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Introduction & rationale

In the Netherlands, as in most developed countries, cardiovascular diseases are one of
the main causes for high morbidity and mortality [1]. Certain cardiovascular diseases can
result in the formation of atherosclerotic obstructions, which can reduce or completely
inhibit blood flow to the heart. Fortunately, blood flow can be effectively restored by
means of angioplasty or by bypassing the obstructed artery during open heart surgery.
Annually, an estimated 800,000 bypass operations are performed worldwide [2]. And
for the Netherlands, the number of bypass operations is about 11,000 a year [3].

These open heart surgeries, with or without the use of cardiopulmonary bypass,
are still associated with some degree of pulmonary injury [4], which is attributed to
the unique features of cardiothoracic surgery, in particular the use of cardiopulmonary
bypass. The cardiopulmonary bypass, or heart–lung machine, is a device that takes
over the function of the heart and lungs by oxygenating blood and pumping it through
the body, maintaining circulation until the heart and lungs are able to return to normal
functioning. The heart–lung machine allows cardiothoracic surgery to be performed on
an arrested heart without the patient suffering from hypoxia.

Cardiopulmonary bypass with its characteristic properties, such as operative trauma,
blood contact with artificial surfaces, low perfusion pressures with a non-pulsatile flow,
haemodilution and allogeneic blood transfusion results in a systemic inflammatory re-
sponse [5]. This inflammatory response together with the microemboli (lipoprotein,
particulate or gaseous) generated during cardiopulmonary bypass can result in organ
injury affecting the heart, brain, kidneys, intestine and lungs. The inflammatory re-
action includes activation of the coagulation, kallikrein and fibrinolytic cascades, the
complement system and release of cytokines and adhesion receptors. Subsequently,
neutrophil-endothelial cell interactions liberate macrophage proteases and neutrophilic
enzymes and increase vascular permeability and produce diffuse tissue injury [6, 7].
When lung injury is considered, the methods for quantifying the degree of injury are
mostly limited to measuring physiological changes (alveolar-arterial oxygen pressure
difference, intrapulmonary shunt, degree of pulmonary edema, pulmonary compliance
and pulmonary vascular resistance) or generic biomarkers of inflammation. In this as-
pect, lung specific biomarkers are an appealing alternative to quantify the degree of lung
injury.

Another field in cardiothoracic surgery where lung injury is prominent is lung trans-
plantation. A lot of research is performed, with help of biomarkers, to unravel the
damaging cascades in ischemia-reperfusion injury. This form of injury is complemented
with the obligatory immunological response associated with transplantation. Genetic
factors, from the donor as well as the recipient, may play a role in the severity of lung
injury and lung failure after transplantation. With this in mind, genetic research on
biomarkers involved in the recipients innate immune defense system, might give insight
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Chapter 1

into how donor lungs function and survive after transplantation.
Ideally, biomarker research leads to a specific marker that reflects a disease of an

organ or injury to an organ perfectly; additionally, any response to a therapeutic interven-
tion should also be reflected by the biomarker in question. Although a lot of challenges
have to be overcome to identify such a biomarker, their use is of increasing importance
to medical research and clinical practice. The popularity of biomarker research becomes
evident when the search phrase ‘biomarker’ is evaluated in PubMed, as more than 55,000
new academic publications were indexed in 2015 alone. However, their use in cardiotho-
racic surgery for identifying and quantifying post-operative lung injury has found limited
use. This leads to the rationale of this thesis, which was to investigate if and which lung
injury biomarkers were useful for identifying and quantifying post-operative lung injury
in the setting of cardiothoracic surgery.

In Chapter 2, the currently available lung injury biomarkers are introduced and the
requirements that a biomarker ideally should meet are described. The proteins that
have served as a lung injury biomarker thus far are discussed based on their origin
and functionality, furthermore their associations with other lung diseases is discussed.
Finally, the use of lung epithelium specific proteins as biomarkers is emphasized.

In Chapter 3, a clinical study is presented that evaluated the use of lung epithelium
specific proteins for identifying and quantifying postoperative lung injury. The inter-
vention of the study was elective coronary bypass surgery with or without the use of
cardiopulmonary bypass, and it was expected that the use of cardiopulmonary bypass
during surgery would result in more lung injury or lung dysfunction [8], and conse-
quently higher plasma concentrations of lung epithelium specific proteins. Having iden-
tified the utility of lung epithelium specific proteins as biomarkers, Chapter 4 continues
with the model of coronary artery bypass surgery, only this time the intervention was
the use of pulsatile flow during cardiopulmonary bypass, instead of continuous flow.
The hypothesis was that pulsatile flow should yield better perfusion of the (peripheral)
capillaries and the bronchial arteries by means of enhanced microvascular flow, and that
this, in turn, should reduce any postoperative pulmonary injury. Here, the in chapter
3 identified lung biomarkers, along with clinical indicators, were used to identify and
quantify pulmonary injury.

To continue the application of lung injury biomarkers, Chapter 5 presents a clinical
study were the effect of cell salvage during open heart surgery on postoperative lung
injury was investigated. Blood transfusion is still common in patients undergoing open
heart surgery, and is well known to increase morbidity and mortality [9]. Furthermore,
blood transfusion may also cause lung injury and/or prolong mechanical ventilation
and thus the length of stay on the intensive care unit [10]. To reduce the need for
allogeneic blood transfusion, cardiotomy suction blood, collected from surgical field
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Introduction & rationale

and the pericardial cavity, together with the remaining volume of the heart-lung machine
can be retransfused to the patient. However, before doing so, the collected blood is
passed through a cell salvage device. In this device the collected blood is washed
with a solution and thereafter centrifuged to obtain a red blood cell concentrate ready
for retransfusion. In this process, plasma, platelets, leukocytes, free haemoglobin, and
inflammatory substances such as cytokines and neutrophilic proteases are removed [11].
Besides reducing the exposure to allogeneic blood, the use of cell salvage devices was
expected to have additional benefits, such as a decrease in postoperative lung injury.

Chapter 6 stands out from the other chapters as it does not use the plasma con-
centration of a biomarker to identify and/or quantify pulmonary injury. Instead, the
genetic coding of surfactant protein D (biomarker), known to be important in the innate
immune defense system, and its association with primary graft dysfunction and mortality
following lung transplantation was investigated. There are three frequently occurring
single nucleotide polymorphisms within the surfactant protein D gene that can result in
an alteration of the amino acid sequence of the protein, and these polymorphisms are
able to influence structure, function or plasma concentration of the protein [12, 13, 14].
Given the role of surfactant protein D in the innate immune system we hypothesized
that the various genotypes, associated with their unique structure, function or plasma
concentration of surfactant protein D, could result in a different outcome after lung
transplantation.

Finally, Chapter 7 provides a summary and discussion.
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Biomarkers of Lung Injury in Cardiothoracic Surgery

Abstract

Diagnosis of pulmonary dysfunction is currently almost entirely based on a vast series of
physiological changes, but comprehensive research is focused on determining biomark-
ers for early diagnosis of pulmonary dysfunction. Here we discuss the use of biomarkers
of lung injury in cardiothoracic surgery and their ability to detect subtle pulmonary
dysfunction in the perioperative period.

Degranulation products of neutrophils are often used as biomarker since they have
detrimental effects on the pulmonary tissue by themselves. However, these substances
are not lung specific. Lung epithelium specific proteins offer more specificity and slowly
find their way into clinical studies.
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Chapter 2

Introduction

Cardiothoracic surgery, defined as surgery on the heart and/or the lungs, has been per-
formed since the 1950s and coronary artery bypass graft surgery, for instance, has in-
creased to 415.000 procedures a year in the US (US Hospital discharge survey, 2009).
From the beginning these procedures were associated with post-operative pulmonary
complications [1]. These complications can partly be attributed to the unique aspects
of cardiothoracic surgery, such as the sternotomy, cardioplegia, and the use of car-
diopulmonary bypass (CPB) with the exclusion of lung circulation. Despite continuous
improvements in materials and surgical techniques, cardiothoracic surgery still causes
lung injury, dysfunction and a delay of pulmonary recovery [2].

Lung dysfunction is common after cardiothoracic surgery [2] and varies between
hypoxemia in all patients [3] to acute respiratory distress syndrome (ARDS) in 2% of
the patients [4]. Lung dysfunction by itself may not influence the post-operative course
of a patient, only when lung dysfunction evolves into a lung complication it becomes
clinically relevant. Common pulmonary complications following cardiothoracic surgery
are pleural effusion (38%) [5], atelectasis (20%) [6], phrenic nerve paralysis (32%) [7]
and pneumonia (5%) [8]. Given the high incidence of pulmonary complications, it is
important to monitor the onset and course of post-operative lung dysfunction.

Currently there is no gold standard for quantifying post-operative lung injury and
dysfunction. Reported are a vast series of physiological changes (alveolar-arterial oxy-
gen pressure difference, intrapulmonary shunt, degree of pulmonary edema, pulmonary
compliance and pulmonary vascular resistance) and measurement of inflammatory mark-
ers such as neutrophil elastase, myeloperoxidase and interleukins [2]. Lung dysfunction,
in the form of ARDS, is determined by specific diagnostic criteria recently revised
according to the ‘Berlin criteria’ [9]. Acute respiratory distress syndrome is charac-
terized by the acute onset of lung injury within one week of a known clinical insult,
bilateral opacities on chest imaging, respiratory failure not fully explained by cardiac
failure or fluid overload and decreased arterial PaO2/FiO2 ratio. Furthermore, ARDS
can be divided into ‘mild’ (PaO2/FiO2 ratio: 201-300 mmHg), ‘moderate’ (PaO2/FiO2

ratio: 101-200 mmHg) and ‘severe’ (PaO2/FiO2 ratio: ≤ 100 mmHg). Mild ARDS is
comparable to the previous acute lung injury (ALI) definition of the American-European
Consensus Conference [10].

Biomarkers, whether in serum, urine or exhaled breath, have found limited use for
identifying and quantifying post-operative lung injury. In this review, we focus on the
field of cardiothoracic surgery, where serum biomarkers of lung injury are being used as
a surrogate marker for (sub) clinical lung injury.
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Biomarkers of Lung Injury in Cardiothoracic Surgery

Post-operative pulmonary dysfunction

A distinction between pulmonary dysfunction and pulmonary complications following
cardiothoracic surgery should be made [11], where pulmonary dysfunction refers to
alterations in pulmonary function, such as shallow respiration and hypoxemia and where
pulmonary complications also require associated clinical findings such as atelectasis and
chest radiographic infiltrates.

Biomarkers

Biomarkers are measurable parameters that reflect the state of a biological process. An
often-cited definition of a biomarker is: “A characteristic that is objectively measured
and evaluated as an indicator of normal biological processes, pathogenic processes, or
pharmacologic responses to a therapeutic intervention [12].” Biomarkers are used to
screen for, diagnose or monitor disease and are also used to assess a therapeutic response
[13]. The term biomarker is typically used for molecular biomarkers measured in blood,
which is also the application we are focusing on in this review.

In cardiothoracic surgery research, biomarkers can serve as a surrogate endpoint for
evaluating new procedures and/or medical equipment, giving more insight on a cellular
level. Ideally biomarkers have features such as high sensitivity, high specificity, known
reference values and good predictive values. In case of a surrogate endpoint, biomarker
values should have a good correlation with a clinical endpoint. However, when taking
serial measurements during cardiothoracic surgery each patient serves as his or her own
control making features such as high sensitivity and specificity less important.

Since sample sizes are usually limited in cardiothoracic surgery research, a biomarker
could reveal a difference between study groups, whereas differences would not show
when clinical endpoints are considered. Another benefit of biomarkers is that they
could give insight into the mechanism of disease, since the measurement is closer to the
exposure/intervention of interest and it may be easier to relate causally than more distant
clinical events. Being more sensitive, biomarkers could indicate sub-clinical benefits in
a pilot study, supporting larger clinical studies afterwards.

Classification

The pathophysiology of post-operative lung injury is characterized by injury to the al-
veolar capillary membrane, inflammation, increased permeability and pulmonary edema
[14]. Accordingly, biomarkers of lung injury can be classified as such. However, in this
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Chapter 2

review we have focused on biomarkers originating from the alveolar compartment which
can be measured in the circulation. We have organized the biomarkers using their cell of
origin.

Polymorphonuclear neutrophils

Polymorphonuclear neutrophils (PMNs) play an important role in lung injury following
cardiothoracic surgery, as their release products can be detrimental to lung tissue. More-
over, the lungs harbour a number of leukocytes equal to or even more than the number
of leukocytes present in the systemic circulation [15]. This is usually referred to as
the marginated pool, which acts as a natural reservoir of leukocytes and is in dynamic
equilibrium with the systemic circulation.

Neutrophil Elastase

Upon an inflammatory response PMNs degranulate and release an abundance of cyto-
toxic substances, such as serine proteases, metalloproteases, peroxidases and reactive
oxygen species (Figure 1) [16]. One of the serine proteases is Neutrophil Elastase (NE).
Besides being a biomarker, NE is an enzyme that has an active role in the development
of lung injury. It can degrade components of the endothelial basement membrane, such
as elastin and collagen [17]. This has been shown by a loss in integrity of the endothelial
vascular barrier, resulting in increased permeability of the alveolar-capillary membrane
[18]. Neutrophil Elastase is thought to hydrolyse junction proteins such as cadherins,
which maintain cell-cell adhesion, and diminish barrier function. Similarly, it has been
shown that NE can disrupt the epithelial barrier [19]. Taken together, NE can be respon-
sible for protein leakage from the blood stream to the alveolus and vice versa.

Initially, NE was mostly used as a biomarker for the activation of PMNs in vivo after
cardiopulmonary bypass [20], since extracorporeal circulation activates the complement
system which in turn activate the PMNs [21].

A positive correlation has been observed between NE plasma concentrations after
CPB and post-operative respiratory function, by changes in the respiratory index and
increases in the intrapulmonary shunt [22]. In another study a positive correlation was
found between the NE plasma concentration and the alveolar-arterial oxygen gradient
and pulmonary vascular resistance [23]. In addition NE has been used to study the
effects of leukocyte depletion during cardiopulmonary bypass [24, 25], NE inhibitors
[26], pump types [27] and biocompatibility of leukocyte and fat removal filters [28].

Although NE can be a valuable biomarker in assessing PMNs induced lung injury, it
is still only a measure of PMNs activation and not a specific lung biomarker.
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Figure 2.1: Schematic representation of an alveolus with its various cell types and their
secretion products which may serve as lung injury biomarkers.

Myeloperoxidase

Myeloperoxidase (MPO) is a peroxidase enzyme stored in the azurophilic granules of
PMNs. Its primary function is to kill microorganisms in PMNs by forming halide derived
oxidants in the phagosome [29]. Ischemia during cardiopulmonary bypass results in
endothelial activation upon reperfusion [30]. The activated endothelium and the expres-
sion of specific surface adhesion molecules promote adherence of phagocytes [31], upon
which MPO will be released. MPO measured in blood is a marker for degranulation
of PMNs in plasma and for the infiltration of PMNs in tissue [32]. Besides being a
marker for PMN degranulation, MPO is often implicated in lung injury. Pulmonary
tissue is often the target of activated PMNs when it is being reperfused; therefore MPO
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concentrations are thought to be a marker of pulmonary injury.
During CPB, pulmonary endothelial permeability correlated with post-operative se-

rum concentrations of MPO, implicating neutrophils having a central role in the devel-
opment of lung injury [33]. However, we and others have shown that MPO shows a
steep increase right after the administration of heparin [34, 35]. This increase of MPO
after heparin administration is explained by liberation of MPO bound to the vessel wall
[36], which suggests that an increase in plasma MPO does not necessarily represent
activation/degranulation of leukocytes. This would also implicate that MPO is of limited
use as a biomarker for assessing lung injury after CPB, which requires high dose heparin
anticoagulation.

Lung epithelium specific proteins

Soluble Receptor for Advanced Glycation End products (sRAGE)

The receptor for advanced glycation end products (RAGE) was originally characterized
for its ability to bind glycation end products of a carbohydrate to a protein. Besides
advanced glycation end products, RAGE has the ability to bind several other ligands
e.g. amphoterins, S100 proteins, Mac-1, phosphatidylserine and complement C3a [37].
Expression of RAGE is encountered on multiple cell types such as smooth muscle cells,
macrophages and endothelial cells, but it is also highly expressed in the alveolar type I
cells (Figure 1) of the lungs [38].

Soluble forms of RAGE can be formed by proteolytic cleavage of full length RAGE
by metalloproteinases or by formation of a splice variant and can be measured in the
blood stream [39]. Accordingly, this led to the potential application of (s)RAGE as a
lung injury marker of alveolar type I cells. The function of circulating sRAGE is being
investigated in various (clinical) studies and is not yet completely elucidated. However,
sRAGE is thought to contribute to the removal and/or detoxification of pro-inflammatory
products [39].

