants that influence the 

practice of reporting of TRALI is limited. Interdisciplinary differences in reporting 

TRALI may contribute to under-reporting and variance in TRALI incidences. Using 

a survey, we investigated whether clinical practice of reporting TRALI reflects a 

belief in the “two hit” TRALI hypothesis. Also, we investigated whether disciplines 

involved in handling of suspected TRALI patients differ in their decision-making 

regarding reporting of TRALI.

Materials and Methods

Setting

The chairs of the departments of critical care, hemovigilance and hematology 

in hospitals with an intensive care unit (ICU) with 5 or more beds equipped for 

mechanical ventilation (n=66) were asked for participation in this survey. When 

participation was agreed upon, the chairs of each department were asked which 

critical care physician, hemovigilance worker and hematologist were most consulted 

in identifying and reporting of a suspected TRALI case. The survey was sent to these 

physicians and health care workers. In addition, all transfusion medicine physicians 

working in the National Blood Bank (n=13) were asked for participation in this survey.

The Survey

The survey consisted of three parts: (a) characteristics of the respondent, (b) 20 

clinical vignettes and (c) questionnaire with 10 questions on additional factors 

influencing TRALI reporting. The survey was introduced with a cover letter, providing 

the American-European Consensus Conference (AECC) definition for ALI to avoid 

unclarity about the onset of ALI.30 The survey was sent to all persons who agreed 

to participate. To enhance response, a reminder was sent after 2 weeks. After 4 

weeks, non-responders were contacted by telephone.  

Vignettes

To assess preferences of physicians for diagnostic determinants in reporting TRALI, 

vignettes were used. A vignette is a brief, written case history of a fictitious patient. 

Vignette-based surveys are a well-suited tool to measure practice variation in 

clinical decision-making.31 Determinants considered to influence decision-making in 

reporting of TRALI were identified by using previous studies which indicated patient 

risk factors (e.g. sepsis) and transfusion risk factors (e.g. fresh frozen plasma) for 

the onset of TRALI 7,8,11,16,20,32-35 and by the clinical experience of the authors 

(determinants shown in table 2). Four diagnostic determinants with two levels and 
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one diagnostic determinant with five levels were embedded in the vignette case 

scenarios (case scenario shown in appendix 1). The physicians were asked whether 

he/she would report this patient as suspected TRALI (response options; mark on a 

line from 0-7 (I will report – I will not report). A full factorial design would generate 

128 vignettes, which is a number too great to score. Therefore the number of 

vignettes was reduced to 20 from the original 128 possible vignettes using an 

orthogonal main effects design (SPSS version 15.1).36,37 This procedure generates 

a specific subset of combinations which was used for the survey, whilst still being 

able to infer preferences for all factors using a multiple-linear regression model. The 

survey was tested in a pilot study for clarity of content by an independent critical 

care physician, hemovigilance worker, hematologist and transfusion medicine 

physician. No changes were made after the pilot test.

Questionnaire 

Next to the 20 vignettes, physicians were questioned using a list of 10 additional 

factors, including variables that may indicate risk factors for TRALI or for an alternative 

diagnosis. The questions were added because not all diagnostic determinants that 

may influence decision-making of the physician to report TRALI could be taken into 

account in the vignette. The statements had to be visually scored on a 10 cm line 

providing a 0% (not taken into account) – 100% (fully taken into account) scale. 

Statistics 

The influence of the TRALI-determinants imbedded in the vignette was estimated 

by multiple-linear regressions (mixed models). Effect sizes were expressed in 

beta-coefficients with 95% confidence intervals (CI). The means and standard 

deviations for continuous variables and distributions for frequency of categorical 

variables were summarized using descriptive statistics. The scores on the statements 

Table 2. Factors and levels implemented in the vignette

Factor Level

1. Onset of symptoms < 1hour after transfusion or < 5 hours after transfusion

2. Type and amount of transfusion 1 RBC vs. 1 FFP vs. 1 platelets concentrate vs. 1 RBC + 1 FFP vs. 
6 RBC + 4 FFP

3. TRALI risk factor sepsis or ischemic CVA

4. Age of the patient 20 years or 80 years

5. ALI prior to transfusion present or absent

Abbreviations; ALI=acute lung injury, RBC=red blood cells, FFP= fresh frozen plasma, CVA=cerebro 
vascular accident
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(visual analogue scale, VAS) are given as mean ± standard error. Differences 

between disciplines were analyzed using ANOVA analysis followed by Bonferroni 

post test. A p value of < .05 was taken as statistically significant (SPSS ver. 15.1). 

Results

Study participation was agreed upon by 30 hematologists, 41 ICU physicians and 

52 hemovigilance workers of all hospitals, as well as by all transfusion medicine 

physicians (n=13) of the National Blood Bank. Of the 136 questionnaires sent, 92 

were returned (response rate 68%), from employees in 45 hospitals. Characteristics 

of the responding physicians are listed in table 3.  

Table 3. Characteristics of the participating physicians in the survey.

Critical care 
physician

n=31

Hematologist

n=15

Hemovigilance 
worker
n=37

Transfusion 
medicine physician

n=9

Medical specialty

Medicine 66% 100% 10% 56%

Anesthesiology 24% 0% 0% 0%

Clinical chemist 0% 0% 80% 0%

Other 10% 0% 10% 44%

Sex

Male 80% 50% 40% 56%

Female 20% 50% 60% 44%

Age (SD)

44±5 46±8 48±7 47±5

Experience (years)

0-5 30% 6% 19% 0%

6-10 23% 31% 14% 22%

11-15 30% 25% 19% 22%

16-20 10% 13% 16% 44%

20+ 7% 25% 30% 11%

Hospital

Academic 14% 13% 16% N/A

Non-Academic 86% 87% 84% N/A

TRALI-cases reported last year (SD)

 0.7±1.3 0.8±1.0 0.8±1.0 4.1±3.9

TRALI cases reported last year =mean number of cases reported to blood bank  by the participant.
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Vignette

The preferences of all disciplines in favor of reporting TRALI are shown in figure 2. 

Onset of symptoms within 1 hour was a stronger positive preference for reporting 

than onset within 5 hours (β 0.4 [0.2 to 0.5] vs. neutral). Transfusion of FFP or 

platelets was a stronger positive preference for reporting than transfusion of red 

blood cells (β 0.5 [0.3 to 0.7] vs. neutral). A patient with the age of 20 years was a 

stronger positive preference for reporting than a patient with the age of 80 years (β 

0.2 [0.02 to 0.3] vs. neutral). The absence of ALI prior to transfusion was a stronger 

factor in favor of reporting TRALI compared to the presence of ALI prior to the 

transfusion (β 1.3 [1.1 to 1.4] vs. neutral). An admission diagnosis of sepsis was a 

negative determinant for reporting TRALI compared to an admission diagnosis of 

CVA (β -0.3 [-0.5 to -0.2] vs. neutral).

Then, we determined whether disciplines involved in reporting TRALI differed in 

preferences of diagnostic determinants. Transfusion medicine physicians scored 

massive transfusion (6 units of RBC + 4 units of FFP) as a negative factor (β -0.3 

[-1.1 to 0.4]) to report a suspected TRALI-case (figure 3), while the hemovigilance 

workers, critical care physicians and hematologist scored massive transfusion as a 

factor in favor to report a suspected TRALI-case (β 0.5 [0.1 to 0.9], 0.3 [-0.2 to 0.8] 

and 0.2 [-0.4 to 0.8], respectively). The disciplines did not differ in their preference 

of the other diagnostic determinants (age of the patient, ALI risk factor, ALI prior to 

transfusion, time between transfusion and onset of TRALI). 

Figure 2. Preferences of all disciplines combined for determinants on reporting TRALI. Abbreviations; 
FFP=fresh frozen plasma, RBC=red blood cells, PLT= platelets concentrate, ALI=acute lung injury.
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Effect size in β-coefficients (95% CI)
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Questionnaires 

Additional determinants that may indicate TRALI or an alternative diagnosis that 

may be considered when reporting a suspected TRALI-case, were measured with 

the VAS (table 4). Hemodynamic variables (ejection fraction, Early diastolic / Atrial 

filling velocity (E/A ratio)), were added to the questionnaire as they may indicate 

the presence or absence of heart failure. Patients with heart failure are at risk of 

developing hydrostatic pulmonary edema after transfusion, called transfusion 

associated cardiac overload (TACO). As the clinical symptoms of TACO mimic TRALI, 

hemodynamic variables may influence the decision to report a patient suspected of 

TRALI. All disciplines considered the hemodynamic variables important in decision-

making of reporting a patient suspected of TRALI. A positive blood culture or 

the presence of a risk factor for ALI may indicate an alternative diagnosis or an 

inflammatory condition.  These conditions were equally considered by all disciplines. 

Physicians were also questioned on blood product related factors. Plasma is the 

blood product most often implicated in TRALI reactions. In addition, aged blood 

products have been implicated in pulmonary complications, including respiratory 

insufficiency.38 The relative importance of the type of blood product did not differ 

between disciplines. Critical care physicians considered the age of the transfused 

products a more important factor to report a suspected TRALI-case then the 

other disciplines (p<0.02). Concerning massive transfusion, the questionnaire was 

consistent with results from the vignettes. Critical care physicians considered massive 

transfusion a more important factor to report a suspected TRALI-case compared to 

transfusion medicine physicians (P<0.05). Increased lactate dehydrogenase (LDH), 

which may indicate an alternative diagnosis of a hemolytic immune reaction, was 

considered to be of minor importance by all disciplines when reporting a TRALI-case. 

Figure 3. Disciplines analyzed separately for preference of massive transfusion (6 RBC + 4 FFP) on 
reporting TRALI. 

-1.5 -1.0 -0.5 0.0 0.5 1.0

Hematologist

Critical care physician

Hemovigilance worker

Transfusion medicine physician

Effect size β-coefficients (95%)
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Discussion

Recent insights in TRALI pathogenesis suggest a “two hit” entity, in which an 

inflammatory condition may predispose to TRALI.7,11,12 The present study shows 

that the practice of physicians of reporting suspected TRALI-cases does not depend 

upon  a “two hit” mechanism. This study furthermore shows that disciplines involved 

in managing TRALI differ in decision-making of reporting a suspected TRALI-case, 

which may contribute to variance in the estimated incidence of TRALI.      

Determinants with a strong preference for reporting of TRALI included a young 

patient without a risk factor for other causes of lung injury, developing ALI within 1 

hour after a single FFP transfusion. These determinants indicate a belief in the “single 

hit” theory, in which antibodies in donor plasma are thought to induce activation 

of the pulmonary neutrophils in the absence of a priming hit.39 In accordance, we 

found that the presence of an inflammatory condition prior to transfusion (sepsis) 

had a negative preference for reporting of TRALI, indicating that TRALI is viewed as 

a diagnosis by exclusion. 

Table 4. Blood product and patient related factors that are considered when reporting TRALI 

Statements Percentage taken into account

Hematologist Critical care 
physician

Hemovigilance 
Worker

Transfusion 
medicine 

1. Ejection fraction 
(Echocardiography)

55±9 60±5 53±6 45±11

2. The E/A ratio 
(Echocardiography)

43±7 40±4 49±5 36±12

3. Wedge pressure 70±8 59±5 78±4* 57±13

4. 24 hours fluid balance 56±9 53±5 57±5 58±9

5. Results of blood culture 65±9 60±5 55±7  45±11

6. The presence of a risk 
factor for ALI

79±6 70±4 72±5 80±5

7. The age of the transfused 
product(s)

33±8  50±5† 20±5 10±2

8. Multiple transfusions (>10 
units)

63±8  64±5‡ 43±6  36±13

9. Plasma LDH 37±6 40±5 32±6  13±5‡

10. Type of product transfused 62±8 65±5 60±7  60±13

Data are presented as mean percentage (SE). Data are the percentage that physicians take a factor into 
account when reporting TRALI (0=not taken into account, 100=always taken into account). Abbreviations; 
E/A =diastolic dysfunction (Early diastolic filling velocity / Atrial filling velocity, ALI=acute lung injury, 
LDH=lactate dehydrogenase. *p<0.01 hemovigilance worker vs. critical care physician, †p<0.02 critical 
care physicians vs. other disciplines, ‡p<0.05 critical care. 
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Explanations for the belief in the “single hit” TRALI theory in clinical practice may 

be two-fold. First, clinicians may not be convinced by the “two hit” theory. Because 

the pathophysiology of TRALI is incompletely understood, a case definition based 

on clinical and radiological parameters was agreed upon during a consensus 

conference in 2004.17,40 This case definition however, does not distinguish TRALI 

from ALI due to other aetiologies. In an effort to capture the possibility of TRALI in 

a patient with an underlying ALI risk factor, the term ‘possible TRALI’ was adopted. 

Our results indicate that possible TRALI-cases, in the presence of another ALI risk 

factor, are not acknowledged in clinical practice. In line with this, blood banks in 

some European countries, including The Netherlands, use a TRALI scoring system 

other than the consensus definition, which scores the imputability of symptoms to 

the transfused blood product.19,21,29 The presence of sepsis or pneumonia prior 

to transfusion, results in a lower imputability. A similar policy is seen among US 

blood banks. Almost half of the centres use a case-by-case selection instead of 

the consensus definition to decide when to start an immunologic work-up of the 

involved donors.41 In addition, it has been proposed that the clinical course of TRALI 

in critically ill patients differs from ‘classic’ TRALI. Onset of symptoms is less acute, 

which has led to the term ‘delayed TRALI’.42 Also, risk of lung injury is related to the 

amount of transfused blood products, whereas in ‘classic’ TRALI, usually a single 

unit is implicated. Together, due to a different course, lung injury following a blood 

transfusion in critically ill patients may not be acknowledged as TRALI requiring an 

immunologic work-up. 

A second explanation for our findings is that clinicians may not be aware of the 

“two hit” TRALI hypothesis.11,12,16 The majority of case reports of TRALI described 

patients in whom other risk factors for ALI were absent, which may render clinical 

acknowledgement of possible TRALI more difficult.6,43-54 In general, changes in 

clinical practice often are behind changes in pathophysiology insights. Furthermore, 

it could be speculated that the importance of the antibody mediated TRALI is 

stressed out as marketing policy by producers of suggested “TRALI-free plasma” 

such as solvent detergent plasma.  

In clinical practice, it is difficult to distinguish TRALI from other causes of respiratory 

distress, such as hydrostatic pulmonary edema. However, as a consequence of the 

vignette study design, we do not think that a failure to recognize TRALI contributed 

to the results of this study. Rather, either a lack of belief or a lack of knowledge in the 

“two hit” TRALI hypothesis may account for the results. From our data, we can not 

dissect between these two explanations. We do think it is important that disciplines 

involved in handling of TRALI are aware of changing insights in TRALI pathogenesis, 

including the awareness that TRALI can develop in patients in whom other risk factors 

for ALI are present, such as sepsis. We acknowledge that distinguishing between 

causative factors is a challenge. Notably, onset of ALI in the absence of transfusion 
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is reported in only 19% of the cases of patients with sepsis.55 Furthermore, it should 

be noted that transfusion is the most common event that precedes the development 

of ALI 56-58 and transfusion is an independent risk factor for the development of 

ALI.59-62 Finally, even more important there is a dose dependent relationship for 

transfusion and mortality in patients suffering from ALI.61 

The medical disciplines involved in managing TRALI differed in their preferences 

for diagnostic determinants regarding the reporting of TRALI. In contrast to critical 

care physicians, transfusion medicine physicians considered massive transfusion a 

reason to withhold immunologic work-up. We suppose that the enormous time 

and finance consuming process of the immunologic investigation of a massively 

transfused patient contributes to declining of such a request. A recent summary 

of all TRALI cases reported in the Netherlands to the Blood Bank from 2002-2005 

revealed that one third of the cases is rejected for immunologic work-up,21 which 

complies with the practice in other countries.19 It can be speculated that a part of 

these rejected cases were massively transfused. 

Medical disciplines also differed in their preference of the importance of the age of 

blood products. A possible association between storage time of blood products and 

increased respiratory complications and mortality has been shown.11,38 Critical care 

physicians considered the age of the blood product a significantly more important 

determinant compared to the other disciplines when reporting a TRALI-case. 

Conflicting results in studies on the impact of age of blood,63 may contribute to the 

discrepancy on this topic between the disciplines. 

Diagnosis or exclusion of cardiogenic pulmonary edema is limited by both the 

subjective interpretation of clinical findings and the invasive nature of hemodynamic 

monitoring. Hemodynamic variables were considered important by all disciplines 

when considering reporting a TRALI-case. However, in daily practice, measurement 

of hemodynamic variables by echocardiography or Swan-ganz catheter are not 

routinely performed for each patient. TRALI-diagnosing would benefit from a 

reliable bio-marker which can easily distinguish TACO from TRALI. Natriuretic 

peptides are of limited diagnostic value.64 IL-6 may be a promising candidate, but 

requires future validation studies.11        

 

The results of this study may have several implications. Our data indicate that 

patients suffering from an underlying condition or receiving massive transfusion 

will probably be withheld from immunologic diagnosing of TRALI. We consider it 

important that all patients suspected for TRALI are dealt with in a same fashion. We 

propose that the international consensus case definition should be applied rather 

than national TRALI scoring systems. Also, it is of importance that a suspected 
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TRALI case in the presence of another ALI risk factor (possible TRALI) is reported to 

the blood bank. When considered appropriate and feasible, analysis of neutrophil 

and leukocyte antibodies should be initiated, in order to exclude implicated donors 

to prevent future TRALI reactions. Besides implications concerning patient care, 

consistent reporting of TRALI cases will provide reliable data on incidence and may 

increase insight in risk factors for acquiring TRALI.

The survey design of this study has several limitations. Firstly, although vignettes 

have been recognized as a valid tool to assess preferences in clinical practice, we 

can not rule out a discrepancy between practice of disciplines involved in reporting 

TRALI-cases and their answers to vignettes with hypothetical patients. Secondly, 

diagnostic determinants influencing reporting of TRALI are many. A vignette survey 

is limited to a number of determinants to generate an optimal number of vignettes 

which respondents can adequately evaluate. Lastly, although the response rate 

of individual participants was good, surveys were not returned from all centers. 

However, assuming that the opinions of the respondents are consistent within 

one discipline, the results of this study reflects the opinion of Dutch physicians 

and hemovigilance workers on what determinants are considered important when 

reporting a TRALI-case.

Conclusion 

Medical disciplines involved in reporting and diagnosing TRALI consider an 

inflammatory condition prior to the transfusion a reason not to report a suspected 

TRALI-case. Furthermore, the disciplines were mutually divergent in their preference 

of factors on amount and age of products transfused for reporting suspected 

TRALI–cases and asking for an immunologic work-up. These differences in decision-

making, regarding reporting of TRALI, may partly explain under-reporting of TRALI 

and may contribute to variance in estimated TRALI incidence reports.            

Diagnosing TRALI

207



chapter 11

Reference List

 1.  Popovsky MA, Abel MD, Moore SB. Transfusion-related acute lung injury associated with passive 
transfer of antileukocyte antibodies. Am Rev Respir Dis 1983;128:185-9.

 2.  Gans RO, Duurkens VA, van Zundert AA, Hoorntje SJ. Transfusion-related acute lung injury. 
Intensive Care Med 1988;14:654-7.

 3.  Silliman CC, Paterson AJ, Dickey WO, et al. The association of biologically active lipids with 
the development of transfusion-related acute lung injury: a retrospective study. Transfusion 
1997;37:719-26.

 4.  Thompson JS, Severson CD, Parmely MJ, Marmorstein BL, Simmons A. Pulmonary “hypersensitiv-
ity” reactions induced by transfusion of non-HL-A leukoagglutinins. N Engl J Med 1971;284:1120-
5.

 5.  Kopko PM, Marshall CS, MacKenzie MR, Holland PV, Popovsky MA. Transfusion-related acute 
lung injury: report of a clinical look-back investigation. JAMA 2002;287:1968-71.

 6.  Van Buren NL, Stroncek DF, Clay ME, McCullough J, Dalmasso AP. Transfusion-related acute lung 
injury caused by an NB2 granulocyte-specific antibody in a patient with thrombotic thrombocyto-
penic purpura. Transfusion 1990;30:42-5.

 7.  Gajic O, Rana R, Winters JL, et al. Transfusion-related acute lung injury in the critically ill: prospec-
tive nested case-control study. Am J Respir Crit Care Med 2007;176:886-91.

 8.  Rana R, Fernandez-Perez ER, Khan SA, et al. Transfusion-related acute lung injury and pulmonary 
edema in critically ill patients: a retrospective study. Transfusion 2006;46:1478-83.

 9.  Silliman CC, Voelkel NF, Allard JD, et al. Plasma and lipids from stored packed red blood cells 
cause acute lung injury in an animal model. J Clin Invest 1998;101:1458-67.

 10.  Silliman CC, Bjornsen AJ, Wyman TH, et al. Plasma and lipids from stored platelets cause acute 
lung injury in an animal model. Transfusion 2003;43:633-40.

 11.  Silliman CC, Boshkov LK, Mehdizadehkashi Z, et al. Transfusion-related acute lung injury: epide-
miology and a prospective analysis of etiologic factors. Blood 2003;101:454-62.

 12.  Silliman CC. The two-event model of transfusion-related acute lung injury. Crit Care Med 
2006;34:S124-S131.

 13.  Kelher MR, Masuno T, Moore EE, et al. Plasma from stored packed red blood cells and MHC class 
I antibodies causes acute lung injury in a 2-event in vivo rat model. Blood 2009;113:2079-87.

 14.  Hofstra JJ, Juffermans NP, Schultz MJ, Zweers MM. Pulmonary coagulopathy as a new target in 
lung injury--a review of available pre-clinical models. Curr Med Chem 2008;15:588-95.

 15.  Vlaar AP, Zweers MM, Schultz MJ, Juffermans NP. Developing specific therapeutic strategies for 
transfusion-related acute lung injury. An overview of potentially useful animal models. Cardiovasc 
Hematol Agents Med Chem 2007;5:319-26.

 16.  Bux J, Sachs UJ. The pathogenesis of transfusion-related acute lung injury (TRALI). Br J Haematol 
2007;136:788-99.

 17.  Goldman M, Webert KE, Arnold DM, Freedman J, Hannon J, Blajchman MA. Proceedings of a 
consensus conference: towards an understanding of TRALI. Transfus Med Rev 2005;19:2-31.

 18.  Shot Annual report 2005: www.shotuk.org. SHOT annual report 2005

 19.  Rebibo D, Hauser L, Slimani A, Herve P, Andreu G. The French Haemovigilance System: organiza-
tion and results for 2003. Transfus Apher Sci 2004;31:145-53.

208



 20.  Wallis JP, Lubenko A, Wells AW, Chapman CE. Single hospital experience of TRALI. Transfusion 
2003;43:1053-9.

 21.  Wiersum-Osselton JC, Porcelijn L, van Stein D, Vlaar AP, Beckers EA, Schipperus MR. [Transfu-
sion-related acute lung injury (TRALI) in the Netherlands in 2002-2005]. Ned Tijdschr Geneeskd 
2008;152:1784-8.

 22.  Williamson LM, Lowe S, Love EM, et al. Serious hazards of transfusion (SHOT) initiative: analysis 
of the first two annual reports. BMJ 1999;319:16-9.

 23.  Kram R, Loer SA. Transfusion-related acute lung injury: lack of recognition because of unaware-
ness of this complication? Eur J Anaesthesiol 2005;22:369-72.

 24.  Moalic V, Vaillant C, Ferec C. [Transfusion related acute lung injury (TRALI): an unrecognised 
pathology.]. Pathol Biol (Paris) 2005;53:111-5.

 25.  Moiz B, Sharif H, Bawany FA. Transfusion related acute lung injury--TRALI: an under diagnosed 
entity. J Pak Med Assoc 2009;59:39-41.

 26.  Nicolle AL, Chapman CE, Carter V, Wallis JP. Transfusion-related acute lung injury caused by two 
donors with anti-human leucocyte antigen class II antibodies: a look-back investigation. Transfus 
Med 2004;14:225-30.

 27.  Popovsky MA, Chaplin HC, Jr., Moore SB. Transfusion-related acute lung injury: a neglected, seri-
ous complication of hemotherapy. Transfusion 1992;32:589-92.

 28.  Wallis JP. Transfusion-related acute lung injury (TRALI)--under-diagnosed and under-reported. Br J 
Anaesth 2003;90:573-6.

 29.  Murphy MF. Surveillance of transfusion errors: putting data to use in the U.K. Dev Biol (Basel) 
2005;120:179-87.

 30.  Bernard GR, Artigas A, Brigham KL, et al. The American-European Consensus Conference on 
ARDS. Definitions, mechanisms, relevant outcomes, and clinical trial coordination. Am J Respir 
Crit Care Med 1994;149:818-24.

 31.  Veloski J, Tai S, Evans AS, Nash DB. Clinical vignette-based surveys: a tool for assessing physician 
practice variation. Am J Med Qual 2005;20:151-7.

 32.  Gajic O, Dzik WH, Toy P. Fresh frozen plasma and platelet transfusion for nonbleeding patients 
in the intensive care unit: benefit or harm? Crit Care Med 2006;34:S170-S173.

 33.  Roffey P, Thangathurai D, Mikhail M, Riad M, Mogos M. TRALI and massive transfusion. Resusci-
tation 2003;58:121.

 34.  Transfusion for massive blood loss: www trauma org 2009

 35.  Sperry JL, Ochoa JB, Gunn SR, et al. An FFP:PRBC transfusion ratio >/=1:1.5 is associated with a 
lower risk of mortality after massive transfusion. J Trauma 2008;65:986-93.

 36.  Aiman-Smith L, Scullen SE, Barr SH. Conducting studies of decision making in organizational 
contexts: a tutorial for policy-capturing and other regression-based techniques. Org Res Methods 
2002;5:388-414.

 37.  van Lieshout EJ, de VR, Binnekade JM, de HR, Schultz MJ, Vroom MB. Decision making in inter-
hospital transport of critically ill patients: national questionnaire survey among critical care physi-
cians. Intensive Care Med 2008;34:1269-73.

 38.  Koch CG, Li L, Sessler DI, et al. Duration of red-cell storage and complications after cardiac 
surgery. N Engl J Med 2008;358:1229-39.

 39.  Looney MR, Su X, Van Ziffle JA, Lowell CA, Matthay MA. Neutrophils and their Fcgamma 
receptors are essential in a mouse model of transfusion-related acute lung injury. J Clin Invest 
2006;116:1615-23.

Diagnosing TRALI

209



chapter 11

 40.  Kleinman S. A perspective on transfusion-related acute lung injury two years after the Canadian 
Consensus Conference. Transfusion 2006;46:1465-8.

 41.  Kopko P, Silva M, Shulman I, Kleinman S. AABB survey of transfusion-related acute lung injury 
policies and practices in the United States. Transfusion 2007;47:1679-85.

 42.  Marik PE, Corwin HL. Acute lung injury following blood transfusion: expanding the definition. 
Crit Care Med 2008;36:3080-4.

 43.  Leger R, Palm S, Wulf H, Vosberg A, Neppert J. Transfusion-related lung injury with leukopenic 
reaction caused by fresh frozen plasma containing anti-NB1. Anesthesiology 1999;91:1529-32.

 44.  Lindgren L, Yli-Hankala A, Halme L, Koskimies S, Orko R. Transfusion-related acute lung injury 
(TRALI) after fresh frozen plasma in a patient with coagulopathy. Acta Anaesthesiol Scand 
1996;40:641-4.

 45.  Lydaki E, Bolonaki E, Nikoloudi E, Chalkiadakis E, Iniotaki-Theodoraki A. HLA class II antibodies in 
transfusion-related acute lung injury (TRALI). A case report. Transfus Apher Sci 2005;33:107-11.

 46.  Noji H, Shichishima T, Ogawa K, Shikama Y, Ohto H, Maruyama Y. Transfusion-related acute 
lung injury following allogeneic bone marrow transplantation in a patient with acute lymphoblas-
tic leukemia. Intern Med 2004;43:1068-72.

 47.  Nordhagen R, Conradi M, Dromtorp SM. Pulmonary reaction associated with transfusion of 
plasma containing anti-5b. Vox Sang 1986;51:102-7.

 48.  Rizk A, Gorson KC, Kenney L, Weinstein R. Transfusion-related acute lung injury after the infusion 
of IVIG. Transfusion 2001;41:264-8.

 49.  Saigo K, Sugimoto T, Tone K, et al. Transfusion-related acute lung injury in a patient with acute 
myelogenous leukaemia having anti-IgA2m(1) antibody. J Int Med Res 1999;27:96-100.

 50.  Santamaria A, Moya F, Martinez C, Martino R, Martinez-Perez J, Muniz-Diaz E. Transfusion-relat-
ed acute lung injury associated with an NA1-specific antigranulocyte antibody. Haematologica 
1998;83:951-2.

 51.  Urahama N, Tanosaki R, Masahiro K, et al. TRALI after the infusion of marrow cells in a patient 
with acute lymphoblastic leukemia. Transfusion 2003;43:1553-7.

 52.  Wong RK, Wai CT. Dyspnoea due to plasma transfusion-related acute lung injury. Singapore Med 
J 2006;47:904-6.

 53.  Yang X, Ahmed S, Chandrasekaran V. Transfusion-related acute lung injury resulting from desig-
nated blood transfusion between mother and child: a report of two cases. Am J Clin Pathol 
2004;121:590-2.

 54.  Zupanska B, Uhrynowska M, Konopka L. Transfusion-related acute lung injury due to granulo-
cyte-agglutinating antibody in a patient with paroxysmal nocturnal hemoglobinuria. Transfusion 
1999;39:944-7.

 55.  Iscimen R, Cartin-Ceba R, Yilmaz M, et al. Risk factors for the development of acute lung injury in 
patients with septic shock: an observational cohort study. Crit Care Med 2008;36:1518-22.

 56.  Fowler AA, Hamman RF, Good JT, et al. Adult respiratory distress syndrome: risk with common 
predispositions. Ann Intern Med 1983;98:593-7.

 57.  Pepe PE, Potkin RT, Reus DH, Hudson LD, Carrico CJ. Clinical predictors of the adult respiratory 
distress syndrome. Am J Surg 1982;144:124-30.

 58.  Hudson LD, Milberg JA, Anardi D, Maunder RJ. Clinical risks for development of the acute respira-
tory distress syndrome. Am J Respir Crit Care Med 1995;151:293-301.

 59.  Chaiwat O, Lang JD, Vavilala MS, et al. Early packed red blood cell transfusion and acute respira-
tory distress syndrome after trauma. Anesthesiology 2009;110:351-60.

210



 60.  Croce MA, Tolley EA, Claridge JA, Fabian TC. Transfusions result in pulmonary morbidity and 
death after a moderate degree of injury. J Trauma 2005;59:19-23.

 61.  Gong MN, Thompson BT, Williams P, Pothier L, Boyce PD, Christiani DC. Clinical predictors of and 
mortality in acute respiratory distress syndrome: potential role of red cell transfusion. Crit Care 
Med 2005;33:1191-8.