Indeed it has been shown that sRAGE is an injury marker of alveolar type I cells [40].
Uchida et al. found in patients with ALI that plasma concentrations were significantly
higher than in patients with hydrostatic pulmonary edema or in healthy controls. In-
creased sRAGE plasma concentrations have also been associated with the use of CPB and
mechanical ventilation in patients undergoing elective coronary artery bypass grafting
[41]. More recently, Tuinman et al. showed that sRAGE plasma concentrations increased
following valvular and/or coronary artery surgery and that they depicted an association
with pulmonary leak index, indicating increased permeability of the alveolar-capillary
membrane [42]. In young children, plasma concentrations of sRAGE were found to be
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an independent predictor of ALI after cardiac surgery with CPB [43]. Furthermore, in
children as well as in adults increased plasma concentrations of sRAGE were associated
with lower PaO2/FiO2 ratio, a higher radiographic lung-injury score, longer mechanical
ventilation time and longer intensive care unit length of stay [43, 44].

Preoperative measurements of sRAGE are also of value. In a study were patients
underwent elective cardiac surgery, preoperative sRAGE plasma concentrations were
associated with duration of critical illness and length of hospital stay [45]. Furthermore,
sRAGE was found to be an independent predictor of length of hospital stay.

Calfee et al. showed that sRAGE plasma concentrations measured four hours after
allograft reperfusion were associated with poor short term outcome of lung transplanta-
tion, as indicated by longer duration of mechanical ventilation and longer intensive care
unit length of stay [46]. This finding was supported by another study were an association
was found between plasma concentrations of sRAGE and primary graft dysfunction at 6
and 24 hours following lung transplantation [47]. Furthermore an association between
sRAGE plasma concentrations measured at 6 and 24 hours following transplantation and
mechanical ventilation time was found. The same authors also established an associa-
tion between sRAGE plasma levels measured at both 6 and 24 h post-operatively with
long-term risk for bronchiolitis obliterans syndrome [48].

Clara cell secretory protein

Clara cells are secretory epithelial cells lining the pulmonary airways (Figure 1). The
exact role of these cells still remains unclear, although they are implicated in having a role
in protecting and repairing the bronchial epithelium [49]. Clara cells are mainly located
in the respiratory bronchioles and they have granules containing various proteins. One of
these secretory proteins is Clara cell 16 kD secretory protein (CC16), which is referred
to in literature by various names such as Uteroglobin (UG), Blastokinin, Clara cell
secretory protein (CCSP), Clara Cell-Specific 10 kD Protein (CC10) and Secretoglobin
1A member 1 (SCGB1A1).

Clara cell secretory protein is believed to play a role in reducing inflammation of
the airways [50] and protecting the respiratory tract against oxidative stress [51]. It is
present in increasing density from the trachea to terminal bronchioles. Although there is
evidence of extra-pulmonary synthesis of the CC16 in the prostate, endometrium and the
kidney, these concentrations are on average twenty times lower than in the lungs [52].
This is the reason why CC16 is primarily ascribed to the respiratory tract and why it is
considered to be lung specific.

With stable baseline serum concentrations of 10-20 ng/mL, an increase in serum is
ascribed to injury to the alveolar-capillary membrane. When the membrane is known
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to be intact it could be related to the integrity of the Clara cell or the production and
clearance of CC16.

Serum concentrations of CC16 have been associated with injury of the alveolar-
capillary membrane, and are nowadays often used as a biomarker of injury to the alveolar
capillary membrane in different models, such as ALI/ARDS [53, 54], cardiogenic pul-
monary edema [54], chest trauma [55], chronic obstructive pulmonary disease [56, 57],
primary graft dysfunction (PGD) [58], and injury due to fire exposure [59].

However, in the setting of cardiothoracic surgery CC16 has not often been used as a
lung injury marker. Serum CC16 concentrations have been associated with bronchiolitis
obliterans syndrome after lung transplantation [60] and primary graft dysfunction after
lung transplantation [58]. In a more recent study, the same authors showed that even
higher preoperative serum CC16 concentrations, measured in the recipient, were associ-
ated with primary graft dysfunction after lung transplantation [61]. Additionally, CC16
has been utilized as a lung injury marker for comparison of mechanical ventilation strate-
gies during various surgical procedures [53], for comparison of a mini-extracorporeal
circuit versus a conventional cardiopulmonary bypass [62, 63, 64] and for evaluation
of pulsatile flow during CPB on lung function [65]. More recently, we have shown
that CC16 concentrations correlate with pulmonary dysfunction (as indicated by the
alveolar arterial oxygen gradient) during cardiothoracic surgery and that it was possible
to differentiate between off-pump and on-pump coronary artery bypass grafting [34].
In our opinion, given its small size which facilitates diffusion into the blood, this is a
sensitive and very useful marker for detecting subclinical injury to the alveolar-capillary
membrane.

Surfactant proteins

Pulmonary surfactant is the main fraction of the epithelial lining fluid in the lungs. Its
main function is to lower surface tension between air and the alveoli and thereby to
prevent alveolar atelectasis at the end of expiration [66]. Pulmonary surfactant consists
out of lipids (90%) and proteins (5-10%). Type II alveolar epithelial cells are mainly
responsible for synthesis and secretion of pulmonary surfactant (Figure 1), and before
surfactant is secreted it is stored in organelles called ‘lamellar bodies’. The lipids of
surfactant are mainly phospholipids, with phosphatidylcholine being the most abun-
dant. Saturated phosphatidylcholine largely consists of dipalmitoyl phosphatidylcholine
(DPPC), which accounts for approximately 40% of total lipids and is the major surface-
active component.

The protein fraction of surfactant is of more interest for this review. This frac-
tion consists out of four different surfactant proteins, SP-A, SP-B, SP-C and SP-D.
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Surfactant proteins B (14 kDa) and C (6 kDa) are hydrophobic and are involved in
phospholipid packaging, organization of surfactant, and in lowering the surface tension at
the air–liquid interface [67, 68]. Via its interaction with DPPC, SP-B has been considered
to stabilize the phospholipid monolayer. Similarly, SP-C is also thought to be involved
in stabilizing the phospholipid layers that form during film compression at low lung
volumes [69].

The hydrophilic surfactant proteins, SP-A and SP-D, are predominantly involved in
the innate host-defence system of the lung [70] and belong to the collectin family (along
with mannose-binding lectin). They are assembled as a trimeric structure with the carbo-
hydrate recognition domain connected to a collagenous domain [71]. The carbohydrate
recognition domain has a high affinity for clustered oligosaccharides commonly found
on the surface of viruses, bacteria, yeast and fungi, which can lead to agglutination,
phagocytosis and removal by macrophages and neutrophils or by direct bacteriostatic
and fungistatic effects [72].

So far, the use of surfactant protein leakage in blood during cardiothoracic surgery is
limited. Agostoni et al. evaluated SP-B as a lung injury marker after elective coronary
artery bypass grafting with the use of cardiopulmonary bypass [41]. Immediately after
surgery, they found a fourfold increase of plasma SP-B, which returned to baseline within
48 hours. The authors concluded that SP-B could be a sensitive and rapid biomarker of
lung distress. Unfortunately, due to small sample size and relatively healthy patients,
they could not relate the change in SP-B to severity of lung injury. The same group has,
however, shown that plasma SP-B levels are related to alveolar gas diffusion showing a
link between SP-B plasma levels and injury to the alveolar-capillary membrane [73].

Sims et al. evaluated the use of SP-D as a lung injury marker in patients undergoing
lung transplantation [74]. They found that SP-D serum concentrations were higher in id-
iopathic pulmonary fibrosis than in cystic fibrosis, chronic obstructive pulmonary disease
or pulmonary hypertension. During transplantation they found that SP-D concentrations
decreased. However, post-operative values were higher in single lung transplantation as
opposed to the bilateral lung transplantation. The authors suggested that post-operative
SP-D concentrations were more likely to be determined by the inflamed native lung as
opposed to the allograft, leaving the native lung as the source for SP-D translocation.

Determann et al. have used circulating plasma concentrations of SP-A and SP-D to
evaluate mechanical ventilation strategies were a lower tidal volume was used [75]. They
did not find differences in plasma concentrations of these surfactant proteins, which was
consistent with clinical data as none of the patients showed signs of advanced lung injury.

Shah et al. used plasma SP-D, among other biomarkers, to better discriminate clini-
cally graded primary graft dysfunction and to predict 90-day mortality after lung trans-
plantation [76]. They found that SP-D together with plasminogen activator inhibitor-1
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plasma concentrations, measured at 24h after transplantation, had an area under the curve
of 0.76 for predicting grade 3 PGD in the first 72h after transplantation. Furthermore,
SP-D significantly increased prediction over PGD grading alone in 90-day mortality,
although the other evaluated biomarkers performed even better. In our experience SP-D
can be a valuable marker during cardiothoracic surgery: we found that SP-D concen-
trations correlated with pulmonary (dys)function and that it was possible to differentiate
surgical procedures (off-pump vs. on-pump) [34].

Krebs von den Lungen 6

Krebs von den Lungen 6 (KL-6) is a mucinous sialylated sugar chain on human Mucin
1 [77]. Mucin 1 is a transmembrane protein with an extracellular domain, containing
tandem repeat units that are heavily glycosylated. Mucins line the apical surface of
epithelial cells in the bronchi, bronchioles and alveoli where KL-6 is mainly expressed
on alveolar type II cells [78] and expression is upregulated on regenerating alveolar
type II cells [79]. KL-6 can be found in bronchoalveolar lavage fluid or in serum, and
concentrations are elevated in patients with interstitial lung diseases, such as pulmonary
sarcoidosis [80, 81]. Additionally, KL-6 seems to be a valuable biomarker in diagnosing
bronchiolitis obliterans syndrome after lung transplantation [82, 83].

Although KL-6 plasma concentrations have been used as a marker of disease activity
in a variety of respiratory illnesses, the use of this marker in cardiothoracic surgery
remains limited. There is one report where it has been used for comparing between a
mini cardiopulmonary bypass system and a conventional bypass system, but it failed to
detect a difference between the two systems [63].

Inflammatory secretion products

The inflammatory secretion products discussed here are produced by a broad range of
cell types, however in the alveoli the macrophage is one of the major sources. Alveolar
macrophages are located at the luminal interface of the alveoli or in the interstitium and
remove (dust) particles and/or microorganisms. Since the lungs are in contact with the
outer world, they are exposed to a vast array of pathogens, chemicals, gasses and parti-
cles. Besides a mucociliary layer for removal of these substances, alveolar macrophages
are important for ‘cleaning’ and defending the alveolar-capillary membrane. Upon ac-
tivation, macrophages remove pathogens and foreign substances by phagocytosis and
simultaneously secrete mediators of inflammation and complement proteins. Activated
macrophages can be divided by activation state, these are known as M1 (or classically
activated macrophages) and M2 (or alternatively activated macrophages) [84, 85]. While
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the M1 macrophages promote inflammation, extracellular matrix destruction and apopto-
sis, the M2 macrophages promote extracellular matrix construction, cell proliferation and
angiogenesis. These two types of activation come with their own characteristic secretory
profile of (anti) inflammatory cytokines, chemokines and proteolytic enzymes. On the
one hand, M1 macrophages will release pro-inflammatory cytokines, such as IL-1, IL-6
and TNF-α [86, 87]. Additionally, the chemokines IL-8, IL-10, MIP-1 and MIP-1 and the
matrix metalloproteases 1, 2, 7, 8 and 12 are released [88], which can degrade Collagen,
Elastin, Fibronectin, and other extra cellular matrix components. On the other hand,
M2 macrophages will release chemokines CCL17, CCL18 and CCL22 along with the
anti-inflammatory cytokines IL-10 and TGF-α [89, 90].

In the setting of cardiothoracic surgery, with its more acute characteristics, the se-
cretory products of the M1 macrophages are most interesting for assessing lung in-
jury. During cardiothoracic surgery the lungs experience ischemia/reperfusion when
cardiopulmonary bypass is used. Ischemia/reperfusion is known to be a strong stimulus
to M1 macrophages [91, 92], upon which the aforementioned pro-inflammatory sub-
stances are released. These pro-inflammatory substances could be valuable predicting
biomarkers for lung injury and/or lung dysfunction. And indeed, proteomic analysis
showed that isolated alveolar macrophages, harvested during the course of ALI/ARDS,
had an upregulated inflammatory profile [93]. Amongst these up regulated proteins
was Cathepsin B, a lysosomal cysteine proteinase, which the authors suggested to be
a biomarker for early diagnoses of ALI/ARDS. During cardiothoracic surgery, however,
this protein has not yet been used as a biomarker for lung injury.

Monocyte chemotactic protein 1 (CCL2), primarily secreted by monocytes, ma-
crophages and dendritic cells, was associated with complicated inflammatory lung or
renal injury in patients undergoing primary elective coronary artery bypass grafting [94].
During lung transplantation, MCP-1 and interferon gamma-induced protein 10 (IP-10)
were associated with the development of primary graft dysfunction, from 6 to 72 hours
following transplantation MCP-1 and IP-10 concentrations were significantly higher in
patients with primary graft dysfunction [95]. In another lung transplantation study it
was shown that the interleukins 6, 8 and 10 were also associated with primary graft
dysfunction [96]. Where IL-10 peaked at the start of reperfusion and IL-6 and IL-8
peaked at 4 hours after transplantation.

In patients with moderate chronic obstructive pulmonary disease undergoing aortic
valve surgery, leukocyte filtration during CPB resulted in lower plasma concentrations of
IL-6, IL-8 and TNF-α from CPB discontinuation till 72h post-operatively [97]. Further-
more, the authors found a linear correlation between IL-6 and TNF-α with the alveolar-
arterial oxygen gradient (Aa-O2 gradient) and an inverse linear correlation between IL-6
and IL-8 with the arterial blood oxygenation (PaO2/FiO2).
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Limitations

Besides the advantages described earlier, there are some limitations to the use of bio-
markers. One limitation is the high variability in measuring biomarkers, which makes
comparing studies more difficult. Most of the variability can be attributed to preanalytical
and/or analytical variability [98]. Where preanalytical variability refers to stability over
time and biological variability (e.g. age, sex and ethnicity), and analytical variability
refers to the performance of the test in the laboratory (validity, sensitivity, specificity,
reproducibility, amongst others). The high analytical variability is illustrated by a study
where factors influencing the measurement of plasma SP-D by ELISA were examined
[99]. It was found that the ELISA configuration (different manufactures) and the an-
ticoagulant used could have serious effects on the measured SP-D concentration. For
instance, the use of EDTA instead of heparin reduced the measured SP-D concentration
by 50%.

Timing is critical when measuring biomarkers. Most biomarkers reviewed here show
a post-operative increase. However, this increase can be of short duration, preventing
possible detection when the time points for sampling are not optimally chosen. For
instance, we studied SP-D and CC16 in patients undergoing either on- or off-pump coro-
nary artery bypass grafting [34]. The largest difference between these two groups was
at the end of CPB, while one hour after arrival on the intensive care unit the difference
between these biomarkers was no longer significant. Having to sample many time points
limits the cost effectiveness of biomarkers.

Failure to identify factors that can influence the measurement of a biomarker can
lead to confounding effects. These effects can be patient characteristics, such as age, sex,
weight and use of medication, although groups are usually balanced for these potential
confounding effects. An effect which, for instance, is often overlooked is the stability
of a biomarker when it is stored for a prolonged period of time. When the inclusion of
a study takes months or even years and the biomarker degrades when it is stored, large
differences in measured biomarker concentrations between the first included patient and
the last included patient can occur.

Concluding remarks

In this review, we discussed different biomarkers to identify lung injury after cardio-
thoracic surgery, most often with the use of cardiopulmonary bypass. Though many
biomarkers for lung injury are known, they are not often incorporated in clinical studies.
For the several good biomarkers available for quantifying lung injury after cardiothoracic
surgery, the clinical applications are significant. They enable early detection of patients
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with subtle injury when they are adequately sensitive and specific. In addition, it would
assist in the development of improved surgical techniques to prevent injury after cardio-
thoracic surgery. For this purpose a panel of biomarkers is most informative, especially
when biomarkers for alveolar type I and II cell injury are incorporated.
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Abstract

Background: Despite continuous improvements in materials and perfusion techniques,
cardiac surgery still causes lung injury and a delay of pulmonary recovery. Currently,
there is no gold standard for quantifying cardiac surgery induced lung injury and dys-
function. Adding objective measures, such as plasma biomarkers, could be of great use
here. In this study the utility of lung epithelium specific proteins as biomarkers for lung
dysfunction was evaluated.

Methods: Serial measurements of plasma concentrations of Clara cell 16 kD (CC16)
protein, Surfactant protein D (SP-D), Elastase and Myeloperoxidase were performed on
blood samples from 40 patients who underwent coronary artery bypass grafting with
cardiopulmonary bypass (CABG, n=20) or without cardiopulmonary bypass (OPCAB,
n=20).

Results: The increase of SP-D and CC16 between pre-operative concentrations and
concentrations at the end of cardiopulmonary bypass, correlated with the Aa-O2 gradient
at 1 hour on the ICU (Rs = 0.409, p = 0.016 and Rs = 0.343, p = 0.043, respectively).
Furthermore, SP-D and CC16 were higher in CABG than in OPCAB at the end of surgery
[8.96 vs. 4.91 ng/mL, p = 0.042 and 92 vs. 113%, p = 0.007, respectively]. After 24h
both biomarkers returned to their baseline values.

Conclusions: Our results show that increases in plasma of SP-D and CC16 correlate
with clinical lung injury after coronary artery bypass surgery. Therefore, lung epithelium
specific proteins seem to be a useful biomarker for measuring lung injury in the setting
of cardiac surgery.
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Introduction

Despite continuous improvements in materials and perfusion techniques, cardiac surgery
still causes lung injury and a delay of pulmonary recovery [1, 2]. This delay can partly
be attributed to the unique aspects of cardiac surgery, such as the sternotomy, cardio-
plegia, and the use of cardiopulmonary bypass (CPB). Pulmonary dysfunction following
cardiac surgery varies between hypoxemia to acute respiratory distress syndrome. Cur-
rently, there is no gold standard for quantifying cardiac surgery induced lung injury and
dysfunction. A vast series of physiological changes (alveolar-arterial oxygen pressure
difference, lung compliance, pulmonary vascular resistance, etc.) and measurement of
lung unspecific inflammation markers such as neutrophil elastase, and myeloperoxidase
[1] have been reported.

The use of lung epithelium specific secretory proteins for evaluating the integrity of
the alveolar capillary membrane has been proposed as an alternative method to assess
lung injury [3]. For instance, variations in plasma concentrations of surfactant proteins
(surfactant protein A and D) were associated with sepsis, respiratory distress syndrome
and interstitial lung diseases [4]. Recently, a surfactant protein has been used as a marker
for lung injury after surgery with CPB [5].

Clara cells, mainly located in the (terminal) bronchioles, are responsible for pro-
tecting the bronchiolar epithelium, by detoxifying inhaled substances and secreting the
anti-inflammatory Clara Cell 16 kD protein (CC16) [6]. Serum concentrations of CC16
have been associated with injury of the alveolar-capillary membrane, and are nowadays
often used as a biomarker of injury to the alveolar-capillary membrane in different mod-
els [7, 8].

The utility of these lung epithelium specific proteins as biomarkers for lung dysfunc-
tion in the setting of cardiac surgery is unknown. To explore this, we performed serial
measurements of surfactant protein D and CC16 in a patient group undergoing elective
coronary bypass surgery either with or without the use of cardiopulmonary bypass. It
was expected that the use of CPB during coronary bypass surgery would result in more
lung dysfunction [9], and consequently higher plasma concentrations of lung epithelium
specific proteins. Secondly, the aim was to analyse if there was a correlation between
these lung epithelium specific proteins and with lung dysfunction. Lung dysfunction
was assessed by the PaO2/FiO2 ratio and the alveolar-arterial oxygen pressure gradient
(Aa-O2 gradient) on the ventilator on the intensive care unit (ICU).
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Materials and Methods

Study subjects and design

Patient material from a previous study investigating the role of CPB on RBC aggregation
and deformability was used [10]. Forty patients with indication for coronary surgery
were prospectively included after approval from the local institutional review board and
informed consent from each individual. Patients were randomly allocated to a group
operated with cardiopulmonary bypass (CABG, n=20) or without (OPCAB, n=20). The
inclusion criterion for the study was first time CABG. Exclusion criteria were emergency
surgery, significantly impaired ventricular function (EF <35 %) or a previous cerebrovas-
cular accident.

For all patients, anaesthesia was induced and maintained by the intravenous infusion
of midazolam and sufentanil followed by a median sternotomy. In the CABG group,
CPB was performed with a heart-lung machine consisting of roller pumps and a mem-
brane oxygenator with integrated heat exchanger. During CPB, moderate hypothermia
(34◦C) was applied with a pump flow of 2.4 L/min/m2. Whole body anticoagulation was
achieved with 300 IU/(kg body weight) heparin in CABG patients and 100 IU/(kg body
weight) heparin in OPCAB patients.

For patients undergoing CABG, blood samples of 10 mL were taken immediately
after the induction of anaesthesia but before surgery (PRE-OP), 5 min after start of
surgery (START-OP), 5 min after the whole body heparinisation (HEPARIN), 5 min after
start of CPB and haemodilution (START CPB/30’ HEP), 15 min after end of CPB (END
CPB/ANASTOMOSIS), one hour after surgery (1h ICU), and on the first postoperative
morning (24h ICU). For the OPCAB patients, the sampling time was similar to the
CABG patients, except for START CPB/30’ HEP and END CPB/ANASTOMOSIS,
which were taken 30 min after heparinisation and 15 min after the end of coronary
anastomosis, respectively. Blood gas samples were taken one hour after surgery (1h
ICU). Each blood sample was anticoagulated with 0.1 mM EDTA. Plasma was obtained
by centrifugation of whole blood at 1100×g for 10 min. Hereafter, plasma was aliquoted
and stored at -80◦C for later analysis.

Determination of surfactant protein D

Surfactant protein D plasma concentration as a marker of alveolar-capillary membrane
integrity was measured in plasma by means of sandwich ELISA. Capture and detection
antibodies were from R&D Systems (R&D Systems, Minneapolis, USA). Recombinant
human Surfactant protein D (R&D Systems, Minneapolis, USA) served as a standard.
Inter- and intra-assay coefficient of variation were 4.4% and 2.6%, respectively.
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Determination of Clara cell 16 kD protein

Clara cell 16 protein (CC16), a marker of respiratory epithelial integrity, was mea-
sured by sandwich ELISA. Recombinant human CC16 (R&D Systems, Minneapolis,
USA) served as a standard. A monoclonal rat antibody to human CC16 (R&D Systems,
Minneapolis, USA) was used as a capture antibody and monoclonal mouse antibody to
human CC16 (Hycult, Uden, The Netherlands) was used as a detection antibody. Inter-
and intra-assay coefficient of variation were 5.6% and 4.8%, respectively

Determination of Elastase-α1-antitrypsin complex

Elastase plasma concentration as a marker of leukocyte activation was determined by
means of sandwich ELISA. Antibodies were purchased from Affinity Biologicals (Affin-
ity Biologicals Inc., Ancaster, Canada). Elastase isolated from human donor leukocytes
(Merck KGaA, Darmstadt, Germany) served as a standard. Inter- and intra-assay coeffi-
cient of variation were 6.3% and 5.2%, respectively

Determination of Myeloperoxidase

MPO plasma concentration as another marker of leukocyte activation was also deter-
mined by means of sandwich ELISA. Capture and detection antibodies were purchased
from Hytest (HyTest LTD, Turku, Finland). Myeloperoxidase isolated from human
donor leukocytes (HyTest LTD, Turku, Finland) served as a standard. Inter- and intra-
assay coefficient of variation were 8.6% and 6.5%, respectively.

Data analysis

Biochemical measurements were corrected for hemodilution by using hematocrit levels.
All values are summarized as mean and standard deviation, or median and interquartile
range in case the data were non-normally distributed. The Student’s t-test was used to
compare means of continuous variables, whereas the Mann-Whitney U test was used
for non-normally distributed variables. Correlations were assessed with Spearman rank
correlation tests. Contingency tables, χ2 and Fisher exact tests were used as appropriate.
A two-way mixed ANOVA was used to compare serial data. Violations of sphericity were
Greenhouse-Geisser corrected. All tests performed in order to test the (null-) hypothesis
of no difference were two-sided. A p value < 0.05 was considered statistically significant.
Statistical analyses were performed with SPSS version 16.0 for Windows (SPSS Inc.,
Chicago, Ill, USA).

46



Lung biomarker profiles in on- and off-pump coronary bypass surgery

Table 3.1: Baseline characteristics and operative variables

Variable CABG (n=20) OPCAB (n=20) p valuea

Baseline characteristics
Age [years] 64 (9) 63 (11) 0.857
Length [cm] 174 (6) 172 (8) 0.487
Weight [kg] 81 (11) 79 (12) 0.536
Gender [No.] 16 (80%) 12 (60%) 0.168
Coexisting illness

Diabetes [No.] 5 0 0.047
Pulmonary disease [No.] 3 1 0.605

Postoperative variables
Operation time [min] 205 (31) 126 (49) <0.001
Cross clamb time [min] 51 (16) -
CPB [min] 81 (22) -
Creat. clearance [µmol/L] 76.3 (14.6) 79.2 (25.3) 0.668
Ventilation time [h] 13.7 (7.5) 5.1 (7.1) 0.001
PaO2/FiO2 [mmHg] 189 (163-264) 238 (214-272) 0.064
Aa-O2 gradient [mmHg] 159 (137-172) 137 (116-153) 0.015
Data are presented as mean (standard deviation) or median (interquartile range) unless stated
otherwise. a Student’s t-test, Mann-Whitney U test, Pearson’s χ2 or Fisher exact test used as
appropriate.

Results

Forty patients scheduled for elective cardiac surgery were included in this study. Patient
characteristics are described in Table 3.1. There were no significant differences between
the groups with regard to relevant baseline characteristics, except for the number of
diabetic patients in the OPCAB group, which was less than in the CABG group.

In the CABG group, SP-D plasma concentration (Figure 3.1A) was significantly
increased at the end of surgery (END CPB/ANASTOMOSIS) as compared with the
OPCAB group [8.96 vs. 4.91 ng/mL (median), p = 0.042]. One day after surgery (24h
ICU), SP-D plasma concentration returned to baseline values. In the OPCAB group
median SP-D plasma concentration remained constant during the procedure.

To compare between groups, inter-individual differences in CC16 plasma concen-
tration made it necessary to normalize CC16 values by means of the baseline measure-
ment: CC16inormalized = CC16i / CC16Baseline × 100%. Data before normalization are
summarized in Table 3.2. During cardiopulmonary bypass CC16 plasma concentration
increased in the CABG group whereas there was no increase in the OPCAB group (Fig-
ure 3.1B). Plasma concentrations returned to baseline values on the first postoperative
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Figure 3.1: (A) Surfactant protein D plasma concentrations. Data shown are mean ±
SEM of SP-D plasma concentrations measured by ELISA in CABG and OPCAB patients
(Overall p = 0.014). (B) CC16 plasma concentrations. Data shown are mean ± SEM of
CC16 plasma concentrations measured by ELISA in CABG and OPCAB patients (Overall
p = 0.068). Closed and open circles represent CABG and OPCAB, respectively. * p <
0.05 CABG versus OPCAB.

day (24h ICU).
Elastase was measured as an index of leukocyte activation (Table 3.2). After reper-

fusion (END CPB/ANASTOMOSIS) elastase markedly increased in the CABG group
and was significantly higher than in the OPCAB group [29.1 vs. 4.0 µg/mL (median),
p < 0.001]. At one hour after surgery (1h ICU) this difference was even larger [37.7
vs 5.1 µg/mL (median), p < 0.001]. On the first postoperative day (24h ICU) elastase
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Table 3.3: Correlation between lung biomarkers and PaO2 /FiO2 and Aa-O2 gradient at
1h ICU

PaO2/FiO2 [mmHg] Aa-O2 gradient [mmHg]
Rs p value Rs p value

SP-D [ng/mL] 0.462 0.006 0.409 0.016
CC16 [%] 0.342 0.044 0.343 0.043

plasma concentration in the CABG group returned to baseline whereas it was moderately
increased in the OPCAB group.

Myeloperoxidase concentration, another maker for leukocyte activation, increased
in both groups after whole body heparinisation (Table 3.2), however MPO plasma con-
centration was significantly higher in the CABG group as compared with the OPCAB
group [507 vs. 360 ng/mL (median), p = 0.002]. One day after surgery MPO plasma
concentration returned to baseline values in both groups.

Two-way mixed ANOVA revealed an overall increase for SP-D, MPO and Elastase
in the CABG group as compared to the OPCAB group (p = 0.014, p < 0.001 and p <
0.001, respectively), CC16 also showed an increase although not statistically significant
(p = 0.068).

At 1 hour after surgery (1h ICU) lung function as assessed by PaO2/FiO2 was better in
the OPCAB group as compared to the CABG group (Table 3.1). Analogously, the Aa-O2

gradient was significantly lower in the OPCAB group. Our data show an association
between the net increase in SP-D (∆SP-D, SP-D at 1h ICU minus SP-D at PRE-OP) and
PaO2/FiO2 (Table 3.3). Similarly, there is an association between ∆SP-D and the Aa-O2

gradient.
The normalized values of CC16 at the end of cardiopulmonary bypass (END CPB/

ANASTOMOSIS) depicted a similar association with PaO2/FiO2 (Table 3.3) and the
Aa-O2 gradient.

Since SP-D and Elastase showed similar trends during the coronary bypass surgery
procedure, their relation after reperfusion (END CPB/ANASTOMOSIS) was analysed.
The two variables exhibited a significant association (Figure 3.2, Spearman’s rho =

0.548, p = 0.001).

Discussion

This study shows that SP-D and CC16 are sensitive markers of lung injury and that they
can be useful in the setting of cardiac surgery. After CABG, with or without CPB, higher
SP-D and CC16 plasma concentrations were associated with more lung injury as assessed
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Figure 3.2: Correlation between Elastase [ng/mL] and SP-D [ng/mL] in CABG and
OPCAB patients immediately following reperfusion (END CPB/ANASTOMOSIS). Closed
and open circles represent CABG and OPCAB, respectively. Spearman’s rho = 0.548, p
< 0.001.

by the PaO2/FiO2 ratio and the Aa-O2 gradient early on the ICU. Secondly, higher SP-D
and CC16 plasma concentrations after CABG with CPB as compared to OPCAB were
found.

The use of lung epithelium specific proteins for describing lung injury is attractive
because there are hardly any direct lung injury markers available. To our knowledge
only the group of Boven et al. has utilised this before by measuring CC16 and KL-
6 (Krebs von den Lungen-6) for comparing standard CPB with a mini extracorporeal
circuit [11]. They found that CC16 is a potential biomarker for damage to the alveolar
capillary membrane during coronary artery bypass surgery.

There are several hypotheses for explaining the increase of lung epithelium specific
proteins, 1) increased permeability of the alveolar capillary membrane, 2) increased
production or secretion of these proteins, or 3) decreased renal clearance [12].

The increase in elastase plasma concentration, and its association with ∆SP-D, sup-
ports the notion of increased permeability of the alveolar capillary membrane after CPB,
a well-described phenomenon caused by an inflammation reaction induced by CPB.
This reaction includes activation of the coagulation cascade, the complement system
and release of cytokines and adhesion receptors which results in neutrophil-endothelial
cell interactions that liberate lung macrophage proteases and neutrophilic enzymes, such
as elastase, and produce diffuse tissue injury and increased pulmonary vascular perme-
ability [2, 13]. It is well known that elastase has multiple effects on the respiratory
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epithelium; one of them is the reduction in integrity of the epithelium by cleaving E-
cadherin [14]. Furthermore, the increase in elastase represents leukocyte activation,
which also results in generation and release of reactive oxygen species [15]. Reactive
oxygen species contribute to a decrease in pulmonary endothelial barrier function by
disrupting intercellular tight junctions and redistribution of focal adhesions [16].

Another explanation for higher lung epithelium specific protein levels might be an in-
creased production or secretion of these proteins in the bronchioli and alveoli after CPB,
suggesting a protective function of these lung proteins. This is supported by a three-fold
increase of SP-B and SP-C in tracheal aspirates after surgery with CPB in children [17].
Literature does not provide reference values for CC16 in bronchoalveolar lavage fluid
(BALF) after cardiac surgery. However, Determan et al. analysed CC16 plasma and
BALF concentrations following various surgical procedures to compare the influence
of two mechanical ventilation strategies. The authors compared CC16 concentrations
directly after intubation and after 5 h of surgery and they found an increase in plasma
concentrations but not in BALF concentrations [18]. This supports the explanation of
increased permeability rather than increased production or secretion.

Whether higher concentrations of lung epithelium specific proteins in the epithelium
lining fluid lead to higher plasma concentrations without an increased permeability is
not clear. Perhaps only a larger concentration gradient between alveoli and circulation is
sufficient for increasing plasma concentrations. Our finding that plasma concentrations
of lung epithelium specific proteins returned to baseline 24 h after surgery (paralleled
by elastase plasma concentrations) suggests a temporary increase in permeability of the
alveolar capillary membrane.

The third possible explanation for increased plasma concentration of lung epithelium
specific proteins is decreased renal function. Although there is always some degree of
decreased renal function following CABG, about 7% decrease in creatinine clearance in
a recent study [19], this small decrease is not likely responsible for the increase in SP-D
and CC16. Moreover, we found no difference in creatinine clearance between groups,
but we did find higher concentrations of lung epithelium specific proteins in the CABG
group.

Our second finding was the reduction of lung epithelium specific proteins in the
OPCAB group. OPCAB is known to reduce the inflammatory reaction as compared
to CABG with CPB [20, 21]. Therefore, it may be expected that OPCAB can reduce
the occurrence of diffuse tissue injury and a reduced leakage of lung epithelium specific
proteins.