 62.  Silverboard H, Aisiku I, Martin GS, Adams M, Rozycki G, Moss M. The role of acute blood transfu-
sion in the development of acute respiratory distress syndrome in patients with severe trauma. J 
Trauma 2005;59:717-23.

 63.  van de Watering L, Lorinser J, Versteegh M, Westendord R, Brand A. Effects of storage time of 
red blood cell transfusions on the prognosis of coronary artery bypass graft patients. Transfusion 
2006;46:1712-8.

 64.  Li G, Daniels CE, Kojicic M, et al. The accuracy of natriuretic peptides (brain natriuretic peptide 
and N-terminal pro-brain natriuretic) in the differentiation between transfusion-related acute lung 
injury and transfusion-related circulatory overload in the critically ill. Transfusion 2009;49:13-20.

Diagnosing TRALI

211





A.P. Vlaar, J.M. Binnekade, D. Prins, D. van Stein, J.J. Hofstra, 

M.J. Schultz, N.P. Juffermans

Crit Care Med 2010;38:771-8

C
h

a
p

t
e

r
12

Risk factors and outcome of transfusion-
related acute lung injury in the critically ill

A nested case control study



chapter 12

Abstract

Background: Transfusion-related acute lung injury (TRALI) may be underestimated, 

especially in the critical ill patient population. We determined the incidence, risk 

factors and outcome of TRALI in a cohort of critically ill patients. 

Methods: In a retrospective cohort study, all first admitted patients from 1 

November 2004 until 1 October 2007 to the ICU of a tertiary referral hospital were 

screened for the onset of TRALI. TRALI patients were identified using the consensus 

criteria of ALI within 6 hours after transfusion. Inclusion criterion was a length of 

ICU-admission >48 hours. Patients developing TRALI were matched (on age, gender 

and admission diagnosis) to transfused controls and patients developing ALI from 

another origin. 

Results: Of 5.208 admitted patients, 2.024 patients had a length of stay >48 hours, 

of whom 109 were suspected TRALI-cases. Compared to transfused controls, risk 

factors for TRALI were emergency cardiac surgery (OR 17.6 [1.8-168.5]), hematologic 

malignancy (OR 13.1 [2.7-63.8]), massive transfusion (OR 4.5 [2.1-9.8]), sepsis (OR 

2.5 [1.2-5.2]), mechanical ventilation (OR 3.0 [1.3-7.1] and high APACHE II score 

(OR 1.1 [1.0-1.1], p<0.03 for all). The volume of platelets and plasma transfused 

was associated with TRALI in the univariate analysis. However, this association 

disappeared in the multivariate analysis. Compared to ALI controls, risk factors for 

TRALI were sepsis (OR 2.4 [1.1-5.3]) and high APACHE II score (OR 1.1 [1.0-1.1]), 

whereas pneumonia (OR 0.4 [0.2-0.7]) was a negative predictive factor. TRALI 

patients had a longer duration of mechanical ventilation compared to transfused 

controls and ALI controls (231 (138-472) versus 71 (46-163) and 70 (42-121) hours, 

p<0.001). Also, 90-day survival of TRALI patients was lower compared to transfused 

controls and ALI controls (53 versus 75% and 83%, p<0.02).

Conclusions: TRALI is common in critically ill patients. TRALI may contribute 

to adverse outcome associated with transfusion. This study identifies TRALI risk 

factors, which may aid in assessing the risks and benefits of transfusion in critically 

ill patients.  
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Introduction

Transfusion-related acute lung injury (TRALI) is the most serious cause of transfusion 

related morbidity and mortality.1-3 Incidence reports on TRALI vary widely, 

ranging from 0.08%-8% per transfused patient.4-6 Variance in incidence may be 

explained by differences in case definition, patient population and study design. 

In an effort to enhance comparability of epidemiologic data, a case definition was 

developed, in which TRALI is defined as acute lung injury (ALI) developing within 6 

hours after transfusion, in the absence of an other risk factor for ALI.1,3,7 Possible 

TRALI is diagnosed when a risk factor for ALI is present prior to transfusion. Using 

the consensus definition, TRALI incidence was reported to be high in a critically 

ill patient population in the US.4 In Europe, estimates of incidence are limited to 

passive reports of national blood banks.8-10 No European data are present on the 

incidence of TRALI in critically ill patients. 

Risk factors for the onset of TRALI are largely unknown. TRALI is postulated 

to be a two event syndrome. The “first hit” is the underlying clinical condition, 

causing priming of the neutrophils in the pulmonary capillaries. The “second hit” 

is the transfusion of either antibodies or bio-active lipids which have accumulated 

during storage of cell containing blood products, resulting in activation of the 

primed neutrophils and subsequent pulmonary leakage.5,11 In line with this 

hypothesis, a TRALI threshold model has been postulated, in which the onset of 

TRALI depends both on the severity of the underlying condition and on the severity 

of the transfusion mediator (antibody titer or concentration of bio-active lipids).12 

As critically ill patients often have an underlying condition which may prime the 

neutrophils, the two event model of TRALI may account for the high incidence 

of TRALI in this population.4,13 In accordance, sepsis is a risk factor for TRALI.4 

Whether other established risk factors for ALI also apply to TRALI, is unknown.  

Knowledge on risk factors may help to identify patients at risk for TRALI, thereby 

assessing risks and benefits of a blood transfusion.

It is generally stated that TRALI has a good prognosis.1,7,14 However, this is based on 

relatively small case series 6,15 and may not be true for critically ill patients. Transfusion 

in the critically ill is associated both with onset of ALI and mortality.4,13,16-18 

Although time frame in most of these studies was not determined, some of these 

patients may have had TRALI. In accordance, a restrictive transfusion policy is 

associated with less pulmonary complications and lower mortality.19,20 However, 

data on outcome of TRALI in the critically ill patient population are largely absent.

To investigate incidence, risk factors and outcome of TRALI and their relation to ALI 

from other etiologies, we performed a retrospective case control study in a cohort 

of patients in our Intensive Care Unit (ICU), using the consensus TRALI definition.  

Risk factors and outcome of TRALI in the critically ill

215



chapter 12

Materials and Methods

Setting

The study was performed in a 30-bed mixed medical-surgical ICU of a university 

hospital in The Netherlands. The ICU is a “closed format” department in which 

patients are under the direct care of the ICU-team consisting of intensivists, 

subspecialty fellows and residents. 

Design

The study was approved by the Ethical Committee of our hospital. Using an 

electronic patient data monitoring system, all patients admitted to our ICU from 

1 November 2004 until 1 October 2007 were screened (figure 1) for onset of 

TRALI. Patients who were re-admitted were excluded. In previous studies, patients 

developing TRALI had a length of ICU admission of at least 48 hours.4,13 Therefore, 

patients with a length of stay shorter then 48 hours were excluded. In order not 

to miss significant TRALI-cases by excluding this group, patients who died within 

48 hours of admission were screened as well for onset of TRALI. Suspected TRALI 

patients who had died within 48 hours of admission were taken into account for 

incidence analysis but were excluded for risk factor analysis. For risk factor analysis, 

each suspected or possible TRALI-case was matched with controls on gender, 

age (± 10 years) and admission diagnosis. Controls were transfused patients not 

developing ALI, patients not transfused developing ALI and patients not transfused 

not developing ALI.

Suspected TRALI was defined using the consensus definition of ALI (new onset 

hypoxemia or deterioration demonstrated by a PaO2/FiO2 < 300 mmHg, within 

6 hours after transfusion, with bilateral pulmonary changes, in the absence of 

cardiogenic pulmonary edema).1,3,7 Possible TRALI was defined as TRALI in the 

presence of an alternative risk factor for ALI. Cardiogenic pulmonary edema was 

identified when pulmonary arterial occlusion pressure was > 18 mmHg, or by the 

presence of at least two of the following; central venous pressure > 15 mmHg, a 

history of heart failure or valve dysfunction, ejection fraction < 45% as estimated 

by echocardiogram and a positive fluid balance. The probability of cardiogenic 

pulmonary edema was scored by two independent physicians on a 1-4 scale.21 

Chest radiographs were scored for the presence of new onset bilateral interstitial 

abnormalities by two independent physicians who were blinded to the predictor 

variables. When interpretation differed, chest radiograph and the description by the 

radiologist were reviewed to receive consensus. 
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Patient data collection

The National Intensive Care Evaluation (NICE) 22,23 minimal dataset, prospectively 

collects data to calculate the Acute Physiology and Chronic Health Evaluation 

(APACHE II) score, as well as referring specialist, length of stay and mortality.24 

Potential risk factors were scored as positive when present 48 hours prior to 

onset of TRALI. Factors included alcohol abuse, smoking, liver failure, diabetes, 

hematological malignancy, chronic obstructive pulmonary disease, autoimmune 

disease, immune compromised condition, massive transfusion, elective cardiac 

surgery, trauma, emergency cardiac surgery, surgery, lung contusion, aspiration, 

pancreatitis, pneumonia, sepsis,25 disseminated intravascular coagulation (DIC), 

mechanical ventilation and drug overdose. Prior to transfusion, the following factors 

were collected: body temperature, platelet count and leukocyte count. Ventilator 

settings were recorded each minute in the patient data monitoring system. Mean 

tidal-volume/kg ideal body weight was calculated using data from a 6 hour time 

period before transfusion. Static pulmonary compliance was computed using the 

following equation: tidal volume / plateau pressure - PEEP level. Fluid balance was 

determined for 24 hours prior to the onset of TRALI. The above mentioned data 

were also collected for the control groups.  For the transfused control group, the 

first transfusion was used as a reference time point. For the non-transfused control 

groups, onset of ALI or 48 hours after ICU admission were used as reference time 

points. 

Transfusion data collection

Transfusion was defined as infusion of filtered red blood cells (RBC), fresh frozen 

plasma (FFP) or platelets. During the study all transfused RBCs were leukoreduced 

(buffy coat removed and the erythrocyte suspension was filtered to remove the 

leukocytes (< 1x106)). Massive transfusion was defined as transfusion of more then 

10 units (RBC, FFP or platelets) within 24 hours.26 The volume of plasma transfused 

was calculated as the sum of 325 ml per unit of FFP and 250 ml per platelet 

concentrate. Data on donor gender and storage time of blood products were 

obtained from the National Blood Bank. Since 1 June 2007, exclusion of female 

donors for FFP became effective. For this reason, gender of FFP donors was only 

taken into account until the 1st of June 2007.27

Statistics

Continuous normally distributed variables were expressed as mean and standard 

deviation or standard error of the mean, non-normally distributed variables as 

medians and inter-quartile ranges. Categorical variables were expressed as n (%). To 

test groups of continuous normally distributed variables, Student’s t-test was used 

or, when more then two independent groups were involved, the ANOVA analysis. 

Risk factors and outcome of TRALI in the critically ill
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Likewise, if continuous data were not normally distributed the Mann-Whitney U test 

was used or the Kruskal-Wallis test to compare three or more groups. Categorical 

variables were compared with the Chi-square test or Fisher’s exact tests when 

appropriate. 

Univariable analyses examined the effect of patient clinical characteristics on 

outcome (TRALI, ALI, No ALI) of transfused and non transfused patients. Thereafter, 

multiple logistic regression, using the Enter method was applied to the outcomes. 

Factors achieving p ≤ 0.10 in our univariable analyses and factors deemed clinically 

relevant were entered into the models predicting the risk for the onset of TRALI or 

ALI. The final multi-variable model was evaluated for calibration using the Hosmer-

Lemeshow goodness-of-fit statistic (where p > 0.05 indicates good fit). The variables 

in the multivariate analyses were checked for multicolinearity by calculating the 

Variance Inflation Factor (VIF). 

We analyzed the association between TRALI and controls (No ALI transfused and 

ALI no transfusion) and time to death adjusted for severity of illness with the Cox’s 

proportional hazards model. The Hazard ratio is reported with 95% confidence limits. 

Statistical significance was defined as p ≤ 0.05. Analyses were performed using 

SPSS 15.0 software (SPSS, Chicago, IL).

Results

During the screening period, 5.208 patients were admitted to our ICU. Of these 

admissions, 353 patients were re-admissions and 2.831 were discharged from the 

ICU within 48 hours (figure 1). The inter observer agreement for the diagnosis of 

ALI was good (weighed kappa 0.61). 

Incidence 

Of 5.208 admitted patients, 114 patients confirmed to the diagnostic criteria for 

TRALI (with or without a risk factor for ALI present). Of these, 100 (87%) patients 

had a risk factor for ALI prior to onset of TRALI (possible TRALI). Of 5.208 admitted 

patients, 2.235 patients were transfused. In total, 12.832 blood products were 

transfused. The transfused products consisted of 7.570 units RBCs, 3.942 units FFP 

and 1.211 units platelet concentrates. The incidence of TRALI was 0.9% (114/12.832) 

per unit transfused. The incidence of suspected TRALI-cases in the screened cohort 

was 2.2% (114/5.208). The incidence per transfused patient was 5.1% (114/2.235). 

Of the 114 patients, 5 patients died within 48 hours after admission. In 2.024 

patients with a length of stay > 48 hours, 109 patients developed ALI within 6 

hours after a blood transfusion. Risk factors for onset of TRALI were evaluated in 

the 109 TRALI-patients with a length of stay > 48 hours. 
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Patient related risk factors: TRALI vs. transfused controls 

Compared to transfused controls, patients developing TRALI had a higher APACHE II 

score, a higher incidence of hematologic malignancy, suffered more often from sepsis, 

more often were mechanically ventilated, more often were massively transfused and 

more often underwent emergency CABG (table 1). Patients developing TRALI had 

a lower platelet and leukocyte count prior to transfusion compared to transfused 

5.208
5.208

4.855

2.024

Re-admissions
N=353

Admissions < 48 hrs
N=2831
  

8261.198

Not transfusedTransfused

629 99361109 69253504

No ALI TRALI ALI CPE No ALI ALI CPE

109109 109 109

Figure 1. Flowchart outlining the inclusion of patients in this cohort study. Abbreviations; ALI=acute lung 
injury, TRALI=transfusion-related acute lung injury, CPE=cardio-pulmonary edema.

Table 1. Demographic, clinical data and ALI risk factors of patients developing ALI or TRALI with 
matched control patients.

Transfused groups Non-transfused groups

TRALI
(n = 109)

No ALI
(n = 109)

ALI
(n=109)

No ALI
(n=109)

Age (SD) 59 (17) 57 (16) 59 (17) 62 (16)

Male gender, n (%) 70 (64) 66 (61) 70 (64) 66 (61)

ICU admission category, n (%)

Medicine 36 (32) 30 (28) 36 (32) 35 (32)

Respiratory 5 (5) 7 (6) 6 (6) 5 (5)

Cardiovascular 5 (5) 5 (5) 6 (6) 5 (5)

Neurology 3 (3) 3 (3) 3 (3) 4 (3)

Surgery 32 (29) 32 (29) 33 (30) 32 (29)

Cardiac surgery 27 (25) 31 (28) 24 (22) 27 (25)

Neuro surgery 1 (1) 1 (1) 1 (1) 1 (1)

Risk factors and outcome of TRALI in the critically ill
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Table 1. Demographic, clinical data and ALI risk factors of patients developing ALI or TRALI with 
matched control patients. (cont)

Transfused groups Non-transfused groups

TRALI
(n = 109)

No ALI
(n = 109)

ALI
(n=109)

No ALI
(n=109)

APACHE II, mean (SD) 22 (8)** † 19 (8) 18 (6) 19 (7)

Alcohol abuse, n (%) 7 (6) 12 (11) 14 (13) 13 (12)

Smoking, n (%) 25 (23) 34 (31) 32 (29) 30 (28)

Liver Failure, n (%) 7 (6) 3 (3) 2 (2) 2 (2)

Diabetes, n (%) 11 (10) 18 (17) 16 (15)* 28 (26)

CABG, n (%) 28 (26) 30 (28) 21 (19) 27 (25)

Emergency CABG, n (%) 8 (7)* 1 (1) 4 (4)* 0 (0)

Hematologic malignancy, n (%) 18 (17)*** † 2 (2) 1 (1) 1 (1)

Mechanical ventilation, n (%) 94 (86)* ¶ 80 (73) 103 (95) 106 (97)

Sepsis, n (%) 36 (33)* ‡ 20 (18) 17 (16) 10 (9)

Aspiration, n (%) 1 (1) 0 (0) 4 (4) 1 (1)

Surgery, n (%) 29 (27) 22 (20) 20 (18) 26 (24)

Trauma, n (%) 11 (10) 10 (9) 8 (7) 6 (6)

Pancreatitis, n (%) 2 (2) 6 (6) 5 (5) 2 (2)

Pneumonia, n (%) 14 (13) ‡ 13 (12) 30 (28)* 15 (14)

DIC, n (%) 14 (13)¶ 11 (10) 5 (5) 1 (1)

Lung contusion, n (%) 5 (5) 2 (2) 4 (4) 1 (1)

Massive transfusion, n (%) 37 (3)*** 16 (15) 0 (0) 0 (0)

Drug overdose, n (%) 3 (3) 2 (2) 5 (5) 5 (5)

TV/kg BW, mean (SD) 7.7 (1.6) 7.9( 1.5) 7.4 (1.5) 7.7 (1.8)

Compliance pre (mL/cm H2O), 
median (IQR)

33 (26-46) 38 (27-48) 35 (27-43)** 42 (30-60)

Compliance post (mL/cm H2O), 
median (IQR)

31 (21-38)*** † 39 (29-50) 37 (27-48)* 44 (33-60)

Temperature (°C), mean (SD) 36.4 (1.6) 36.2 (1.3) 36.4 (1.2)** 36.9 (0.9)

Platelet count (x 109), median 
(IQR)

85 (53-135)*** † 124 (89-195) 183 (129-227) 163 (112-213)

Leuco count (x 106,) median 
(IQR)

9.1 (5.3-15.1)* † 11.5 (7.7-14.9) 12.7 (8.0-16.6) 12.9 (10-16.5)

Baseline Hb g/dL, median (IQR) 7.6 (7.0-8.2) † 7.6 (7.1-8.8) 9.8 (8.5-10.9) 9.5 (8.7-10.8)

Fluid balance (L/24 hr), median 
(IQR) 

0.7 (0.2-1.8) † 0.6 (0.1-1.2) 0.2 (-0.1-0.8) 0.3 (-0.4-1.1)

IQR=Inter Quartile Range, SD=Standard Deviation, ICU=Intensive Care Unit, CABG =Coronary Artery 
Bypass Graft, DIC=Disseminated Intravascular Coagulation, TV/ kg BW=Tidal volume per kg ideal 
bodyweight. Baseline hemoglobin (Hb) is the lowest Hb during admission in the non-transfused patients. 
***p<0.001, **p<0.01, *p<0.05 TRALI vs. transfused controls or ALI (non-transfused) vs. non-transfused 
controls. †p<0.001, ‡ p<0.01, ¶p<0.05 TRALI vs. ALI not transfused.
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controls. In accordance with the onset of disease, transfusion resulted in worsening 

of the lung compliance of TRALI patients compared to transfused controls. Fluid 

balance was similar in patients developing TRALI compared to transfused controls. 

Multivariate logistic regression analysis showed that high APACHE II score, 

hematologic malignancy, sepsis, mechanical ventilation, massive transfusion and 

emergency CABG are risk factors for the development of TRALI (table 2).

Patient related risk factors: TRALI vs. ALI due to other etiologies 

Compared to ALI controls, patients developing TRALI had a higher APACHE II score, 

a higher incidence of hematologic malignancy, a higher incidence of sepsis and a 

higher incidence of DIC (table 1). Patients with ALI due to other causes more often 

suffered from pneumonia, and more often received mechanical ventilation prior to 

Table 2. Multivariate analysis of patient related risk factors for the onset of ALI and TRALI

TRALI (n=109) vs Transfused controls (n=109)

Variable OR (95%) P value

APACHE II 1.1 (1.0-1.1) 0.002

Hematologic malignancy 13.1 (2.7-63.8) 0.001

Sepsis 2.5 (1.2-5.2) 0.02

Mechanical ventilation 3.0 (1.3-7.1) 0.01

Massive transfusion 4.5 (2.1-9.8) 0.001

Emergency CABG 17.6 (1.8-168.5) 0.01

TRALI (n=109) vs ALI non transfused (n=109)

Variable OR (95%) P value

APACHE II 1.1 (1.0-1.1) 0.001

Sepsis 2.4 (1.1-5.3) 0.03

Pneumonia 0.4 (0.2-0.7) 0.01

ALI (n=218) vs No ALI (n=218)

Variable OR (95%) P value

APACHE II 1.0 (1.0-1.1) 0.05

Hematologic malignancy 5.9 (1.6-21.1) 0.007

Sepsis 2.0 (1.2-3.5) 0.01

Mechanical ventilation 2.2 (1.1-4.2) 0.02

Massive transfusion 2.8 (1.5-5.3) 0.001

Emergency CABG 13.7 (1.7-109.4) 0.01

Diabetes 0.6 (0.3-0.9) 0.04

CABG =Coronary Artery Bypass Graft

Risk factors and outcome of TRALI in the critically ill
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onset compared to TRALI-patients. Patients developing TRALI had a lower platelet 

and leukocyte count prior to transfusion. Lung compliance was low in both groups. 

However, after onset of ALI, lung compliance was worse in patients with TRALI 

compared to non-transfused patients with ALI. Multivariate logistic regression 

analysis showed that high APACHE II score and sepsis are risk factors for developing 

TRALI compared to patients developing ALI due to other etiologies (table 2). 

Pneumonia is a risk factor to develop ALI in the absence of transfusion compared to 

patients developing TRALI.  

Patient related risk factors: TRALI or ALI vs. controls

Multivariate logistic regression analysis of risk factors to develop ALI from any 

kind of origin (both transfusion and ALI due to other etiologies grouped together) 

compared to controls (no ALI) were high APACHE II score, hematologic malignancy, 

sepsis, massive transfusion, mechanical ventilation and emergency CABG (table 2). 

Diabetes was a negative factor to develop ALI from any origin compared to controls.  

For the three above reported multiple logistic regression models, we evaluated the 

model fit by the Hosmer-Lemeshow goodness of fit which showed to be p 0.11, p 

0.25 and p 0.65 respectively. Moreover, co-linearity for each model was checked by 

the Variation Inflation Factor (VIF) and showed VIF’s between 1.01 and 1.16 for all 

variables. 

Table 3. Transfusion characteristics of patients developing TRALI compared to transfused controls.

TRALI
(n = 109)

No ALI
(n = 109)

P value

Amount of transfusions

RBC (units) 1.8 ± 0.3 1.9 ± 0.2 0.7

FFP (units) 1.3 ± 0.2 0.9 ± 0.2 0.2

Platelets (units) 0.4 ± 0.1 0.2 ± 0.1 0.03

RBC

Storage time > 14 days (units) 1.6 ± 0.2 2.0 ± 1.9 0.09

Average storage time (days) 20 ± 0.9 20 ± 0.7 0.3

PLT

Storage time > 5 days (units) 0.4 ± 0.1 0.3 ± 0.1 0.4

Average storage time (days) 5.2 ± 0.3 4.8 ± 0.4 0.6

Plasma

Total plasma transfused (mL) 506 ± 83 308 ± 52 0.006

Number of female donors 0.7 ± 0.2 0.5 ± 0.2 0.6

Data are presented as mean +/- SEM. RBC=Red  Blood Cells, PLT = platelet concentrates, FFP=Fresh 
Frozen Plasma.

222



Transfusion related risk factors: amount of blood products

Patients developing TRALI received more units of platelet transfusions compared to 

transfused controls (table 3). The amount of FFP units transfused in the TRALI group 

did not differ from controls. However, patients developing TRALI received a larger 

volume of plasma (table 3). The amount of RBC transfusions did not differ between 

TRALI patients and transfused controls. Univariate analysis showed that the number 

of FFP and platelets and the volume of plasma transfused were associated with 

the onset of TRALI compared to transfused controls. In the multivariate analysis 

however, transfusion related risk factors were not significant.

Transfusion related risk factors: age of blood products

The mean storage time of RBCs did not differ between TRALI and control group 

(table 3), nor the amount of RBCs transfused at a storage time >14 days. The 

mean storage time of transfused platelets in the TRALI group did not differ from 

transfused controls, nor the amount of platelets products transfused at a storage 

time >5 days. 

Transfusion related risk factors: gender of plasma donors

The amount of female donors for the high volume plasma products transfused to 

TRALI patients did not differ between TRALI and transfused controls. However, 

when comparing a time period before exclusion of female donors for FFP products 

(June - October 2006) with a similar time period half a year after change of policy 

(June - October 2007) a reduction of TRALI was found (Relative Risk 0.35 [95%CI 

0.14 to 0.88], p<0.03).27 

Outcome of TRALI patients 

When adjusted for baseline APACHE II score, TRALI patients had a longer length of 

ICU-stay and were longer mechanically ventilated compared to transfused controls 

(table 4). Cox regression analysis showed that survival adjusted for baseline APACHE 

II score, was lower in the TRALI group compared to transfused controls (53% vs. 

75%, P<0.002). The Hazard ratio was 1.05 (95 CL 1.02/1.08) for each single point 

change in APACHE II score, indicating that the underlying condition  of the patients 

plays a minor role in the discrepancy in survival between TRALI and transfused 

controls. Hematologic malignancies, sepsis and massive transfusion occurred more 

frequently in the TRALI group then in the transfused control group. When analyzed 

separately, mortality in patients with hematologic malignancy, sepsis, and massively 

transfused patients was higher in the TRALI group (9 out of 18 (50%), 21 out of 36 

(58%) and 13 out of 37 (35%), respectively) compared to the transfused controls (0 

out of 2 (0%), 5 out of 20 (25%) and 2 out of 16 (13%), respectively), suggesting 

Risk factors and outcome of TRALI in the critically ill
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that TRALI additionally contributes to mortality. Also, survival of TRALI patients was 

lower compared to patients with ALI due to other etiologies (53% vs. 83%, P<0.02, 

figure 2). Adjusted length of ICU stay and length of mechanical ventilation of TRALI 

patients were also longer compared to ALI due to other etiologies.

0 30 60 90

50

75

100

TRALI
ALI control

p<0.02

Day

Pe
rc

en
t 

su
rv

iv
al

Figure 2. Cox-regression 90-day survival curve of patients developing TRALI vs. non-transfused ALI 
controls. Survival data are adjusted for baseline APACHE II score. In this adjusted comparison, the 
percentage of patients that developed TRALI during ICU stay who survived was lower compared to the 
ALI controls (53% vs. 83%, P<0.02).

Table 4. Outcome measurement 

Transfused groups Non transfused groups

TRALI
(n = 109)

No ALI
(n = 109)

ALI
(n=109)

No ALI
(n=109)

ICU admission time (hrs), 272 (152-565)*† 111 (68-189) 97 (68-161)** 76 (65-118)

median (IQR)

Ventilation time, median (IQR) 231 (138-472)*† 71 (46-163) 70 (42-121)** 48 (23-89)

**p<0.05 ALI non transfused vs. No ALI non transfused, *p<0.001 TRALI vs. No ALI transfused, † 
p<0.001 TRALI vs. ALI non transfused (all adjusted to baseline APACHE II score). 

Discussion

The present study reports a high incidence of suspected and possible TRALI in 

critically ill patients. Emergency CABG, sepsis and hematologic malignancy were 

confirmed as risk factors for the onset of TRALI.4,5,13 Additional risk factors were 

identified, including high APACHE II score, mechanical ventilation and massive 
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transfusion. Transfusion related risk factors included the amount of plasma and 

platelets, but not the age of blood products. TRALI significantly contributed to 

morbidity and mortality in the critically ill.      

Incidence

The incidence found in this study is higher compared to general incidence reports 

on TRALI.5,6,8,10,15,28 This may partly be explained by the inclusion method. 

Most reports are overviews of passive reporting to the National Hemovigilance 

System, whereas in our study, we actively searched for onset of ALI in relation 

to transfusion.6,8,10,28 Of note, in only 3 of the 114 TRALI-cases, an association 

with the transfusion was noted by the treating physician, of which only 1 case was 

reported to the National Blood Bank. This confirms that TRALI is under-recognized 

and under-reported. An alternative explanation for the higher incidence of TRALI 

found in this study compared to general incidence reports, may be the “two hit” 

hypothesis, in which inflammatory conditions commonly found in the critically ill, 

predispose for the occurrence of TRALI. In agreement, incidence was reported to 

be 8% in a critical ill patient population in the US.4 

Patient related risk factors

In the present study, we confirm previously found patient risk factors and identify 

new risk factors. Interestingly, patient related risk factors are in line with the “two 

hit” model of TRALI,29 as suggested by pre-clinical studies.30-32 All patient related 

risk factors in the present study are characterized by a pro-inflammatory state, 

with the potential to prime pulmonary neutrophils and to serve as a “first hit” 

in developing TRALI.5,24,33-37 In accordance, although not meeting ALI criteria, 

lung compliance was already decreased prior to transfusion, which may suggest 

lung injury and pulmonary priming. After transfusion, lung compliance worsened 

and patients fulfilled ALI criteria. The importance of the presence of such a “first 

hit” is underscored by results from the multivariate analysis, showing that patient 

related risk factors were more important for the onset of TRALI than transfusion 

related risk factors. In accordance, in experimental settings, a “first hit” is essential 

in developing TRALI, both with antibody containing plasma as well as with stored 

blood products.30 In line with this, patients developing TRALI in this study had a 

higher APACHE II score compared to patients developing ALI. It has been speculated 

that disease severity may contribute to a lower threshold to develop TRALI.12 

However, our results do not rule out that the blood transfusion is merely a marker 

of disease severity.

To our knowledge, TRALI has not been compared to ALI due to other etiologies 

before. Interestingly, risk factor profile of patients developing TRALI differs from 
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patients developing ALI in the absence of a transfusion. TRALI seems to occur in 

patients suffering from a systemic disease, such as sepsis, while patients developing 

ALI in the absence of a transfusion are more likely to suffer from a local pulmonary 

“first hit”, such as pneumonia. In sepsis, the endothelium is key factor in initiating 

the inflammatory response, including leukocyte adhesion via upregulation of 

expression of adhesion molecules, resulting in strong adherence and transmigration 

of leukocytes into the lung.38 Of note, in an experimental antibody mediated 

TRALI model, organ damage was not confined  to the respiratory system, but also 

included kidney and liver damage.39 In conclusion, sepsis may predispose to TRALI 

via endovascular mediated pro-inflammatory host responses that prime neutrophils.

Importantly, when the ALI and TRALI cohort were taken together,  analysis of  risk 

factors show comparable results with previous studies on ALI/ARDS,5,36,37,40-

42  which suggests a representative cohort of critically ill patients. However, when 

analyzed separately, our results suggest that established risk factors for ALI (e.g. 

massive transfusion, sepsis) may actually be risk factors for the onset of TRALI. 

These findings raise the question whether TRALI should be regarded as a diagnosis 

after exclusion of other risk ALI risk factors. Rather, we suggest that TRALI may be 

viewed as an entity of the ALI spectrum.