The benefits of preventing clinical lung injury and/or dysfunction by OPCAB are
still debated; there are studies that report better gas exchange after OPCAB [22] and
others that do not [23, 24, 25]. These results are based on clinical parameters such as
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the gradient between inspired oxygen concentration and arterial blood oxygen tension.
Possibly these parameters are not sensitive enough to detect injury to the alveolar cap-
illary membrane in low risk patients with relatively short operation times. The use of
lung epithelium specific biomarkers can be of use, as we were able to show an increase
in SP-D and CC16 plasma concentrations in the CABG group. This may explain the
finding that OPCAB significantly reduced pulmonary complications such as ventilation
time and pneumonia and also a shorter ICU stay and 30 day mortality in a recent study
by others [26].

Myeloperoxidase, which is considered as a measure for the activation of neutrophils,
increased right after the administration of heparin. This profile of MPO during CPB
surgery has been reported before [27], and it can be explained by heparin-induced lib-
eration of endothelial bound MPO [28]. Moreover, the liberation of MPO seems to be
dose dependent as the CABG group received three times more heparin than the OPCAB
group. Altogether, these observations suggest that MPO might not be a good biomarker
for activation of neutrophils in the setting of CPB.

Conclusion

We have shown that higher SP-D and CC16 plasma concentrations correlate with more
clinical lung injury after coronary bypass surgery. Furthermore, the CABG group had
higher SP-D and CC16 plasma concentrations and more lung injury as compared with
the OPCAB group. Lung epithelium specific proteins seem to be a useful biomarker for
measuring lung injury and can be used for assessing strategies meant to reduce CPB-
induced lung injury.
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The effect of pulsatile cardiopulmonary bypass on lung function in elderly patients

Abstract

Cardiopulmonary bypass is still a major cause of lung injury and delay in pulmonary
recovery after cardiac surgery. Although it has been shown that pulsatile flow induced
by intra-aortic balloon pumping is beneficial for preserving lung function, it is not clear
if the same beneficial effect can be accomplished with pulsatile flow generated in the
extracorporeal circuit. Therefore, we investigated the effect of pulsatile flow, produced
by a centrifugal pump, on lung function in elderly patients.

Serial measurements of lung biomarkers Clara cell 16 kD protein, surfactant protein
D, and elastase were performed on blood samples from 37 elderly patients (≥75 years)
who underwent elective aortic valve replacement surgery with CPB, either with pulsatile
perfusion or continuous perfusion. Pulmonary function was assessed by postoperative
ventilation time, the arterial blood oxygenation (PaO2/FiO2), the alveolar-arterial oxygen
gradient (Aa-O2 gradient) and the pulmonary vascular resistance indexed by body surface
area (PVRi).

There was no difference in lung function between both groups, as assessed by the
postoperative ventilation time, the PaO2/FiO2 ratio, and the Aa-O2 gradient. The PVRi,
however, was significantly lower in the pulsatile perfusion group 15 min after the ad-
ministration of protamine (p<0.05). The plasma concentrations of the lung biomarkers
increased during surgery and peaked at 2 h ICU, there were however no differences
between groups.

Pulsatile flow does not seem beneficial to postoperative lung function in elderly
patients. Moreover, pulsatile flow does not affect lung function on a subclinical level
as assessed by lung biomarkers.
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Introduction

Cardiopulmonary bypass (CPB) is still a major cause of lung injury and delay in pul-
monary recovery after cardiac surgery [1, 2]. This manifests in the form of hypoxemia
to acute respiratory distress syndrome.

The use of pulsatile flow in CPB is a topic under much controversy, with reports
being in favor of the technique [3] and others which do not find any benefit [4]. The
reasoning in favor of pulsatile flow is that mimicking the physiological situation as much
as possible will give a better outcome. In more detail, the extra amount of energy induced
by pulsatile flow (surplus hemodynamic energy, SHE), should yield better perfusion of
the (peripheral) capillaries by means of enhanced microvascular flow.

During CPB, the perfusion of the lungs is limited to the bronchial circulation, and, in
fact, this bronchial circulation is strongly reduced [5]. This reduction of the bronchial cir-
culation could add to the ischemic injury of the lungs. Moreover, it has been shown that
ligation of the bronchial artery clearly worsens lung function after CPB [6], indicating
the importance of bronchial circulation in preventing or attenuating ischemia/reperfusion
(I/R) injury. Pulsatile flow is potentially beneficial for perfusion of the lungs via the
bronchial arteries. It has been shown that pulsatile flow, induced by means of intra-aortic
balloon pumping, preserved lung function in patients with chronic obstructive pulmonary
disease (COPD) [7] and in elderly patients [8]. More recently, pulsatile pulmonary per-
fusion reduced pulmonary hemodynamic parameters and respiratory indices in low-risk
CABG patients [9], indicating the beneficial effect of pulsatile flow.

With increasing life expectancies and the use of percutaneous coronary angioplasty,
patients are getting older before needing cardiac surgery. These patients run a higher risk
for morbidity and mortality after cardiac surgery [10], and potentially benefit more from
the use of pulsatile flow.

Although it has been shown that pulsatile flow induced by intra-aortic balloon pump-
ing is beneficial for preserving lung function [7], it is not clear if the same beneficial
effect can be accomplished with pulsatile flow generated in the extracorporeal circuit.
Therefore, we investigated the effect of pulsatile flow, produced by a centrifugal pump,
on lung function in elderly patients. Lung function was evaluated by duration of post-
operative ventilatory support, the arterial blood oxygenation (PaO2/FiO2), the alveolar-
arterial oxygen gradient (Aa-O2 gradient), and the pulmonary vascular resistance in-
dexed by body surface area (PVRi). Finally, biochemical markers of lung injury were
determined.
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Materials and Methods

Patients

Elderly patients (≥75 years) undergoing aortic valve replacement surgery with cardiopul-
monary bypass in the University Hospital of Verona were prospectively included in
this study. Patients with indications for concomitant one-vessel CABG or those with
concomitant non-critical coronary artery disease (CAD) were included. The exclusion
criteria were: indications for other associated heart procedures, myocardial infarction
within the previous month, insulin-dependent diabetes, renal insufficiency with preoper-
ative creatinine level >200 mmol/l, history of systemic inflammatory disease, ongoing
corticosteroid therapy, previous radiotherapy or chemotherapy, emergency procedures,
patients in inotropic support, IABP or circulatory assistance and re-operations. The
study protocol was approved by the local institutional review board, and all patients
gave informed consent.

Study groups and interventions

Patients were randomly allocated to a pulsatile perfusion group (Pulsatile, n = 18) or a
non-pulsatile perfusion group (Control, n = 19). Pulsatile flow was generated by means
of a Deltastream DP3 pump (Medos Medizintechnik, Stolberg, Germany) in the pulsatile
operation modus. The pump speed ranged between 3500 rpm and 8500 rpm and the
pulse frequency was set to 60 beats per minute. In the control group the pump was set to
continuous flow.

All other components of the CPB circuit were the same between groups and were
carefully selected according to their capacity to provide the maximum pulse delivery to
the patient. The circuit consisted of a Maquet Quadrox-i Adult hollow fiber Softline®-
coated membrane oxygenator with integrated heat exchanger, a Maquet Jostra Quart
external screen-type arterial filter (pore size 40 µm), a corresponding Softline®-coated
tubing system with constant arterial line length from oxygenator to the aortic cannula of
145 + 10 cm, and an Edwards 20.3 cm aortic cannula with vented 3/8” connection site
(Luer Lock), 22-24 FR.

According to the model of Shepard et al [11], the energy equivalent pressure (EEP)
and the surplus hemodynamic energy (SHE) were estimated. In brief, EEP was calcu-
lated with the following equation:

EEP =

∫
f pdt∫
f dt

(4.1)
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where f is the pump flow (mL/min) and p is the arterial pressure (mmHg). The SHE
(ergs/cm3) was calculated by the following equation:

S HE = 1332


∫

f pdt∫
f dt
− MAP

 (4.2)

The difference between the EEP and the mean arterial pressure (MAP) is the extra
energy generated by the pulsatile device and is approximately 10% in the normal physi-
ological situation [12].

For precise EEP calculation, flow curves obtained from external flow sensors (Tran-
sonic HT-110; Transonic Systems, Ithaca, NY, USA) and pressure curves obtained from
pressure transducers were recorded simultaneously at pump outflow, post-oxygenator,
aortic cannula level, and the radial artery.

Anesthesia and surgery

Anesthesia was provided according to a standardized protocol. Premedication consisted
of oral diazepam two hours before surgery. General anesthesia was induced with propo-
fol and sufentanil.

Ventilatory management was aimed at an inspiratory oxygen fraction of 0.5,a pos-
itive end-expiratory pressure of 6 cm H2O, and a tidal volume of 6 ml/kg to 8 ml/kg.
The central venous catheter and a Swan-Ganz catheter (Arrow International, Reading,
PA, USA) were inserted in the right internal jugular or right subclavian vein and an
indwelling bladder catheter for urine collection was routinely utilized. After anesthesia
induction the patients received 2.0 g of cefuroxim (or 600 mg of clindamycine when
allergic to penicillin). Anesthesia was maintained with propofol infusion and boluses of
sufentanil and vecuronium. Transfusion of packed red blood cells (RBC) was indicated
at hemoglobin levels <7 g/l during CPB and at hemoglo- bin levels <9 g/l afterwards. An
activated clotting time of >480 s was achieved by administration of heparin (4 mg/kg)
before starting CPB.

In both groups, the CPB circuit was primed with 1500 mL of balanced saline so-
lution, while the flow was maintained at 2.4 L/min per m2. The CPB was performed
in normothermic conditions with mean arterial pressure (MAP) maintained between 50
mmHg and 80 mmHg. The vent was positioned into the left ventricle through the right
superior pulmonary vein and patients were not ventilated during CPB. After finishing
CPB, protamine (4 mg/kg) was infused to neutralize the heparin.

Blood samples were taken after induction of anesthesia (Pre-op), at sternal wound
closure (Post-op), two hours after arrival at the intensive care unit (2 h ICU) and eighteen
hours after arrival in the ICU (Day 1). Upon the start of reperfusion, two additional blood

62



The effect of pulsatile cardiopulmonary bypass on lung function in elderly patients

samples were taken from the vena cava and the pulmonary vein. Plasma was obtained by
centrifugation of whole blood at 1100×g for 10 min. Thereafter, plasma was aliquoted
and stored at -80◦C for later analysis.

Clinical and biochemical measurements

Pulmonary function was assessed by duration of postoperative ventilatory support, the
arterial blood oxygenation (PaO2/FiO2), the alveolar-arterial oxygen gradient (Aa-O2

gradient), and the pulmonary vascular resistance indexed by body surface area (PVRi).
These measurements were taken at the same time-point as blood samples were taken.
The PVRi was measured at two additional time-points; during CPB and just before
the administration of protamine (Before prot), and 15 min after the administration of
protamine (15’ prot).

Elastase plasma concentration, as a marker of leukocyte activation, was determined
by means of sandwich ELISA. Antibodies were purchased from Affinity Biologicals
(Ancaster, ON, Canada). Elastase isolated from human donor leukocytes (Merck KGaA,
Darmstadt, Germany) served as a standard.

Surfactant protein D plasma concentration, as a marker of alveolar capillary mem-
brane integrity, was also measured by means of sandwich ELISA. Capture and detection
antibodies were from R&D Systems (Minneapolis, MN, USA). Recombinant human
surfactant protein D (also from R&D Systems) served as a standard.

Clara cell 16 kD protein (CC16), a marker of respiratory epithelial integrity originat-
ing predominantly from the (terminal) bronchioles, was measured in plasma by means
of an in-house developed sandwich ELISA. Recombinant human CC16 (R&D Systems)
served as a standard. A monoclonal rat antibody to human CC16 (R&D Systems) was
used as capture antibody and monoclonal mouse antibody to human CC16 (Hycult,
Uden, The Netherlands) was used as detection antibody.

Data and data analysis

All values are summarized as mean plus standard error of the mean, unless specified
otherwise. Student’s t-test was used to compare means of continuous variables and when
variables where non-normally distributed the Mann-Whitney U test was used. Contin-
gency tables, χ2, and Fisher exact tests were used as appropriate. A two-way mixed
ANOVA was used to compare serial data. Violations of sphericity were Greenhouse-
Geisser corrected. Correlations between pulmonary vascular resistance, elastase plasma
concentrations, and CC16 plasma concentrations were assessed by Pearson’s correlation
coefficient. All tests performed in order to test the (null-) hypothesis of no difference
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Table 4.1: Patient demographic data

Variable Control (n=19) Pulsatile (n=18) p valuea

Age [years] 79 (3) 80 (3) 0.515
Height [cm] 165 (9) 167 (9) 0.521
Weight [kg] 68 (14) 73 (914) 0.321
Male [No.] 11 (58%) 9 (45%) 0.746
Coexisting illness [No.]

Diabetes 3 (18%) 6 (33%) 0.443
Pulmonary disease 2 (11%) 2 (11%) 1.000

Data are presented as mean (standard deviation). a Student’s t-test, Pearson’s χ2 or Fisher
exact test used as appropriate.

were two-sided. A p value <0.05 was considered statistically significant. Statistical
analyses were performed with SPSS version 18.0 (SPSS Inc., Chicago, IL, USA).

Results

In this study the effect of pulsatile flow on lung injury during cardiopulmonary by-
pass was evaluated. The average age of the patients was 80 ± 3 years and the mean
EuroSCORE was 5.5 ± 1.3. Patient characteristics (Table 4.1) were not significantly
different between groups.

In the pulsatile perfusion group, measured at the radial artery, the EEP was 59 ±
11 mmHg (7.0% higher than MAP) and the SHE was 4980 ± 2324 erg/cm3, while a
physiological EEP is approximately 10% higher than MAP [12].

Postoperative results and clinical outcomes

Postoperative variables such as ventilation time, ICU time and hospital stay did not
differ between both groups (Table 4.2). There was no difference in lung function be-
tween both groups, as assessed by PaO2/FiO2 ratio and the Aa-O2 gradient (Table 4.3).
Blood oxygenation (PaO2/FiO2) dropped following surgery and was restored again in
the ICU, although levels were still lower on the first postoperative day as compared
to pre-operative values (Table 4.3). The Aa-O2 gradient depicted an opposite trend,
it increased following surgery after which it returned to baseline values, although still
slightly elevated as compared to pre-operative values.

The PVRi differed between time-points (p<0.001) but not between groups or the
interaction of group and time, as indicated by two-way mixed ANOVA (Table 4.3). Dur-
ing cardiopulmonary bypass the PVRi decreased, and after protamine administration the
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Table 4.2: Summary of postoperative clinical data and CPB characteristics

Variable Control (n=19) Pulsatile (n=18) p valuea

CPB [min] 81 (68-103) 96 (67-105) 0.638
Cross clamp [min] 63 (49-78) 69 (50-81) 0.820
MAP [mmHg] 60.9 (12.6) 54.6 (9.5) 0.096
Flow [L/min] 4.3 (0.5) 4.5 (0.5) 0.200
EEP [mmHg] 60.2 (13.6) 58.5 (10.8) 0.690
EEP-MAP [%] 0 6.97 (3.2) <0.001
SHE [ergs/cm3] 0 4980 (2324) <0.001
ICU time [h] 22 (20-44) 26 (20-52) 0.713
Ventilation time [h] 12 (11-17) 14 (10-18) 0.807
Hospital stay [days] 9 (8-13) 9 (8-10) 0.700
Data are presented as mean (standard deviation) or median (interquartile range) unless stated
otherwise. a Student’s t-test or Mann-Whitney U test used as appropriate.

PVRi increased again, peaking at 2 h ICU, after which it returned to baseline. The control
group was significantly higher 15 min after administration of protamine as compared to
the pulsatile group (Figure 4.1, p = 0.013, Student’s t-test).

Lung injury markers

Neutrophil elastase was measured as a marker for leukocyte activation. Elastase differed
between time-points (p<0.001), peaking at 2 h ICU, but did not differ between groups or
the interaction of both (Table 4.4).

Surfactant protein D increased significantly after surgery (p<0.001), and returned
to baseline on the first post-operative morning. There were no significant differences
between the groups or the interaction of group and time-points.

For Clara Cell 16 protein an identical trend was observed. CC16 increased following
surgery (p<0.001), peaking at 2 h ICU, and returned to baseline on the first post-operative
day. Again there was no significant difference between groups.

Trans-pulmonary lung injury marker measurements

Besides perioperative serial measurements, blood samples were drawn from the vena
cava (VC) and the pulmonary vein (PV) directly following reperfusion. These samples
were used to establish a transpulmonary gradient (ConcentrationPV – ConcentrationVC)
of lung injury markers.
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Figure 4.1: Pulmonary vascular resistance indexed by body surface area in patients
perfused with pulsatile flow (open symbols) or continuous flow (closed symbols). * p <
0.05.