Transfusion-related risk factors

HLA antibodies in the transfused plasma have been implicated in TRALI. The female 

donor population has a higher incidence of these antibodies in their plasma, due 

to sensitization during labour.43 In accordance, we show that plasma transfusion 

is associated with the onset of TRALI, as reported before.4,13 However, we found 

merely a modest trend for female donor involvement in the onset of TRALI. 

Unfortunately, we were not able to retrieve information on parity. However, when 

a period before exclusion of female donors for FFP donation (effective in the 

Netherlands as of 1st of June 2007) was compared to the same time period after 

exclusion of female donors, a reduction of TRALI patients was found,27 consistent 

with another report with a similar investigational approach.44 In addition, we 

found that the amount of platelets, which contains a high volume of plasma, was 

also associated with the onset of TRALI. Although there is an effect of plasma 

transfusion on the onset of TRALI in this cohort, other transfusion-related factors 

besides antibodies are likely to play a role. In accordance, excluding female donors 

reduced, but did not prevent TRALI-cases. 

Transfusion of RBCs is associated with respiratory complications.45-48 We found 

no association between the amount of transfused units and the onset of TRALI. 

which is in accordance with previous data in critically ill patients.4,13 However, in 

line with previous reports, we did find that massive transfusion was a strong risk 
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factor for the onset of TRALI.49,50 Possibly, previous studies did not differentiate 

between RBCs and other transfused blood products as causative in the onset of 

ALI. Alternatively, onset of TRALI may not occur exclusively within the defined 6 

hour time frame of the international consensus definition. However, we show that 

using the consensus definition, TRALI contributes to adverse outcome unrelated 

to the amount of RBCs. Therefore, (the amount of) FFP or platelets may have a 

stronger impact on the occurrence of TRALI then RBCs.

A topic which is currently receiving attention, is the possible association between 

storage time and ALI. Experimental “two hit” models have used both stored RBCs 

and platelets to induce TRALI.30-32 However, clinical studies in cardiothoracic 

and critically ill patients show conflicting results on the effects of aged 

RBCs.4,13,42,46,51,52 Our findings do not justify an adjustment of storage time of 

blood products for critically ill patients. 

Outcome 

In the critically ill, an association between transfusion and respiratory complications 

is apparent.5,6,13,15 The mechanism behind this association however, is less clear. 

Here, we show that TRALI is associated with increased morbidity and mortality, 

also when adjusted for a baseline outcome predictor. This finding is in contrast 

with the frequently stated perception that TRALI has a good prognosis.1,7,14 Of 

interest, survival curves begin to diverge beyond 3 weeks. An explanation for this 

late mortality is speculative. Despite a low Hazard Ratio indicating a minor role 

for the underlying condition, the higher percentage of patients with hematologic 

malignancy in the TRALI group probably contributed to late mortality. Alternatively, 

it was shown previously that TRALI is not confined to the lung, but also results in 

liver and kidney injury.39 Presumably, organ failure caused by TRALI may contribute 

to late mortality.

Implications 

Given the significant morbidity of TRALI in the critically ill, preventive measures 

need more attention. Our results support the relevance of strict transfusion triggers, 

particularly in patients with a high APACHE II score, sepsis, hematologic malignancy, 

and emergency CABG. Other strategies to prevent TRALI may include excluding 

female donors for plasma and platelet concentrates. However, excluding females 

will probably not completely prevent TRALI. Also, excluding females may impair 

steady blood supply. Whether a differential manufacturing and transfusion policy 

for at risk patients is a feasible measure to reduce the risk of TRALI remains to be 

determined.

Risk factors and outcome of TRALI in the critically ill
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Study limitations

In critically ill patients, it is difficult to determine whether blood transfusion 

contributes to adverse outcome, instead of merely being a consequence of anemia 

as part of an underlying disease. The majority of TRALI patients in this study had 

an additional ALI risk factor. Our data do not show whether the transfusion or the 

other ALI risk factor contributed more to outcome. However, the comparison of 

TRALI with ALI due to other etiologies may give some proof that blood transfusion 

is a mediator of adverse outcome and not just a marker. 

Using the case definition of TRALI may have resulted in diagnosing part of the 

TRALI-cases as transfusion associated cardiac overload or vice versa. However, 

diagnostic criteria were applied to each group in the same manner. Also, fluid 

balance of TRALI and transfused controls did not differ and no signs of cardiogenic 

pulmonary edema were recorded in the clinical file. Finally, the retrospective design 

of the study may have resulted in neglecting unknown confounding factors. 

Conclusion

The incidence of TRALI is high in the critically ill and significantly increases morbidity 

and mortality. The high incidence can be explained by an underlying systemic 

inflammatory condition of these patients and by transfusion of high volume plasma 

products and platelet concentrates. We conclude that TRALI may contribute to 

adverse outcome associated with blood transfusion. TRALI risk factors identified in 

this study may aid in assessing risks and benefits of transfusion of blood products.  
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Abstract

Background: A clear association between blood transfusion and pulmonary 

complications in cardiac surgery has been reported. However, the exact mechanism 

is not fully understood.

Methods: We performed a prospective case control study in two university hospital 

ICUs in The Netherlands. To determine risk factors of peri-operative blood transfusion 

for the onset of pulmonary microvascular permeability, pulmonary capillary leak 

was measured in cardiac surgery patients after receiving no (n=20), restrictive (1-2 

transfusions) (n=20) or multiple (≥5 transfusions) transfusion(s) (n=20). 

The pulmonary leak index (PLI), using 67Gallium-labeled transferrin, was determined 

within 3 hours post operatively. Blood products were screened for bio-active lipid 

accumulation and presence of antibodies, which are both implicated in TRALI.

Results: The PLI was elevated in all groups after cardiac surgery. A higher APACHE 

II score was associated with an increase in PLI [β(95%CI) 0.9 (0.1-1.6)]. Transfused 

patients had a higher PLI compared to non-transfused patients (33±20 vs. 23±11 

x10–3 min–1, p<0.01). The amount of red blood cell products, but not of FFP or 

platelets was associated with an increase in PLI [β1.6 (0.2-3.0)]. Concerning 

causative factors in the blood product, neither the level of bio-active lipids nor the 

presence of antibodies was associated with an increase in PLI. When adjusted for 

patient factors, the amount of red blood cells remained associated with an increase 

in PLI [β1.9 (0.7-3.2]. 

Conclusions: Transfusion in cardiothoracic surgery patients is associated with an 

increase in pulmonary capillary permeability, an effect that was dose-dependent for 

red blood cell products.
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Introduction

There is a clear association between blood transfusion and pulmonary complications 

in cardiac surgery.1,2 The exact mechanism of transfusion-related morbidity and 

mortality is not fully understood. Suggested mechanisms may include increased 

risk for infections,3 hydrostatic pulmonary edema caused by cardiac overload or 

enhanced permeability of the pulmonary microvasculature caused by transfusion-

related acute lung injury (TRALI).4-6

We hypothesize that the mechanisms for the onset of TRALI may play an important 

role in the widely observed transfusion related morbidity and mortality. Although 

the incidence of TRALI is considered to be low, it has been shown that cardiac 

surgery is a risk factor for the development of TRALI.7,8 This may be explained by 

the fact that TRALI is a ‘two hit’ event. The “first hit’ is an inflammatory condition of 

the patient, which primes the lung neutrophils such as the use of cardiopulmonary 

bypass as well as deflation of the lung during surgery. The ‘second hit’ is caused 

by the transfusion, resulting in neutrophil activation and enhanced microvasular 

permeability with subsequent pulmonary edema. The second hit may be caused by 

both anti-leukocyte antibodies in the blood product 9-12 as well as bio-active lipids 

(lysophosphatidylcholines, lysoPCs) that accumulate during blood storage.13-19 In 

line with the latter mechanism, storage time of blood has been associated with 

pulmonary complications in cardiac surgery,2,20,21 although not all studies have 

confirmed this association.22 

Differentiating between hydrostatic and non-hydrostatic pulmonary edema is 

difficult and limited by the subjective interpretation of clinical findings.23,24 The 

Pulmonary Leak Index (PLI) has been used in postoperative cardiac surgery patients 

to differentiate between hydrostatic and permeability edema.25 Also, an elevated 

PLI is an early marker of acute lung injury in at risk patients, yet prior to ARDS.26 

We hypothesis that the widely observed side effects of transfusion may be mild 

forms of TRALI not meeting the TRALI criteria. To determine if there is a correlation 

between transfusion and pulmonary leakage, we used the PLI measurement in a 

cohort of 60 post operative cardiac surgery patients who received no, restrictive 

(1-2) or multiple blood transfusion(s). Known causative factors for the onset of 

TRALI were determined, including bio-active lipids and human leukocyte/neutrophil 

antibodies in the transfused blood products.

Methods

The study was performed in the mixed medical-surgical ICUs of two university 

hospitals in The Netherlands. Both ICUs are a “closed format” department in which 

Effect of blood transfusion on pulmonary leakage in cardiac surgery patients
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patients are under the direct care of the ICU-team. The study was approved of by 

the Ethical Committee of both hospitals. Prior to valvular and/or coronary artery 

surgery, patients of 18 years or older were asked informed consent for participation 

in the study. Exclusion criteria were off pump surgery, emergency surgery and the 

use of immunosuppressive drugs.

Design

Patients were included for analysis after they had received no transfusion (n=20), 

1-2 transfusions (n=20) or a minimum of 2 units of red blood cells (RBCs), 2 units of 

fresh frozen plasma (FFP) and 1 unit of platelets pooled from 5 donors (PLTs, n=20) in 

the operation theatre or within the first three hours post-operatively. Within 3 hours 

post operatively, Pulmonary leakage index (PLI) measurement was done. During the 

study period, the hospital blood bank in one centre provided the operating theatre 

with fresh RBCs (stored < 14 days), while patients on the ICU received the oldest 

RBC on the shelf, to avoid waste of blood products. Both the operating theatre and 

the ICU of both centers were provided with the oldest PLT unit on the shaker. RBCs 

were transfused to maintain hemoglobin concentration above 5.0 mmol/L, fresh 

frozen plasma (FFP) and PLTs were transfused in the case of (suspected) bleeding.

Cardiothoracic Surgery/Anesthesia Procedures

Patients were anesthetized according to local institutional protocol, with lorazepam, 

etomidate, sufentanil, and rocuronium for induction of anesthesia and facilitation 

of intubation. During the surgical procedure, sufentanil was used as analgesic and 

sevoflurane plus propofol were used to maintain anesthesia. Muscle relaxants were 

not given during the surgical procedure. Steroids were given at the discretion of 

the cardio-anesthesiologist. As part of standard care, a pulmonary artery catheter 

was inserted for peri-operative monitoring. In all patients, cardiopulmonary 

bypass was performed under mild to moderate hypothermia (28°C–34°C), using a 

membrane oxygenator and a non-pulsatile blood flow. During the procedure, lungs 

were deflated. After the procedure, all patients were transferred to the ICU with 

mechanical ventilation.

Pulmonary Leakage Index (PLI)

The pulmonary leakage index (PLI) was measured within 3 hours postoperatively, 

as previously described.27 Transferrin was labelled in vivo, after i.v. injection of 
67Gallium (Ga)-citrate, 4.5 MBq (physical half-life 78 h; Mallinckrodt Diagnostica, 

Petten, The Netherlands). Patients were in the supine position and two scintillation 

detection probes (Eurorad C.T.T., Strasburg, France) were positioned over the right 

and left lung apices. Starting at the time of the i.v. injection of 67Ga, radioactivity 
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was detected during 30 min. The 67Ga counts are corrected for background 

radioactivity, physical half-life, spillover of 67Ga, obtained by in vitro measurement 

of 67Ga, and expressed as cpm per lung field. At 0, 5, 8, 12, 16, 20, 25 and 30 min 

after 67Ga injection, blood samples (2 ml aliquots) were taken. Each blood sample 

was weighed and radioactivity was determined with a single-well well-counter 

(LKB Wallac 1480 WIZARD, Perkin Elmer, Life Science, Zaventem, Belgium), taking 

background, spillover of 67Ga and decay into account. Results are expressed as 

cpm g–1. For each blood sample, a time-matched cpm over each lung was taken. 

The radioactivity ratio was calculated as (67Galung)/(67Gablood) and plotted against 

time. The PLI was calculated from the slope of increase of the radioactivity ratio 

divided by the intercept, to correct for physical factors in radioactivity detection. The 

PLI represents the transport rate of 67Ga-transferrin from the intravascular to the 

extravascular space of the lungs and is therefore a measure of pulmonary vascular 

permeability. The values for both lung fields are averaged. The upper limit normal 

for the PLI is 14.1x10–3 min–1 and the measurement error is 10%.28 

Patient data collection

The National Intensive Care Evaluation (NICE)29,30 minimal dataset, prospectively 

collects data to calculate the Acute Physiology and Chronic Health Evaluation 

(APACHE II) score, as well as referring specialist, length of stay and mortality.31 

Potential risk factors for an increased PLI were scored; factors included alcohol 

abuse, smoking, myocardial infarction, hypertension, diabetes, vascular diseases, 

hematologic malignancy, solid malignancy, CVA and auto-immune disease. 

Furthermore pre-operative medication was evaluated. Data on blood group, 

pre-operative blood values and peri-operative data; operation-time, clamp-time 

were extracted from the electronic patient data system.

TRALI was defined using the consensus definition of TRALI (new onset hypoxemia 

or deterioration demonstrated by a PaO2/FiO2 < 300 mmHg, within 6 hours after 

transfusion, with bilateral pulmonary changes, in the absence of elevated left 

atrial pressure defined as a pulmonary arterial occlusion pressure ≤ 18 mmHg).1, 

3, 5 Chest radiographs were routinely taken before surgery and on arrival at the 

ICU and scored for the presence of new onset bilateral interstitial abnormalities by 

two independent physicians blinded to the predictor variables. When interpretation 

differed, chest radiograph and the description by the radiologist were reviewed to 

receive consensus. 

The volume of plasma transfused was calculated as the sum of 325 ml per unit of 

FFP and 250 ml per platelet concentrate. Data on donor gender and storage time of 

the blood products were obtained from the National Blood Bank. 

Effect of blood transfusion on pulmonary leakage in cardiac surgery patients
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Analysis of transfused blood products

Leukocyte reactive antibodies were examined in the plasma samples of PLT and FFP 

products transfused. Samples were screened for HLA-antibodies using a standard 

complement-dependent cytotoxicity (CDC) assay with an HLA-typed donor panel (to 

detect complement-fixing antibodies to HLA class I and II)32 and a Luminex screening 

assay for HLA class I and II (Tepnel Lifecode Luminex Screen Deluxe, Stamford, CT, 

USA). HLA class I and II antibodies were identified using a luminex single antigen 

bead technology (Tepnel Lifecode Luminex SA, Stamford, CT, USA). Lymphocyte-

reactive antibodies were examined by the Lymphocyte Immuno- Fluorescence 

Test (LIFT).33 Leukocyte agglutinating antibodies (HNA-3a) were examined by 

the Leukocyte Agglutination Technique (GAT).34 Granulocyte-reactive antibodies 

(HNA-1a, -1b, -1c, -2a) were examined by the Granulocyte ImmunoFluorescence Test 

(GIFT).35 HNA-1a, 1b, 2a and 3a were typed in the GIFT. 

Samples of the blood bags were centrifuged (3.000 RPM for 10 min. at 4°C for RBCs 

and at 22 °C for platelets) and the supernatant was stored at -80 °C until further 

analysis. Lipid extraction of supernatant from stored RBC and PLT supernatant was 

performed using Bligh and Dyer method. In short, 3 ml of CHCl3:MeOH (1:2) was 

added to 100 µl of sample and 100 µl of internal standard solution (LysoPC 14:0, 

2.5 nmol and PC 28:0, 10 nmol). 700 µl HAc 0.5%, 1 ml CHCl3 and 800 µl of HAc 

0.5% were added. After each step samples were vortexed for 30 seconds. The final 

mixture was centrifuged for 10 minutes at 1,892 g at room temperature. After 

centrifugation, the lower layer of CHCl3 was separated. This step was repeated 

two times by adding 1 ml CHCl3. The separated CHCl3 layers were combined and 

dried (N2, 30 °C). Samples were dissolved in 150 µl CHCl3/MeOH/H2O/NH3 25% 

(50/45/5/0.01 v/v/v/v) for further analysis. 

The relative concentrations of LysoPCs and PC species in supernatant of RBCs and 

PLTs were determined using HPLC tandem mass spectrometry (HPLC-MS/MS). 10 µl 

of the lipid extraction was injected on the HPLC-MS/MS system. Chromatographic 

separation was achieved on a modular HPLC system (Surveyor; Thermo Finnigan; 

San Jose, California, USA) consisting of a cooled autosampler (T=12°C), a low-flow 

quaternary MS pump and analytical HPLC column: LichroSpher Si60, 2 ×250 mm 

column, 5 µm particle diameter (Merck; Darmstadt, Germany). Samples were eluted 

with a flow rate of 300 µl/minute and a programmed linear gradient between 

solution B (chloroform-methanol, 97:3, v/v) and solution A (methanol-water, 85:15, 

v/v); A and B contained 1 ml and 0.1 ml of 25% (v/v) aqueous ammonia per liter 

of eluent, respectively. The gradient was: T = 0 -10 minutes: 20% A to 100% A; T 

= 10-12 minutes, 100% A; T= 12-12.1 minutes: 100% A to 0% A; and T= 12.1–17 

minutes, equilibration with 0% A. Total run-time, including the equilibration, was 17 
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minutes. A splitter between the HPLC and MS was used for the introduction of the 

eluent in the MS by 75 µl/minutes.

MS/MS analyses were performed on a TSQ Quantum AM (Thermo Finnigan; 

Waltham, Massachusetts, USA) operated in the positive ion electrospray ionization 

(ESI) mode. The Skimmer Offset was set at 10 V; spray voltage was 3600 V and 

the capillary temperature was 300°C. In the optimized MS/MS experiments, argon 

was used as collision gas at a pressure of 0.07 Pa and a collision energy of 40 V. 

The parent ion scan of m/z 184.1 (m/z 400 - m/z 1000, 1 s) was used for the 

quantization of the following precursor ions: m/z 468.3 (LysoPC 14:0, I.S.), m/z 

496.3 (LysoPC 16:0), m/z 524.3 (LysoPC 18:0/ PAF 16:0), m/z 522.4 (LysoPC 18:1), 

m/z 482.4 (LysoPAF 16:0), m/z 510.4 (LysoPAF 18:0), m/z 508.4 (LysoPAF 18:1), 

m/z 678.4 (PC 28:0, I.S.), m/z 758.4 (PC 34:2), m/z 782.4 (PC 36:2).

Statistics

Data were checked for distribution. Normal distributed data were analysed using 

ANOVA analysis and Dunnett post test. Non-parametric data were analysed with 

Kruskal Wallis or Mann Withney U test. Categorical data were analysed with the 

Chi Square test. To evaluate independent potential predictors of an increase in 

PLI, a univariate analysis followed by a multivariate linear regression analysis was 

performed. We used both statistical and relevant clinical criteria in the selection 

process. Subanalysis was performed on strongly elevated PLI (>1.5x the upper limit) 

and less elevated PLI (≤1.5x the upper limit). Statistical analysis was performed with 

SPSS 15.0. 

Results

Pulmonary Leakage Index

The mean PLI was elevated in all cardiac surgery patient groups (> (normal) 14.1 x10-3 

min–1). Transfusion resulted in a further increase in PLI compared to non-transfused 

controls (33±20 vs. 23±11 x10–3 min–1, p<0.01). The PLI did not differ between 

multiple transfused patients and patients in the restrictive transfusion group (33±24 

vs. 33±16, NS). Patients with strongly elevated PLI (>1.5x the upper limit) had a 

non-significant decrease in PaO2/FiO2 compared to patients with a lower PLI (≤1.5x 

the upper limit) (275±79 vs. 320±101). Of the transfused patients with strongly 

elevated PLI (n=27), 1 patient met the clinical criteria of TRALI. 

Effect of blood transfusion on pulmonary leakage in cardiac surgery patients
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Table 1. Demographic and peri-operative characteristics in transfused and non-transfused cardiac 
surgery patients.

Transfused groups Non-transfused 
group

Restrictive
(n = 20)

Massive
(n = 20) (n=20) 

Age (SD) 64 (15) 73 (69-76)*** 64 (11)

Male gender, n (%) 13 (65) 13 (65) 18 (90)

Euroscore, mean (SD) 4.3 (2.4)** 7.7 (3.5)*** 3.6 (1.8)

ASA, mean (SD) 2.9 (0.5) 2.7 (0.7) 2.7 (0.6)

% predictive Vital Capacity, median (IQR) 97 (93-116) 90 (80-108) 100 (97-106)

% predictive FEV1, median (IQR) 98 (86-110) 87 (62-97) 91 (81-102)

Left ventricular function

Poor 0 (0) 1 (5) 0 (0)

Moderate 7 (35) 6 (30) 7 (35)

Good 13 (65) 13 (65) 13 (65)

Pre-operative

Hemoglobin g/dL, mean (SD) 8.8 (0.8) 8.0 (1.1)** 8.8 (0.7)

Platelet count (x 109), median (IQR) 236 (201-273) 219 (184-288) 218 (71-256)

Leuco count (x 106), median (IQR) 7.4 (6.3-9.0) 8.5 (6.2-9.8) 6.8 (5.9-8.5)

Creatinine mmol/L, mean (SD) 78 (24) 95 (25) 84 (13)

INR, median (IQR) 1.0 (0.7-1.0) 1.0 (0.7-1.0) 1.0 (1.0-1.0)

Type of surgery

CABG, n (%) 11 (55) 5 (25)** 14 (70)

Valve replacement, n (%) 7 (35) 4 (20) 4 (20)

CABG and valve replacement, n (%) 1 (5) 11 (55)** 1 (5)

Other, n (%) 1 (5) 0 (0) 1 (5)

Peri-operative

Clamptime min., median (IQR) 69 (49-104) 100 (76-136)** 62 (44-92)

Pumptime min., median (IQR) 100 (80-145) 145 (107-179)** 102 (68-131)

Total OR time min., median (IQR) 311 (246-371) 340 (316-390)* 303 (231-346)

APACHE II score, mean (SD) 20 (9) 16 (4) 17 (6)

Chest X ray consistent with ALI, n (%) 1 (5) 4 (20) 0 (0)

Re-thoracotomy, n (%) 2 (10) 4 (20) 1 (5)

PLI, mean (SD) 33 (16)† 33 (24)† 23 (11)

ASA = American Society of Anaesthesia classification, FEV1 = Forced Expiratory Volume, IQR = Inter 
Quartile Range, INR = International Normalized Ratio, CABG = Coronary Artery Bypass Grafting, OR = 
Operating Room, APACHE II = Acute Physiology and Chronic Health Evaluation, PLI= Pulmonary Leakage 
Index, displayed in x10–3 min–1. ***p<0.001, **p<0.01, *p<0.05 Massive transfused vs. non-transfused 
or restrictive transfused controls. †p<0.05 all transfused patients vs. non transfused controls
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Patient related factors

Patients receiving multiple transfusions were older and had a higher Euroscore 

compared to non-transfused patients (table 1, p<0.001). Multiple transfused 

patients more often had undergone a combination surgery of coronary artery 

bypass grafting (CABG) and valve replacement, while the majority of the restrictive 

and non-transfused patients had undergone CABG. Pre-operative hemoglobin 

values were lower in the multiple transfused patients compared to restrictive and 

non-transfused patients (p<0.01). Pre-operative left ventricular function did not 

differ between the groups. Clamp-time, time on cardiopulmonary bypass and 

surgery time were longer in the multiple transfused patients compared to restrictive 

and non-transfused patients (table 1, p<0.01). Compared to non-transfused 

patients, restrictively transfused patients had a higher Euroscore (table 1, p<0.01). 

In the multivariate analysis, APACHE-II score was associated with an increase in PLI 

(p<0.05, table 2), while pump-time and Euroscore were not.

Table 2. Multivariate analysis of patient related risk factors for an increase in pulmonary leakage index 
in cardiac surgery patients

Patient related risk factors (n=60)

Variable β (95%) P value

Pump time 0.04 (-0.1-0.2) 0.5

Euro Score 0.6 (-1.4-2.5) 0.6

APACHE-II score 0.9 (0.1-1.6) 0.03

APACHE II = Acute Physiology and Chronic Health Evaluation

Transfusion related factors

The number of RBCs units stored for more then 14 days transfused was higher in 

the multiple transfused group compared to the restrictive transfused group (p<0.01, 

table 3). The median storage time for RBCs and PLTs did not differ between the two 

groups. The number of units with plasma derived from female donors, as well as the 

number of units containing antibodies, was higher in the multiple transfused group 

compared to the restrictive transfused group (p<0.001 and p<0.05 respectively). the 

median amount of lysoPCs in blood products did not differ between the two groups.

When comparisons between possible causative transfusion factors were made 

between the transfused group with a strongly elevated PLI (>1.5x the upper limit) 

compared to the transfused group with less elevated PLI (≤1.5x the upper limit), no 

differences were found regarding the number of products, the age of products, the 

presence of HLA/HNA antibodies or the level of lysoPCs. 

Univariate analysis of all transfused patients, revealed that the number of RBCs, but 

not of FFPs or PLTs, was associated with an increase in PLI (table 4, p<0.05). This 

Effect of blood transfusion on pulmonary leakage in cardiac surgery patients

241



chapter 13

Table 3 Transfusion descriptives and pulmonary leakage index of transfused cardiac surgery patients 

Transfused groups PLI level

Restrictive
(n = 20)

Massive
(n = 20)

PLI <1.5 x
(n=13)

PLI ≥1.5 x
(n=27)

Transfusions, mean (SD)

Number RBC (units) 1.1±0.8 5.7±3.8*** 2.9±4.3 3.5±3.4

Number FFP (units) 0.1±0.4 3.5±2.6*** 2.3±3.0 1.6±2.4

Number Platelets (units) 0.2±0.4 1.4±0.6*** 0.8±0.6 0.7±0.8

RBC

Storage time > 14 days (units) 1 (0-1) 3 (0-5)** 2 (0-3) 1 (0-4)

Storage time (days), median (IQR) 15 (8-19) 15 (11-18) 15 (11-23) 15 (10-17)

PLT

Storage time > 5 days (units) 0 (0-1) 0 (0-1) 1 (0-1)* 0 (0-0)

Storage time (days), median (IQR) 3 (1-6) 4 (0-7) 6 (2-7) 0 (0-4)

Antibodies

Number of units derived from 1 (0-1)  2 (2-4.5)*** 2 (0-3) 1 (1-2)

female donors

Number of antibody positive units 0 (0-1) 1 (0-2)* 1 (0-1) 1 (0-1)

Number of HLA I or II positive 
units

0 (0-0) 0 (0-1) 0 (0-1) 0 (0-1)

Number of HNA positive units 0 (0-01) 1 (0-1) 1 (0-1) 1 (0-1)

Median conc. of LysoPC in RBC 

LysoPC 16:0 µMol 6.8 (6.0-8.6) 7.3 (6.1-8.8) 7.0 (6.5-8.8) 7.0 (6.0-8.9)

LysoPC 18:0 µMol 3.5 (2.9-4.1) 3.7 (3.3-4.5) 3.8 (3.3-4.5) 3.5 (3.0-4.3)

LysoPC 18:1 µMol 2.0 (2.0-3.0) 2.0 (2.0-2.5) 2.0 (2.0-3.0) 2.0 (2.0-2.5)

LysoPAF 16:0 µMol 0.2 (0.2-0.3) 0.3 (0.2-0.3) 0.2 (0.2-0.3) 0.3 (0.2-0.3)

LysoPAF 18:0 µMol 0.3 (0.3-0.4) 0.4 (0.3-0.4) 0.3 (0.3-0.4) 0.4 (0.3-0.4)

LysoPC 18:1/ PAF 16:0 µMol 0.1 (0.1-0.2) 0.1 (0.1-0.1) 0.1 (0.1-0.1) 0.1 (0.1-0.2)

Median conc. of LysoPC in PLTs 

LysoPC 16:0 µMol, median (IQR) 98 (89-100) 97 (87-111) 102 (90-110) 91 (86-100)

LysoPC 18:0 µMol 40 (40-56) 41 (38-45) 43 (41-50) 40 (38-44)

LysoPC 18:1 µMol 18 (17-22) 21 (18-22) 21 (18-21) 21 (18-22)

LysoPAF 16:0 µMol 2.0 (1.7-2.1) 1.8 (1.6-2.0) 1.9 (1.5-2.0) 1.7 (1.7-2.1)

LysoPAF 18:0 µMol 2.3 (2.0-2.5) 2.3 (2.2-2.9) 2.5 (2.3-2.8) 2.3 (2.0-2.4)

LysoPC 18:1/ PAF 16:0 µMol 0.8 (0.7-1.0) 0.9 (0.8-1.0) 0.9 (0.8-1.0) 0.8 (0.7-0.9)

Data are presented as mean (SD) or as median [IQR]. RBC = Red Blood Cells, FFP = Fresh Frozen Plasma, 
PLT = platelet concentrates, HLA = Human Leucocyte Antibody, HNA = Human Neutrophil Antibody 
LysoPC=Lysophosphatidylcholine.*p<0.05, **p<0.01 and ***p<0.001
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Table 4. Univariate analysis of transfusion related risk factors for an increase in PLI in cardiac surgery 
patients

Transfusion related risk factors (n=40)

β (95% CI) P value

Transfusions

Number RBC (units) 1.6 (0.2-3.0) 0.03

Number FFP (units) 0.4 (-1.8-2.6) 0.7

Number Platelets (units) 1.2 (-5.9-8.2) 0.7

RBC

Storage time > 14 days (units) -0.9 (-3.2-1.3) 0.4

Storage time (days) -0.8 (-2.1-0.5) 0.2

PLT

Storage time > 5 days (units) -8.1 (-27.1-10.8) 0.4

Storage time (days) -1.3 (-5.1-2.6) 0.5

Antibodies

 Number of female donors -0.7 (-4.7-3.3) 0.7

 Number of antibody positive units -3.8 (-15.5-7.9) 0.5

 Number of HLA I or II positive units -12.0 (-36.1-12.0) 0.3

 Number of HNA positive units -5.2 (-21.2-10.8) 0.5

Median conc. of LysoPC in RBC 

 LysoPC 16:0 µMol -0.6 (-5.4-4.2) 0.8

 LysoPC 18:0 µMol 2.1 (-7.3-11.4) 0.7

 LysoPC 18:1 µMol 2.5 (-15.2-20.3) 0.8

 LysoPAF 16:0 µMol 54.3 (-84.4-193) 0.4

 LysoPAF 18:0 µMol 80.3 (-37.9-198.5) 0.2

 LysoPC 18:1/ PAF 16:0 µMol 68 (-146.3-282.0) 0.5

Median conc. of LysoPC in PLTs 

 LysoPC 16:0 µMol, median (IQR) -0.3 (-1.0-0.5) 0.5

 LysoPC 18:0 µMol -0.4 (-1.8-1.0) 0.5

 LysoPC 18:1 µMol 0.6 (-2.7-4.0) 0.7

 LysoPAF 16:0 µMol 6.6 (-28.5-41.7) 0.7

 LysoPAF 18:0 µMol 1.9 (-11.6-15.4) 0.8

 LysoPC 18:1/ PAF 16:0 µMol -27.1 (-90.2-35.8) 0.4

Data are presented as mean (SD) or as median [IQR]. RBC = Red Blood Cells, PLT = platelet 
concentrates, FFP = Fresh Frozen Plasma, HLA = Human Leucocyte Antibody, HNA = Human 
Neutrophil Antibody LysoPC=Lysophosphatidylcholine.
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association remained significant when adjusted for the patient related risk factor 

(APACHE-II score) (β (95%CI) 1.9 (0.7-3.2), p<0.01). In the univariate analysis the 

median concentration of lysoPCs nor the storage time of the products, nor the 

presence of HLA or HNA antibodies were associated with an increase of the PLI. 