The transpulmonary elastase gradient was higher in the control group than in the
pulsatile group, 5.04 ± 1.04 and 2.39 ± 1.09 µg/ml, respectively (Figure 4.2A). However,
the difference in gradient between groups was not significant (p = 0.089).

Surfactant protein D concentrations did not exhibit a gradient (Figure 4.2B). Like-
wise, there was no difference between both groups (p = 0.096).

Clara cell 16 protein was higher in the pulsatile group than in the control group, 18.1
± 6.8 and 12.2 ± 6.5 ng/ml, respectively (Figure 4.2C). Again, there was no significant
difference between groups (p = 0.535).

In investigating the relation between PVRi and the biomarkers we found that there
was a significant correlation between PVRi before the administration of protamine and
the transpulmonary gradient of elastase. Additionally, PVRi before the administration of
protamine correlated with the transpulmonary gradient CC16 (Table 4.5).

Discussion

In this study we investigated the effect of pulsatile flow, produced by a centrifugal pump,
on lung function in elderly patients undergoing aortic valve replacement surgery. We
found that there was no difference in clinical outcome parameters. Only the pulmonary
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Table 4.5: Correlations between pulmonary vascular resistance index and transpul-
monary biomarker gradients

PVRi before protamine
Variable Correlation coefficient p value
Transpulmonary elastase [µg/mL] 0.393 0.026
Transpulmonary CC16 [ng/mL] 0.421 0.016

vascular resistance index showed a small beneficial effect for the pulsatile group, in that it
did not exceed baseline values, whereas the control group showed almost a 50% increase
two hours after arrival in the ICU.

The topic of pulsatile flow is one with much controversy. In this study, 37 patients
were randomly assigned to either perfusion with the centrifugal pump in pulsatile mode
or in continuous mode. However, when the pump was in pulsatile mode this did not seem
to be associated with marked clinical benefits. This is in accordance with a recent study
in which the clinical effectiveness of pulsatile flow, induced by a centrifugal pump, was
assessed [13]. The authors, although not specifically looking into lung function, did not
find any difference in clinical outcomes. On the other hand, our results are in contrast
to those of Onorati et al, who showed that COPD patients that received pulsatile flow
during CABG had less ventilation time, better PaO2/FiO2, and better respiratory-system
compliance following surgery [7]. In their study, a roller pump in combination with
an intra-aortic balloon pump was used to create pulsatile flow. In their control group
the IABP was turned off, resulting in standard linear flow. When we compare their
results to those of the present study we see some similarities and some differences. The
mechanical ventilation time in the present study was not different between study groups
and was comparable to the control group from their study. However, in their group
with IABP-induced pulsatile flow, the mechanical ventilation time was almost reduced
by 40%. When looking at the oxygenation (PaO2/FiO2), we saw a drop at the end of
surgery in both study groups in the present study, which was again comparable to the
control group of Onorati et al. Their group with IABP-induced pulsatile flow, however,
did not display a drop in PaO2/FiO2 but demonstrated a small increase at the end of
surgery, which lasted throughout the entire postoperative course. These differences in
observations are most probably explained by the method of producing pulsatile flow, as
the literature shows that IABP pumping can generate larger differences (up to 23.3%)
between MAP and EEP [14] as compared with the present set-up (7.0%). Unfortunately,
in the study of Onorati et al these values were not reported. To ascertain if it is the
method of producing pulsatile flow or merely the difference between MAP and EEP
generated by the pulsatile flow that is responsible for better lung function preservation,
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a study that compares these methods directly would be of interest. Another factor that
could ex- plain the differences between the present study and the study of Onorati et al is
the difference in average age of both study populations. In the present study the patients
were, on average, 10 years older and it is known that arterial stiffness increases with age
[15], which could mean that younger patients would benefit more from pulsatile flow
than older patients.

The use of lung epithelium specific secretory proteins for evaluating the integrity
of the alveolar capillary membrane is an alternative method to assess lung injury [16].
Serum CC16 concentrations have been associated with bronchiolitis obliterans syndrome
(BOS) after lung transplantation [17] and primary graft dysfunction after lung transplan-
tation [18]. Additionally, CC16 has been utilized as a lung injury marker for comparison
of mechanical ventilation strategies during various surgical procedures [19] and for com-
parison of a mini-extracorporeal circuit versus a conventional cardiopulmonary bypass
system [20, 21]. More recently, we have shown that CC16 concentrations correlate with
pulmonary dysfunction (alveolar arterial oxygen gradient) during cardiothoracic surgery
and that it was possible to differentiate between off-pump and on-pump coronary artery
bypass grafting [22]. Surfactant protein plasma concentrations are associated with sepsis,
respiratory distress syndrome and interstitial lung diseases [23]. More recently, Agostoni
et al evaluated SP-B as a lung injury marker after elective coronary artery bypass grafting
with the use of cardiopulmonary bypass [24]. Immediately after surgery, they found a
fourfold increase of SP-B, which returned to baseline within 48 h. The authors concluded
that SP-B could be a sensitive and rapid biomarker of lung distress.

When looking at a subclinical level of lung injury by means of biomarkers, we again
observed no difference between continuous or pulsatile perfusion. The biomarkers were
all elevated immediately after surgery and declined again during the first 24 h. An
additional method for measuring lung injury by means of biomarkers was performed
by drawing blood samples before and after the lungs and by establishing a concentration
gradient between these two blood samples. These blood samples were taken right after
the start of reperfusion, which means that the increase in serum biomarker concentrations
could be ascribed to lung ischemia/reperfusion injury. Although these gradients were
not different between groups, it was of interest that we observed a significant correlation
between the PVRi and the transpulmonary gradient in elastase and the transpulmonary
gradient in CC16. This could be explained when the increase in elastase is the result of
a neutrophil influx during ischemia, since it is known that neutrophillic enzymes, such
as elastase, produce diffuse tissue injury and result in increased pulmonary vascular per-
meability [2]. This, in turn, would lead to an increase in pulmonary vascular resistance.
Although this method has its logistical disadvantages, it is very suitable to analyze the
release of biochemical markers from a single organ, and, in this case, the lungs.
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Pulmonary dysfunction following CPB is a well-known problem and is characterized
by functional, physiological, biochemical, and histological changes [1]. In these elderly
patients we found a transient lung impairment by means of clinical and biochemical
variables. Pulsatile flow is thought to be beneficial in preventing lung injury by means
of better perfusion of the bronchial artery. The advantages of bronchial artery perfusion
have been demonstrated in a porcine model in which the bronchial artery was actively
perfused by connecting it to the CPB circuit [25]. The authors showed that by active
perfusion of the bronchial artery, detrimental metabolic and ultrastrutural changes of
lung tissue where significantly reduced. Furthermore, they showed a reduction of in-
flammatory substances in bronchoalveolar lavage fluid.

The limitations of this study that should be acknowledged are, first, the relatively
small number of patients that was included. The power of our study is therefore limited.
Second, the patient group consisted of elderly patients (≥75 years) and, as is known,
aortic stiffness increases with age [15]. This means that a larger difference between
MAP and EEP may be necessary to see any beneficial effects of pulsatile flow and that a
younger patient group could benefit more from the present set-up.

In our study, the extra energy generated with pulsatile flow should in theory result
in better perfusion of the capillaries, supplying more oxygenated blood, antioxidants,
and/or nutrients to the ischemic lung. However, we were not able to show any beneficial
effects of pulsatile flow, except for a lower pulmonary vascular resistance. That we did
not observe a beneficial effect could be attributed to the limited pulsatility. In conclusion,
in our study pulsatile flow did not seem beneficial on postoperative lung function in
elderly patients. Moreover, pulsatile flow did not affect lung function on a subclinical
level as assessed by lung biomarkers.
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Abstract

Objectives: In addition to its blood-sparing effects, intraoperative cell salvage may re-
duce lung injury following cardiac surgery by removing cytokines, neutrophilic proteases
and lipids that are present in cardiotomy suction blood. To test this hypothesis, we
performed serial measurements of biomarkers of the integrity of the alveolar-capillary
membrane, leucocyte activation and general inflammation. We assessed lung injury
clinically by the duration of postoperative mechanical ventilation and the alveolar arterial
oxygen gradient.

Methods: Serial measurements of systemic plasma concentrations of interleukin-
6 (IL-6), Myeloperoxidase, Elastase, Surfactant protein D (SP-D), Clara cell 16 kDa
protein (CC16) and soluble receptor for advanced glycation endproducts (sRAGEs) were
performed on blood samples from 195 patients who underwent cardiac surgery with the
use of a cell salvage device (CS, n=99) or without (CONTROL, n=96).

Results: Postoperative mechanical ventilation time was shorter in the CS group than
in the CONTROL group [10 (8-15) vs. 12 (9-18) h, respectively, p = 0.047]. The
post-operative alveolar arterial oxygen gradient, however, was not different between
groups. After surgery, the lung injury biomarkers CC16 and sRAGEs were lower in
the CS group than in the CONTROL group. Biomarkers of systemic inflammation (IL-6,
Myeloperoxidase and Elastase) were also lower in the CS group. Finally, mechanical
ventilation time correlated with CC16 plasma concentrations.

Conclusion: The intraoperative use of a cell salvage device resulted in less lung
injury in patients after cardiac surgery as assessed by lower concentrations of lung injury
markers and shorter mechanical ventilation times.
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Introduction

Concerns about adverse effects and the costs of allogeneic blood transfusions have pro-
moted the use of cell salvage devices during cardiac surgery [1, 2]. Besides a reduction in
allogeneic blood exposure, the use of cell salvage devices could have additional benefits,
such as a decrease in lung injury.

Lung dysfunction is common after cardiac surgery [3]. Ischaemia during cardiopul-
monary bypass (CPB) results in endothelial activation upon reperfusion [4], which pro-
motes the adherence of phagocytes through expression of specific surface adhesion mo-
lecules [5]. This results in the release of neutrophilic proteases and other inflammatory
mediators that cause injury to the alveolar-capillary membrane. As a consequence,
physiological changes result in an impaired lung function.

The use of cell salvage devices is known to reduce circulating inflammatory media-
tors, such as cytokines [6, 7] and neutrophilic proteases [7, 8]. Due to a reduction of these
inflammatory mediators, we hypothesized that injury to the alveolar-capillary membrane
would be reduced as well, resulting in less leakage of pulmonary (epithelial)-specific
proteins and less impairment of lung function.

To test this hypothesis, we performed serial measurements of biomarkers of the
integrity of the alveolar-capillary membrane, leucocyte activation and general inflam-
mation on patients undergoing cardiac surgery with or without the use of a cell salvage
device. We assessed lung injury clinically by the duration of postoperative mechanical
ventilation and the alveolar arterial oxygen gradient.

Materials and Methods

Study design

This study included 195 patients undergoing cardiac surgery in the University Medical
Center Groningen. These patients consisted of all patients from two study arms (with
and without cell salvage) in our hospital, and belonged to a larger randomized prospec-
tive multi-centre clinical trial, investigating the effect of cell salvage and/or leucocyte
depletion on allogeneic blood exposure (ISRCTN 58333401). The main results have
been published elsewhere [9].

A computer-generated randomization table was made with four groups, of which
two groups (cell salvage and control group) were used for this study. Allocation was
done with sealed, sequentially numbered envelopes. The study was not blinded for
the intraoperative part, because the cell salvage device could not be concealed by its
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size, noise and special suction tube. However, all other caregivers were blinded to the
intervention.

Patients presenting for emergency operations, scheduled for off-pump coronary ar-
tery bypass grafting or aortic surgery and patients with known coagulation disorders
except after the use of aspirin, clopidogrel or low-molecular-weight heparin were ex-
cluded. The local institutional review board approved the study protocol, and all patients
gave their written informed consent.

In the cell salvage group (CS, n=99), all blood collected from skin incision until clo-
sure of the sternum including cardiotomy suction blood and residual heart-lung machine
blood was processed with a cell salvage device (CATS, Fresenius AG, Bad Homburg,
Germany). In the control group (CONTROL, n=96), a cell salvage device was not
used. Thus, conventional cardiotomy suction was used and the residual blood from the
heart-lung machine was retransfused to the patient through a standard blood transfusion
set. In both groups, no leucocyte depletion filter was used.

Anaesthesia and surgery

Anaesthesia was induced and maintained by intravenous infusion of propofol and supple-
mented with sufentanil. Ventilatory management was aimed at normocapnia throughout
the operation and in the intensive care unit (ICU), with an inspiratory oxygen fraction
of 0.4, a positive end-expiratory pressure of 6 cmH2O and a tidal volume of 6-8 ml/kg.
Patients were extubated when they met standard criteria (awake and haemodynamically
stable with an arterial partial oxygen pressure greater than 9 kPa on minimal ventilatory
support). Pulmonary function was measured by the duration of postoperative ventilatory
support and the alveolar-arterial oxygen gradient (Aa-O2 gradient).

Surgery and CPB were according to established routine procedures. The extracorpo-
real circuit consisted of roller pumps (Stöckert Instrumente GmbH, München, Germany),
a hollow fibre oxygenator (Dideco, Mirandola, Italy) and a standard 40 µm arterial line
filter (Medtronic, Inc., Minneapolis, MN, USA), and was primed with 1000 ml Lactated
Ringer’s solution and 500 ml hydroxyethylstarch 10% (Fresenius AG, Bad Homburg,
Germany). Unfractionated heparin was used to obtain an activated clotting time of
greater than 400 seconds. Temperature was allowed to drift to 34◦C.

Biochemical measurements

Blood samples were taken after induction of anaesthesia (Pre-op), at sternal wound
closure (Post-op), 1 h after arrival at the ICU (1h ICU), 3 h after arrival in the ICU
(3h ICU), the morning of the first postoperative day (Day 1) and the morning of the
second postoperative day (Day 2). Plasma was obtained by centrifugation of whole
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blood at 1100×g for 10 min. Hereafter, plasma was aliquoted and stored at −80◦C for
later analysis.

Plasma concentrations of interleukin-6 (IL-6), Surfactant protein D (SP-D) and solu-
ble receptor for advanced glycation endproducts (sRAGEs) were determined by sand-
wich ELISA according to manufacturer’s specification (R&D Systems, Minneapolis,
MN, USA). Elastase plasma concentration was determined by means of sandwich ELISA
(Affinity Biologicals, Inc., Ancaster, ON, Canada). Elastase isolated from human donor
leucocytes (Merck KGaA, Darmstadt, Germany) served as a standard. Myeloperoxidase
(MPO) plasma concentration was also determined by means of sandwich ELISA (HyTest
LTD, Turku, Finland). MPO isolated from human donor leucocytes (HyTest LTD, Turku,
Finland) served as a standard. Clara cell 16 kDa protein (CC16) was measured in
plasma by means of an in-house developed sandwich ELISA. Recombinant human CC16
(R&D Systems) served as a standard. A monoclonal rat antibody to human CC16 (R&D
Systems) was used as a capture antibody and a monoclonal mouse antibody to human
CC16 (Hycult, Uden, Netherlands) was used as a detection antibody. All measurements
were normalized to correct for haemodilution.

Data and data analysis

All values are summarized as mean and standard deviation, or median and interquartile
range in case of a non-normal distribution. Student’s t-test was used to compare means
of continuous variables, and when variables were non-normally distributed, the Mann-
Whitney U-test was used. Contingency tables and χ2-tests were used for categorical
variables. Correlations were assessed with the Spearman rank correlation tests. A
two-way mixed ANOVA was used to compare serial data between groups, timepoints
or their interaction. Violations of sphericity were Greenhouse-Geisser corrected. All
tests performed in order to test the (null-) hypothesis of no difference were two-sided.
A probability value less than 0.05 was considered statistically significant. Statistical
analyses were performed with SPSS version 18.0 (SPSS, Inc., Chicago, IL, USA).

Results

Demographics and surgical characteristics

There were no differences with respect to the baseline demographic data, preoperative
variables and surgical characteristics between the groups (Table 5.1).
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Table 5.1: Demographic data

Variable CS (n = 99) CONTROL (n = 96) p valuea

Age [years] 66 (10) 68 (9) 0.211
Height [cm] 174 (9) 171 (10) 0.066
Weight [kg] 82 (14) 79 (13) 0.190
Male [no.] 69 (69%) 62 (65%) 0.546
EuroSCORE 4.9 (3.2) 5.9 (3.6) 0.060
Procedure [no.] 0.127

Valve 26 15
CABG 66 68
Valve + CABG 7 13

Coexisting illness [no.]
COPD 15 12 0.612
Hypertension 45 43 0.971
Diabetes 30 18 0.096
Previous CVA 3 7 0.205
Previous MI 21 22 0.959

Preoperative medication [no.]
β-Blockers 73 71 0.871
ACE inhibitors 54 38 0.062
Calcium-channel blockers 25 25 0.871
Aspirin 49 55 0.251
Statins 65 60 0.881

Data are presented as mean (standard deviation) unless stated otherwise. CABG: coronary
artery bypass grafting; COPD: chronic obstructive pulmonary disease; CVA: cerebrovascular
accident; MI: myocardial infarct; ACE: angiotensin-converting enzyme. a Student’s t-test or
Pearson’s χ2-test used as appropriate.

Clinical outcome

The use of a cell salvage device resulted in significantly shorter ventilation times than
when no cell salvage device was used [10 (8-15) vs 12 (9-18) h, p = 0.047, Table 5.2].
The Aa-O2 gradient increased after surgery and returned to baseline on Day 1 and showed
no difference between the groups (Table 5.3, p = 0.343). Similarly, the PaO2/FiO2 ratio
showed an opposite trend, decreasing after surgery and returning to baseline on Day 1.
Furthermore, the use of a cell salvage device resulted in less patients being exposed to
allogeneic blood (p = 0.001, Table 5.2). There were no significant differences between
the groups concerning postoperative morbidity, ICU stay or hospital stay (Table 5.2),
although the median hospital stay was 1 day shorter in the CS group.
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Figure 5.1: The effect of cell salvage on serial measurements of plasma concentrations
of biomarkers (median ± 95% CI) during cardiac surgery of (A) IL-6, (B) MPO, (C)
elastase, (D) SP-D, (E) CC16 and (F) sRAGEs. Closed and open circles represent CS
and CONTROL, respectively. Probability values depicted are from Mann–Whitney U-
tests, testing for differences between groups at each individual time point. Additionally,
probability values from two-way mixed ANOVA are depicted in the top of each subfigure.
IL-6: interleukin-6; MPO: myeloperoxidase; SP-D: surfactant protein D; CC16: Clara
cell 16 kDa protein; sRAGEs: soluble receptor for advanced glycation endproducts.
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Table 5.2: Intra- and postoperative data

Variable CS (n = 99) CONTROL (n = 96) p valuea

Intraoperative variables
Cross-clamp time [min] 66 (29) 71 (31) 0.327
CPB time [min] 112 (45) 114 (50) 0.758

Allogenic blood exposure [no.] 0.001
None 57 31
One or two units 23 31
More than two units 19 34

Residual volume HLM [ml] 972 (380) 1112 (474) 0.025
Fluid balance first 24 h [ml] 4031 (1925) 3962 (1647) 0.790
Postoperative morbidity [no.]

Atrial fibrillation 36 35 0.498
Myocardial infarction 2 2 0.959
Cardiac dysrhythmia 6 9 0.363
Infections 10 12 0.844
Death 0 3 0.075

Ventilation time [h] 10 (8-15) 12 (9-18) 0.047
ICU stay [days] 1 (1-1) 1 (1-1) 0.425
Hospital stay [days] 8 (7-11) 9 (7-14) 0.107
Data are presented as mean (standard deviation) unless stated otherwise. ICU: intensive care
unit; CPB: cardiopulmonary bypass. a Student’s t-test, Mann–Whitney U-test or Pearson’s
χ2-test used as appropriate.

Lung injury markers

Plasma concentrations of SP-D, CC16 and sRAGEs increased two- to three-fold by the
end of operation (Figure 5.1D-F), after which concentrations returned to baseline and
ended even lower than baseline concentrations on the first and/or second postoperative
day.

Plasma concentrations of SP-D were not significantly different between groups dur-
ing the study period. Postoperatively, CC16 plasma concentrations were higher in the
CONTROL group than in the CS group [37.1 (18.0-65.5) vs 28.1 (7.3-53.2) ng/ml,
respectively, p = 0.051, Figure 5.1E].

Plasma concentrations of sRAGEs were higher in the CONTROL group than in the
CS group at 1 h in the ICU [1.13 (0.81-1.72) vs 1.38 (0.93-2.17) ng/ml, respectively, p =

0.006] as well as 3 h in the ICU [0.87 (0.56-1.32) vs 0.73 (0.48-1.02), respectively, p =

0.014, Figure 5.1F].
Plasma concentrations of CC16 showed an interesting association with ventilation
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time (Table 5.4). The association got stronger with each successive time point.

Systemic inflammation markers

The plasma concentration of IL-6 increased three- to four-fold during operation (Figure
5.1A). Postoperatively, IL-6 concentrations were higher in the CONTROL group than
in the CS group [42.3 (17.6-84.1) vs 27.0 (19.0-46.6) pg/ml, respectively, p = 0.008].
Plasma concentrations of Elastase increased almost six times during operation (Figure
5.1B). One hour in the ICU, the difference between the CONTROL group and the CS
group was the largest [3.23 (2.41-4.44) vs 2.29 (1.39-2.85) µg/ml, respectively, p <

0.001]. Plasma concentrations of MPO exhibited a similar profile as that of Elastase
(Figure 5.1C). Again, at 1 h in the ICU, the difference between the CONTROL group
and the CS group was the largest [359 (256-426) vs 262 (210-372) ng/ml, respectively,
p < 0.001]. During the study period, overall plasma concentrations of IL-6, Elastase and
MPO were lower in the CS group than in the CONTROL group (Figure 5.1, p = 0.048,
p < 0.001 and p = 0.020, respectively).

Haematological parameters and blood lipids

Leucocyte counts increased during and after surgery and overall counts were higher in
the CS group than in the CONTROL group (p = 0.022, Table 5.3). Overall haemoglobin
concentrations were also higher in the CS group (p < 0.001). Platelet counts were
reduced in both groups at the end of operation and subsequently recovered; there were
no differences between groups.

Subanalysis on chronic obstructive pulmonary disease status

Twenty-seven patients were documented for having chronic obstructive pulmonary dis-
ease (COPD), which comprised 14% of the study population. COPD was documented
by prior physician’s diagnosis, typical history, medication and occasionally additional
spirometry before surgery. There was no difference in ventilation time between COPD
patients and non-COPD patients [11 (8-16) vs 12 (8-16) h, respectively, p = 0.677].
Furthermore, COPD patients had similar ICU stay [1 (1-1) days] and hospital stay [9
(7-19) days].

The COPD patients also showed a similar profile in plasma concentrations of IL-6
(data not shown), but showed higher concentrations of MPO and Elastase throughout
the whole study period, including the preoperative time point (Figure 5.2A and B).
Interestingly, the lung injury biomarkers CC16 and sRAGEs showed lower postoperative
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plasma concentrations in COPD patients than in non-COPD patients (Figure 5.2C and
D).

Discussion

In this study, we investigated the effect of intraoperative cell salvage on lung injury
after cardiac surgery. We found that intraoperative cell salvage decreased injury to the
alveolar-capillary membrane as assessed by the lung injury markers CC16 and sRAGEs
and that it resulted in shorter postoperative mechanical ventilation times. We also found
a reduction of systemic inflammatory mediators in the cell salvage group.

It is well known that CPB is responsible for an inflammatory reaction that leads
to diffuse tissue injury and increased (pulmonary) vascular permeability [5]. In part
this is caused by retransfusion of unwashed cardiotomy suction blood which is used
as a basic blood conservation strategy. This retransfused blood has been shown to be
pro-inflammatory [10] and detrimental to haemostasis [11]. When using mechanical cell
salvage, the ‘activated’ plasma fraction of the shed blood is removed. This plasma frac-
tion contains cytokines, leucocyte activation products, lipids and other pro-inflammatory
mediators. We therefore used the cell salvage device to also process cardiotomy suction
blood during CPB. This is different from most studies on intraoperative cell salvage; it
has, however, been done before in order to minimize organ injury [12]. The benefits of
this approach can be seen in the significant reduction in cytokines and systemic leuco-
cyte degranulation enzymes in the CS group. The removal of cytokines and leucocyte
degranulation enzymes in our study was in agreement with the results of others [6, 13].

One of the leucocyte degranulation enzymes, Elastase, has multiple effects on the
respiratory epithelium; one of them is the reduction in integrity of the epithelium by
cleaving E-cadherin [14]. At the end of the operation, this enzyme was higher in the
control group than in the cell salvage group. Moreover, activated leucocytes generate and
release reactive oxygen species [15], which also decrease the function of the endothelial
barrier in the lung by disrupting intercellular tight junctions and redistribution of focal
adhesions [16].

Another detrimental factor influencing lung function is reinfusion of lipid particles
from the wound area into the circulation, which was possible in our CONTROL group.
This could increase pulmonary dysfunction [17] and postoperative cognitive decline [12].
Although we did not formally measure unsaturated fatty acids, it is known that the cell
salvage device used in this study (CATS) completely removes fat particles [18].

Indeed, we found a reduction in pulmonary dysfunction as indicated by lower CC16
and sRAGEs plasma concentrations and shorter mechanical ventilation in the CS group.
The Aa-O2 gradient, however, did not show any differences between groups. This could
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Figure 5.2: The effect of COPD on serial measurements of plasma concentrations of
biomarkers (median ± 95% CI) during cardiac surgery of (A) MPO, (B) Elastase, (C)
CC16 and (D) sRAGEs. Closed and open circles represent non-COPD and COPD
patients, respectively. Probability values depicted are from Mann–Whitney U-tests,
testing for differences between groups at each individual time point. Additionally,
probability values from two-way mixed ANOVA are depicted at the top of each subfigure.
CI: confidence interval; MPO: myeloperoxidase; CC16: Clara cell 16 kDa protein;
sRAGEs: soluble receptor for advanced glycation endproducts.

indicate that this clinical marker is not always sensitive enough for assessing lung injury,
as the formation of atelectasis is also an important factor for increasing the Aa-O2

gradient.
The use of lung epithelium-specific protein concentrations as a measure for the per-

meability of the alveolar-capillary membrane has been shown in a rat model where
acute lung injury was induced by infusion of lipopolysaccharides [19]. This resulted
in increased plasma and decreased bronchoalveolar lavage fluid concentrations of CC16
and correlated with an increase of albumin in the bronchoalveolar lavage fluid. In
healthy human subjects, plasma concentrations of CC16 also increased after inhalation
of lipopolysaccharides, which was attributed to an increased permeability of the alveolar-
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Table 5.4: Association between CC16 plasma concentration [ng/ml] and ventilation time
[h]

Time point All patients (n = 195) Non-COPD (n = 168) COPD (n = 27)
Spearman’s ρ p value Spearman’s ρ p value Spearman’s ρ p value

Preop 0.091 0.216 0.078 0.327 0.174 0.404
Postop 0.142 0.054 0.145 0.068 0.202 0.332
1 h ICU 0.159 0.030 0.135 0.088 0.303 0.132
3 h ICU 0.239 0.001 0.203 0.010 0.474 0.014
COPD: chronic obstructive pulmonary disease; CC16: Clara cell 16 kDa protein; ICU:
intensive care unit.

capillary membrane [20].
Alveolar type I cells are the predominant source for sRAGEs and the protein is

thought to aid in the removal and/or detoxification of proinflammatory products [21].
By binding these proinflammatory ligands, activation of cell surface-bound RAGEs is
prevented. As a lung injury marker, increased plasma concentrations of sRAGEs are
associated with a higher pulmonary leak index, indicating increased permeability of the
alveolar-capillary membrane [22]. Our results also suggest that injury to the respiratory
epithelium and subsequent disruption of the alveolar-capillary membrane increases its
permeability, resulting in leakage of lung epithelium-specific proteins into the circula-
tion. However, in the absence of concurrent measurements in bronchoalveolar lavage
fluid, the conclusions that can be drawn from these data are limited.

On the other hand, one could argue that the concentration differences were not the
result of injury to the alveolar-capillary membrane due to the reinfusion of unwashed
blood, but simply due to the washing of the blood (removing lung epithelium-specific
proteins) in the CS group. However, we showed that plasma concentrations of CC16
early on the ICU were associated with the postoperative ventilation time of patients.
This would indicate that CC16 is indeed a marker of lung injury and that concentration
differences between groups are not just the result of simply washing the blood but are
more likely due to a difference in injury to the alveolar-capillary membrane.

Acute environmental exposure to noxious particles or gases (e.g. cigarette smoke)
can cause short-term increases of CC16 and sRAGE plasma concentrations. Repeated
exposures, however, can result in chronically decreased CC16 [23, 24] and sRAGEs
plasma concentrations [25]. Furthermore, these clinical studies showed that CC16 and
sRAGEs concentrations were associated with COPD prevalence and severity. Although
baseline concentrations were not different, we noticed a diminished increase in CC16 and
sRAGEs in reaction to cardiac surgery and anaesthesia in the COPD patients as opposed
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to the non-COPD patients. Together with a higher inflammatory load of MPO and elas-
tase, this could indicate a compromised protection of the respiratory system. Reduced
lung injury markers along with higher inflammation markers makes the interpretation
of lung injury markers more difficult in this subgroup. Furthermore, the absolute CC16
concentrations were lower in the COPD group than in the non-COPD group, whereas the
association between CC16 concentration and ventilation time was stronger in the COPD
group, adding to the difficulty of interpreting this biomarker. Despite the fact that our
study was not designed nor sufficiently powered to evaluate the influence of COPD, these
findings do warrant further investigation.

In summary, the intraoperative use of a cell salvage device, including salvage of
cardiotomy suction blood, is associated with less lung injury in patients after cardiac
surgery. The device washed out inflammatory mediators and lipids from shed blood.
This in turn reduced injury to the alveolar-capillary membrane as shown by lower con-
centrations of lung epithelium-specific proteins. Moreover, this clinical study showed
that the use of a cell salvage device shortened mechanical ventilation.
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SP-D polymorphism is associated with PGD and survival after lung transplantation

Abstract

Background: Surfactant protein D is part of the innate immune system and belongs to
the collectin family. Single nucleotide polymorphisms in the surfactant protein D gene
are known to influence structure, function or plasma concentrations of the protein. We
hypothesized that lung transplant recipients with different SP-D genotypes might have
different risks for primary graft dysfunction and/or mortality.

Methods: Genotyping of the single nucleotide polymorphisms Met11Thr
(T/C, rs721917), Ala160Thr (A/G, rs2243639) and Ser270Thr (T/A, rs3088308) was
performed on DNA obtained from lung transplant donors and recipients from our center.
Surfactant protein D genotypic variants were analyzed for their association with primary
graft dysfunction and patient survival.

Results: Recipients carrying the homozygous Ala/Ala genotype of Ala160Thr were
associated with increased occurrence of grade 3 primary graft dysfunction (OR: 2.03,
95% CI: 1.05 – 3.92, p = 0.036), and with increased mortality (HR: 1.56, 95% CI: 1.04
– 2.42, p = 0.032). Single nucleotide polymorphisms Met11Thr and Ser270Thr in the
recipient and all three SP-D polymorphisms in the donor were not associated with PGD
or mortality rate.

Conclusions: Lung transplant recipients that carry the Ala/Ala genotype of Ala160-
Thr are associated with the development of grade 3 primary graft dysfunction and re-
duced survival.
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Introduction

Lung transplantation is still the only viable option for treatment of end-stage pulmonary
diseases. The median 5 year survival of recipients is approximately 55% [1], which is low
as compared to other solid organ transplantations. For instance, kidney transplantation
has a median 5 year survival of > 90% [2]. Of these lung transplants, 10 to 30% is
affected by primary graft dysfunction (PGD), which is one of the main reasons for early
and late post-transplant morbidity and mortality [3].

The hydrophilic surfactant protein D (SP-D) is involved in the innate host-defense
system by regulating cytokine production from macrophages and neutrophils, and by
providing direct or indirect regulation of lymphocyte activity [4, 5]. SP-D belongs to
the collectin family and is produced by type II alveolar epithelial cells. Importantly,
production of the protein is not exclusive to the respiratory system, as it is also produced
in exocrine glands (e.g. salivary and adrenal gland) and epithelial cells (e.g. trachea,
intestine, kidney) [6, 7]. The protein is assembled as a trimeric structure with the
carbohydrate recognition domain connected to a collagenous domain. The carbohydrate
recognition domain has high affinity for clustered oligosaccharides commonly found
on the surface of viruses, bacteria, yeast, and fungi, which can lead to agglutination,
phagocytosis, and removal by macrophages and neutrophils. Additionally, it has been
shown that SP-D can directly inhibit growth of bacteria and fungi by increasing their
membrane permeability [4, 5].

There are three known single nucleotide polymorphisms (SNPs) within the SP-D
gene (SFTPD) that result in an alteration of the amino acid sequence of the protein,
Met11Thr (T/C, rs721917), Ala160Thr (A/G, rs2243639) and Ser270Thr
(T/A, rs3088308), with minor allele frequencies of more than 5 percent [8, 9, 10]. The
Met11Thr polymorphism is known to influence structure, function and plasma concentra-
tion of the protein. In particular the Thr/Thr genotype was significantly associated with
lower SP-D serum concentrations and with lower amounts of the oligomerized form of
SP-D and consequently with lower binding to bacterial ligands [11, 12]. More recently,
the Ala160Thr and Ser270Thr polymorphisms have also been associated with altered
SP-D plasma concentrations in infants [13] and adults [14].