Outcome 

Patients in the transfused groups had a longer length of stay in the hospital 

compared to the non-transfused group (table 5). Patients in the multiple transfused 

groups had a prolonged duration of mechanical ventilation compared to the 

non-transfused group (p<0.001). No difference was found in survival or ICU-stay 

between the groups.

Discussion

This study shows that disease severity and transfusion of RBCs are determinants 

of pulmonary vascular leakage in a cohort of cardiac surgery patients. The amount 

of RBCs was associated with an increase in PLI, irrespective of the presence of 

antibodies or the amount of lysoPC in the transfused product. 

RBC transfusion results in pulmonary vascular leakage with a concomitant decrease 

in oxygenation, in patients that do not meet the clinical TRALI criteria. The finding 

that transfusion results in mild lung injury accords with a previous description of three 

cases not meeting the TRALI consensus definition and who were not diagnosed as 

TRALI by the treating clinicians, but in whom analysis of the implicated products 

Table 5. Outcome measurement in transfused and non-transfused cardiac surgery patients

Transfused groups Non transfused group

Restrictive
(n = 20)

Massive
 (n = 20)

(n=20)

ICU LOS (hrs), 34 (31-58) 38 (22-68) 34 (31-58)

median (IQR)

Hospital LOS (hrs), 110 (82-214)* 175 (112-218)** 82 (58-156)

median (IQR)

Ventilation time, 
median (IQR)

12 (7.3-15) 14 (10-20)** 9.5 (6.3-12.8)

ICU survival, n (%) 20 (100) 20 (100) 20 (100)

Hospital survival, n (%) 20 (100) 20 (100) 20 (100)

ICU=Intensive Care Unit, LOS=Length of Stay. *p<0.05 non transfused vs. restrictive transfused, **p<0.01 
Non transfused vs. massive transfused
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showed HLA and HNA antibody involvement causing mild pulmonary symptoms.36 

Also, in an experimental transfusion model, we recently showed that transfusion 

of stored RBCs results in mild pulmonary inflammation, including extravasation 

of pulmonary neutrophils and production of pro-inflammatory cytokines.37 The 

present results indicate that pulmonary leakage was dose-dependent for RBCs, in 

line with the suggestion that mild effects of a single transfusion may accumulate 

after repeated transfusions, contributing to pulmonary leakage and hypoxemia after 

cardiac surgery. In accordance, observational clinical studies show that the number 

of RBCs transfused is associated with adverse outcome.4,38 Besides the amount of 

RBCs transfused, the APACHE II score, which is a marker for disease severity in adult 

patients admitted to intensive care units, was associated with increased PLI. Our 

results are in line with previous studies indicating the APACHE II score as a predictor 

for onset of pulmonary injury or aggravation of lung injury.39,40 In line with the 

‘two hit’ hypothesis of TRALI, a high APACHE II score may indicate a severe ‘first 

hit’, rendering patients susceptible for adverse effects following blood transfusion 

(the ‘second hit’).41 

We found no association between the presence of HLA/HNA antibodies in the 

transfused products and pulmonary leakage. Although HLA/HNA antibodies are 

implicated in the onset of TRALI, many antibody-containing blood products fail to 

produce TRALI.42-44 A threshold model has been suggested,45 in which a threshold 

must be overcome to induce a TRALI reaction. Factors that determine the threshold 

are the predisposition of the patient that determines priming of the lung neutrophils 

and the ability of the mediators in the transfusion to cause activation of primed 

neutrophils. An explanation for the absence of increase of pulmonary leakage in 

the presence of HLA/HNA antibodies may be two fold. First, the neutrophil priming 

status of the patient may have been too low, thereby not allowing the threshold 

for onset of lung injury to be overcome. Second, we only determined HLA/HNA 

antibodies in the blood products, not the presence of an antibody-antigen match. 

Although recent studies suggest that exclusion of female donors for production of 

plasma reduces pulmonary complications and TRALI,46,47 current results do not 

support a male only donor policy with the aim to reduce pulmonary dysfunction in 

cardiac surgery patients. 

Alternatively to the antibody hypothesis, it has been suggested that bio-active lipids 

which accumulate during storage of cell containing blood products are implicated 

in the ‘second hit’, by activating primed pulmonary neutrophils, causing lung 

injury.16,48 Here, this association was not confirmed, as pulmonary vascular leakage 

was not associated with an increase in bio-active lipids in the transfused products. In 

accordance, a recent study in surgical patients showed no association between the 
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concentration of bio-active lipids and the occurrence of postoperative pulmonary 

dysfunction.49 Also, we did not find an association between storage time and 

pulmonary leakage. This is in contrast with experimental studies16,37,50,51 and with 

findings from an observational study describing an association between storage 

time of RBCs and pulmonary complications,2 but not with other studies in cardiac 

surgery patients investigating the role of aged RBCs.22,52,53 Of note, transfusion 

policy of one of the participating centers holds that during surgery, but not on 

the ICU, cardiac surgery patients receive RBCs stored for less then 14 days only. 

Together with small sample size, this hampers any conclusion on the association 

between storage time and pulmonary leakage. However, our data suggest that 

factors other then lysoPCs are essential in the association between RBC transfusion 

and pulmonary leakage. Possibly, the erythrocyte itself and not the supernatant is a 

key player in onset of lung injury, as suggested by recent experimental studies.37,51 

Down regulation of the Duffy antigen during ageing of the erythrocytes54 was 

shown to decrease chemokine scavenging function, resulting in augmentation of 

pulmonary injury.

Conclusion

Transfusion in cardiothoracic surgery patients is associated with an increase in 

pulmonary capillary permeability, an effect that was dose-dependent for red blood 

cell products. No association was found between the levels of bio-active lipids 

or the presence of HLA/HNA antibodies and an increase in pulmonary capillary 

permeability. 
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Abstract

Background: Transfusion-related acute lung injury (TRALI) is the leading cause of 

transfusion-related morbidity and mortality. Both antibodies and bio-active lipids 

accumulating during storage of blood have been implicated. Cardiac surgery 

patients may be at risk for developing TRALI as cardiopulmonary bypass may cause 

pulmonary neutrophil priming and this patient population is frequently exposed to 

blood transfusion. However, incidence is unknown. We determined incidence, risk 

factors and outcome of TRALI in a cohort of cardiac surgery patients. 

Methods: In a single center nested case control study, patients were prospectively 

observed for onset of TRALI according to the consensus definition. Blood products 

were screened for bio-active lipid accumulation and storage time. Samples from 

donors were analyzed for the presence of HLA/HNA antibodies. Transfused and 

non-transfused controls were randomly assigned to TRALI-cases in a 2:1 ratio. To 

evaluate independent potential predictors of TRALI, univariate analysis followed by 

multivariate logistic regression analysis was performed.

Results: Of 1.000 screened patients, 668 patients were included. Of these, 16 

patients developed TRALI (2.4%). Patient-related risk factors for onset of TRALI 

compared to transfused and non-transfused patients were age [OR 1.1 (1.00-1.21)] 

and time on the cardiopulmonary bypass [OR 1.0 (1.00-1.03)] Transfusion related 

risk factors were total amount of blood products transfused [OR 1.2 (1.03-1.44)], 

number of red blood cells stored > 14 days [OR 1.6 (1.04-2.37)], total amount of 

plasma transfused [OR 1.2 (1.03-1.44)], presence of HLA/HNA antibodies in the 

donor plasma [OR 8.8 (1.8-44)] and total amount of bio-active lipids transfused 

[OR 1.0 (1.00-1.07)] compared to transfused controls. When adjusted for patient 

risk factors, only the presence of HLA or HNA antibodies in the associated blood 

products remained as a risk factor for TRALI [OR 14.2 (1.5-132)]. In-hospital mortality 

of TRALI was 13% compared to 0% and 3% in transfused and non-transfused 

patients (p<0.05).

Conclusions: The incidence of TRALI is high in cardiac surgery patients and 

associated with adverse outcome. Our results suggest that cardiac surgery patients 

may benefit from exclusion of blood products containing HLA or HNA antibodies. 
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Introduction

Transfusion-related acute lung injury (TRALI) is the leading cause of transfusion-

related morbidity and mortality.1-4 TRALI is defined as the acute onset of hypoxia 

and bilateral pulmonary infiltrates, in temporal relation to a blood transfusion.1,5 

Although the absence of specific disease markers and diagnostic tests have resulted 

in a large variation in estimations of incidence,1,6-13 TRALI is generally considered to 

be a rare event. However, TRALI is under-diagnosed and under-reported.14,15 Cases 

remain unnoticed, or are misdiagnosed as fluid overload or ALI of other etiology.14, 

16,17 As yet, controlled trials using standardized definitions of TRALI are limited.6 

TRALI is thought to be a two hit entity. The “first hit” is the presence of an 

inflammatory condition in the host, causing endothelial activation leading to 

neutrophil sequestration and priming in the lung.18 The “second hit” is transfusion 

of a blood product containing either antibodies or factors that accumulate during 

storage, providing additional signals for neutrophil activation resulting in the clinical 

syndrome of pulmonary edema. 

Cardiac surgery patients may be at risk for TRALI. During the intra-thoracic 

surgical procedure, the lungs are deflated and non-ventilated for several hours, 

which may cause injury to the lung vasculature (the “first hit”). Also, the use of 

cardiopulmonary bypass can cause neutrophil priming.19,20 In retrospective studies, 

cardiac surgery was a risk factor for onset of TRALI.9,10 Besides possible priming 

factors, these patients often receive transfusion of blood products. Data show that 

the transfusion frequency in this patient population is high, red blood cells (RBCs), 

platelets (PLTs) and of fresh frozen plasma (FFP) transfusion frequency is 27-95%, 

0-36% and 0-36% respectively.21 

Most of the evidence regarding mechanisms of TRALI comes from experimental 

studies, case reports and limited case series.14,22-25 Two distinct mechanisms 

have been suggested: the traditional theory proposes an antibody-mediated 

reaction between recipient neutrophils and anti-neutrophil antibodies from donors 

who were sensitized during pregnancy (multi-parous women) or by previous 

transfusion.7,14,26 An alternative mechanism involves accumulation of bio-active 

lipids (lysophosphatidylcholines, lysoPCs) during storage of cell containing blood 

products.24,25,27Several transfusion policies may have potential in decreasing TRALI 

incidence. Routine exclusion of women donors in production of fresh frozen plasma 

(FFP) decreases TRALI incidence in observational studies.28,29 Transfusion of fresh 

red blood cells only was associated with less pulmonary complications in cardiac 

surgery patients,30 but results have not been confirmed by others.31-33 Without 

doubt, both the deferral of female donors as well as the use of fresh blood only 

have serious consequences for blood availability. Insight in incidence and risk factors 

for TRALI are mandatory to improve product management strategies as well as 
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donor-exclusion policies aimed at decreasing the risk of acquiring TRALI without 

impeding a continuous reliable blood supply. 

We performed a prospective case control study in a cohort of cardiac surgery 

patient to determine incidence, risk factors and outcome of TRALI. 

Methods

The medical ethics committee approved the study protocol, and written informed 

consent was obtained from the patient before entry in the study. Consecutive 

patients of 18 years and older were asked informed consent prior to undergoing 

cardiac surgery. Exclusion criteria were pulmonary thrombo-endarterectomy or 

emergency surgery. Investigators consecutively screened 1000 cardiac surgery 

patients from November 2006 until February 2009. Included patients were observed 

for the onset of TRALI during surgery and afterwards up to 30 hours on the ICU.

Setting and Cardiothoracic Surgery/Anesthesia Procedures

The study was performed in a university hospital in The Netherlands. Patients 

were anesthetized according to local institutional protocol, with lorazepam as 

premedication followed by etomidate, sufentanil, and rocuronium for induction of 

anesthesia and facilitation of intubation. During the surgical procedure, sufentanil was 

used as analgesic and sevoflurane plus propofol were used to maintain anesthesia. 

Muscle relaxants were not given during the surgical procedure. Small doses of 

morphine and midazolam could be given at the end of the procedure. Steroids were 

given at the discretion of the cardio-anesthesiologist. As part of standard care, a 

pulmonary artery catheter was inserted for peri-operative monitoring. 

In all patients, cardiopulmonary bypass was performed under mild to moderate 

hypothermia (28°C–34°C), using a membrane oxygenator and a non-pulsatile blood 

flow. During procedure lungs were deflated. After the procedure, all patients were 

transferred to the ICU with mechanical ventilation.

ICU Management

The postoperative ICU protocol involved fluid infusion with normal saline and starch 

solutions, blood transfusion to maintain hemoglobin concentration (≥5.0 mmol/L), 

dopamine and norepinephrine in continuous infusion to achieve mean arterial blood 

pressure ≥ 65 mm Hg, and dobutamine and/or milrinone to achieve a cardiac index 

≥2.5 L/min/m2 or a mixed venous oxygenation >60%. Propofol was continuously 

infused until core temperature  reached 36.0°C, after which propofol infusion was 

stopped. Analgesics include acetaminophen and morfine.

254



Design

TRALI-cases were 1:2 randomly matched with control patients. Cases were not 

matched on potential risk factors, such as age, type of surgery or gender as in this 

way potential risk factors for the onset of TRALI could be eliminated by accident.  

Controls were transfused patients not developing ALI and patients not transfused 

not developing ALI. Since 1 June 2007, exclusion of female donors for FFP became 

effective in the Netherlands. For this reason, matching was done separate for 

patients included before or after the 1st of June 2007.29

Possible TRALI was defined using the consensus definition of TRALI (new onset 

hypoxemia or deterioration demonstrated by a PaO2/FiO2 < 300 mmHg, within 

6 hours after transfusion, with bilateral pulmonary changes, in the absence of 

elevated left atrial pressure defined as a pulmonary arterial occlusion pressure ≤ 

18 mmHg).1,3,5 Chest radiographs were routinely taken before surgery and on 

arrival at the ICU and scored for the presence of new onset bilateral interstitial 

abnormalities by two independent physicians blinded to the predictor variables. 

When interpretation differed, chest radiograph and the description by the radiologist 

were reviewed to receive consensus. 

Patient data collection

Potential risk factors for onset of acute lung injury were scored, including alcohol 

abuse, smoking, myocardial infarction, hypertension, diabetes, vascular diseases, 

hematologic and solid malignancy, cerebrovascular accidents, auto-immuundisease, 

COPD and diminished left ventricular function. Data on pre-operative blood values 

and peri-operative data were extracted from the electronic patient data system as 

well as ventilation time, hospital stay and mortality.

Transfusion data collection

Transfused red blood cells (RBCs) were leukoreduced (buffy coat removed and the 

erythrocyte suspension was filtered to remove the leukocytes to less then 1x106). 

The start and stop time of the transfusion was recorded by the bedside nurse and 

entered in the electronic patient data system. The volume of plasma transfused was 

calculated as the sum of 325 ml per unit of FFP and 250 ml per PLTs. Data on donor 

gender and storage time of the blood products were obtained from the National 

Blood Bank. All products transfused during cardiac surgery and post-operatively 

up to 24 hours after ICU-admission were sampled and stored until the patient was 

assigned to a study group. Samples of the blood bags were centrifuged (1,500 x g 

for 10 min. at 4°C for RBCs and at 22 °C for PLTs) and the supernatant was stored 

at -80 °C until further analysis. 
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Lipid extraction and lysoPC and PC measurement

Lipid extraction of supernatant from stored RBC and PLTs supernatant was 

performed using Bligh and Dyer method. In short, 3 ml of CHCl3:MeOH (1:2) was 

added to 100 µl of sample and 100 µl of internal standard solution  (LysoPC 14:0, 

2.5 nmol and PC 28:0, 10 nmol). 700 µl HAc 0.5%, 1 ml CHCl3 and 800 µl of HAc 

0.5% were added. After each step samples were vortexed for 30 seconds. The final 

mixture was centrifuged for 10 minutes at 1,892 g at room temperature. After 

centrifugation, the lower layer of CHCl3 was separated. This step was repeated 

two times by adding 1 ml CHCl3. The separated CHCl3 layers were combined and 

dried (N2, 30 °C). Samples were dissolved in 150 µl CHCl3/MeOH/H2O/NH3 25% 

(50/45/5/0.01 v/v/v/v) for further analysis. 

HPLC tandem mass spectrometry

The relative concentrations of lysoPCs species in supernatant of RBCs and PLTs were 

determined using HPLC tandem mass spectrometry (HPLC-MS/MS). 10 µl of the lipid 

extraction was injected on the HPLC-MS/MS system. Chromatographic separation 

was achieved on a modular HPLC system (Surveyor; Thermo Finnigan; San Jose, 

California, USA) consisting of a cooled autosampler (T=12°C), a low-flow quaternary 

MS pump and analytical HPLC column: LichroSpher Si60, 2 ×250 mm column, 5 

µm particle diameter (Merck; Darmstadt, Germany). Samples were eluted with a 

flow rate of 300 µl/minute and a programmed linear gradient between solution 

B (chloroform-methanol, 97:3, v/v) and solution A (methanol-water, 85:15, v/v); A 

and B contained 1 ml and 0.1 ml of 25% (v/v) aqueous ammonia per liter of eluent, 

respectively. The gradient was: T = 0 -10 minutes: 20% A to 100% A; T = 10-12 

minutes, 100% A; T= 12-12.1 minutes: 100% A to 0% A; and T= 12.1–17 minutes, 

equilibration with 0% A.  Total run-time, including the equilibration, was 17 minutes. 

A splitter between the HPLC and MS was used for the introduction of the eluent in 

the MS by 75 µl/minutes.

MS/MS analyses were performed on a TSQ Quantum AM (Thermo Finnigan; 

Waltham, Massachusetts, USA) operated in the positive ion electrospray ionization 

(ESI) mode. The Skimmer Offset was set at 10 V; spray voltage was 3600 V and 

the capillary temperature was 300°C. In the optimized MS/MS experiments, argon 

was used as collision gas at a pressure of 0.07 Pa and a collision energy of 40 V. 

The parent ion scan of m/z 184.1 (m/z 400 - m/z 1000, 1 s) was used for the 

quantization of the following precursor ions: m/z 468.3 (LysoPC 14:0, I.S.), m/z 

496.3 (LysoPC 16:0), m/z 524.3 (LysoPC 18:0/ PAF 16:0), m/z 522.4 (LysoPC 18:1), 

m/z 482.4 (LysoPAF 16:0), m/z 510.4 (LysoPAF 18:0), m/z 508.4 (LysoPAF 18:1). 

LysoPC levels are presented as total amount of lysoPC infused (volume for lysoPCs 
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is calculated as RBCs 120 ml and PLTs 250 ml) and as median concentration per 

product transfused.  

Donor antibody analysis

Leukocyte reactive antibodies were examined in freshly drawn donor samples of 

PLTs and FFP products transfused. Samples were screened for HLA-antibodies using 

a standard complement-dependent cytotoxicity (CDC) assay with an HLA-typed 

donor panel (to detect complement-fixing antibodies to HLA class I and II)34 and 

a Luminex screening assay for HLA class I and II (Tepnel Lifecode Luminex Screen 

Deluxe, Stamford, CT, USA).  HLA class I and II antibodies were identified using a 

luminex single antigen bead technology (Tepnel Lifecode Luminex SA, Stamford, 

CT, USA). Lymphocyte-reactive antibodies were examined by the Lymphocyte 

Immuno- Fluorescence Test (LIFT).35 Leukocyte agglutinating antibodies (HNA-3a) 

were examined by the Leukocyte Agglutination Technique (GAT).36 Granulocyte-

reactive antibodies (HNA-1a, -1b, -1c, -2a) were examined by the Granulocyte 

ImmunoFluorescence Test (GIFT).37 HNA-1a, 1b, 2a and 3a were typed in the 

GIFT. Finally, the detected antibodies were confirmed in the Monoclonal Antibody 

Immobilization of Granulocyte Antigens (MAIGA) assay, as previously described.38 

Statistics

Data were checked for distribution. Normal distributed data were analysed using 

ANOVA analysis and Dunnett post test. Non-parametric data were analysed with 

Kruskal Wallis or Mann Withney U test. Categorical data were analysed with the 

Chi Square test. To evaluate independent potential predictors of TRALI, a univariate 

analysis followed by a multivariate logistic regression analysis was performed. We 

used both statistical and relevant clinical criteria in the selection process. Statistical 

analysis was performed with SPSS 15.0. 

Results

Incidence

A total of 1000 cardiac surgery patients were screened consecutively for inclusion. 

Of these, 99 patients did not fulfill the inclusion criteria (figure 1). Another 233 

patients did not give informed consent, leaving 668 patients for inclusion in the 

study. Of these, 16 patients (2.4%) developed possible TRALI. In total 2,631 blood 

products were transfused, concerning 747 FFP units, 1,610 RBC units and 274 

PLTs. The incidence of possible TRALI per product transfused was 0.61%. Only one 
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patient was reported to the transfusion laboratory by the attending physician as 

possible TRALI. 

Patient related risk factors

Patients developing TRALI were older compared to transfused controls and 

non-transfused controls, (p<0.05 and p<0.01 respectively, table 1). Also, 

patients developing TRALI had a higher Euroscore and ASA score compared to 

non-transfused controls (p<0.05 and p<0.01 respectively). Groups did not differ in 

other risk factors for acute lung injury, pre-operative lung function, cardiac function 

and type of surgery (table 1 and 2). Patients developing TRALI had a longer clamp-, 

pump and surgery time compared to transfused controls and non-transfused 

controls (p<0.01, p<0.001, p<0.001 respectively, table 2). Transfused patients not 

meeting the TRALI definition also had a longer clamp-, pump and surgery time 

compared to non-transfused controls, (p<0.01, p<0.05 and p<0.05 respectively, 

table 2). No differences were observed between groups concerning the amount of 

corticosteroids and opiates used peri-operatively. 

Multivariate logistic regression analysis showed that age and time on cardiopulmonary 

bypass are risk factors for developing TRALI compared to transfused controls 

(p=0.03 and 0.02 respectively, table 4).

Figure 1. Inclusion flow diagram. ALI=acute lung injury, TRALI=transfusion-related acute lung injury, 
PTE=pulmonary thrombo endarterectomy
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Transfusion related risk factors

Patients developing TRALI received more RBCs, FFP and PLTs products compared to 

transfused controls (p<0.05 for all, table 3). Median storage time of RBCs did not 

differ between groups. Although not reaching statistical significance, the number 

of transfused RBC units stored>14 days tended to be higher in patients developing 

Table 1. Demographic and clinical characteristics of cardiac surgery patients developing TRALI and 
control patients.

Transfused groups Non-transfused group

TRALI
(n = 16)

No ALI
(n = 32)

No ALI
(n=32)

Age (SD) 74 (7.4)* 67 (9.3)† 63 (13)**

Male gender, n (%) 12 (75) 20 (63) 28 (88)

Euroscore, mean (SD) 6.4 (2.8) 5.8 (3.3) 3.9 (2.4)**

ASA, mean (SD) 3.3 (0.5) 3.1 (0.5) 2.7 (0.6)***

Medical History

Alcohol abuse, n (%) 1 (6) 2 (6) 0 (0)

Smoking, n (%) 2 (13) 9 (28) 9 (28)

Myocardial Infarction, n (%) 2 (13) 11 (34) 10 (31)

Hypertension, n (%) 8 (50) 24 (75) 17 (53)

Diabetes, n (%) 4 (25) 12 (38) 3 (9)

Vascular diseaseses, n (%) 3 (19) 10 (31) 3 (9)

Malignancy, n (%) 1 (6) 3 (9) 0 (0)

CVA, n (%) 3 (19) 1 (3) 2 (6)

Auto immune, n (%) 1 (6) 2 (6) 9 (28)*

% predictive Vital Capacity, mean (SD) 90 (31) 98 (15) 103 (18)

% predictive FEV1, mean (SD) 79 (31) 88 (17) 98 (21)

Left ventricular function, n (%)

Poor 1 (6) 5 (16) 1 (3)

Moderate 7 (44) 5 (16) 7 (22)

Good 8 (50) 22 (69) 22 (69)

Pre-operative

Hemoglobin g/dL, mean (SD) 8.8 (1.0) 8.5 (0.8) 9.2 (0.8)

Platelet count (x 109), median (IQR) 213 (176-249) 249 (209-290) 231 (197 -260)

Leuco count (x 106,) median (IQR) 7.8 (5.6-9.9) 7.8 (6.6-9.6) 7.0 (6.2-8.7)

Ureum mmol/L, mean (SD) 7.4 (2.5) 6.8 (2.6) 6.4 (1.5)

Creatinine mmol/L, mean (SD) 93 (25) 85 (23) 83 (15)

INR, mean (SD) 1.1 (0.2) 1.1 (0.3) 1.2 (0.8)

IQR=Inter Quartile Range, SD=Standard Deviation, ICU=Intensive Care Unit. ***p<0.001, **p<0.01, 
*p<0.05 TRALI vs. transfused  or non-transfused controls. ‡ p<0.01, †p<0.05 Transfused controls vs. 
non-transfused controls.
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TRALI compared to transfused controls. Storage time of PLTs products did not differ 

between patients groups. 

LysoPC concentration was determined in 77% of all associated cell containing blood 

products. The amount of lysoPCs in all transfusion products taken together was 

higher in the patients developing TRALI compared to transfused controls (p<0.01 for 

all). However, the amount of lysoPC per product transfused did not differ between 

TRALI and transfused controls.

Patients developing TRALI received higher amounts of high volume plasma products 

compared to transfused controls (p=0.01). In 67% of all associated blood products, 

donor samples were retrieved for analysis of HLA and HNA antibodies. Patients 

developing TRALI received more blood products containing HLA I, HLA II and HNA 

antibodies compared to transfused controls (p=0.005).  Further differentiation 

showed significant more HLA I and HLA II antibodies in the TRALI group (p=0.01 

and 0.02 respectively). In both the TRALI and control cases, 80% of the HLA/HNA 

antibodies positive products originated from female donors. Of interest, excluding 

female donors for production of FFP as part of the National Blood Bank policy, did 

not result in a decrease of TRALI incidence (2.4% before vs. 2.3% after exclusion, 

n.s.). However, only 16% of the HLA/HNA antibodies positive units were FFP 

products. The remaining 84% were PLTs (40%) and RBC products (44%). These 

data suggest that in cardiac surgery patients, FFP products only play a minor role in 

the onset of immune mediated TRALI.

Table 2. Surgical and peri-operative data of cardiac surgery patients developing TRALI and control patients.

Transfused groups Non-transfused 
group

TRALI
(n = 16)

No ALI
(n = 32)

No ALI
(n=32)

Type of surgery

CABG, n (%) 6 (38) 15 (47) 19 (60)

Valve replacement, n (%) 9 (56) 16 (50)   9 (28)

Bentall, n (%) 1 (6) 0 (0) 2 (6)

Other, n (%) 0 (0) 1 (3) 2 (6)

Per-operative

Clamp time min., median (IQR) 101 (86-146)** 75 (62-100)‡ 74 (46-94)**

Pump time min., median (IQR) 170 (126-198)* 117 (90-147)† 110 (78-131)***

Total surgery time min., median (IQR) 359 (273-416)* 249 (300-450)† 235 (200-266)***

Dexametason, n (%) 6 (38) 3 (9) 9 (28)

Opioid-use, n (%) 16 (100) 32 (100) 32 (100)

IQR=Inter Quartile Range, SD=Standard Deviation. ***p<0.001, **p<0.01, *p<0.05 TRALI vs. transfused 
or non-transfused controls. ‡p<0.01, †p<0.05 Transfused controls vs. non-transfused controls.
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Table 3. Transfusion characteristics of patients developing TRALI compared to transfused controls

TRALI
(n = 16)

No ALI
(n = 32)

P value

Amount of transfusions 6 (3-10) 2 (1-4) 0.04

 RBC (units), median (IQR) 3 (2-5) 2 (1-2) 0.02

 FFP (units), median (IQR) 2 (0-4) 0 (0-2) 0.02

 Platelets (units), median (IQR) 1 (0-2) 0 (0-1) 0.03

RBC

 Storage time > 14 days (units) 2 (0-5) 1 (0-2) 0.09

 Storage time (days),  median (IQR) 19 (10-21) 15 (10-18) 0.3

PLTs

 Storage time > 5 days (units) 0 (0-1) 0 (0-1) 0.9

 Storage time (days),  median (IQR) 5 (3-6) 5 (2-6) 0.5

Plasma

 Total plasma transfused (mL) 1,025 (0-1,737) 689 (0-900) 0.01

Amount of lysoPC transfused  

 LysoPC 16:0 µmol, median (IQR) 30 (2.1-50.8) 1.6 (1.1-25) 0.002

 LysoPC 18:0 µmol 12 (1-23.4) 0.8 (0.5-10.6) 0.002

 LysoPC 18:1 µmol 6.1 (0.7-12) 0.5 (0.3-5.7) 0.005

 LysoPAF 16:0  µmol 0.6 (0.1-1.1) 0.1 (0.05-0.4) 0.003

 LysoPAF 18:0  µmol 0.7 (0.1-1.4) 0.1 (0.05-0.7) 0.003

 LysoPC 18:1/ PAF 16:0  µmol 0.3 (0.04-0.5) 0.03 (0.02-0.2) 0.004

Concentration of lysoPC per product  

 LysoPC 16:0 µMol, median (IQR) 17 (6.3-32.6) 8.5 (6.5-24.8) 0.5

 LysoPC 18:0 µMol 8.1 (3.0-14.0) 3.9 (3.3-11.8) 0.6

 LysoPC 18:1 µMol 4.3 (2.0-7.6) 2.5 (2.0-5.6) 0.6

 LysoPAF 16:0  µMol 0.4 (0.3-0.8) 0.4 (0.3-0.5) 0.5

 LysoPAF 18:0  µMol 0.6 (0.3-1.1)  0.4 (0.4-0.8) 0.6

 LysoPC 18:1/ PAF 16:0  µMol 0.2 (0.1-0.4) 0.2 (0.2-0.3) 0.7

Antibodies

 Any antibody positive unit, n (%) 10 (63) 4 (13) 0.005

 Any HLA I positive  unit 6 (38) 1 (3) 0.01

 Any HLA II positive unit 7 (44) 2 (6) 0.02

 Any GIFT positive unit 3 (19) 1 (3) 0.2

Data are presented as mean (SD) or as median [IQR] or as n (%). RBC=Red Blood Cells, PLTs = platelet 
concentrates, Plasma= high volume plasma products (fresh frozen plasma and PLTs). LysoPC = 
lysophosphatidylcholine

Univariate regression analysis showed that the total amount of plasma and the 

amount of RBC units, of FFP units and of PLTs units, are all independent risk factors 

for developing TRALI compared to transfused controls (table 4). Concerning 
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Table 4. Multivariate analysis of risk factors for the onset of TRALI in cardiac surgery patients

Unadjusted OR
 (CI 95%)

P value Adjusted OR*
(CI 95%)

P value

ASA 2.4 (0.51-11.1) 0.27 N/A

Age of the patient 1.1 (1.02-1.28) 0.03 N/A

Pump time minutes 1.0 (1.00-1.03) 0.02 N/A

Amount of transfusions 1.2 (1.03-1.44) 0.019 1.1 (0.90-1.37) 0.3

 RBC (units) 1.5 (1.01-2.08) 0.045 1.2 (0.73-1.98) 0.5

 FFP (units) 1.4 (1.04-1.86) 0.025 1.2 (0.83-1.60) 0.4

 Platelets (units) 3.0 (1.16-7.58) 0.023 1.7 (0.52-5.59) 0.4

RBC

 Storage time > 14 days 
(units)

1.6 (1.04-2.37) 0.03 1.4 (0.88-2.21) 0.16

 Storage time (days) 1.0 (0.96-1.21) 0.20 1.1 (0.93-1.21) 0.41

PLTs

 Storage time > 5 days (units) 2.4 (0.56-10.5) 0.24 2.2 (0.36-12.9) 0.40

 Storage time (days) 1.2 (0.59-2.28) 0.67 2.4 (0.68-8.12) 0.18

Plasma

 Total plasma transfused (mL) 1.2 (1.03-1.44) 0.02 1.0 (0.99-1.00) 0.9

Antibodies

 Any antibody positive units 8.8 (1.8-44) 0.008 14.2 (1.53-132) 0.02

 Any HLA I positive units 12 (1.23-117) 0.03 7.9 (0.72-87) 0.09

 Any HLA II positive units 7.5 (1.23-46) 0.03 5.5 (0.71-41) 0.11

 Any GIFT positive units 4.4 (0.4-47) 0.3 5.8 (0.37-90) 0.21

Total amount of LysoPC transfused 

 LysoPC 16:0 µmol 1.0 (1.01-1.07) 0.02 1.0 (0.98-1.07) 0.3

 LysoPC 18:0 µmol 1.1 (1.01-1.17) 0.02 1.1 (0.96-1.16) 0.3

 LysoPC 18:1 µmol 1.2 (1.04-1.42) 0.02 1.1 (0.91-1.40) 0.3

 LysoPAF 16:0  µmol 8.4 (1.49-47.2) 0.02 3.9 (0.37-43) 0.3

 LysoPAF 18:0  µmol 4.3 (1.26-14.4) 0.02 2.5 (0.50-14) 0.3

 LysoPC 18:1/ PAF 16:0  µmol 23.8 (0.09-5979) 0.26 16.4 (0.12-2275) 0.3

Concentration of lysoPC per product  

 LysoPC 16:0 µMol 1.0 (0.99-1.10) 0.1 1.0 (0.96-1.07) 0.8

 LysoPC 18:0 µMol 1.1 (0.98-1.21) 0.1 1.0 (0.90-1.15) 0.8

 LysoPC 18:1 µMol 1.2 (0.96-1.56) 0.1 1.1 (0.80-1.40) 0.7

 LysoPAF 16:0  µMol 6.1 (0.36-104) 0.2 0.7 (0.02-22) 0.8

 LysoPAF 18:0  µMol 3.3 (0.52-22.3) 0.2 1.0 (0.10-9.4) 1.0

 LysoPC 18:1/ PAF 16:0 µMol 25.0 (0.1-6496) 0.3 1.7 (0.00-1073) 0.9

Data are presented as mean (SD) or as median [IQR]. RBC=Red Blood Cells, PLTs = platelet concentrates, 
FFP=Fresh Frozen Plasma. *Adjusted for age of the patient and pump time during cardiopulmonary 
bypass.
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causative factors, the number of RBC units stored >14 days, the total amount of 

lysoPCs and the presence of HLA I, HLA II or the composite of any antibody (HLA/

HNA) in the transfused products are all independent risk factors for onset of TRALI 

compared to transfused controls. When adjusted for volume of products transfused, 

the association between lysoPCs and TRALI disappeared.

When adjusted for patient factors, only the presence of antibodies (HLA/HNA) in 

the blood product remained as a risk factor for the onset of TRALI compared to 

transfused controls. 

Outcome

Patients developing TRALI were longer ventilated and longer admitted to the ICU 

and the hospital compared to transfused controls and non-transfused controls 

(p<0.05 for all respectively, table 4). Hospital mortality was higher in patients 

developing TRALI compared to transfused controls (p<0.05). 

Discussion

In this prospective study, the incidence of TRALI is high in a population of elective 

cardiac surgery patients compared to the general hospital population. In this cohort, 

the presence of antibodies, but not the amount of lysoPCs, was a risk factor for the 

onset of TRALI. 

 

Our study reports for the first time the incidence of TRALI in a cohort of 

cardiac surgery patients. The incidence is high compared to the general hospital 

population11,12,39 and comparable with other studies identifying TRALI in the 

critically ill,6,8,10 confirming that TRALI is a significant problem in this patient 

Table 5. Outcome of cardiac surgery patients developing TRALI and control groups

Transfused groups Non transfused group

TRALI (n = 16) No ALI (n = 32) No ALI (n=32)

ICU LOS (hrs), 180 (70-172)† 45 (28-66)* 38 (23-48)

median (IQR)

Hospital LOS (hrs), 381 (216-594)† 216 (168-384)* 168 (120-192)

median (IQR)

Ventilation time, median (IQR) 25 (21-83) † 22 (14-40)* 14 (10-18)

Hospital mortality, n (%) 2 (13)‡ 0 (0) 1 (3)

*p<0.05 No ALI non transfused vs. No ALI transfused. ‡p<0.05, †p<0.001,  TRALI vs. No ALI transfused 
and No ALI non transfused. LOS=length of stay, ICU=intensive care unit, ALI=acute lung injury, 
TRALI=transfusion-related acute lung injury.
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population. Our findings that only a minority of the cases was reported to the blood 

bank support the general notion that TRALI is under-diagnosed and under-reported. 

Patients developing TRALI were older, with a concomitant higher Euro score and 

ASA score. Also, time on the cardiopulmonary bypass machine was longer compared 

to control patients. Extracorporeal circulation has been shown to result in neutrophil 

priming.19,20 We hypothesize that priming of the neutrophils may increase with 

the time on the bypass, thereby increasing the severity of the ”first hit” and the 

susceptibility to a TRALI reaction. A threshold model has been proposed,18 in which 

the presence of a strong “first hit”, may require only a weak second hit before 

TRALI occurs.40-42 In accordance, in a mouse model of TRALI, the presence of an 

inflammatory reaction resulted in onset of TRALI after a lower dose of antibodies 

when compared to healthy controls.43,44 Our data suggest that patients with an 

expected prolonged time on the cardiopulmonary bypass may benefit from HLA/

HNA antibodies free blood products. Logistic and financial analysis should show 

whether this is feasible. In terms of preventing transfusion-associated adverse 

events, off-pump procedure may be a favourable alternative. 

We were able to confirm the association between leukocyte antibodies in blood 

products and the onset of TRALI. When adjusted for patient risk factors, the 

presence of antibodies in the transfused products remained an important risk factor 

for the onset of TRALI, irrespective of the volume of blood transfused. In line with 

previous results, we show that the majority of HLA/HNA antibodies positive donors 

are female. The higher incidence of HLA/HNA antibodies in female donors may 

be explained by allo-immunization during pregnancies.45 Given the association of 

female donors with TRALI, the U.K. national Blood Service deferred women from 

plasma donation since 2003. Since then, reports show a decrease in TRALI-cases 

reported. Two clinical studies have appeared, indicating that excluding female donor 

plasma may prove effective in reducing pulmonary complications following blood 

transfusion.29,46 Although the policy of excluding female donors for FFP products 

by the Dutch National Blood Bank did not result in a decrease in TRALI incidence 

in the present study, it should be noted that during the study period plasma of 

female donors was used for preparation of PLTs and RBCs products. In accordance, 

the association with onset of TRALI was strongest for PLTs, which contain a high 

amount of plasma in the product. Of note, the Dutch National Blood Bank started 

after the study was finished, with the use of male only plasma for the preparation 

of PLTs products. Furthermore, plasma volumes in RBCs units as small as 10-20 mL 

containing donor-derived antibodies are sufficient to cause TRALI.47 Our results 

suggest that either exclusion of all female donor blood for preparation of all blood 

products or exclusion of those tested positive for the presence of antibodies, may 
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reduce TRALI incidence. A policy of screening and excluding donors based on a 

certain cut-off titer of HLA/HNA antibodies48 may not reduce TRALI incidence in 

patients with a priming condition, as experimental data suggest that the presence of 

a “first hit” requires a lower titer of HLA/HNA antibodies for the onset of TRALI.43 

We show an association between the number of transfused RBC products stored 

for more than 14 days and the onset of TRALI. Previous retrospective studies have 

shown conflicting results on the role of storage of red blood cells on outcome in 

cardiac surgery 30,31 The mechanism by which stored blood causes lung injury may 

be through passive infusion of lysoPCs which accumulate during storage of RBCs and 

PLTs.24,40 In this study, the total amount of lysoPCs infused was associated with the 

onset of TRALI. However, this association disappeared when adjusted for volume of 

products transfused. Therefore, the amount of lysoPCs seem merely to reflect RBC 

volume. Also, we recently showed that aged blood products cause TRALI in rats both 

in the presence and absence of accumulation of bio-active lipids41,42, suggesting 

that the link between lysoPCs and lung injury is not strong. The association between 

stored RBCs and TRALI found in this study disappeared when adjusted for patient 

risk factors. Taken together, present results do not indicate that a transfusion policy 

of fresh blood only is beneficial in reducing TRALI.

Outcome

Our study shows that onset of TRALI is associated with longer ventilation and 

admission time. Generally, TRALI is stated to have a good prognosis,49 however 

recent studies underline that TRALI is associated with increased mortality.6,10 In 

our institution, overall mortality of cardiac surgery patients is 4%, which compares 

unfavourably with the 13% mortality of patients acquiring TRALI.

Conclusion

We show that the incidence of TRALI is high in cardiac surgery patients, contributing 

to adverse outcome. Risk factors include duration of cardiopulmonary bypass and 

transfusion of antibody containing blood products. Our results suggest that cardiac 

surgery patients may benefit from exclusion of HLA or HNA antibodies positive 

blood products. 

The incidence, risk factors and outcome of TRALI in cardiac surgery patients
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Abstract

Background: Transfusion-related acute lung injury (TRALI) is the leading cause of 

transfusion-related morbidity and mortality. Clinical data on TRALI pathogenesis 

are sparse. In the present study we determined markers of systemic and pulmonary 

inflammation and coagulation in a cohort of cardiac surgery patients developing 

TRALI.

Methods: Cardiac surgery patients requiring cardiopulmonary bypass were 

prospectively screened for the onset of TRALI. Transfused and non-transfused 

controls were randomly assigned to TRALI cases in a 2:1 ratio. Blood samples 

were taken pre- and post-operatively and at onset of TRALI. A non-directed 

bronchoalveolar lavage (BALF) was performed at onset of TRALI. 

Results: In all patients, cardiac surgery caused systemic inflammation and neutrophil 

activation, evidenced by an increase of IL-6, IL-8 and EA complexes compared to 

pre-surgery levels (p<0.001). Prior to onset, systemic IL-8 and IL-6 levels were higher 

in patients developing TRALI compared to control groups (p<0.01). In the BALF 

of patients developing TRALI, levels of IL-8, IL-6 and EA complexes were elevated 

compared to control groups (p<0.05 for all). Both systemic and pulmonary levels 

of TATc were enhanced in TRALI patients compared to control groups (p<0.01). 

BALF levels of PAA% were decreased due to an increase in PAI-1 levels in patients 

developing TRALI compared to control groups (p<0.01), indicating decreased 

fibrinolysis. 

Conclusions: Prior to the onset of TRALI, there is systemic inflammation and 

activation of neutrophils. TRALI is characterized by both systemic and pulmonary 

inflammation and activation of neutrophils, as well as enhanced coagulation and 

suppressed fibrinolysis. 

270



Introduction

Transfusion-related acute lung injury (TRALI) is the leading cause of transfusion-

related morbidity and mortality.1-4 Although traditionally regarded as a rare 

syndrome, recent studies show that the incidence is high in critically ill patient 

populations,5-7 and significantly contributes to adverse outcome.7,8 A two event 

hypothesis has been postulated that may explain the high incidence in the critically 

ill.9,10 The first event is an underlying inflammatory condition, causing priming of 

the pulmonary neutrophils. The second event is the transfusion of a blood product 

containing either antibodies or factors that accumulate during storage, providing 

additional signals for neutrophil-mediated endothelial damage and lung injury. 

Cardiac surgery may be a risk factor for acquiring TRALI. Cardiopulmonary bypass 

causes systemic neutrophil priming.11 Also, deflation of the lungs during surgery 

may contribute to a pulmonary inflammatory condition. Both conditions may serve 

as a first event in TRALI pathogenesis. Finally, these patients are frequently exposed 

to blood products. In accordance, cardiac surgery was found to be a risk factor for 

TRALI in observational studies.7,12

TRALI is considered to be part of the spectrum of acute lung injury/acute respiratory 

distress syndrome (ALI/ARDS), but also has distinct entities of its own. ALI/ARDS 

is characterized by pulmonary inflammation and coagulopathy.13 Knowledge on 

TRALI pathogenesis is largely restricted to animal models, in which it was suggested 

that neutrophils are critical in the interaction with endothelial cells.14,15 In a 

transfusion model, we have recently shown that transfusion-induced pulmonary 

injury is characterized by enhanced coagulation and decreased fibrinolysis.13,16,17 

Clinical data on priming and activation pathways in TRALI are largely absent. 

To gain insight in the pathogenesis of TRALI, we performed a prospective case 

control study in a cohort of cardiac surgery patients requiring cardiopulmonary 

bypass, in which markers of inflammation, neutrophil activation and coagulation in 

TRALI patients were compared to matched controls, before and at onset of TRALI.  

Methods

Setting

The study was performed in a 32 bed mixed medical-surgical ICU of a university 

hospital in The Netherlands. The ICU is a “closed format” department in which 

patients are under the direct care of the ICU-team. The study was approved by 

the Ethical Committee. All patients > 18 years of age were asked informed consent 

prior to undergoing cardiac surgery. Exclusion criteria were pulmonary thrombo-

Pathogenesis of TRALI in cardiac surgery patients
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endarterectomy and emergency surgery. From November 2006 until February 

2009, 1000 cardiac surgery patients requiring cardiopulmonary bypass were 

screened consecutively. Included patients were observed for the onset of TRALI 

during surgery and up to 30 hours afterwards on the ICU.

Design

Cases were 1:2 randomly matched with controls. Controls were transfused patients 

not developing ALI and patients not transfused not developing ALI.

Suspected TRALI was defined using the consensus definition of TRALI (new 

onset hypoxemia or deterioration demonstrated by a PaO2/FiO2 <300 mmHg, 

occurring within 6 hours after transfusion, with bilateral pulmonary changes on 

chest radiograph and a pulmonary arterial occlusion pressure of ≤18 mmHg).1,3,18 

As part of standard peri-operative monitoring, a pulmonary artery catheter was 

inserted. Chest radiographs were scored for the presence of new onset bilateral 

interstitial abnormalities by two independent physicians blinded to the predictor 

variables. When interpretation differed, chest radiograph and the description by the 

radiologist were reviewed to receive consensus. 

Cardiothoracic Surgery/Anesthesia Procedures

The study was performed in a university hospital in The Netherlands. Patients 

were anesthetized according to local institutional protocol, with lorazepam as 

premedication followed by etomidate, sufentanil, and rocuronium for induction of 

anesthesia and facilitation of intubation. During the surgical procedure, sufentanil 

was used as analgesic and sevoflurane plus propofol were used to maintain 

anesthesia. Muscle relaxants were not given during the surgical procedure. Small 

doses of morphine and midazolam could be given at the end of the procedure. 

Steroids were given at the discretion of the cardio-anesthesiologist. As part 

of standard care, a pulmonary artery catheter was inserted for peri-operative 

monitoring. 

In all patients, cardiopulmonary bypass was performed under moderate hypothermia 

(28°C–32°C), using a membrane oxygenator and a non-pulsatile blood flow. During  

the procedure, lungs are deflated. After the procedure, all patients were transferred 

to the ICU with mechanical ventilation.

ICU Management

The postoperative ICU protocol involves fluid infusion with normal saline and starch 

solutions, blood transfusion to maintain hemoglobin concentration (≥5.0 mmol/L), 

dopamine and norepinephrine in continuous infusion to achieve mean arterial blood 

pressure ≥ 65 mm Hg, and dobutamine and/or enoximone to achieve a cardiac index 
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≥2.5 L/min/m2 or a mixed venous oxygenation >60%. Propofol was continuously 

infused until core temperature  reached 36.0°C, after which propofol infusion was 

stopped. Analgesics include acetaminophen and morfine.

Blood and broncho-alveolar lavage fluid collection

Pre-operatively, on arrival at the ICU and at onset of TRALI, blood samples were 

collected from an indwelling arterial catheter and centrifuged at 1,500 x g for 

10 minutes at 4° C. The supernatant was collected and stored at –80° C until 

measurements were performed. At onset of TRALI, a nondirected bronchoalveolar 

lavage was performed as described previously.19 Controls were lavaged within 30 

hours of ICU admission. A 50 cm, 14 Fr tracheal suction catheter was inserted via the 

orotracheal tube and advanced until significant resistance was encountered, after 

which 20 ml 0.9% saline was instilled over 10 seconds and immediately aspirated. 

The recovered bronchoalveolar lavage fluid (BALF,4 – 8 ml) was centrifuged at 

1,500 x g for 10 minutes at 4° C. The supernatant was collected and stored at 

–80° C until measurements were performed. The cell pellet was re-suspended in 

PBS and cell counts were determined using a hemacytometer (Beckman Coulter, 

Fullerton, CA). Differential counts were done (up to 100 cells per slide) on cytospin 

preparations stained with a modified Giemsa stain, Diff–Quick (Dade Behring AG, 

Düdingen, Switzerland).

Assays

Thrombin–antithrombin complexes (TATc; Behring, Marburg, Germany) were 

measured using ELISA. Plasminogen activator activity (PAA%), and plasminogen 

activator inhibitor (PAI)–1 activity were measured by automated amidolytic 

assays.20 Interleukin (IL)-6, IL-8, IL-1B and elastase-alpha(1)-antitrypsin complex 21 

were measured by ELISA according to instructions from the manufacturer (Sanquin, 

Amsterdam, The Netherlands). Total protein levels in BALF were determined using 

a Bradford Protein Assay Kit (OZ Biosciences, Marseille, France) according to 

manufacturers’ instructions with bovine serum albumin as standard.

Statistics 

Data were checked for distribution. Normal distributed data were analysed using 

ANOVA analysis and Bonferonni’s post test. Non-parametric data were analysed 

with Mann Withney U-test. Repeated measurements were analysed with ANOVA 

repeated measurements or Wilcoxon signed rank-test dependent on the data 

distribution. Statistical analysis was performed with SPSS 15.0. 

Pathogenesis of TRALI in cardiac surgery patients
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Results

Incidence

A total of 1000 cardiac surgery patients were screened consecutively. Of these, 

99 patients did not fulfill the inclusion criteria. Another 233 patients did not give 

informed consent, leaving 668 patients for inclusion in the study. Of these, 16 

patients (2.4%) developed TRALI. 

Systemic inflammation and coagulopathy  in TRALI 

Cardiac surgery caused onset of systemic inflammation, which was shown by an 

increase in levels of IL-6, IL-8 and EA complexes plasma after surgery compared to 

pre-surgery levels (figure 1, p<0.001). In patients developing TRALI, plasma IL-8 and 

IL-6 levels were higher compared to non-transfused controls (p<0.01), but not to 

transfused controls. Systemic levels of IL-8 and EA complexes decreased at onset 

of TRALI, while levels of IL-6 remained elevated. Plasma levels of IL-1b were not 

increased after cardiac surgery nor in TRALI patients. 
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Figure 1. Systemic levels of IL-8, IL-6, IL-1B and Elastase-alpha(1)-antitrypsin complex (EA) measured  in 
plasma of patients who underwent cardiac surgery and developing transfusion-related acute lung injury 
(TRALI) compared to control patients (non-transfused and transfused). Data are presented as mean±sem. 
Mann Withney U-test and Wilcoxon signed rank-test. *p<0.05, **p<0.01 and ***p<0.001. Abbreviations: 
Pre= pre-surgery measurement, Post= post-surgery measurement, TRALI= onset of TRALI post-surgery. 
Controls samples were taken within 30 hours of ICU admission.
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Markers of coagulation were measured in samples of patients after surgery 

and at onset of TRALI, but not pre-operatively, as divergent pre-operative use of 

anti-coagulant therapy pre-operative would have hampered interpretation of results. 

Systemic TATc levels and of PAA% were within normal levels after surgery (figure 2). 

At onset of TRALI, there was an increase in TATc levels and a decrease in PAA% levels 

compared to transfused and non-transfused controls (figure 3, p<0.001, for all). 

Pulmonary inflammation and coagulopathy in TRALI 

Patients developing TRALI had an increase in BALF protein levels compared to 

transfused and non-transfused controls (table 1, p<0.05 and p<0.01 respectively), 

indicating pulmonary leakage. This was accompanied by an influx of neutrophils in 
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Figure 2. Concentrations of thrombin 
anti-thrombin complexes (TATc), 
plasminogen activator activity (PAA%) 
measured in plasma of patients 
who underwent cardiac surgery and 
developing transfusion-related acute 
lung injury (TRALI) compared to 
control patients (non-transfused and 
transfused). Data are presented as 
mean±sem. Mann Withney U-test and 
Wilcoxon signed rank-test. **p<0.01 
and ***p<0.001. Abbreviations: 
Post-operative= post-surgery 
measurement, Onset TRALI= onset of 
TRALI post-surgery measurement, for 
controls samples were taken within 30 
hours of ICU admission. 

Table 1. Cell counts and protein levels in bronchoalveolar lavage fluid

Non Transfused Transfused TRALI

Cell count (x104/ml) 45 [13-87] 91 [17-246] 93 [41-240]

Neutrophil count (x104/ml) 0.6 [0.0-2.5] 3.2 [0.0-9.0]* 4.5 [1.5-75.0]**

Protein concentration (µg/ml) 47 (15) 85 (26) 239 (85) ‡†

Data are presented as median [IQR] or mean (SEM). *p<0.05, Transfused controls vs. non-transfused 
controls, **p<0.0001 TRALI vs. non-transfused controls, Kruskall Wallis test. ‡p<0.05 TRALI vs. transfused 
controls, † p<0.01 TRALI vs. non-transfused controls, ANOVA analysis with Bonferonni post test.
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the pulmonary compartment (table, p<0.0001). Levels of IL-8, IL-6, EA complexes 

and IL-1B were elevated in the BALF of patients developing TRALI compared to 

transfused and non-transfused controls (p<0.05 for all, figure 3). Also, pulmonary 

levels of TATc and PAI-1 were elevated in TRALI compared to controls (p<0.01 for 

all, figure 4), whereas levels of PAA% were decreased in patients developing TRALI 

compared to transfused and non-transfused controls (p<0.01, figure 4), indicating 

enhanced coagulation and impaired fibrinolysis. 

The effect of transfusion on coagulopathy and inflammation

Patients who were transfused but did not meet the clinical criteria of TRALI, 

displayed systemic and pulmonary changes compared to non-transfused patients. 

Transfusion resulted in increased plasma levels of TATc and decreased levels of 

PAA% compared to non-transfused controls (p<0.001 and p<0.01 resp., figure 2). 
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Figure 3. Data represent levels of IL-8, IL-6, IL-1B and Elastase-alpha(1)-antitrypsin complex (EA) in the 
broncho-alveolar lavage fluid of patients who underwent cardiac surgery and developing transfusion-
related acute lung injury (TRALI) compared to control patients (non-transfused and transfused controls 
not developing ALI). Data are presented as mean±sem. One way ANOVA analysis followed by Bonferonni 
post-test. *p<0.05, **p<0.01 and ***p<0.001. Abbreviations: ALI= acute lung injury.
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Transfusion also caused an influx of neutrophils in the pulmonary compartment 

compared to non-transfused controls (table, p<0.05). However, there was no evidence 

of pulmonary neutrophil activation as the level of EA complexes were not elevated in 

the BALF (figure 3, NS). Also, transfusion did not result in increased BALF levels of 

chemokine IL-8 and pro-inflammatory cytokines. There was a decrease in BALF levels 

of PAA% in transfused controls compared to non-transfused controls (p<0.01, figure 

4), indicating impaired pulmonary fibrinolysis.

Discussion

In this relatively large cohort of TRALI patients in which repeated measurements were 

performed prospectively, the main findings are 1) confirmation that cardiac surgery 

results in a systemic pro-inflammatory status, 2) TRALI is preceded by high systemic 

levels of IL-8 and IL-6, 3) TRALI results in influx of neutrophils in the pulmonary 

Figure 4. Concentrations of thrombin anti-thrombin complexes (TATc), plasminogen activator activity 
(PAA%) and plasminogen activator inhibitor (PAI-1) in the broncho-alveolar lavage fluid (BALF) of patients 
who underwent cardiac surgery and developing transfusion-related acute lung injury (TRALI) compared 
to control patients (non-transfused and transfused controls not developing ALI). Data are presented as 
mean±sem. One way ANOVA analysis followed by Bonferonni post-test (BALF). **p<0.01 and ***p<0.001. 
Abbreviations: ALI= acute lung injury.
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compartment and is characterized by high pulmonary levels of pro-inflammatory 

cytokines, as well as enhanced coagulolation and disturbed fibrinbolysis, both in the 

pulmonary and systemic compartment 4) systemic coagulopathy and pulmonary 

neutrophil influx are present  in transfused patients not meeting TRALI criteria.

An inflammatory condition is a general finding after cardiac surgery, as confirmed 

in this study.11 We found high levels of IL-6, IL-8 and EA complexes in the systemic 

compartment, suggesting that cardiac surgery causes a pro-inflammatory response 

with activated neutrophils, resulting in lysosomal degranulation. Thereby, systemic 

activation of neutrophils may reflect the “first hit” in TRALI. The key role of 

neutrophils in the onset of TRALI was shown in a TRALI mouse model.  Injection of 

anti-granulocyte antibody protected mice from the onset of TRALI in an immune-

mediated model.14  In a 2-event rat model of TRALI using endotoxin as the first event 

and the infusion of plasma from packed red blood cells as the second hit, depletion 

of the neutrophils also prevented onset of TRALI.22 The role of a systemic “first hit” 

in inducing TRALI is also suggested by observational clinical studies showing that 

sepsis is a risk factor for the onset of TRALI.5,7 In our patient population, surgery, 

connection to the heart lung machine and deflation of the lungs during surgery may 

have served as the “first hit”.11,23 

Prior to onset of symptoms, patients that developed TRALI had higher plasma levels 

of IL-8, but not of EA complexes, compared to post-surgical transfused controls. 

Previously, IL-8 was found to have a neutrophil-priming effect.24 Of interest, 

infusion of an IL-8 antibody in a “two hit” animal model prevented onset of ALI.25  

We hypothesize that in response to surgery or cardiopulmonary bypass, endothelial 

cells produce IL-8, contributing to attraction of neutrophils to the pulmonary 

compartment and priming, by increasing the surface expression of cellular adhesion 

molecules.26 The conformational change in the β2-integrins on neutrophils induced 

by IL-8,27 may result in adherence of neutrophils to endothelial cells via interaction 

with adhesion molecules, thereby contributing to a first event in the TRALI 

pathogenesis.26,27 

Patients that developed TRALI showed an influx of neutrophils in the lungs and 

increased pulmonary levels of EA, suggesting that neutrophils have migrated 

to the pulmonary compartment and are activated. In line with this observation, 

pre-clinical TRALI models show that a “first hit” of endotoxin results in neutrophil 

sequestration and priming in the pulmonary compartment. However, activation 

of these neutrophils only occurs after a “second hit” of infusion of antibodies or 

supernatant of stored plasma from red blood cells or platelet concentrates.28,29 

Our study is the first to confirm above mentioned pre-clinical findings in the clinical 

setting. 
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As activation of coagulation is a characteristic of ALI/ARDS,13,30-34 we determined 

markers of coagulation in our cardiac surgery patients. Patients developing TRALI 

showed activation of coagulation and decrease in fibrinolytic activity both in 

the pulmonary and systemic compartment. Enhanced coagulation was not yet 

present after surgery. In TRALI, we hypothesize that coagulopathy is induced by 

pro-inflammatory cytokines, levels of which were enhanced in our TRALI patients. 

Pro-inflammatory cytokines are important mediators of activation of coagulation. 

Infusion of TNF-a into healthy human volunteers induces activation of coagulation.35 

Subsequent, blocking of IL-6 attenuated activation of coagulation both in the 

systemic and pulmonary compartment.35,36 Furthermore, inflammation may partly 

induce coagulopathy by a relative insufficiency of the natural anticoagulant systems, 

with a simultaneous suppression of the fibrinolytic system.37 Our results suggest 

that inflammation is an early event in TRALI, followed by systemic and pulmonary 

coagulopathy. This suggestion is in line with our previous findings in transfusion 

models, in which aged red blood cells and platelet concentrates induced systemic 

and pulmonary activation of coagulation and decrease in fibrinolytic activity.16,17  

The implication of these findings is that there may be a place for interventions that 

target the coagulation system in TRALI. Indeed, activated protein C and antithrombin 

were found to ameliorate lung injury in several experimental designs.32,38-40 

Our results do not confirm previous findings indicating systemic IL-6 level as a 

possible marker for the onset of TRALI.12  Here, systemic IL-6 levels were elevated 

in all groups post-surgery and remained elevated. An explanation for this finding is 

tempting. In the present study, the inflammatory response following cardiac surgery 

may have caused the systemic IL-6 increase. Alternatively, it is unclear whether the 

time relation between onset of TRALI and sampling was equal in both studies. The 

results from our study rather point out IL-8 as a possible marker for TRALI. However, 

we would like to stress out that our study was not designed to establish markers for 

diagnosing TRALI.5,12 

Of interest, in patients not meeting TRALI criteria, transfusion resulted in distinct 

abnormalities. Here, we show that transfusion resulted in an influx of neutrophils in 

the BALF in patients not meeting the clinical TRALI definition. However, neutrophils 

were not activated in the pulmonary compartment as shown by the absence of EA 

complexes in the BALF, possibly preventing full onset of ALI. Furthermore, some 

systemic coagulopathy was observed after transfusion. In line with these results, 

we found previously that transfusion causes mild lung inflammation, including the 

influx of neutrophils, in animal models of TRALI.16,17 A significant number of studies 

indicate an association between transfusion and pulmonary injury in surgery, trauma 

and critically ill patients,41 the nature of which remains largely unknown. Although 
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the clinical significance remains to be determined, we hypothesize that transfusion-

induced mild neutrophil-mediated lung injury may contribute to the widely observed 

adverse reactions associated with transfusion.41 

Conclusion

In a cohort of cardiac surgery patients, TRALI is preceded by high systemic 

levels of IL-8 and IL-6. A TRALI reaction is mediated by activated neutrophils and 

characterized by high pulmonary levels of pro-inflammatory cytokines, as well as 

enhanced coagulolation and disturbed fibrinbolysis, both in the pulmonary and 

systemic compartment. Furthermore, in transfused patients not meeting TRALI 

criteria, transfusion resulted in systemic coagulopathy and pulmonary neutrophil 

influx.
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Abstract

Background: For reasons unknown, a restrictive transfusion policy of red blood 

cells (RBC) is gradually implemented by ICU physicians, resulting in a large variation 

in transfusion practice. Insight into physician’s transfusion decisions may aid in 

efforts to restrict transfusion practice.