Besides altering the structure, function or concentration of surfactant protein D,
these single nucleotide polymorphisms have been associated with tuberculosis [15], res-
piratory syncytial virus infection [9] , type II diabetes [16], chronic obstructive pul-
monary disease [17] and respiratory distress and/or the need for respiratory support in
premature infants [13]. Recently, Aramini et al. showed that the Thr/Thr genotype
of the Met11Thr polymorphism in donor lung allografts was associated with increased
development of chronic lung allograft disease [18]. However, whether there is a role for
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recipient SP-D single nucleotide polymorphisms in the development of PGD or survival
after lung transplantation has not yet been elucidated. We hypothesized that this might
well be the case as SP-D acts also extrapulmonary and is produced at multiple locations
throughout the body having an effect on innate immunity. Therefore, we investigated
the relationship of three frequent SP-D single nucleotide polymorphisms, Met11Thr,
Ala160Thr or Ser270Thr, with primary graft dysfunction and mortality in the Groningen
lung transplant cohort.

Materials and Methods

Study design and patients

A retrospective study included all adult lung transplant recipients (n=417) between No-
vember 1990 and May 2011 at the University Medical Center Groningen, the Nether-
lands. Follow-up was recorded until September 2012, resulting in a minimal follow-up
period of 16 months. From this group, 33 recipients were excluded because of simultane-
ous transplantation of other organs (heart or liver) or retransplantation. For the analysis
on the occurrence of PGD, another 33 recipients were excluded because their PGD status
could not be scored, mostly because of missing x-ray images. This resulted in 351
patients available for further analysis. Due to either unavailability of DNA, failure of
DNA extraction or failure of genotyping, no genotype could be assessed for 38, 72 or 35
recipients for Met11Thr, Ala160Thr and Ser270Thr, respectively. For the same reasons
the genotype could not be assessed for 10, 51 or 9 donors for Met11Thr, Ala160Thr
and Ser270Thr, respectively. Informed consent was given by all patients and transplant
characteristics were obtained and documented.

DNA isolation and genotyping

DNA was extracted from recipient blood samples using QiAamp-colomns (QiAamp
Blood Kit, Qiagen, Westburg BV, Leusden, the Netherlands) a commercial kit following
the manufacturer’s instructions. Genotyping of the selected SP-D single nucleotide
polymorphisms (rs72191, rs2243639 and rs3088308) was performed using the Illumina
VeraCode GoldenGate Assay kit (Illumina, San Diego, CA, USA), according to the man-
ufacturer’s instructions. Genotype clustering and calling were performed using Genome
Studio Software (Illumina).
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Study end-points

The first end point for this study was primary graft dysfunction, occurring during the
first 72 hours post transplantation, based on degree of hypoxia and x-ray infiltrates and
classified according to the definition of the International Society for Heart and Lung
Transplantation [19]. PGD was scored at 0, 24, 48 and 72 hours post transplantation.
For the purpose of analysis, PGD was defined as any episode of grade 3 PGD developing
within 72 hours post transplantation and is noted as PGD henceforth 20. The second
endpoint was overall patient survival.

Statistical analysis

All values were summarized as mean and standard deviation or numbers and percent-
ages. To compare demographic data between genotypic groups, one-way ANOVA tests
were used for continuous variables and contingency tables and χ2-tests were used for
categorical variables. Differences in the allelic distribution from those expected by
the Hardy-Weinberg equilibrium and the observed frequencies of the single nucleotide
polymorphisms were assessed by χ2-tests.

First, univariate analyses were performed to assess the association of donor or re-
cipient genotypes with PGD and patient survival. χ2-tests were performed to assess
the difference in PGD between genotypic groups and Kaplan–Meier survival curves and
Breslow tests were performed to assess the difference in survival between genotypic
groups.

Second, multivariable logistic- and Cox regression analyses were applied to estimate
the odds ratio for PGD and the hazard ratio for mortality associated with SP-D single
nucleotide polymorphisms, while adjusting for age, gender, body mass index, underlying
lung disease, year of transplantation, LTx type and time of surgery. The year of trans-
plantation was included to take the possible confounding effect of changes in treatment
into account.

All tests performed in order to test the (null-) hypothesis of no difference were
two-sided. A probability value less than 0.05 was considered statistically significant.
Statistical analyses were performed with SPSS version 18.0 (SPSS Inc., Chicago, Ill,
United States).

Results

Overall, 351 patients were included for analysis, with an incidence of PGD of 30.5%
(107 of 351). Recipient demographic and transplant characteristics did not significantly
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differ per genotypic group, except for the number of bilateral procedures which was
slightly lower in the group of patients carrying the Ala/Ala genotype of the Ala160Thr
polymorphism (Table 6.1). The median follow-up time for the whole cohort was 3421
days (IQR: 1811-5640). At the end of follow-up 177 patients had died, of which 24
patients died within the first 30 days. The other deceased patients had a median survival
of 1305 days (IQR: 469-2737). The patients still alive at the end of follow-up had a
median follow-up of 2265 days (IQR: 464-7492).

All three single nucleotide polymorphisms were in Hardy-Weinberg equilibrium, and
the observed frequencies of the alleles and genotypes were comparable to the frequencies
reported in the European population in the 1000 Genomes Project (Table 6.2) [20].

One of the polymorphisms was associated with PGD. The risk for PGD was twice
as large for recipients carrying the homozygous Ala/Ala genotype of Ala160Thr as
compared to the dominant Ala/Thr reference group (OR: 2.03, 95% CI: 1.05 – 3.92,
p = 0.036, Table 6.4). The Ser/Thr genotype of Ser270Thr showed a 56% reduction in
risk for PGD in the crude model (OR: 0.44, 95% CI: 0.20 – 0.94, p = 0.035), however,
after adjusting for covariates the association was no longer present (OR: 0.44, 95% CI:
0.19 – 1.03, p = 0.058). Donor polymorphisms were not associated with PGD (Table
6.3).

The same polymorphism that was associated with PGD was also associated with
patient survival, as carriers of the homozygous Ala/Ala genotype of Ala160Thr had a
59% increased mortality rate as compared to the dominant Ala/Thr reference group (HR:
1.56, 95% CI: 1.04 – 2.42, p = 0.032, Table 6.4). Point estimates of the mortality rate
for the crude and adjusted model were very similar. Multivariable adjusted predicted
survival curves according to recipient genotype are shown in Figure 6.1. Recipient
polymorphisms Met11Thr and Ser270Thr and all three donor polymorphisms were not
associated with mortality rate (Table 6.3 and 6.4).

Discussion

In this study we investigated the relationship of three frequent SP-D single nucleotide
polymorphisms with primary graft dysfunction and patient survival after lung transplan-
tation. One of the SP-D polymorphisms, the Ala/Ala genotype of the Ala160Thr poly-
morphism, was associated with PGD and survival: patients carrying this SP-D genotype
were twice as likely to develop PGD after transplantation and had a 59% increased risk
to die during follow-up as compared to the dominant Ala/Thr genotype. Multivariable
analysis confirmed the point estimates of the unadjusted analysis and showed that there
was no confounding by the variables adjusted for. Considering that the same polymor-
phism is associated with PGD as well as with patient survival strengthens the probability
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Table 6.3: Multivariate logistic- and Cox regression analysis for the risk of PGD and
patient survival according to donor genotype

Donor Patients PGD in first 72h Patient survival
genotype [No.] Model OR (95% CI) p valuea HR (95% CI) p valuea

Met11Thr
Met/Met 111 Crude 0.90 (0.44-1.51) 0.687 1.15 (0.79-1.68) 0.463

Adjusted 0.87 (0.49-1.54) 0.637 1.18 (0.81-1.74) 0.388
Met/Thr 167 Crude 1.00 1.00

Adjusted 1.00 1.00
Thr/Thr 63 Crude 0.69 (0.36-1.33) 0.271 1.39 (0.90-2.14) 0.139

Adjusted 0.74 (0.37-1.50) 0.406 1.30 (0.83-2.04) 0.252
Ala160Thr

Ala/Ala 100 Crude 0.72 (0.40-1.29) 0.273 0.97 (0.63-1.49) 0.899
Adjusted 0.68 (0.36-1.29) 0.235 0.88 (0.57-1.36) 0.550

Ala/Thr 133 Crude 1.00 1.00
Adjusted 1.00 1.00

Thr/Thr 67 Crude 0.80 (0.42-1.53) 0.493 1.01 (0.63-1.60) 0.982
Adjusted 0.57 (0.27-1.20) 0.139 0.81 (0.49-1.32) 0.395

Ser270Thr
Ser/Ser 296 Crude 1.00 1.00

Adjusted 1.00 1.00
Ser/Thr 45 Crude 1.02 (0.52-2.00) 0.960 1.09 (0.69-1.74) 0.706

Adjusted 1.17 (0.56-2.43) 0.673 0.99 (0.62-1.59) 0.970
Thr/Thr 1 Crude NA NA

Adjusted NA NA
aLogistic regression model and bCox regression model with or without (Crude) corrections for age,
gender, body mass index, diagnosis, year of transplantation, LTx type and time of surgery. PGD, Primary
graft dysfunction; OR, Odds ratio; HR, Hazard ratio; CI, Confidence interval.

of a causal relationship, as it is also known that grade 3 PGD is strongly associated with
long term mortality [21]. The SP-D polymorphisms Met11Thr and Ser270Thr in the
recipient and all three SP-D polymorphisms in the donor were not associated with PGD
or mortality rate.

The explanation for the effect of Ala/Ala genotype of the Ala160Thr polymorphism
in the recipient on PGD and mortality after lung transplantation is not immediately
evident. We speculate that recipient SP-D, produced extrapulmonary, still exerts an
important effect on innate immune defense after lung transplantation. Lung allografts
are constantly in contact with the outer world, which results in exposure to a vast array
of pathogens, chemicals, gasses, and particles. To maintain normal lung function and
defense against infection it is critical to have a good functioning innate immune system.
This is evident as innate immunity plays an important role in the different complications
that can follow lung transplantation, such as PGD [22], infection [23], bronchiolitis
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Table 6.4: Multivariate logistic- and Cox regression analysis for the risk of PGD and
patient survival according to recipient genotype

Recipient Patients PGD in first 72h Patient survival
genotype [No.] Model OR (95% CI) p valuea HR (95% CI) p valuea

Met11Thr
Met/Met 110 Crude 1.10 (0.64-1.88) 0.738 0.84 (0.58-1.22) 0.365

Adjusted 0.97 (0.54-1.75) 0.923 0.87 (0.59-1.28) 0.475
Met/Thr 145 Crude 1.00 1.00

Adjusted 1.00 1.00
Thr/Thr 58 Crude 1.33 (0.70-2.54) 0.381 1.10 (0.72-1.70) 0.660

Adjusted 1.28 (0.64-2.59) 0.484 1.07 (0.69-1.67) 0.752
Ala160Thr

Ala/Ala 84 Crude 1.87 (1.05-3.33) 0.033 1.57 (1.05-2.35) 0.028
Adjusted 2.03 (1.05-3.92) 0.036 1.59 (1.04-2.42) 0.032

Ala/Thr 145 Crude 1.00 1.00
Adjusted 1.00 1.00

Thr/Thr 50 Crude 1.36 (0.67-2.75) 0.390 1.10 (0.68-1.80) 0.699
Adjusted 1.76 (0.80-3.88) 0.159 1.06 (0.64-1.75) 0.822

Ser270Thr
Ser/Ser 266 Crude 1.00 1.00

Adjusted 1.00 1.00
Ser/Thr 49 Crude 0.44 (0.20-0.94) 0.035 1.11 (0.71-1.73) 0.661

Adjusted 0.44 (0.19-1.03) 0.058 1.14 (0.73-1.80) 0.568
Thr/Thr 1 Crude NA NA

Adjusted NA NA
aLogistic regression model and bCox regression model with or without (Crude) corrections for age,
gender, body mass index, diagnosis, year of transplantation, LTx type and time of surgery. PGD, Primary
graft dysfunction; OR, Odds ratio; HR, Hazard ratio; CI, Confidence interval.

obliterans syndrome [24, 25, 26], acute rejection [27] and survival [26]. Especially the
importance of innate immunity in the development of PGD has been given extensive
attention in the past years [3]. For instance, toll-like receptor pathway genes were
found upregulated in bronchoalveolar lavage fluid of patients with grade 3 PGD [28] and
pentraxin 3 (an innate immune mediator) gene variations were associated with increased
pentraxin 3 plasma concentrations and with PGD [29]. In a prior publication, the same
authors showed that elevated pentraxin 3 plasma concentrations were also associated
with increased risk of PGD [30].

As mentioned previously, surfactant protein D is a protein that is predominantly
involved in the innate host-defense system. If we search for a mechanism by which the
Ala/Ala genotype exerts its influence, one could reason that the function of the protein is
altered; hereby compromising the innate immune system of the recipient. The Ala160Thr
polymorphism lies on the collagen like domain of SP-D and since the polymorphism is
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Figure 6.1: Multivariable adjusted survival curves for recipients grouped according
to their genotype for Ala160Thr. Survival estimates were calculated by means of Cox
regression analysis and were adjusted for age, gender, body mass index, underlying lung
disease, year of transplantation, LTx type and time of surgery. The Ala/Ala genotypic
group has a 59% increased mortality rate as compared to the Ala/Thr group (p = 0.032,
Table 6.4).

changing one of the amino acids in the protein, it is possible that this results in altered
plasma concentration, protein oligomerization or protein function. While an association
between genotype and binding to bacterial ligands has been reported for the Met11Thr
polymorphism [12], the association for Ala160Thr polymorphism has been limited to
SP-D plasma concentrations thus far [13]. In the latter study the Ala/Ala genotype was
associated with lower SP-D plasma concentrations. However, since we did not formally
measure SP-D plasma concentrations or establish protein oligomerization, limited con-
clusions can be drawn on the mechanistic link between the Ala160Thr polymorphism,
PGD and/or patient survival. Furthermore, we recognize that another single nucleotide
polymorphism in linkage with this polymorphism could be responsible for the observed
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associations.
Although our study describes one of the larger cohorts evaluating genetic predispo-

sition in lung transplant recipients, it should be replicated in a cohort of similar size to
confirm its findings. The importance of replication is illustrated by a study of Foreman
et al., were associations between SP-D genotypes and chronic obstructive pulmonary
disease could not be replicated among four different study cohorts [17].

In conclusion, we showed that genetic variation in the SP-D gene in the recipient was
linked with increased risk for PGD and increased hazard for mortality, where recipients
carrying the Ala/Ala genotype of the Ala160Thr polymorphism were predisposed to a
worsened outcome. We have once more shown that transplantation outcome is not only
dependent on environmental factors and/or transplantation characteristics, but also on the
genetic predisposition of the recipient. Future studies should prospectively investigate
the mechanism by which Ala/Ala carriers are predisposed to reduced survival. These
new insights could, in turn, lead to an improved treatment strategy.
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Methods for quantifying the degree of lung injury are mostly limited to measur-
ing physiological changes (alveolar-arterial oxygen pressure difference, intrapulmonary
shunt, degree of pulmonary edema, pulmonary compliance and pulmonary vascular re-
sistance) or to measure generic biomarkers of inflammation. In this aspect, lung specific
biomarkers are an appealing alternative for quantifying the degree of lung injury. We
investigated if and which lung injury biomarkers were useful for identifying and quanti-
fying post-operative lung injury in the setting of cardiothoracic surgery.

Though many biomarkers for lung injury are known, they are not often incorporated
in clinical studies on new procedures or new medical equipment. Nevertheless, the poten-
tial clinical applications are significant for (currently available) lung injury biomarkers;
they enable early detection of patients with subtle injury when these biomarkers are
adequately sensitive and specific.

This leads to the the central question of this thesis, which was to investigate if and
which lung injury biomarkers were useful for identifying and quantifying post-operative
lung injury in the setting of cardiothoracic surgery. To answer this question, Chapter
2 starts with an overview of literature, which showed that degranulation products of
neutrophils are often used as a biomarker. The choice for their use follows also from
the fact that the degranulation products have detrimental effects on the pulmonary tis-
sue themselves. However, these substances are not lung specific. On the other hand,
lung epithelium specific proteins, such as surfactant protein D (SP-D), Clara cell 16 kD
(CC16) and soluble receptor for advanced glycation end products (sRAGE), offer more
specificity and slowly find their way into more clinical studies.

In Chapter 3 we explored the utility of several lung epithelium specific proteins as
lung injury markers during coronary artery bypass surgery, and secondly, if the omission
of cardiopulmonary bypass (off-pump) during surgery resulted in lower plasma concen-
trations of these lung epithelium specific proteins. We found that the lung epithelium
specific proteins SP-D and CC16 were sensitive markers of lung injury and concluded
that they can be useful in the setting of cardiothoracic surgery. Furthermore, we showed
that after coronary artery bypass grafting, with or without the use of cardiopulmonary
bypass, higher SP-D and CC16 plasma concentrations were associated with more lung
injury as assessed by the ratio of arterial oxygen partial pressure to fractional inspired
oxygen (PaO2/FiO2 ratio) and the alveolar-arterial oxygen gradient (Aa-O2 gradient)
early on the intensive care unit.