Methods: In a prospective cohort study, transfusion triggers were determined in 

consecutively admitted patients during a 10–week period. Using a questionnaire, 

the reason of ICU physicians to transfuse RBC was evaluated. 

Results: Of 310 admissions, 90 patients (29%) received a RBC transfusion. 81 

patients were included. RBC were transfused on a mean Hb–level of 7.4±1.1 g/

dl. Residents transfused RBC on a higher Hb–level compared to staff (7.7±1.0 

versus 6.9±1.3, p<0.05). The most important reason for physicians to transfuse 

RBC was suspicion of bleeding.  Age and coronary ischemia were in 4% and 12% 

predominant reasons to transfuse RBC. The average order for RBC transfusion was 

4 units. Of each order, 38% of the units was not administered. 

Conclusions: RBC transfusion decisions are predominantly based on Hb levels 

rather than on patient characteristics. Residents transfuse on a higher Hb compared 

to more experienced physicians. The major determinant for physicians to transfuse 

RBC is bleeding. However, the majority of patients were transfused in the absence 

of bleeding, of whom a large part received multiple units. The need of RBC may be 

overestimated, resulting in wasted orders.
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Introduction

Transfusions of red blood cells (RBC) are frequently prescribed in intensive care unit 

(ICU)–patients. However, transfusion of blood products may cause severe adverse 

events, such as infection, immunization, pulmonary edema  and (transfusion–related) 

acute lung injury.1-3 A restrictive RBC–transfusion hemoglobin (Hb) level of 7 g/dl is well 

tolerated in ICU–patients and is associated with less pulmonary complications when 

compared to a liberal Hb trigger of 10 g/dl.4,5 A restrictive trigger for transfusion of RBC 

may even reduce mortality in specific patient groups.6 As a consequence, transfusion 

guidelines recommend conservative RBC–transfusion triggers.7 ICU–physicians have 

been reluctant in adopting conservative RBC–transfusion thresholds8-10, and there is 

wide variation in transfusion practice of RBC.11,12 

Data on present transfusion practice in the critically ill are limited. To gain insight 

into transfusion practice, a prospective cohort study was performed to determine 

transfusion triggers for RBC. By using questionnaires, we investigated reasons why 

RBC are given to a cohort of critically ill patients in the Netherlands. Insight into 

determinants of the decision of ICU–physicians to transfuse could help to improve 

transfusion practice.

Methods 

Setting

The study was performed in a 30–bed mixed medical–surgical ICU of a university 

hospital in The Netherlands. This ICU is a “closed format” department in which 

patients are under the direct care of the ICU–team consisting of 10 full–time 

intensivists, 8 subspecialty fellows and 12 residents. 

Population

The population consisted of all patients on the ICU receiving a RBC transfusion 

ordered by an ICU–physician, from March till June 2007 (with the exception of 

patients receiving their first transfusion during the weekends).

Questionnaires 

Questionnaires were given to ICU–physicians within 24 hours after prescribing 

RBC. This was done either by person or by e–mail. For patients receiving multiple 

transfusion episodes, only the first order of RBC was evaluated. If the ICU–

physician did not respond to the questionnaire within 24 hours, it was defined as 
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a non-response. When a non-response occurred, the first following transfusion of 

RBC was taken as the first new transfusion. 

Physicians were questioned for the most important reason for administering RBC 

from a list of 9 choices: age, coronary artery disease, bleeding, hemodynamic 

instability, improvement of well–being, improvement of peripheral O2 delivery, 

improvement of weaning, pre–operative/pre–intervention, or otherwise. 

When more than one unit RBC was ordered, physicians were asked to choose 

between expected Hb post transfusion, ongoing bleeding or pre-operative/

pre-intervention as a reason to transfuse multiple units. The level of experience 

of the physician was recorded (staff, fellow or resident). The physicians were also 

asked whether the need for transfusion was noticed by him/herself or whether it 

was noticed by an ICU–nurse or his/her supervisor. Questionnaires were pre-tested 

by independent physicians on clarity of content.

Definitions 

Bleeding was diagnosed if the Hb–level dropped 0.6 g/dl per hour after correction 

for transfusion of RBC (0.3 g/dl Hb per unit RBC transfused) combined with clinical 

evidence for or suspicion of bleeding (rectal blood loss, melena, blood in gastric 

tube, loss of blood in thoracic or abdominal drains, or hemoptoe). If an ordered unit 

was not transfused within 2 hours after arrival it was seen as a wasted order unless 

the patient had died. This timeframe was chosen because in our institution, RBC can 

be administered within 30 minutes after ordering.

Data collected   

Data on patient history, as well as hemodynamic data were prospectively collected 

from the electronic patient file (admission diagnosis, admission time, APACHE II 

score, Hb pre-transfusion). 

Statistical analysis

Descriptive statistics were performed with SPSS 12.0.1. Means were compared using 

a Student-t test or an Anova Analysis with Dunnetts post test for normal distributed 

data or a Mann Witney U-test for not normal distributed data. Data are presented 

as means with standard deviation or mentioned otherwise.

Results 

During a 10–week period, 310 ICU–admissions were screened, of which 90 (29%) 

patients received a RBC transfusion. From this group, data from 9 patients could not 
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be collected because the questionnaires were not returned within 24 hours, leaving 

data of 81 patients for analysis. In total 198 patients did not receive a transfusion 

product. Patient characteristics are shown in Table 1. 

RBC were transfused on a mean Hb–level of 7.4 ± 1.1 g/dl (Table 2). Pre-transfusion 

Hb-level did not differ between patients suspected of bleeding and non-bleeding 

patients. Residents transfused RBC on a higher Hb–level as compared to staff and 

fellows (p < 0.05). 

Table 1. General patients characteristics

Not transfused
(n=198)

 Transfused (included)
(n=81)

Age 60 ±15.6 61 ±15

Male 69% 69%

ICU stay (days) 1.8 [0.9-3.9] 2.2* [1.0-9.4]

Surgical 33% 19%

Medicine 34% 35%

Cardio-surgery 33% 46%

APACHEII score 16 ± 6.6 18* ± 7.8

Data show general patients characteristics of included patients receiving RBC transfusion(s) (Transfused) 
and patients which did not receive any transfusion (Not transfused). Data are reported as percentage 
(%), mean ± SD or number or median [IQR]. *P < 0.01

When asked for the reason for transfusion, physicians most often scored bleeding 

(Table 3). Bleeding was confirmed in 48% of patients when the definition of 

bleeding was used. The agreement between physicians reporting a bleeding 

and the definition was moderate (ĸ 0.41). Age and coronary artery disease were 

less frequent reasons for transfusion of RBC. Staff did not differ from fellows or 

residents in the reason to transfuse RBC. The transfusion need was in 32% of the 

cases pointed out by the nurse when a resident ordered the transfusion compared 

to 12.5% of staff members or fellows ordering a transfusion.

Of the transfused patients, 44% received more than 1 unit. The most important 

reason to transfuse more than 1 unit was the expected Hb–level after transfusion 

(Table 3). A minority of patients received multiple units because of suspicion of 

bleeding or for prevention of bleeding. On average 4.0 ± 4.6 units RBC were 

ordered, of which 1.5 ± 2.0 units (38%) were not transfused. 
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Discussion

In this prospective study on transfusion practice in a tertiary ICU–patient cohort, 

the most important reason to transfuse RBC is bleeding. However, the majority 

of RBC transfusions are given in the absence of bleeding. In these patients, other 

determinants are rarely taken into account. Transfusion of multiple units was 

common, also in the absence of bleeding.

Although indicative of a restrictive transfusion policy and relatively low compared 

to other studies,13,14 we did not find the Hb–level of 7 g/dl, reported to be safe 

in critically ill patients.15 Lowering of Hb transfusion thresholds has been reported 

before in the general hospital population 16 and to a limited extent in the critically 

Table 2. Transfusion triggers

Hb Trigger (g/dl)

Average trigger 7.4 ±1.1

     Residents  7.7 ± 1.0*

     Fellow ICU 7.1 ± 1.2

     Staff 6.9 ± 1.3

     Bleeding  7.3 ± 1.0

     Non-bleeding  7.5 ± 1.3

Hemoglobin (Hb) g/dl  is reported as mean ± SD. *P<0.05 Anova 
analysis with Dunnett post test.

Table 3. Reasons to order a transfusion product

Reasons to order a RBC transfusion 

Bleeding 36%

Improvement peripheral O2 delivery 19%

coronary artery disease 12%

Hemodynamic instability 10%

Age 4%

pre–operative/pre–intervention 4%

Improving general condition patient 6%

Other 9%

Reasons to order >1 RBC transfusion 

Expected Hb post transfusion 58%

Ongoing bleeding 33%

pre–operative/pre–intervention 3%

Other 6%
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ill.17,18 Two large observational trials 19,20 however, report unchanged transfusion 

practices in the critically ill after the ‘landmark paper’ of Hebert et al.21 Possible 

explanations for the reluctance to adopt restrictive RBC transfusion may include 

a high prevalence of coagulation disorders in critically ill patients, together with 

multiple conditions which put these patients at risk of bleeding. In accordance, the 

major reason of physicians in our ICU to transfuse a patient with RBC was suspicion 

of bleeding. Of note, suspicion of bleeding was affirmed by posthoc analysis in 

only half of the patients. We conclude it may be hard to predict when a patient 

is bleeding. This may explain the high percentage of wasted RBC units per order 

(38%) found in this study. 

The majority of the patients in our study were transfused in the absence of bleeding. 

Others have also reported a high number of RBC transfusions in non-bleeding ICU 

patients.22-24 Although the optimal Hb trigger in the critically ill is still a matter 

of debate, no studies underscore the benefit of RBC transfusion to treat anemia 

in non-bleeding critically ill patients. Other determinants of transfusion, such as 

the presence of coronary ischemia or age were rarely taken into account in the 

transfusion decision in our study. Although contradictory to international consensus 

guidelines25 this finding is consistent with other studies.26-29 Physicians are reported 

to believe that patients at risk of coronary ischemia require a higher RBC transfusion 

trigger.30,31 However,  this belief is not applied in daily practice.32 Results of this 

study confirm that transfusion decisions are predominantly based on Hb levels 

rather than on physiologic parameters. Undertransfusion, by using the Hb level of 

7 g/dl should be avoided in patients with acute myocardial infarcts and unstable 

angina in patients.33 Interestingly, residents transfuse on a higher threshold (7.7 g/

dl) than staff physicians (6.9 g/dl), although the difference is small. Also, residents 

order RBC transfusion more often after the nurse drew attention to the transfusion 

need when compared to staff physicians. Education of ICU physicians may therefore 

contribute to reducing RBC transfusion rates. 

Despite a recent study,34 showing that second transfusions are unnecessary to 

reach a Hb level of 7 g/dl, in our study still almost half of the transfusion orders 

consisted of more than one unit. The majority of patients were given multiple units 

in the absence of suspicion of bleeding. This may indicate that old beliefs that “a 

single RBC transfusion is a wasted transfusion” are still current. 

The need of transfusion products was overestimated in this study, resulting in units 

that were not administered to patients.  Although some of these wasted orders 

can be re-issued by the bloodbank for other patients, increased storage time and 

suboptimal temperature during transport may decrease the quality of the blood 

product and may increase the risk on acute lung injury.35-38,39 Furthermore, the 

amount of wasted orders increases the costs of transfusion products, because of 
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the logistic implications as well as the need for more donors. A possible explanation 

for the high frequency of non-administered orders may be the suspicion of bleeding. 

Prospective studies are needed to identify the appropriate amount of transfusion 

products needed in patients suspected of bleeding with and without coagulopathy.

This study has several limitations. Firstly, we found that Hb-level was moderately 

restrictive, which is likely to result, at least in part, from landmark trials such as 

performed by Hebert et al. However, we did not investigate whether pre-transfusion 

Hb-levels in our ICU were higher before the publication of the landmark trials. 

Secondly, we did not investigate the outcome of patients. Therefore, we can 

not conclude whether pre-transfusion Hb-levels were appropriate. Thirdly, this is 

a single center study. We can not exclude that reasons to transfuse may differ 

between institutions. Furthermore transfusion practice might have changed during 

the 10-week period because of the questionnaire itself. However, only the first 

transfusion was taken into account and questionnaires were given after the product 

was ordered. 

In conclusion, this study showed that suspicion of bleeding is a major determinant of 

transfusion. In non-bleeding patients, physiological parameters are modestly taken 

into account. Ordering and transfusion of multiple units is common, also in the 

absence of bleeding. Education of ICU physicians on clinical parameters of tissue 

hypoxia and on single unit transfusion may reduce transfusion rates. 
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Abstract 

Background: Data on the rationality of transfusion practice of FFP and platelets in 

the critically ill are sparse and may contribute to efforts to reduce transfusion rates. 

To provide insight into determinants of the decision of ICU–physicians to transfuse 

a survey study on the reasons of ICU-physicians to transfuse FFP and platelets was 

performed.

Methods: In a survey study, the reasons of ICU-physicians to transfuse FFP and 

platelets were determined during a 10–week period.  Transfusion triggers were 

assessed, as well as correction of prolonged coagulation test results. Normal PT is 

12.3 [9.8 - 14.7] 

Results: Of 310 admissions, 44 patients (14%) received a transfusion of FFP and 35 

patients (11%) received a platelet transfusion. In 67% patients, FFPs were transfused 

in bleeding patients and in 33% in non-bleeding patients. FFP was transfused at a 

pro-thrombin time (PT) of 19 sec [17-22]. After FFP transfusion, PT levels of 15-18, 

18-20 and 20-26 seconds decreased with a median of 0.7, 1.9 and 3.5 seconds 

respectively. On average, 3.2 FFP units were ordered, of which 28% was not 

transfused. The major reason to transfuse platelets was bleeding. Platelets were 

transfused at a platelet count of 95 [36-116] x109/L in bleeding and 13 [10 - 18] 

x109/L in non-bleeding patients. On average, 1.4 platelet units were ordered, of 

which 20% was not transfused. The agreement between physicians reporting a 

major bleeding and a definition of bleeding was poor (ĸ < 0.10 for FFP and 0.20 for 

platelets).  

Conclusions: One-third of FFP transfusions was given to non-bleeding patients. FFP 

transfusion failed to normalize prolonged coagulation test results in the majority 

of the patients. Transfusion of platelets was restrictive in non-bleeding patients 

and liberal in bleeding patients. Education on indications of FFP transfusion and 

improved identification of bleeding may reduce transfusion rates.
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Introduction

Fresh frozen plasma (FFP) and platelets are frequently prescribed in intensive care 

unit (ICU)–patients. In particular, the use of FFP has risen over the past decades.1-3 

Although guidelines for transfusion of FFP and platelets have been published,4,5 there 

is a reluctance to adhere to these guidelines in the critically ill.6,7 In these patients, 

FFP is frequently administered in the absence of active bleeding, to correct prolonged 

coagulation test results or given before performing an invasive procedure.7,8 For 

platelets, half of the transfusions in critically ill patients is administered in the 

absence of significant bleeding. Also, a higher pre-transfusion platelet count then 

recommended in general guidelines is applied in these patients.8 Presumably, it is 

thought that guidelines may not apply to critically ill patients, in whom co-morbidity, 

coagulopathy and the need for invasive procedures may be considered to contribute 

to an increased risk of bleeding.

As transfusion of FFP and platelets is associated with the development of acute 

lung injury, circulatory overload and allergic reactions,3,9-12 the risk–benefit ratio 

of transfusion may not be favorable in a number of clinical situations, including 

prevention of bleeding by correction of prolonged coagulation test results or given 

before an invasive procedure.9  Efforts to reduce transfusion rates may benefit from 

insight into determinants of the decision of ICU–physicians to transfuse. Data on 

transfusion practice of FFP and platelets in the critically ill are limited. To gain insight 

into transfusion practice, a prospective cohort study was performed with the use 

of questionnaires. We investigated the reasons of ICU-physicians to transfuse FFP 

and platelets in a cohort of critically ill patients in the Netherlands.  In the case of 

suspected bleeding, a comparison was made with a definition of bleeding. Triggers 

for transfusion of FFP and platelets and outcome of transfusion were assessed. 

Methods 

Setting

The study was performed in a 30–bed mixed medical–surgical ICU of a university 

hospital in The Netherlands. This ICU is a “closed format” department in which 

patients are under the direct care of the ICU–team consisting of 10 full–time 

intensivists, 8 subspecialty fellows and 12 residents. 

Plasma and platelets transfusion determinants in the critically ill
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Population

The population consisted of all patients on the ICU receiving a first transfusion of 

FFP or platelets, ordered by an ICU–physician, from March till June 2007.

Questionnaires 

Questionnaires were given to ICU–physicians within 24 hours after prescribing FFP 

or platelets either by person or by e–mail. For patients receiving multiple transfusion 

episodes, only the first order per type of blood product was evaluated. This was 

done to prevent bias in the results of the questionnaire due to patients with recurrent 

bleeding episodes, resulting in over-representation of bleeding as the transfusion 

reason. For each blood product, a separate questionnaire was provided. If the ICU–

physician did not respond to the questionnaire within 24 hours, it was defined as a 

non-response. When a non-response occurred, the first following transfusion of the 

same blood product was taken as the first new transfusion. 

Physicians were asked to point out the most important reason of transfusion: 

treatment of bleeding, prevention of bleeding by correction of prolonged 

coagulation test results or prevention of bleeding before an invasive procedure. 

The level of experience of the physician was recorded (staff, fellow or resident). The 

physicians were also asked whether the need for transfusion was noticed by him/

herself or whether it was noticed by an ICU–nurse or his/her supervisor. 

Data collected   

Data on patient history, APACHE II score, anti-coagulant medication, coagulation 

tests and platelet count were prospectively collected from the electronic patient 

file. In non-transfused patients, the highest pro-thrombin time (PT) and lowest 

platelet count during admission were collected to compare with the pre-transfusion 

PT and platelet count in transfused patients. Patients receiving a transfusion were 

screened by the physicians for major bleeding. Major bleeding was diagnosed as 

a drop in Hemoglobine of 1.6 g/dl per hour (after correction for transfusion with 

red blood cells; 0.8 g/dl Hb per unit transfused) combined with clinical evidence of 

bleeding (rectal blood loss, melena, blood in gastric tube, loss of blood in thoracic 

or abdominal drains, or hemoptoe). The normal mean PT value is 12.3 with a range 

of [9.8 - 14.7] seconds.  Change of coagulation test results was determined for three 

levels; a pre-transfusion PT of 15-18, 18-20 and 20-26 seconds. Increment of platelet 

count was defined as an increase of the pre-transfusion platelet count.8 

Statistical analysis

Descriptive statistics were performed with SPSS 12.0.1. Normal distributed data 

are presented as means with standard deviation and compared using a Student-t 
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test. Not normal distributed data are presented as medians and interquartile ranges 

and compared with a Mann Witney U-test. A Wilcoxon signed ranks test was used 

for paired data. Relative agreement between suspicion of major bleeding by the 

physician and the definition of major bleeding was calculated using weighed kappa. 

Results 

During a 10–week period, from March until June 2007, 310 ICU–admissions were 

screened, of which 79 (26%) patients received a FFP and/or a platelet transfusion. In 

this cohort, 70 questionnaires were obtained from physicians ordering 40 FFP and 

30 platelets transfusions. Patient characteristics are shown in Table 1. 

Table 1. General patient characteristics

FFP transfused
(n=40)

Platelet transfused
(n=30)

Non-transfused
(n=198)

Age 61 ±16.0 60 ±16.5 60 ±15.6

Male 70% 76% 69%

ICU stay (days) 2.5 [0.8-10.9] 2.9 [0.9-9.7] 1.8* [0.9-3.9]

Surgical 27.5% 16.7% 33%

Medicine 35.0% 46.7% 34%

Cardio-surgery 37.5% 36.7% 33%

APACHEII score 18 ±7.4 18 ±7.8 16* ± 6.4

Data are presented as mean ± SD or as median with inter quartile range [IQR] or as percentage (%).* 
p<0.05 transfused groups compared to non-transfused groups, student t-test.

FFP transfusion 

The result of the questionnaires showed that the major reason to administer FFP 

was suspected bleeding (Table 2). In 33% of patients, FFP was administered in 

the absence of bleeding. The agreement between physicians reporting a major 

bleeding (n=27) and the definition (n=9) we used was poor (weighed ĸ < 0.10).  FFP 

was given on a median PT of 19 [17 - 22] seconds (Table 2), which was higher then 

the PT in non-transfused patients (p<0.01). Of the transfused patients, there was 

no difference in PT level between bleeding and non-bleeding patients or between 

patients receiving an invasive procedure and not receiving an invasive procedure. 

FFP transfusion on a pre-transfusion of PT 15-18, 18-20 and 20-26 seconds resulted 

in a median decrease of 0.7 [0.7 [0.1-1.1], 1.9 [0.4-2.6] and 3.5 [0.5-5.2], respectively 

(Table 2), but did not correct prolonged PT values to normal values (PT <14.7 
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seconds) in 95% of the transfusions. The mean number of transfused FFPs was 3.2 

± 1.9 units, 28% of these products were not transfused and returned to the Blood 

Transfusion Center or wasted. For FFP, transfusion need was pointed out by the 

physician or the supervisor. In less then 5% of patients, the nurse drew attention to 

transfusion need.

Platelet transfusion

The questionnaires showed that the main reason to transfuse platelets was 

suspected bleeding (Table 3). 58% of bleeding patients were cardio-surgical, 11% 

surgical and 31% medical. The agreement between physicians reporting a major 

bleeding (n=19) and the definition (n=12) we used was poor (weighed ĸ 0.20). 

Platelets were given on a median platelet count of 59 [IQR 13 to 126] x 109/L. In 

the patients using aspirin or clopidogrel, platelets were transfused on a median 

platelet count of 214 [IQR 111 to 332] x 109/L. In patients not using aspirin or 

clopidogrel, platelet transfusion threshold was 20 [IQR 13 to 99] x 109/L. When 

corrected for bleeding and non–bleeding, median platelet transfusion threshold 

was higher in bleeding compared to non-bleeding (95 [IQR 36 to 116] vs. 13 [IQR 

10 to 18] x 109/L, p<0.01). The median increment in platelet count was 41 x 109/L 

Table 2. Reasons and triggers of FFP transfusion

Transfused
(n=40)

Non-transfused
(n=198)

PT pre-transfusion

Overall 19 [17-22] 17† [16-20]

Bleeding 19 [18-22]

Non-bleeding 20   [17-23]

PT post-transfusion

Overall 18* [16-20]

PT correction    

Pre-transfusion PT level 15-18 0.7 [0.1-1.1]

Pre-transfusion PT level 18-20 1.9 [0.4-2.6]

Pre-transfusion PT level 20-26 3.5 [0.5-5.2]

Reasons for transfusion

Bleeding 67.5%

Correction of coagulation test 17.5%

Invasive procedure 15.0%

Data are presented as median and inter quartile range [IQR] or as percentage (%). PT= prothrombin time. 
† pre-transfusion PT in all transfused patients compared with PT in the non-transfused group, p<0.01 
Mann Withney U test. * PT post-transfusion in all patients compared to pre-transfusion PT, p<0.001 
Wilcoxon signed ranks test.
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after transfusion. However, 30% of the patients failed to mount a platelet increase 

after a single transfusion. 

The mean number of transfused platelets was 1.4 ± 0.7 units. Of these products, 

20% was not transfused and returned to the Blood Transfusion Center or wasted. 

For platelets, transfusion need was pointed out by the physician or the supervisor. In 

less then 4% of patients, the nurse drew attention to transfusion need.

Discussion

In this prospective study, we found that in 33% of patients, FFP was given 

outside current guidelines.13,14 The amount of transfused FFP failed to normalize 

coagulation test results in the majority of patients. For platelets, pre-transfusion 

count was restrictive for non-bleeding patients and liberal in patients suspected for 

bleeding or using platelet aggregation inhibitors. 

FFP transfusions. 

In 33% of patients, FFP was transfused to prevent bleeding. This high use of 

prophylactic FFP was also found for the general hospital population.15 Although 

evidence for the efficacy of FFP to prevent bleeding before an invasive procedure 

Table 3. Reasons and triggers of platelet transfusion.

Transfused 
(n=30)

Non-transfused
 (n=198)

Platelet count

Overall  59  [13-126] 152† [118-201]

Bleeding  95  [36-116]

Non-bleeding 13‡  [10-18]

Platelet correction

Pre-transfusion 59  [13-126]

Post-transfusion 99* [53-153]

Reasons for transfusion

Bleeding 63.3%

Correction of coagulation 
test

23.3%

Invasive procedure 13.3%

Data are presented as median and Inter Quartile Range [IQR] or as percentage (%). † pre-transfusion 
platelet count overall in transfused group compared with platelet count in the non-transfused group, 
p<0.001,‡ pre-transfusion platelet count in bleeding patients compared to non-bleeding patients, p<0.01, 
Mann Withney U test. *p<0.05 Wilcoxon signed ranks test.
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or merely to correct a coagulopathy is limited,14 some guidelines define an 

invasive procedure as an indication for FFP transfusion.4 We did not study whether 

prophylactic use of FFP to prevent bleeding was effective. As a dose was used that 

did not normalize coagulation test results in the majority of patients, our data may 

reflect the opinion of ICU-physicians that small amounts of FFP favourably influence 

risk-benefit ratio in patients undergoing an invasive procedure. However, there are 

no data to support the use of prolonged coagulations test to predict bleeding during 

invasive procedures.16 Transfusion of plasma without decreasing the bleeding risk 

does not seem rational 17,18 and may merely increase the risk of adverse effects, 

such as acute lung injury.9,19 Notably, transfused patients had a longer ICU stay 

when compared to non-transfused patients. 

In this study, bleeding was the major reason to transfuse FFP. However, the 

majority of the cases did not correspond with the definition of major bleeding. Why 

ICU-physicians overestimate bleeding episodes in patients was not clarified in this 

study. It may be explained by the fact that coagulation tests may not reflect global 

haemostasis 18 and are poor predictors of bleeding in the critically ill patients.16,18 

Thromboelastography has been suggested to give better insight in haemostasis and 

fybrinolysis of the critically ill patient 20,21. However, use of this test needs to be 

compared with the traditional coagulation tests in patients in the intensive care 

unit.  The poor prediction of a bleeding episode may also explain why almost one 

third of the ordered FFP products was not administered. Education of physicians 

in detecting bleeding episodes may reduce the amount of FFP transfusions in 

the critically ill, as well as the amount of wasted orders. Recently, a hemorrhage 

measurement tool has been published to assess bleeding in critically ill patients.22 

Implementation of such a tool may improve decision making in transfusion policy 

in critically ill patients and reduce transfusion of FFP outside current guidelines. 

Education of physicians on current guidelines has showed to be very effective in 

general hospital departments to reduce inappropriate FFP use 23,24 and may also 

apply to ICU-physicians. Education should be focused on the ICU-physicians and not 

the nurses as shown by our data. 

Platelet transfusions. 

We found that non-bleeding critically ill patients were transfused on a platelet 

count of 13 x 109/L, which is comparable to the pre-transfusion platelet count 

recommended in oncology patients.25 We did not compare different platelet 

triggers and can not comment on the safety of this transfusion trigger in the 

critically ill. For bleeding patients, a relatively high platelet trigger of 95 x 109/L 

was applied when compared to other studies in the critically ill 8,26 and higher then 
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recommended in guidelines.5 Medication that inhibits platelet aggregation, such as 

aspirin or clopidogrel, may contribute to this high trigger. Other explanations may 

be a presumed impairment of platelet function after cardiopulmonary bypass. In 

accordance, in our study most bleeding patients who received platelets transfusion 

were cardiothoracic surgery patients. Also others have found a high pre-transfusion 

platelet count in cardiothoracic surgery patients.26  Alternatively, overestimation 

of bleeding by the physicians may explain the high pre-transfusion platelet count. 

Again, this is supported by the amount of products returned to the Blood Transfusion 

Center or wasted.  The increment in platelet count was poor. In none of the patients 

in this cohort, allo-immunization was diagnosed. More likely, factors contributing 

to reduced platelet responses after transfusion in this cohort include inflammatory 

conditions or the use of antibiotics.25  

Study limitations. This study has several limitations. We may have missed cases 

of important microvascular bleeding, which was not captured in our definition of 

major bleeding. Also, we did not assess efficacy of blood products to reverse or 

prevent bleeding, nor did we compare the effect of different transfusion strategies 

on outcome. Therefore, we can not conclude whether transfusion practice was 

appropriate. Furthermore, the use of multiple choices might have limited and 

influenced the physicians’ response, as we may have omitted possible other options. 

Lastly, this study describes transfusion practice in a single center, which may not be 

comparable to other centers. 

In conclusion, we show that FFP transfusion practice in this cohort of critically ill 

patients was, at least in part, not rational, as FFPs were administered in absence of 

bleeding and mostly in amounts that modestly decreased prolonged coagulation 

test results. Platelet transfusion was restrictive in non-bleeding patients and liberal 

in bleeding patients. Bleeding may be over-estimated by ICU-physicians, which may 

have resulted in wasted orders. 
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Abstract

Background: Percutaneous dilatational tracheotomy (PDT) is a simple bedside 

procedure in critically ill patients. Intensive care unit (ICU) patients however, 

frequently have coagulation disorders which could place them at higher risks for 

bleeding during or after PDT. In a randomized controlled trial we determined the 

effect of correction of mild coagulation disorders on bleeding during and after PDT.

Methods: ICU patients planned for bedside PDT with (a) prothrombin time (PT) 

between 14.7 – 20.0 seconds, (b) platelet count between 40–100 x 109/L and/or 

(c) active treatment with acetylsalicylic acid were randomized to receive infusion 

with fresh frozen plasma (FFP) and/or platelets (“correction”) versus no transfusion 

(“no correction”) before PDT.

Results: We randomized 35 patients to the “correction” group and 37 patients to 

the “no correction” group. Nineteen patients in the “correction” group received 

FFP; 23 patients were transfused with platelets. In patients that received FFP, the 

decrease in PT was only marginal (mean decrease 0.40 ± 0.56 seconds); median 

increase in platelets after transfusion of platelets was 35 [11 – 47] x 109/L. There 

were no patients with clinically significant bleeding in either group. Median blood 

loss in the “correction” group was 3 [IQR: 1 – 6] grams compared to 3 [IQR: 2 – 6] 

grams in the “no correction” group (P = 0.96). The duration that blood was visible 

in tracheal aspirates was short (a median of 1 hour) and not affected by the study 

intervention.

Conclusions: Bleeding during and after bedside PDT in ICU patients with mild 

coagulation disorders is rare in our setting. Correction of subclinical coagulation 

disorders by transfusion of FFP and/or platelets does not affect bleeding during or 

after PDT.
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Introduction 

Percutaneous dilatational tracheotomy (PDT) is a common surgical procedure in 

mechanically ventilated intensive care unit (ICU) patients, especially in those who 

have an (expected) prolonged duration of mechanical ventilation.1,2 One feared 

complication of PDT is periprocedural bleeding.3-5 Although PDT is a simple surgical 

procedure, the rate of periprocedural bleeding is reported to be as high as 5%.6-8

Many ICU patients have coagulation abnormalities, varying from mild lengthening 

of coagulation tests and/or mild thrombocytopenia, to severe coagulation 

disorders.9,10 In addition, a substantial number of ICU patients receive active 

treatment with acetylsalicylic acid. There is evidence that PDT can be safely 

performed in patients with severe coagulation disorders if these are carefully 

corrected via infusion of fresh frozen plasma (FFP) and/or platelets directly before 

the procedure.11-16 However, it is currently unclear whether or not PDT can be 

performed safely in ICU patients with uncorrected mild coagulation disorders. A 

recent postal survey in the Netherlands showed that the opinions regarding which 

coagulation disorders should be corrected before PDT varied greatly.17 Notably, it 

is common practice in many ICUs to correct even mild coagulations disorderWe 

performed a randomized controlled trial to determine the effect of correction of 

mild coagulation disorders on bleeding during and after PDT. We hypothesized that 

the correction of mild coagulation disorders before PDT via transfusion of FFP and/

or platelets decreases the rate of bleeding, thus outweighing the costs and risks 

associated with transfusion.

Materials and methods

Study design and setting

Open–label randomized controlled trial in a 32–bed mixed medical–surgical ICU 

of a University–affiliated hospital in the Netherlands. The study was approved by 

the local ethics committees. Each patient or the legal representative gave written 

informed consent.

Inclusion and exclusion criteria

Patients planned for bedside PDT with mild coagulation disorders (prothrombin 

time, PT 14.7 – 20.0 seconds, and/or platelet counts 40–100 x 109/L) and/or active 

treatment with acetylsalicylic acid at any dose were included.

Exclusion criteria were: a) age < 18 years; b) need for surgical tracheotomy; c) 

contraindications for transfusion of blood products; d) use of clopidogrel. The 

Correction of mild coagulopathy before tracheostomy
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patient was also excluded from participation in this trial if the attending physician 

insisted on the need for transfusion of FFP and/or platelets. 

Study groups

Patients with a prolonged PT (normal values are between 11.0 and 14.7 seconds) 

assigned to the “correction group” received 1 or 2 units of FFP (1 unit contains 

300 ml of FFP: if the PT was between 14.7–18.0 seconds the patient received 1 

unit of FFP; if the PT was between 18.0–20.0 seconds the patient received 2 units 

of FFP). Patients with a low platelet count and/or active use of acetylsalicylic acid 

assigned to the correction group received 5 units of platelet concentrates prepared 

from 5 pooled buffy coats. Patients assigned to the “no correction” group received 

neither plasma nor platelets. However, FFP and/or platelets were made available for 

immediate transfusion in case bleeding occurred during or after PDT.

PDT procedure

Local policy for tracheotomy included all ICU patients with respiratory failure 

expected to require mechanical ventilation for > 10 days. Other indications for 

tracheotomy included persisting Glasgow Coma Score < 8, (suspected) critical illness 

polyneuromyopathy (CIPNM) and/or muscle weakness, inability of the patient to 

maintain a patent airway, sputum retention, failed tracheal extubation, insufficient 

swallowing or cough reflex, indication for home ventilation and obstruction of 

the upper airways. Contraindications included severe coagulation disorders (e.g., 

disseminated intravascular coagulation) and/or anticoagulation (e.g., infusion of 

activated protein C), complex or abnormal anatomy, need for prone ventilation, 

hemodynamic instability and ventilatory instability. 

PDT (Ciaglia Blue Rhino, Cook, Son, Netherlands) was the method of choice unless 

abovementioned contraindications required a surgical approach. PDT was performed 

by trained ICU physicians under fiberoptic bronchoscopy guidance. Enteral feeding 

was stopped 2 hours before the procedure. During PDT the blood pressure, heart 

rate, respiratory rate, oxygen saturation, and cardiac rhythm strip was monitored. 

Mechanical ventilation was maintained in a mandatory mode while the inspired 

oxygen fraction was increased to 100%. In the event of hypotension due to 

anesthetics and opioids, 500 ml of 6% hydroxyethyl starch 130/0.4 in 0.9% sodium 

chloride injection (Voluven®, Fresenius Kabi, Den Bosch, The Netherlands) could be 

administered. In the event that the blood pressure remained low, norepinephrine 

was started or the dose adjusted.
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Data collection

The volume of periprocedural blood loss was calculated by measuring the difference 

in weight of the gauzes before and after the procedure. The intensity of intra–

tracheal periprocedural bleeding was scored by the endoscopist (“none”, “mild but 

not requiring intra–tracheal suction”, or “severe requiring intra–tracheal suction”). 

After the procedure the trachea was suctioned every hour (until a maximum duration 

of 12 hours) and the duration that blood was visible in the tracheal aspirates was 

documented.

Other data to be collected included patient demographics, admission type, reason 

for admission: age, gender, APACHE II score, time from ICU admission until 

tracheotomy, reason for mechanical ventilation, reason for tracheotomy, length of 

ICU stay, ICU and hospital mortality.

Definitions

Periprocedural bleeding was defined as bleeding during or within the first 12 hours 

post procedure. Clinically irrelevant bleeding was defined as: procedural bleeding 

of < 100 grams of blood that could be controlled with the application of local 

pressure and not requiring re–exploration or transfusion of packed red cells. Minor 

bleeding was defined as: blood loss > 100 grams that could be controlled with 

the application of local pressure and not requiring re–exploration or transfusion 

of packed red cells. Major bleeding was defined as the presence of blood in the 

airways requiring repeated suction post procedure, requiring emergency surgery, 

and/or transfusion of packed red cells.

Randomization

A computer–generated randomization scheme was used. Each assignment 

(“correction” or “no correction”) was recorded on a tri–folded piece of paper 

enclosed in a consecutively numbered, opaque sealed envelope.

Cost effectiveness

Costs were analyzed from a provider’s perspective. The differences in costs of 

transfusion of FFP, platelets and packed red cells were calculated between the study 

groups.

Power analysis

The power calculation was based on reviews of complications during or after 

PDT,6,7,18 in which the rate of bleeding was estimated to be approximately 5%. 

We expected a higher rate of bleeding of 20% in patients with uncorrected mild 
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coagulation disorders, and thus hypothesized a 15% absolute decrease following 

the correction of subclinical bleeding disorders. We calculated that in order to 

detect a difference, with a two–sided significance level of 0.05 and a power of 

80%, 76 patients had to be included in each group.

Statistical analysis

Data were analyzed according to intention–to–treat analysis. Continuous normally 

distributed variables were expressed as mean and standard deviation, or as medians 

and interquartile ranges, where appropriate. Categorical variables were expressed 

as n (%). To test groups of continuous normally distributed variables, a Student’s 

t-test was used. Likewise if continuous data was not normally distributed the 

Mann-Whitney U test was used. Categorical variables were compared with the 

Chi–square test or Fisher’s exact tests when appropriate. A P–value < 0.05 was 

considered statistical significant. Data was analyzed in SPSS version. 16.0.

Results

Between July 2007 and October 2009, 355 patients underwent PDT, of which 72 met 

the inclusion criteria (see figure 1). 35 patients were randomized to the “correction” 

group, and 37 patients to the “no correction” group. Baseline characteristics 

were balanced between the study groups (table 1). After randomization PDT was 

Figure 1. Inclusion flowchart

Randomization
(N = 72)

Correction
(N = 35)

No correction
(N = 37)

Excluded (N = 283)
Refused consent (N = 27)
Surgical procedure (N = 53)
Clopidogrel (N = 13)
PT > 20 seconds (N = 11)
Normal coagulation (N = 179)

PDT not performed
(N = 4)

PDT not performed 
(N = 4)

Analyzed
(N = 31)

Analyzed
(N = 33)

Eligible Patients
(N = 355)
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Table 1. Baseline characteristics of the study groups

Correction
N = 35

No correction
N = 37

P–value

Demography

Male, N (%) 22 (63) 16 (43) 0.10

Age (years), median [IQR] 64 [56 – 72] 68 [60 – 76] 0.21

APACHE II score, mean ± SD 22 ± 8 21 ± 7 0.49

Time from admission to tracheotomy (days), mean ± SD 9 ± 6 10 ± 6 0.62

Reason for mechanical ventilation

Post–surgical, N (%) 5 (14) 9 (34) 0.28

Coma, N (%) 3 (9) 4 (11) 0.75

Cardiac arrest, N (%) 4 (11) 4 (11) 0.93

Acute respiratory failure, N (%) 19 (51) 18 (49) 0.63

Trauma, N (%) 2 (6) 1 (3) 0.48

Other, N (%) 2 (6) 1 (3) 0.48

Reason for tracheotomy

Complicated weaning, N (%) 10 (29) 17 (46) 0.13

Expected prolonged duration of mechanical 
ventilation, N (%)

12 (34) 4 (11) 0.02 

Need for frequent airway suctioning, N (%) 3 (9) 2 (5) 0.47

Low GCS, N (%) 5 (14) 6 (16) 0.37

CIPNM, N (%) 4 (11) 5 (14) 0.54

Other, N (%) 1 (3) 3 (8) 0.61

Duration of mechanical ventilation (days), median (IQR) 11 (7-24) 16 (10-21) 0.16

Length of stay ICU (days), median [IQR] 15 [8 – 29] 21 [14 – 26] 0.21

ICU mortality, N (%) 4 (11) 11 (31) 0.06

Hospital mortality, N (%) 11 (31) 15 (41) 0.42

Hematological values 

Prolonged PT, N (%) 19 (54) 22 (59) 0.66

PT, seconds, mean ± SD* 16.0 ± 1.2 16.6 ± 1.1 0.39

Low platelet count, N (%) 13 (37) 10 (27) 0.36

Platelet count, x 109/L, median (IQR) * 81 [63 – 85] 56 [47 – 70] 0.03

Active treatment with acetylsalicylic acid, N (%) 11 (31) 12 (32) 0.93

> 1 coagulation disorder present, N (%) 8 (23) 7 (19) 0.68

Decrease in PT after transfusion, seconds, mean ± SD

1 unit of plasma (N = 17) 0.40 ± 0.56 - -

2 units of plasma (N = 1) 1.4 ( – ) - -

Increase in platelet count after transfusion, x 109/L, 
median [IQR]

5 units of platelets (N = 23) 35 [11 – 47] - -

Abbreviations: GCS, Glasgow Coma Score; CIPNM, critical illness polyneuromyopathy. *Only patients that 
had a prolonged PT or low platelets are included in the calculation of means/medians
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not performed in 7 patients due to unexpected difficulties in the recognition of 

anatomical landmarks, and in 1 patient as a result of logistical problems.

Although a sample size of 152 patients was considered necessary to find a difference 

of 15% in bleeding between groups, the study was prematurely terminated. 

Recognition of the small amount of observed blood loss even in the “no correction” 

group resulted in an increasing resistance of the physicians to transfuse FFP and/or 

platelets in the “correction” group. With a yearly incidence of approximately 150 

PDT’s we would need approximately another 3 years to complete this study. We 

considered these arguments valid and decided to prematurely terminate the study.

Correction of mild coagulation disorders

A total of 19 units of FFP and 23 units of platelets were transfused. Twelve patients 

were transfused with FFP alone, 17 patients received only platelets, and 6 patients 

received both blood products.

Blood loss with PDT

Median blood loss during PDT was similar between groups (table 2). In the 

“correction” group mild intra-tracheal bleeding occurred once in every 1.3 patients 

and in the “no correction” group once in every 1.7 patients, P = 0.16. One in every 

10 patients in the “correction” group experienced a severe intra-tracheal bleed, 

compared to 1 in every 16 patients in the “no correction” group. The duration that 

blood was visible in the tracheal aspirates was not affected by correction (table 2).

In 1 patient on active acetylsalicylic acid treatment bleeding was observed directly 

after skin incision, but before opening of the airway. Local compression was applied 

and the wound was sutured. Total blood loss was 17 grams which classifies as 

clinically irrelevant. There was no need for transfusion of packed red cells due to 

blood loss during or after PDT.

Table 2. Outcome in bleeding 

Correction
N = 35

No correction
N = 37

P–value

Blood loss (grams), median [IQR] 3.0 [1.0 – 6.0] 3.0 [2.0 – 6.0] 0.96

Intratracheal bleeding during procedure, N (%)

 None, N (%) 5 (14) 12 (32) 0.07

 Mild, N (%) 23 (66) 19 (51) 0.16

 Severe, N (%) 3 (9) 2 (0.5) 0.67

Hours until no blood aspirated (hours), median [IQR] 2.0 [0 – 3.0] 1 [0.5 – 3.0] 0.99

314



Cost analysis

The cost of one FFP and 1 unit of platelet concentrates in our hospital is €172 

($252) and €484 ($709), respectively. A surplus of €14.423 ($21.104) was spent 

in the “correction” group compared to the “no correction” group. Consequently, a 

procedure that is not preceded by correction of mild coagulation disorders saves on 

average €465 per patient.

Discussion

ICU patients undergoing PDT frequently have mild coagulation disorders which 

increase their risk for bleeding during or after invasive procedures. In this study 

we compared bleeding in patients after correction of mild coagulation disorders to 

those without prior correction and found no differences. Notably, clinical significant 

bleeding was not present in the two study groups.

This trial has some important limitations. Firstly, this was an open label study. 

Hypothetically, physicians who disbelieved that correction of mild coagulation 

disorders would benefit patients undergoing PDT may have tried to perform PDT in 

such a way that blood loss was kept to a  minimum in the “no correction” group, 

or vice versa may have acted imprudent in the “correction” group. In addition, the 

quantification of intra–tracheal blood loss after PDT was based upon subjective 

observations by nurses who were not blinded for randomization, which limits the 

value of this measure. Secondly, the intended inclusion of 152 patients turned out 

to be unrealistic. 

There was an increasing resistance of the ICU–physicians to give blood products 

to patients in the correction group. Inclusion was restricted to patients with mild 

coagulation disorders and/or active treatment with acetylsalicylic acid. Severe 

coagulation disorders were judged as an absolute contraindication for PDT 

unless correction of haemostasis was carefully performed.19 Patients treated 

with clopidogrel were also excluded because the resulting thrombocytopathy 

cannot be corrected. This may have resulted in a far lower rate of bleeding than 

assumed beforehand. Notably, PDT was performed by physicians with extensive 

experience with the technique. This may also have lead to a low rate of bleeding 

in this population of patients. Finally, in our study population PDT was performed 

relatively late, namely after a mean of 10 days. Earlier PDT (within 2-3 days) may 

result in a shorter duration of ventilation and ICU–stay.20,21 However, there may 

also be higher risk of bleeding because patients often have more severe coagulation 

disorders within the first few days of an ICU admission. Our study does not provide 

answers regarding the safety of early PDT in these cases.

Correction of mild coagulopathy before tracheostomy

315



chapter 18

We exclusively used the Blue Rhino for PDT. It may be that with other techniques 

differences might have been found between groups, although earlier studies did 

not show higher complication rates with one specific percutaneous technique.7 

In a recent survey on peri–operative management of PDT in the Netherlands, we 

showed that it is common practice to correct for mild prolongation of PT before the 

procedure.17 Indeed, prophylactic transfusion of FFP before an invasive procedure 

in non–bleeding patients may often occur, although the benefits in prevention 

of bleeding may be low.22,23 One could argue that the dose of FFP used in this 

study is too low, as transfusion of 1 unit of FFP hardly influenced PT. However, 

the amount of FFP transfused was carried out in accordance with the hospital and 

blood bank policies. 

Transfusion of blood products bears the risk of transfusion–related morbidity, such 

as infectious diseases and transfusion–associated acute lung injury (TRALI).24,25 In 

light of these insights one can speculate whether or not a transfusion policy such 

as that used in our ICU is even ethical. Unnecessary transfusion of FFP and platelets 

may occur too often. Education regarding the indication of transfusion, and 

improved identification of active bleeding may reduce transfusion rates and costs.23 

This study supports the policy of restrictive use of blood products by showing that 

transfusion of blood products before PDT in case of mild coagulation disorders is 

not indicated and is an unnecessary expense. 

Our results are in line with a large prospective observational study that evaluated 

risk factors associated with bleeding during and after PDT.26 This study showed 

no correlation between acute bleeding and coagulation disorders. In contrast 

to our results though, they did find a correlation between chronic bleeding and 

coagulation disorders. The risk of chronic bleeding was higher when the activated 

partial thromboplastin time was > 50 seconds (odds ratio (OR) of bleeding 3.7 

(95% CI 1.1–12.7), the platelet count was < 50 (OR 5.0 (95% CI 1.4–17.2), or when 

both abnormalities were present (OR 9.5 (95% CI 2.3–34.7). Notably, the risk for 

bleeding was mostly present in patients with more severe bleeding disorders than 

the patients included in our study.

Although one patient on active treatment with acetylsalicylic acid needed 

subcutaneous sutures to stop the bleeding (of note, in this patient bleeding was, by 

study definitions, not clinically significant), we did not find a higher risk of bleeding in 

other patients using acetylsalicylic acid, even in those with an additional prolonged 

PT. The attitude towards withholding acetylsalicylic acid peri–operatively has been 

changing over the years. Most guidelines advise the continuation of acetylsalicylic 

acid for non–cardiac surgery, except in patients with a low risk of thrombosis when 

bleeding may occur in closed spaces,  or when excessive blood loss is expected.27,28 

The same recommendations are made for patients taking clopidogrel or on dual 

anti–platelet therapy. However, we did not include patients on clopidogrel or dual 
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anti–platelet therapy in our study, and additional studies are needed to evaluate the 

safety of PDT in these cases, as well as in patients with more severe prolongation of 

coagulation tests. More importantly, the continuously rising costs of blood donation 

and transfusion in the current economic environment stress the need for studies 

that challenge our current practices. We should aim to abolish superfluous infusion 

of blood products especially in the critically ill.

Conclusion

Bleeding during or after bedside PDT in ICU patients with mild coagulation disorders 

is rare. Correction of subclinical coagulation disorders by transfusion of FFP and/or 

platelets does neither affect bleeding during nor after PDT. 
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Summary 

Chapter 1 provides an overview of the current knowledge on transfusion-related 

acute lung injury (TRALI). TRALI is the leading cause of transfusion–related morbidity 

and mortality.1-4 The pathogenesis of TRALI is thought to be a “two hit” event.5 

The “first hit” is (any) pro-inflammatory pulmonary condition (e.g., pneumonia, 

sepsis or lung contusion) which results in activation of lung endothelium with 

sequestration of polymorphonuclear neutrophils. The “second hit” is induced by 

transfusion of a blood product. Either antibodies against neutrophils are thought to 

be implicated in the activation of the sequestrated neutrophils, or bioactive lipids 

(lysophosphatidylcholines (lysoPCs), which accumulate during storage of blood 

products, induce the “second hit”. However, there are also TRALI cases reported in 

which a relatively active patient or a healthy research volunteer developed TRALI.6,7 

For such cases an additional hypothesis, a threshold model has been suggested, 8 

in which a threshold must be overcome to induce a TRALI reaction. Factors that 

determine the threshold are the predisposition of the patient that determines 

priming of the pulmonary neutrophils on the one hand and the ability of the 

mediators in the transfusion to cause activation of primed neutrophils on the other. 

When the activation status of the “first hit” is too low, it is possible that priming 

factors in the transfusion are not strong enough to overcome the threshold. This 

would explain why TRALI does not develop in a transfused patient even when an 

antibody-antigen match is present. In a critically ill patient with predisposing factors 

functioning as “first hit”, such as pneumonia, sepsis or trauma, a “second hit” with 

transfusion of mediators with low neutrophil-priming activity may be sufficient to 

overcome the threshold to induce a TRALI reaction. Conversely, when the “second 

hit” is strong enough, e.g. a  strong antibody-mediated response, severe TRALI can 

occur in an otherwise “healthy” recipient. Besides the overview, the general aims 

and outline of the thesis are described in this chapter.

Chapter 2 reviews the present TRALI animal models and their strengths and 

weaknesses.9-15 Future animal models are proposed, in which clinically relevant 

“first hits” can be applied, thereby imitating the complex clinical situation. In this 

chapter the need for the development of therapeutic approaches for this potentially 

life–threatening disease are underlined. Several interventions which have proven 

to be effective in acute lung injury and which may also be beneficial in TRALI are 

discussed. The application of these interventions requires the development of 

clinically relevant TRALI animal models, including mechanical ventilation. It has been 

suggested that ventilator induced lung injury (VILI) may serve as a “first hit” in the 

onset of TRALI.16 

In chapter 3 the development of a clinical relevant model of VILI in mice is described. 

Mechanically ventilated mice were randomized into 2 ventilation groups,  including 
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mechanical ventilation with low ventilation tidals (protective modus) (~ 7.5 ml/kg) 

and mechanical ventilation with high ventilation tidals (injurious modus) (~ 15 ml/

kg). Ventilation with high tidals resulted in the onset of VILI compared to animals 

ventilated with low tidals. This was evidenced by an increase in pulmonary levels of 

cytokines and chemokines, neutrophil influx and protein leakage. 

In chapter 4 the influence of mechanical ventilation on the development of TRALI is 

investigated, combining the mouse VILI model which is presented in chapter 3, with 

a model of antibody-induced TRALl.11,17 In animals in which TRALI was induced, 

mechanical ventilation with low tidal volumes aggravated pulmonary injury, as 

evidenced by an increase in neutrophil influx and pulmonary and systemic levels 

of cytokines, as well as worsening of lung histopathological changes compared 

to unventilated controls. The use of high tidal volume ventilation resulted in a 

further increase in protein leakage and pulmonary edema. This study showed that 

mechanical ventilation synergistically augmented lung injury during TRALI, which 

was even further enhanced by the use of high tidal ventilation. We hypothesized that 

mechanical ventilation can be a “first hit” in TRALI pathogenesis. In line with the 

threshold model, the presence of a “first hit” may require a weaker second hit for 

the induction of TRALI. Therefore, in chapter 5, it was investigated whether onset 

of TRALI is dependent on the titer of major histocompatibility complex (MHC)-I 

antibodies infused in a combined model of VILI and antibody-induced TRALl. Mice 

were ventilated for five hours with low or high tidal volume, as described in chapter 

4. After three hours of mechanical ventilation, TRALI was induced by infusion 0.5 

mg/kg, 2.0 mg/kg or 4.5 mg/kg MHC-I antibodies. Controls received saline infusion. 

After five hours of mechanical ventilation, animals were sacrificed. Mice ventilated 

with high tidal volumes developed lung injury after infusion of 4.5 mg/kg, but not 

after infusion of lower concentrations of MHC-I antibodies, or in the presence of 

low tidal ventilation. Results suggest that decreasing the concentration of MHC-I 

antibodies in blood products may abrogate or at least decrease the severity of a 

TRALI reaction in mechanically ventilated patients. Besides immune mediated 

TRALI, non-immune mediated TRALI is suggested to play an important role in the 

onset of TRALI in critically ill patients suffering from an underlying condition. It is 

hypothesized that transfusion of aged cell-containing blood products may cause 

TRALI in the presence of a “first hit”. In chapter 6 the effect of transfusion of aged 

red blood cells (RBCs) on the onset of lung injury is described. Using a syngeneic 

in vivo transfusion model it was investigated whether the transfusion of stored rat 

RBCs causes lung injury in healthy and in lipopolysaccharide (LPS)-primed rats in 

a “two hit” event of lung injury. In healthy rats, transfusion of aged RBCs (stored 

for 14 days) caused mild pulmonary inflammation, but no coagulopathy. In LPS–

pretreated rats, transfusion of aged RBCs augmented lung injury by inducing 

coagulopathy, both in the pulmonary and systemic compartment, when compared 

326



to transfusion with fresh RBCs. We tried to determine which substance caused the 

lung injury by washing of the aged cells. When transfused separately, supernatant 

of aged RBCs, but not washed aged erythrocytes, mediated coagulopathy in the 

“two hit” model. Analysis of the supernatant of aged RBCs showed no bio-active 

lipid (lysophosphatidylcholine, lysoPC) accumulation. This study showed that not 

the aged erythrocytes, but factors in the supernatant cause lung injury in a clinically 

relevant transfusion model, an effect which was modulated by the presence of a 

“first hit”.

In chapter 7 the effect of aged platelet concentrates (PLTs) on the onset of lung 

injury was investigated in a newly developed syngeneic in vivo transfusion model 

using healthy rats as well as in a “two hit” model using LPS-pretreated rats. In 

addition, the effect of washing of platelets was studied. In healthy rats, transfusion 

of aged PLTs caused mild lung inflammation. In LPS–pretreated rats, transfusion of 

aged PLTs, but not fresh PLTs, augmented pulmonary and systemic coagulopathy. 

When PLTs components were transfused separately, supernatant of aged PLTs, 

but not washed aged platelets, induced pulmonary injury in the “two hit” model. 

Supernatants of aged PLTs contained increased concentrations of lysoPCs compared 

to fresh PLTs, which enhanced neutrophil priming activity in vitro. This study showed 

that in a “two hit” in vivo transfusion model, aged platelets cause lung injury in 

which pulmonary coagulopathy is a prominent feature. This effect may be caused 

by lysoPCs which have accumulated in the aged platelet products. In addition, 

chapter 6 and 7 suggest that in the preparation of blood products, washing of aged 

cells may decrease adverse effects of a blood transfusion.

In chapter 8, storage conditions that  influence lysoPC accumulation and neutrophil 

priming capacity were studied in stored RBCs and PLTs products, as produced 

by Sanquin Blood Bank (SBB). Blood was drawn from healthy volunteers and 

processed and stored according to SBB protocols. During storage, samples were 

taken regularly. Neutrophil-priming capacity and accumulation of lysoPCs in RBCs 

stored in SAGM solution were absent. RBCs with plasma added to the storage 

solution showed elevated lysoPC levels at day 0, which did not further increase. 

Accumulation of lysoPCs in cell-depleted plasma occurred at 22 °C, but not at 4 

°C. However, both stored plasma’s did not induce neutrophil-priming. These data 

suggest that lysoPC accumulation is not cell dependent but plasma and temperature 

dependent. Furthermore, in PLTs, lysoPC accumulation during storage is only a 

partial explanation of the observed neutrophil-priming effect as removing of the 

lysoPCs did not decrease the neutrophil-priming capacity. 

Chapter 9 reviews the change of perspective of TRALI in the past decades. Two 

decades ago, TRALI was considered a rare complication of transfusion-medicine.18 

Nowadays, TRALI has emerged as the leading cause of transfusion related mortality, 

presumably as a consequence of reaching international agreement on defining TRALI 
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with subsequent increased recognition and reporting of TRALI-cases.1-4 Specific 

patient populations such as critically ill patients have an increased risk to develop 

TRALI,19,20 which may be explained by the two event hypothesis.5 Opposed to the 

traditional view that TRALI has a good prognosis,21 TRALI may have a significant 

impact on morbidity and outcome, at least in specific patient groups.20,22 The 

association of transfusion with adverse outcome calls for blood product and donor 

management strategies aimed at decreasing the risk of acquiring TRALI. Excluding 

female donors for plasma donation may reduce onset of TRALI, but does not 

prevent the occurrence of TRALI.23,24 Furthermore, in this chapter it is stressed that 

studies are needed to identify patients who are at risk for the onset of TRALI. In 

such studies, the consensus definition should be applied to improve comparability of 

risk factors and outcome of TRALI across patient populations.

In chapter 10 the results of a survey on diagnosing acute lung injury are 

presented. Incidence reports on acute lung injury (ALI) vary widely. Insight in 

diagnostic preferences of critical care physicians when diagnosing ALI may 

improve identification of the ALI patient population. Critical care physicians in the 

Netherlands were surveyed using vignettes involving hypothetical patients and a 

questionnaire. The results showed that of the respiratory determinants, PaO2/FiO2 

and PEEP level are considered important determinants in diagnosing ALI, whereas 

pulmonary artery occlusion pressure and results of chest X-ray are considered less 

important. A history of heart failure, level of compliance or presence of a risk factor 

for ALI had no impact on diagnosing ALI. Furthermore, the medical background 

specialty influenced preferences of diagnostic determinants. 

In chapter 11 the results of a survey on diagnosing TRALI are presented. TRALI is 

a clinical diagnosis. Although a international consensus definition exists, disciplines 

involved in TRALI diagnosis may differ in diagnostic preferences. A survey was 

conducted among critical care physicians, hematologists, hemovigilance workers 

and transfusion medicine physicians, using case vignettes and a questionnaire. The 

vignettes varied in patient and blood product related factors that may influence the 

decision to report a TRALI-case. Preferences in favor of reporting TRALI were ‘classic’ 

TRALI symptoms: onset within 1 hour, after transfusion of FFP, in the absence of 

lung injury prior to transfusion. An admission diagnosis of sepsis was a negative 

preference. Massive transfusion (6 RBC + 4 FFP units) was a negative preference for 

transfusion medicine physicians, but a positive preference for the other disciplines. 

This shows that the presence of a “first hit” is considered a reason not to report a 

suspected TRALI-case. Furthermore, disciplines involved in managing TRALI differ 

in decision-making on the reporting of suspected TRALI–cases and asking for an 

immunologic work-up. This may partly explain variances in TRALI diagnosis and 

estimates of incidence. 

328



In chapter 12 the result of a retrospective case control study on the incidence, 

risk factors and outcome of TRALI in a cohort of critically ill patients is presented. 

Screening of 2.024 patients for the onset of ALI yielded 109 suspected TRALI-cases. 

Compared to transfused controls, risk factors for TRALI included emergency cardiac 

surgery, hematologic malignancy, massive transfusion, sepsis, mechanical ventilation 

and high APACHE II score. The amount of plasma was associated with TRALI in 

the univariate analysis. However, this association disappeared in the multivariate 

analysis. TRALI contributed to adverse outcome, with longer duration of mechanical 

ventilation and lower survival. In line with the ‘threshold model’, incidence of 

TRALI is high in the critically ill, which can be explained by an underlying systemic 

inflammatory condition of such patients and by transfusion of high volume plasma 

products and platelet concentrates. 

Chapter 13 is a multicenter trial on the effect of a blood transfusion on pulmonary 

vascular permeability in a cohort of cardiac surgery patients (n=60), using the 

Pulmonary Leakage Index (PLI). Cardiac surgery resulted in an elevated PLI. Transfused 

patients had a higher PLI compared to non-transfused patients. The amount of red 

blood cell products, but not of fresh frozen plasma (FFP) or platelets, was associated 

with an elevated PLI. The causative factor in the blood products was not found, as 

the median concentration of bio-active lipids transfused nor the presence of human 

leukocyte or human neutrophil antibodies (HLA/HNA) antibodies were associated 

with an elevated PLI. In line with findings in the transfusion model mentioned in 

chapter 6 and 7, these results emphasize that transfusion can cause mild pulmonary 

leakage, before meeting the TRALI diagnostic criteria

In chapter 14 the results of a prospective nested case control study on the incidence 

and risk factors of TRALI in cardiac surgery patients are presented. Patients were 

prospectively observed for the onset of TRALI according to the consensus definition. 

Blood products were screened for bio-active lipid accumulation and storage time. 

Samples from donors were analyzed for the presence of HLA/HNA antibodies. Of 

668 patients included, 16 patients developed TRALI (2.4%). Patient-related risk 

factors for onset of TRALI were age and time on the cardiopulmonary bypass. 

Transfusion related risk factors for TRALI were the total amount of blood products 

transfused, the number of red blood cells stored > 14 days, the volume of plasma 

transfused, the presence of HLA/HNA antibodies in the donor plasma and the total 

amount of bio-active lipids transfused. When adjusted for patient risk factors, only 

the presence of HLA or HNA antibodies in the associated blood products remained 

a risk factor. In-hospital mortality of TRALI patients was high (13%) compared to 

transfused and non-transfused control patients (0% and 3% respectively). We show 

that the incidence of TRALI is high in cardiac surgery patients, contributing to an 

adverse outcome. Risk factors include duration of cardiopulmonary bypass and 

transfusion of antibody containing blood products. 
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In chapter 15 the results of measurements of markers of systemic and pulmonary 

inflammation and coagulation in the nested case control study of a cohort of 

cardiac surgery patients mentioned in chapter 14 are shown. In all patients, cardiac 

surgery caused onset of systemic inflammation and neutrophil activation, evidenced 

by an increase of IL-6, IL-8 and elastase-alpha(1)-antitrypsin complexes compared 

to pre-surgery levels. Post-surgery and prior to onset of symptoms, systemic IL-8 

levels were higher in patients developing TRALI compared to controls, suggesting 

that IL-8 may mediate priming of pulmonary neutrophils. In the broncho-alveolar 

lavage fluid of patients developing TRALI, levels of IL-8, IL-6 and EA complexes were 

elevated compared to controls. Both systemic and pulmonary levels of thrombin–

antithrombin complexes were enhanced in TRALI patients, together with decreased 

levels of plasminogen activator activity due to an increase in plasminogen activator 

inhibitor–1 activity levels. Results of this study shed some light on mechanisms of 

TRALI pathogenesis, which are for the most part unknown. TRALI is preceded by 

high systemic levels of IL-8 and IL-6, which may add to priming of the pulmonary 

neutrophils, at least in cardiac surgery patients. A TRALI reaction is mediated by 

activated neutrophils and characterized by high pulmonary levels of pro-inflammatory 

cytokines, as well as enhanced coagulolation and disturbed fibrinbolysis, both in the 

pulmonary and systemic compartment.

Chapter 16 describes the result of a prospective cohort study in which transfusion 

triggers were determined in consecutively admitted patients during a 10–week 

period, to provide insight into determinants of the decision of ICU–physicians to 

transfuse. Using a questionnaire, the reason of ICU physicians to transfuse RBC 

was evaluated. Of 310 admissions, 90 patients (29%) received a RBC transfusion. 

RBC were transfused on a mean Hb–level of 7.4±1.1 g/dl, which accords with the 

landmark study of Hebert,25 showing that a Hb-level of 7.0 g/dl is safe in critically ill 

patients. Residents transfused RBC on a higher Hb–level compared to staff (7.7±1.0 

versus 6.9±1.3, p<0.05). The most important reason for physicians to transfuse 

RBCs was suspicion of bleeding. The average order for RBC transfusion was 4 units. 

Of each order, 38% of the units was not administered. This study shows that RBC 

transfusion trigger is restrictive. However, RBC transfusion behavior does not take 

specific patient characteristics into account.

Chapter 17 describes the results of a survey study on the reasons of ICU-physicians 

to transfuse fresh frozen plasma (FFP), to provide insight into determinants of 

the decision of ICU–physicians to transfuse. 67% of the FFPs were transfused in 

bleeding patients and 33% of the FFPs in non-bleeding patients. FFP was transfused 

at a pro-thrombin time (PT) of 19 sec [17-22]. On average, 3.2 FFP units were 

ordered, of which 28% was not transfused. The major reason to transfuse platelets 

was bleeding. Platelets were transfused at a platelet count of 95 [36-116] x109/L in 

bleeding and 13 [10 - 18] x109/L in non-bleeding patients. On average, 1.4 platelet 
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units were ordered, of which 20% was not transfused. Chapter 16 and 17 show 

that a significant number of transfusions in the intensive care are given in the 

absence of bleeding. Whether this transfusion policy is rational or irrational could 

not be determined in these studies. From a prevention perspective, reduction of the 

amount of products transfused will decrease the risk of TRALI. 

In chapter 18 the results of a randomized controlled trial on the effect of correction 

of mild coagulation disorders on bleeding during and after percutaneous dilatational 

tracheotomy (PDT) is presented. PDT is a simple bedside procedure in critically ill 

patients. ICU-patients however, frequently have coagulation disorders which could 

place them at higher risks for bleeding during or after PDT. ICU-patients planned for 

bedside PDT with a prolonged prothrombin time, thrombopenia or treatment with 

acetylsalicylic acid, were randomized to receive infusion with FFP and/or platelets 

(“correction”) versus no transfusion (“no correction”) before PDT. 35 patients were 

randomized to the “correction” group and 37 patients to the “no correction” group. 

There were no patients with clinically significant bleeding in either group. Median 

blood loss in the “correction” group was 3 [IQR: 1 – 6] grams compared to 3 [IQR: 

2 – 6] grams in the “no correction” group (P = 0.96). The duration that blood was 

visible in tracheal aspirates was short (a median of 1 hour) and not affected by the 

study intervention. Bleeding during or after bedside PDT in ICU patients with mild 

coagulation disorders is rare. In this pilot study, correction of subclinical coagulation 

disorders by transfusion of FFP and/or platelets did not affect bleeding during or 

after PDT. 
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General discussion

TRALI in the critically ill patient population

The incidence of TRALI is high on the ICU.26-31 In agreement with our studies, 

incidence was reported to be 8% in a critically ill patient population in the US.19 The 

high incidence may be explained by the “two hit” hypothesis, in which inflammatory 

conditions commonly found in the critically ill, predispose for the occurrence of 

TRALI.  Results from the present studies identifying TRALI risk factors underline this 

hypothesis. We found that sepsis, mechanical ventilation and cardiac surgery are 

risk factors for the onset of TRALI and that prior to the onset of TRALI in cardiac 

surgery patients, there is systemic inflammation and activation of neutrophils. 

Our results suggest that established risk factors for ALI (e.g. massive transfusion, 

sepsis) may actually be risk factors for the onset of TRALI. These findings raise 

the question whether TRALI should be regarded as a diagnosis after exclusion of 

other ALI risk factors. Rather, we suggest that TRALI may be viewed as an entity of 

the ALI spectrum. Generally considered to have a good prognosis,21 we show that 

TRALI may contribute to adverse outcome. Taken together, we show that TRALI is a 

significant problem in the critically ill patient population. 

Immune-mediated TRALI

Results from experimental studies in the transfusion models suggest that mechanical 

ventilation may serve as a “first hit” in the onset of TRALI and that it aggravates 

the course of the disease. These data support observational studies suggesting that 

mechanical ventilation may be a risk factor for TRALI.16,20 Furthermore, we show 

that immune-mediated TRALI can also be a “two hit” event. It is generally believed 

that the “two hit” hypothesis applies to TRALI caused by bio-active substances. 

However, also TRALI mediated by antibodies seems to depend on the patient’s 

predisposition. Taken together, results of our studies may explain why the incidence 

of TRALI is high in the critically ill patient population.19,20,32  

Non-immune mediated TRALI 

We show that both aged RBCs and PLTs induce mild pulmonary injury in healthy 

rats. It could be speculated that after multiple transfusions, adverse effects 

accumulate, resulting in acute lung injury, thereby contributing to the widely 

observed transfusion-related morbidity.33 In a “two hit” model, injury induced by 

aged RBCs or PLTs is characterized by coagulopathy and is abrogated by washing. 

The results suggest that washing of aged RBCs and PLTs may decrease pulmonary 

complications in patients with an inflammatory condition who are exposed to a 

blood transfusion. Washing of RBCs has been shown feasible in the clinical setting.34 
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Clinical trials investigating whether washing of RBCs will reduce onset of pulmonary 

complications after RBCs transfusion are needed to confirm our results. With respect 

to the causative agent in the supernatant, lung injury caused by transfusion of aged 

PLTs was associated with lysoPC accumulation during storage. However, we found 

that accumulation of lysoPCs during storage only partially mediates neutrophil-

priming capacity. Also, in contrast with previous studies, we found no accumulation 

of lysoPCs during storage of RBCs.14,35,36 It should be mentioned that considerable 

differences in manufacturing and storage protocols exist between blood banks. 

Our data may have relevance for manufacturing processes, suggesting that storage 

conditions have significant effect on accumulation of lysoPCs and in vitro neutrophil 

priming capacity. 

Our data suggest that the “first hit” plays a key role in the critically ill patient 

population for both the immune and non-immune mediated TRALI. For this reason, 

the term ‘possible TRALI’, which delineates TRALI in the presence of another risk 

factor, is misleading.  TRALI should be seen as part of the ALI spectrum and not 

as a diagnosis per exclusionem. Directions for further research should be focused 

on identifying and confirming other clinical relevant risk factors (“first hits”) for 

the onset of TRALI, such as sepsis and pneumonia. Insight in risk factors of TRALI 

may help to identify specific patient populations which would benefit most from an 

adapted transfusion policy.

Diagnosing TRALI

We found that the presence of a pre-transfusion inflammatory condition is a reason 

to withhold from reporting a suspected TRALI-case. Thereby, the current practice of 

physicians of reporting suspected TRALI-cases does not reflect belief or knowledge 

of a “two hit” mechanism. Our data indicate that patients suffering from an 

underlying condition or receiving massive transfusion will probably be withheld from 

immunologic diagnosing of TRALI, while implicated donors my cause a future TRALI 

reaction again. Besides implications concerning patient care, consistent reporting of 

TRALI cases will provide reliable data on incidence and may increase insight in risk 

factors for acquiring TRALI. We consider it important that all patients suspected 

for TRALI are dealt with in a same fashion, using the international consensus case 

definition instead of local imputability scores.

Reducing TRALI

At this moment no treatment is available. Reduction of TRALI incidence is 

predominantly achieved by prevention. A decade ago, it was shown that a restrictive 

RBC–transfusion hemoglobin (Hb) level of 7 g/dl is well tolerated in ICU–patients 
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and may even reduce mortality in specific patient groups.37 However, transfusion 

practice has changed little during the past decade.38 ICU–physicians have been 

reluctant in adopting conservative RBC–transfusion thresholds39-41 and there 

is wide variation in transfusion practice of RBC.42,43 Our study shows that RBC 

transfusion decisions are predominantly based on Hb levels rather than on patient 

characteristics. The survey on FFP and platelets transfusion revealed that one-third 

of FFP transfusions was given to non-bleeding patients and that FFP transfusion 

failed to normalize prolonged coagulation test results in the majority of the 

patients. For this reason, we performed a randomized trial investigating whether 

correction of subclinical coagulation disorders by transfusion of FFP and/or platelets 

during or after PDT would reduce bleeding. Our results suggest that correction of 

mild coagulation disorders prior to an intervention is not necessary. Education on 

indications of transfusion of RBCs, FFP and platelets and improved identification 

of bleeding are needed and may facilitate a reduction in transfusion rates, thereby 

reducing both adverse effects as well as health care costs. However, a larger  study 

is needed to confirm this result for a larger patient population and different types 

of interventions. Finally, these studies should result in proper evidence based 

transfusion guidelines in the critically ill patient population. An overall reduction of 

any type of blood transfusion will finally reduce the onset of TRALI.

In the end, transfusion can not be avoided altogether. Another approach is to 

exclude blood donors which are at risk of inducing TRALI. Female donors, more 

specific multi-parous donors, have a higher incidence of HLA/HNA antibodies due 

to sensitization during labour.44 Our results suggest that exclusion of HLA or HNA 

antibody-positive blood products may reduce TRALI incidence, at least in cardiac 

surgery patients. In accordance, two clinical studies have appeared, indicating that 

excluding female donor plasma may prove to be effective.23,24 Of note, the Dutch 

National Blood Bank started with the use of male only plasma for the preparation of 

PLTs products after our study was finished. Whether the use of male-only products 

will prevent onset of TRALI remains to  be established. 

Another intervention may be the use of fresh blood only. Our pre-clinical and clinical 

studies support this hypothesis. However, not all clinical observational studies 

confirm a beneficial effect of a transfusion policy of fresh blood only.45-48 Any 

recommendation of age of blood products should await results of prospective trials, 

which are currently underway.49 Also, the feasibility of a transfusion policy of ‘fresh 

blood only’ needs to be investigated, as such a policy may importantly hamper a 

steady blood supply.

Lastly, we would like to stress that when results of trials investigating the effects 

of fresh blood only will be available, conclusions should be drawn with caution. 
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We found considerable influence of storage conditions on lysoPC accumulation 

and neutrophil priming capacity. Differences in blood processing and storage 

conditions of blood products worldwide, will hamper generalization of conclusions 

to countries which were not involved in the trial. Besides trials investigating whether 

transfusion of fresh blood compared to aged blood reduces mortality, studies are 

needed that investigate pathways through which detrimental effects of transfusion 

of aged blood is mediated. Insight in these pathways may help to improve storage 

conditions, without impeding a continuous reliable blood supply.
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Inleiding

Dit proefschrift gaat over transfusiegerelateerde acute longschade (transfusion–

related acute lung injury, TRALI) bij intensive care patiënten. Dit houdt kort 

gezegd in dat bij bepaalde patiënten na een bloedtransfusie er een acuut falen 

van de longfunctie kan optreden, hetgeen ernstige gevolgen met zich meebrengt, 

waaronder zelfs het overlijden van de patiënt. Hoewel TRALI één van de meest 

ernstige complicaties is na een bloedtransfusie, bestaat er op dit moment nog 

relatief weinig kennis over TRALI. 

TRALI wordt bij een gemiddelde ziekenhuispopulatie gezien als een bijwerking 

met een goede kans op herstel. De incidentie van TRALI in de algemene 

ziekenhuispopulatie wordt geschat tussen 0.08% tot 0.16% van de getransfundeerde 

patiënten. Dit lijkt anders te liggen bij patiënten die opgenomen zijn op de intensive 

care en een TRALI reactie ontwikkelen. Een recente studie bij patiënten op de 

intensive care in de Verenigde Staten vermeldt een vele malen hogere incidentie. In 

deze studie betreft de incidentie van TRALI 8% van de getransfundeerde intensive 

care patiënten, suggererend dat deze patiëntengroep een verhoogd risico heeft op 

het ontwikkelen van TRALI. Ook lijkt deze groep patiënten een verminderde kans 

op overleven te hebben; overlijdenspercentages tot 45% zijn gemeld, vergeleken 

met 5-15% overlevingskans bij de gemiddelde ziekenhuis populatie. 

De sterke associatie van bloedtransfusies met een langere ziekenhuis opname, het 

optreden van bijwerkingen met zelfs een  hogere kans op overlijden bij intensive 

care patiënten is de basis voor dit proefschrift. In dit proefschrift zal meer inzicht 

gegeven worden over de ontstaansmechanismen en de incidentie van TRALI bij 

intensive care patiënten.

Oorzaak

Men veronderstelt bij de oorzaak van TRALI een “dubbel–hit” theorie waarbij het 

onderliggend lijden van de patiënt de “eerste hit” is (bijvoorbeeld een operatie, 

sepsis, voorgaand longlijden) en de bloedtransfusie zelf de “tweede hit”. De 

“eerste hit” zorgt voor het gevoelig maken (priming) van de witte bloedcellen die 

vervolgens blijven plakken in de haarvaten van de longen. De “tweede hit” is een 

bloedtransfusie waarbij de activatie van de witte bloedcellen ontstaat. Er zijn twee 

theorieën omtrent de oorzaak van het ontstaan van de “tweede hit”:  
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(i)  antistoffen aanwezig in donorbloed zorgen voor activatie van de witte 

bloedcellen. Deze antilichamen reageren met antigenen van de patiënt; 

(ii)  biologisch actieve lipiden die tijdens opslag van de bloedproducten accumuleren 

activeren witte bloedcellen. 

In beide gevallen treedt er door de activatie van witte bloedcellen lekkage van 

eiwitten en vocht op in de longblaasjes waardoor er TRALI ontstaat. 

Antistoffen

Voornamelijk de eerste theorie, dat de activatie van witte bloedcellen wordt 

veroorzaakt door infusie van antistoffen aanwezig in donorbloed wordt 

aangehangen. Antistoffen zijn vooral aanwezig in het bloed van donoren die eerder 

zelf een transfusie hebben ontvangen of in het bloed van vrouwen die meerdere 

zwangerschappen hebben gehad. Beide type donoren zijn door aanraking van 

lichaamsvreemd bloed antistoffen gaan vormen. Deze antistoffen kunnen in de 

aanwezigheid van de bijpassende antigenen een TRALI-reactie veroorzaken in de 

patiënt die de bloedtransfusie ontvangt. 

Symptomen en Diagnostiek

De symptomen van een TRALI-reactie ontstaan tijdens of tot 6 uur na transfusie, 

waarbij kortademigheid op de voorgrond staat. Bij geïntubeerde en mechanisch 

beademde intensive care patiënten kan het stellen van de diagnose TRALI soms 

lastig zijn aangezien er meerdere oorzaken zijn waarom een intensive care patiënt 

benauwd zou kunnen worden. Hoewel deze populatie veelvuldig een “eerste hit” 

heeft en in hoge mate wordt blootgesteld aan bloedtransfusies, wordt TRALI 

maar zelden gerapporteerd. Gezien de incidentiecijfers in eerdere onderzoeken bij 

intensive care patiënten verwachten wij dan ook dat er sprake is van onderrapportage 

van TRALI.

TRALI is een klinische diagnose, waarbij er volgens de internationale definitie sprake 

moet zijn van (i) acute benauwdheid (binnen 6 uur na de transfusie), (ii) afwijkingen 

op de longfoto passend bij longschade en (iii) het ontbreken van tekenen van 

overvulling door bijvoorbeeld hartfalen. De laboratorium diagnostiek dient slechts 

ter ondersteuning van de diagnose TRALI. Bij de diagnostiek wordt ervan uitgegaan 

dat antistoffen tegen witte bloedcellen de hoofdrol spelen bij het ontstaan van 

TRALI. Bij de huidige diagnostiek wordt er dus geen onderzoek gedaan naar 

mogelijke andere factoren zoals bio-actieve lipiden. 
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De diagnostiek is gericht op het aantonen van incompatibiliteit tussen de patiënt 

en de betrokken donors. Het bloed van de TRALI-patiënt en de donor(s) wordt 

onderzocht op de aanwezigheid van antistoffen gericht tegen antigenen van de 

witte bloedcellen van de ontvanger. 

Behandeling

Door het ontbreken van een adequate behandeling is het beleid in geval van 

TRALI voornamelijk ondersteunend. Belangrijk op dit moment zijn maatregelen 

ter voorkoming van TRALI. In Nederland waren tot in 2006 de enige maatregelen 

om TRALI te voorkomen het uitsluiten van bepaalde donors die betrokken waren 

bij een eerdere TRALI-casus en het verminderen van het aantal transfusies. Een 

terughoudend beleid in transfusie van rode bloedcellen blijkt goed verdragen te 

worden door intensive care patiënten en is dan ook aan te bevelen. Daarentegen 

is het effect van een terughoudend transfusie beleid van plasma en bloedplaatjes 

nooit goed uitgezocht en dus ook niet aan te bevelen. 

Ten aanzien van de plasma transfusies heeft Sanquin Bloedbank sinds 1 oktober 

2006 een nieuwe voorzorgsmaatregel ingevoerd om de veiligheid van transfusies 

van plasma te verhogen. Alleen plasma afkomstig van mannen die zelf nog nooit 

een bloedtransfusie hebben ontvangen wordt nog gebruikt voor transfusie. Uit ons 

onderzoek blijkt dat er sinds het invoeren van dit beleid minder gevallen van TRALI 

voorkomen.

Hieronder zet ik uiteen welke onderwerpen per hoofdstuk besproken worden.

Deel 1 (hoofdstuk 1) van dit proefschrift is een inleiding over TRALI en bespreekt 

in grote lijnen de opzet van het proefschrift.  

Deel 2 van dit proefschrift is gericht op pre-klinische studies van TRALI. 

In hoofdstuk 2 worden de huidige diermodellen en toekomstige onderzoeks-

richtingen van TRALI besproken. Nieuwe relevante diermodellen zijn nodig om de 

klinische situatie van TRALI na te bootsen. 

In hoofdstuk 3 beschrijven we de ontwikkeling  van een muizenmodel waarbij 

we 2 manieren van beademing met elkaar vergelijken. We gebruiken daarbij een 

beschermende instelling en de standaard instelling van mechanische beademing 

waarbij de laatste instelling schade induceert in de long (ventilator induced lung 

injury (VILI)). 

We laten vervolgens in hoofdstuk 4 zien, dat de longschade veroorzaakt door 

VILI in de aanwezigheid van toegediende antistoffen de ernst en verloop van 
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TRALI doet verergeren. Deze resultaten ondersteunen de hypothese dat intensive 

care patiënten, die worden beademd, mogelijk een hogere kans hebben op het 

ontwikkelen van TRALI. Aan de andere kant zou beredeneerd kunnen worden dat 

de ernst en verloop van TRALI afhankelijk zijn van de hoeveelheid antistoffen die 

toegediend wordt. 

De resultaten van onze studie in hoofdstuk 5 bevestigen ook deze tweede 

hypothese. In dit hoofdstuk laten we zien, dat er inderdaad bij een lagere 

hoeveelheid antistoffen infusie geen TRALI meer ontstaat ondanks de aanwezigheid 

van een “eerste hit”. Samenvattend geven deze twee hoofdstukken bewijs dat 

mechanische beademing zich als  “eerste hit” kan gedragen bij het ontstaan van 

TRALI. Daarnaast geven we bewijs dat ook antistof gemedieerde TRALI via een 

“twee hit” pathogenese kan verlopen. 

Hoofstuk 6 beschrijft de ontwikkeling van een “twee hit” in vivo transfusion model 

in ratten. In dit model hebben we onderzocht wat de rol is van de opslagduur van 

rode bloedcellen (RBCs) bij het ontstaan van longschade. Dit hebben we onderzocht 

in gezonde ratten en in ratten die vooraf een “eerste hit” hebben gehad door middel 

van een lipopolysacharide (LPS) injectie. De resultaten lieten zien dat oudere RBCs 

longschade veroorzaken in de aanwezigheid van een “eerste hit”. Daarnaast vonden 

we dat het wassen van oudere RBCs voor de transfusie de kans op het ontstaan van 

longschade deed voorkomen. Deze resultaten suggereren dat de bewaarvloeistof 

van de oude RBCs een rol speelt in het ontstaan van TRALI. 

In hoofdstuk 7 wordt een identiek model als in hoofdstuk 6 beschreven waarbij 

nu gekeken wordt naar de rol van oude bloedplaatjes (PLTs) transfusie in plaats van 

RBCs. Hierbij laten we zien, dat transfusie van oude PLTs in de aanwezigheid van een 

“eerste hit” long schade veroorzaakt. Ook laten we zien, dat het wassen van oudere 

PLTs voor de transfusie het ontstaan van longschade deed voorkomen. Aanvullend 

onderzoek liet zien dat in de bewaarvloeistof sprake was van stapeling van 

bio-actieve lipiden. Met in vitro onderzoek toonden we aan, dat de bewaarvloeistof 

in staat was om witte bloedcellen te activeren. Mogelijk spelen de bio-actieve 

lipiden daarom een belangrijke rol in het ontstaan van TRALI door PLTs transfusie. 

Hoofdstuk 8 bespreekt de resultaten van de analyse van bewaarvloeistof van RBCs 

en PLTs op stapeling van bio-actieve lipiden. Uit de analyse blijkt dat gedurende 

opslag van RBCs er geen sprake is van stapeling van bio-actieve lipiden, maar wel 

gedurende opslag van PLTs. Aangezien PLTs in plasma bij 22 graden Celsius worden 

bewaard en RBCs in een kunstmatig medium bij 4 graden Celsius, hebben we 

onderzocht of de verklaring ligt in het verschil in opslag medium danwel opslag 

temperatuur. Plasma in de afwezigheid van cellen, liet bij een opslagtemperatuur 

van 22 graden Celsius een stapeling van bio-actieve lipiden zien; deze stapeling was 

afwezig bij een opslagtemperatuur van 4 graden Celsius. Aangezien er een theorie 

is dat de bio-actieve lipiden een belangrijke rol kunnen spelen bij het ontstaan van 
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TRALI via het activeren van witte bloedcellen, is er aanvullend onderzoek gedaan 

naar de in vitro witte bloedcel priming capaciteit in de aan- en afwezigheid van 

deze bio-actieve lipiden. Het opslag medium waarbij de concentratie van bio-actieve 

lipiden was verminderd door een gedeelte van het plasma in het opslag medium 

te vervangen voor een kunstmatig medium liet echter een hoger witte bloedcel 

priming capaciteit zien ten opzichte van opslagmedium bestaande uit plasma welke 

een hoge concentratie bio-actieve lipiden liet zien. Deze resultaten geven bewijs dat 

de negatieve bijwerkingen van oudere bloedproducten gedeeltelijk onafhankelijk 

van de bio-actieve lipiden loopt.    

Deel 3 van dit proefschrift is gericht op klinische studies van TRALI. 

In hoofdstuk 9 wordt een overzicht gegeven hoe de kijk op TRALI van uit de kliniek 

en wetenschap is veranderd in de afgelopen 20 jaar. In het algemeen wordt TRALI 

als een zeldzame bijwerking van transfusie gezien met een goede kans op herstel. 

Onderzoeksresultaten van onze groep en andere instituten laten zien dat specifieke 

patiënten populaties zoals intensive care patiënten een hoog risico lopen op het 

ontwikkelen van TRALI. Bij deze populatie is er een relatief kleine kans op herstel na 

het ontstaan van TRALI. 

In hoofdstuk 10 and 11 wordt het hanteren van de klinische definitie van TRALI 

en acute long schade (ALI, acute benauwdheid ook door andere oorzaken dan 

transfusie) door Nederlandse artsen en betrokken disciplines in het uitvoeren van de 

diagnostiek beschreven. Het diagnosticeren van ALI en TRALI gebeurt aan de hand 

van klinische criteria die vaak een persoonlijke inschatting van de betrokken arts of 

betrokken discipline vereisen. Dit komt omdat er geen markers zijn die bijvoorbeeld 

in het bloed gemeten kunnen worden en aangeven of er sprake is het ziektebeeld. 

De onderzoeken laten zien, dat er een groot verschil bestaat tussen de betrokken 

disciplines in het diagnosticeren van ALI en TRALI. Daarnaast laten we zien, dat 

er criteria worden gebruikt die niet beschreven staan in de huidige ALI en TRALI 

consensus definities. 
Hoofdstuk 12 bespreekt de resultaten van een grote retrospectieve cohort studie 

naar de risico factoren en kans op herstel van TRALI bij intensive care patiënten. 

Gedurende de inclusie periode is de Sanquin Bloedbank begonnen met het excluderen 

van vrouwelijke donoren voor het bereiden van plasma, aangezien studies lieten zien 

dat voornamelijk vrouwelijk plasma (als gevolg van zwangerschap) een verhoogd 

risico heeft op het veroorzaken van TRALI. In het uitgevoerde onderzoek tonen we 

aan dat onderliggende aandoeningen van patiënten zoals bloedvergiftiging (sepsis) 

een risico vormen voor het optreden van TRALI. Daarnaast tonen we aan dat het 

relatieve risico voor het ontstaan van TRALI is verlaagd na exclusie van vrouwelijke 

donoren voor plasma transfusie vergeleken met een zelfde periode voor de exclusie. 
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In hoofdstuk 13  beschrijven we de resultaten van een onderzoek naar het effect van 

peri-operatieve transfusie van bloed producten op de lekkage van het longvaatbed 

gemeten met behulp van de pulmonary leakage index (PLI) in een cohort van 

hartchirurgie patiënten. De studie toont aan dat transfusie van RBCs is geassocieerd 

met een stijging van de PLI. De PLI is niet geassocieerd met de hoeveelheid 

bio-actieve lipiden en antistoffen in de getransfundeerde bloedproducten of de 

opslagduur. 

Hoofdstuk 14 laat de resultaten zien van een grote prospectieve cohort studie naar 

de incidentie, risico factoren en uitkomst van TRALI in een cohort van hartchirurgie 

patiënten. De incidentie is hoog in deze patiënten populatie vergeleken met de 

algemene ziekenhuispopulatie. Wederom blijkt dat de aanwezigheid van antistoffen 

in de bloedproducten een risicofactor is voor het ontstaan van TRALI. 

Hoofdstuk 15 beschrijft de analyse van bloedmonsters en longlavage vloeistof 

(afgenomen van patiënten als beschreven in hoofdstuk 14) op ontsteking en 

stollingmarkers. De analyse toont aan dat er in hartchirurgie patiënten voor het 

optreden van TRALI sprake is van activering van het ontstekingssysteem en van de 

witte bloedcellen in de bloedbaan. TRALI zelf wordt gekenmerkt door ontsteking, 

witte bloedcel activering en stollingactivering zowel in de bloedbaan als lokaal in 

de long. 

Hoofdstuk 16 en hoofdstuk 17 beschrijven de factoren die artsen doen besluiten 

om respectievelijk een RBC transfusie en plasma of PLT transfusie te bestellen en toe 

te dienen aan patiënten. Beide hoofdstukken laten zien dat een groot deel van de 

bloedproducten wordt besteld en toegediend in de afwezigheid van een bloeding, 

hetgeen de vraag doet rijzen of dit beleid wel adequaat is. 

In hoofdstuk 18 wordt het resultaat van een gerandomiseerde trial naar het effect 

van correctie van een milde stollingsstoornis bij de intensive care patiënt voor het 

plaatsen van een tracheostoma beschreven. Het onderzoek laat zien dat rondom 

het plaatsen van een tracheostoma het corrigeren van milde stollingsstoornis niet 

nodig is en afzien daarvan niet resulteert in een toename van bloedingcomplicaties. 
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