There are several possible explanations for the increase of lung epithelium specific
proteins. First, injury to the alveolar capillary membrane leads to increased permeability
of the membrane. Second, there is increased production or secretion of lung epithelium
specific proteins. And third, there may be a decrease in renal clearance leading to
accumulation of these proteins in the circulation [8]. The increase in elastase plasma
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concentration, and its association with a SP-D, supports the notion of increased perme-
ability of the alveolar capillary membrane after cardiopulmonary bypass. This is thought
to be the result of an inflammatory reaction induced by cardiopulmonary bypass, as
described previously. This increase in permeability of the alveolar capillary membrane
was found to be temporary, however, since plasma concentrations of lung epithelium
specific proteins returned to baseline within one day.

Our second finding was that during and after coronary artery bypass grafting, the
rise in lung epithelium specific proteins was less in the group without cardiopulmonary
bypass as opposed to the group with cardiopulmonary bypass. It is known that omitting
cardiopulmonary bypass during coronary artery bypass grafting can reduce the inflam-
matory reaction [9, 10]. Therefore, it may be expected that omitting cardiopulmonary by-
pass can also reduce the occurrence of diffuse tissue injury and thereby reduced leakage
of lung epithelium specific proteins form the alveolar compartment to the bloodstream.

In Chapter 4 we investigated the effect of cardiopulmonary bypass with pulsatile
flow on lung function in elderly patients undergoing aortic valve replacement surgery.
We found that there was no difference in the clinical outcome parameters. Only the
pulmonary vascular resistance index showed a small beneficial effect when pulsatile flow
was applied, i.e. in that it not exceeded baseline values whereas when continuous flow
was used the pulmonary vascular resistance index increased by almost 50%.

The topic of pulsatile flow is one with much controversy. Pulsatile flow is thought
to be beneficial in preventing lung injury by means of better perfusion of the bronchial
artery. The advantages of bronchial artery perfusion have been demonstrated in a porcine
model in which the bronchial artery was actively perfused by connecting it to the car-
diopulmonary bypass circuit [11]. By active perfusion of the bronchial artery, detri-
mental metabolic and ultrastructural changes of lung tissue where significantly reduced.
Furthermore, a reduction of inflammatory substances in bronchoalveolar lavage fluid was
shown. In our study, the extra energy generated with pulsatile flow was also expected to
result in better perfusion of the capillaries, supplying more oxygenated blood, antioxi-
dants and/or nutrients to the ischemic lung. However, we found that pulsatile flow did not
result in appreciable clinical benefits, except for lower pulmonary vascular resistance.
Also at a subclinical level of lung injury, as assessed by lung injury biomarkers, we
observed no difference between continuous or pulsatile perfusion.

In Chapter 5 we investigated the effect of intraoperative cell salvage on lung injury
after cardiac surgery. We found that intraoperative cell salvage decreased injury to the
alveolar-capillary membrane as assessed by the lung injury markers CC16 and sRAGE
and that it resulted in shorter postoperative mechanical ventilation times. We also found
a reduction of systemic inflammatory mediators when a cell salvage device was used.

As a basic blood conservation strategy, cardiotomy suction blood was collected and
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retransfused to the patient. This retransfused blood has been shown to be proinflam-
matory [12], detrimental to haemostasis [13] and can increase pulmonary vascular per-
meability. By applying mechanical cell salvage, the ‘activated’ plasma fraction of the
shed blood is removed. This plasma fraction contains cytokines, leukocyte activation
products, lipids and other pro-inflammatory mediators. We therefore used the cell sal-
vage device to also process cardiotomy suction blood during cardiopulmonary bypass
in order to minimize organ injury [14]. The benefits of this approach were apparent
by the significant reduction in cytokines and systemic leukocyte degranulation enzymes.
Furthermore, we found a reduction in pulmonary dysfunction as indicated by lower CC16
and sRAGE plasma concentrations and shorter mechanical ventilation times in the group
where a cell salvage device was employed. The Aa-O2 gradient, however, did not show
any difference between groups. As the formation of atelectasis is also an important factor
for increasing the Aa-O2 gradient, it could be considered that this clinical marker is not
always sensitive enough for assessing lung injury.

Not only cardiopulmonary bypass, but also genetic factors may contribute to pul-
monary injury and lung failure after transplantation. Chapter 6 was different from the
other chapters, as it did not use the plasma concentration of a biomarker to identify and/or
quantify pulmonary injury. Instead we investigated whether the presence of a certain
genotype of three frequently occurring SP-D single nucleotide polymorphisms, which
could possibly influence the innate immune defense system of an individual, related to
primary graft dysfunction (PGD) and patient survival after lung transplantation. We
found that one of the SP-D polymorphisms, the Ala/Ala genotype of the Ala160Thr
polymorphism, was associated with primary graft dysfunction and survival: patients
carrying this SP-D genotype were twice as likely to develop primary graft dysfunction
after transplantation and had a 59% increased risk to die during follow-up as compared
to the dominant Ala/Thr genotype.

An explanation for the effect of the Ala/Ala genotype of the Ala160Thr polymor-
phism in the recipient on PGD and mortality after lung transplantation is not immediately
evident. We speculate that recipient SP-D, produced extrapulmonary, still exerts an
important effect on innate immune defense after lung transplantation. If we search for
a mechanism by which the Ala/Ala genotype exerts its influence, one could reason that
the function of the protein is altered; hereby compromising the innate immune system of
the recipient. The Ala160Thr polymorphism lies on the collagen like domain of SP-D
and since the polymorphism is changing one of the amino acids in the protein, it is pos-
sible that this leads to altered plasma concentration, protein oligomerization or protein
function. However, since we did not formally measure SP-D plasma concentrations or
establish protein oligomerization, limited conclusions can be drawn on the mechanistic
link between the Ala160Thr polymorphism, PGD and/or patient survival. This deserves
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further research in a newly planned prospective study.

Conclusion

In this dissertation we explored the use of lung injury biomarkers for identifying and
quantifying lung injury after cardiothoracic surgery. To answer this question we have
used various cardiothoracic studies that applied different interventions. These interven-
tions were expected to reduce the degree of lung injury (among other things), which in
turn would be measurable by different plasma concentrations of lung injury biomarkers.
We have shown that coronary artery bypass surgery without the use of cardiopulmonary
bypass resulted in less lung injury and that this correlated with lower plasma concen-
trations of lung injury biomarkers. The same was true for a study where intraoperative
cell salvage was the intervention during open heart surgery. The use of pulsatile flow
did not result in a reduction of lung injury; likewise there was no difference in plasma
concentrations of lung injury biomarkers.

To conclude, lung injury biomarkers can serve as a surrogate endpoint for evaluating
new procedures and/or medical equipment in cardiothoracic surgery research. For this
purpose a panel of biomarkers, in conjunction with physiological markers, is most infor-
mative, especially when biomarkers for alveolar type I and II cell injury are incorporated.
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In Nederland, net als in andere ontwikkelde landen, zijn hart- en vaatziekten één van de
voornaamste oorzaken van hoge ziekte- en sterftecijfers. Bepaalde hart- en vaatziekten
kunnen leiden tot atherosclerotische vernauwingen (aderverkalking) in de kransslagader,
die de bloedtoevoer naar het hart gedeeltelijk of volledig blokkeren. De verslechterde
bloedtoevoer kan hersteld worden met behulp van een dotterbehandeling, al dan niet
in combinatie met het plaatsen van een stent, of met behulp van een bypassoperatie
van de desbetreffende kransslagader. Wereldwijd worden er jaarlijks ongeveer 800.000
bypassoperaties uitgevoerd. In Nederland ligt dit getal op ongeveer 11.000 per jaar.

Openhartoperaties gaan nog vaak gepaard met een bepaalde mate van postoperatieve
longschade. Deze longschade wordt vaak toegeschreven aan het gebruik van de hart-
longmachine. De hart-longmachine is een apparaat dat tijdelijk de functie van het hart
en de longen overneemt door gasuitwisseling (zuurstof en koolzuur) met het bloed buiten
het lichaam te laten plaatsvinden en het zuurstofrijke en koolzuurarme bloed vervolgens
weer in het lichaam te pompen. De hart-longmachine maakt het mogelijk te opereren op
een tot stilstand gebracht hart, zonder dat de patiënt aan zuurstoftekort zal lijden. Het
gebruik van de hart-longmachine kent ook nadelen, de canules van de pomp moeten op de
grote vaten worden aangesloten hetgeen operatief trauma veroorzaakt, het bloedcontact
met lichaamsvreemde materialen, het gebruik van een lage niet pulsatiele bloeddruk, het
verdunnen van het bloed met de vulvloeistof van het slangenstelsel en de blootstelling
aan donorbloed. Deze nadelen kunnen leiden tot een systemische ontstekingsreactie
die, samen met microembolieën die ontstaan zijn in de hart-longmachine, kan leiden tot
orgaanschade aan het hart, de hersenen, de nieren, de ingewanden en de longen.

De mate van longschade kan bepaald worden met behulp van fysiologische parame-
ters (alveolaire-arteriële zuurstofgradiënt, PaO2/FiO2 verhouding, mate van longoedeem,
long compliantie en de vasculaire weerstand van de longen) of het meten van algemene,
niet longspecifieke biochemische ontstekings markers. Longspecifieke biomarkers kun-
nen dan een aantrekkelijke aanvulling zijn bij het identificeren en kwantificeren van deze
longschade. In het beste geval leidt algemeen onderzoek naar biomarkers tot het vinden
van een specifieke biomarker die schade aan een specifiek orgaan perfect reflecteert.
Ook een respons op een therapeutische behandeling zou meetbaar moeten zijn met de
desbetreffende biomarker. Hoewel er veel uitdagingen zijn in het succesvol identificeren
van een dergelijk biomarker, neemt het gebruik van biomarkers in medisch onderzoek en
in de klinische praktijk in de laatste jaren gestaag toe.

De populariteit van biomarkers wordt duidelijk wanneer de zoekterm ‘biomarker’
wordt geëvalueerd in PubMed (online zoekrobot met referenties naar medisch weten-
schappelijke artikelen). Zo werden alleen al voor het jaar 2015, 55.000 nieuwe we-
tenschappelijke artikelen geı̈ndexeerd met de zoekterm ‘biomarker’. Hoewel er ver-
scheidene longschade biomarkers bekend zijn, worden deze nog niet vaak ingezet in
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klinisch onderzoek dat nieuwe chirurgische procedures of nieuwe medische apparatuur
bestudeert. Toch zijn de potentiële klinische applicaties groot voor de huidige beschik-
bare longschade biomarkers, doordat ze vroege detectie van geringe longschade kunnen
detecteren wanneer ze voldoende sensitief (gevoelig) en specifiek zijn.

Dit leidt dan ook tot de vraagstelling van dit proefschrift, namelijk of en welke
longschade biomarkers bruikbaar zijn voor het identificeren en het kwantificeren van
postoperatieve longschade in de setting van cardiothoracale chirurgie. Om dit te be-
antwoorden begint hoofdstuk 2 met een overzicht van de literatuur, hieruit kwam naar
voren dat degranulatie producten van witte bloedcellen (neutrofielen) vaak gebruikt wor-
den als biomarker voor longschade. Het gebruik van deze degranulatie producten als
biomarkers komt voort uit het schadelijk effect dat deze producten van zichzelf hebben
op het longweefsel. Echter zijn deze biomarkers niet longspecifiek. Daarentegen bieden
longepitheel specifieke eiwitten, zoals ‘Surfactant Protein D (SP-D)’, ‘Clara Cell 16 kD
(CC16)’ en ‘soluble Receptor for Advanced Glycation End products (sRAGE)’ meer
specificiteit en worden deze biomarkers steeds vaker toegepast in klinisch onderzoek.

In hoofdstuk 3 werd de bruikbaarheid van twee longepitheel specifieke eiwitten als
biomarkers voor longschade verkend ten tijde van een bypassoperatie van de krans-
slagader. Het tweede doel van dit onderzoek was de invloed van de hart-longmachine
op de postoperatieve longfunctie te bepalen en of een verminderde longfunctie werd
gereflecteerd door een verhoogde bloedconcentratie van longepitheel specifieke eiwitten.
Het bleek dat de longepitheel specifieke eiwitten SP-D en CC16 sensitieve biomarkers
van longschade waren en dat deze bruikbaar zijn tijdens bypassoperaties. Daarnaast werd
aangetoond dat een bypassoperatie uitgevoerd zonder hart-longmachine (‘off-pump’ me-
thode) leidde tot lagere bloedconcentraties van SP-D en CC16 en dat deze geassocieerd
waren met minder longschade. Hierbij werd longschade vastgesteld middels de verhou-
ding van de partiële arteriële zuurstofspanning en de fractionele inspiratoire zuurstofcon-
centratie (PaO2/FiO2 ratio) en de alveolaire-arteriële zuurstofgradiënt (Aa-O2 gradiënt).

De verhoging van de bloedconcentraties van longepitheel specifieke eiwitten wordt
veroorzaakt door schade aan het alveolaire capillaire membraan (membraan tussen long-
blaasjes en bloedvaatjes waar gaswuitwisseling plaatsvindt), welke vervolgens leidt tot
verhoogde permeabiliteit (doorlaatbaarheid) van het membraan. De schade aan het mem-
braan wordt toegeschreven aan de eerder beschreven ontstekingsreactie geı̈nduceerd door
de hart-longmachine. De toegenomen plasmaconcentratie van Elastase (neutrofiel de-
granulatie product), en zijn associatie met SP-D, onderschrijven de verklaring van ver-
hoogde permeabiliteit van het alveolaire capillaire membraan na het gebruik van de
hart-longmachine. Deze verhoging van de permeabiliteit van het alveolaire capillaire
membraan bleek slechts van tijdelijk aard te zijn, aangezien de plasmaconcentraties van
de longepitheel specifieke eiwitten binnen een dag terugkeerden naar basis waarden.
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De tweede bevinding was dat de stijging van longepitheel specifieke eiwitten gedu-
rende de bypassoperatie van de kransslagaders lager was in de groep patiënten waarbij
de hart-longmachine niet werd toegepast, ten opzichte van de groep patiënten waarbij de
hart-longmachine wel werd toegepast. Uit de literatuur is bekend dat wanneer de hart-
longmachine niet wordt gebruikt tijdens de bypassoperatie dit de ontstekingsreactie kan
verminderen. Derhalve kan verwacht worden dat het weglaten van de hart-longmachine
ook de toegenomen permeabiliteit van het alveolaire capillaire membraan en het daar-
mee gepaard gaande ‘lekken’ van longepitheel specifieke eiwitten vanuit het alveolaire
compartiment naar de bloedsomloop kan verminderen.

In hoofdstuk 4 onderzochten we het effect van een hart-longmachine met pulsatiele
bloedstroom ten opzichte van continue bloedstroom bij patiënten die een aortaklepopera-
tie ondergingen. Op basis van de gemeten klinische uitkomst variabelen bleek dat er geen
verschil was tussen beide methoden. Alleen de pulmonale vasculaire weerstandsindex
vertoonde een bescheiden positief effect wanneer pulsatiele bloedstroom werd toegepast.
Dat wil zeggen dat basis waarden niet werden overschreden terwijl deze in de groep met
continue bloedstroom met 50% toenam.

Het nut van het toepassen van een hart-longmachine met pulsatiele bloedstroom is
een controversieel onderwerp. Het gebruik van pulsatiele bloedstroom zou voordelig
kunnen zijn in het voorkomen van postoperatieve longschade doordat er tijdens de ope-
ratie een betere doorbloeding is van de bronchiale slagaders. Het voordeel van actieve
perfusie van de bronchiale slagaders is gedemonstreerd in een varkensmodel. In dit
model werden de bronchiale slagaders direct aangesloten op de hart-longmachine. Hier-
mee werd aangetoond dat schadelijke metabole en ultrastructurele veranderingen van
longweefsel significant werden gereduceerd. Bovendien werd er een lagere concentratie
van ontstekings biomarkers gemeten in broncho-alveolaire lavage vloeistof.

In ons onderzoek was de veronderstelling dat de extra gegenereerde energie, op-
gewekt middels pulsatiele bloedstroom, ook zou leiden tot betere doorbloeding van de
longcapillairen waardoor meer zuurstofrijk bloed, antioxidanten en nutriënten beschik-
baar zouden komen voor de onvoldoende doorbloede (ischemische) long. Echter con-
stateerden we dat er geen waarneembare klinische voordelen waren, behalve een lagere
pulmonale vasculaire weerstands index. Daarnaast toonden de longschade biomarkers
dat er op subklinisch niveau ook geen verschil meetbaar was tussen het gebruik van
pulsatiele bloedstroom en continue bloedstroom.

Hoofdstuk 5 beschrijft het effect van ‘intraoperatieve cell salvage’ op longschade
na openhartchirurgie. Intraoperatieve cell salvage is een techniek waarbij verloren bloed
tijdens de operatie wordt opgevangen, wordt gewassen, en vervolgens wordt terugge-
geven aan de patiënt. Hiervoor is een speciaal apparaat ontworpen, de ‘cell saver’.
In dit apparaat worden de rode bloedcellen gescheiden van de witte bloedcellen, de
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bloedplaatjes en het plasma. Vervolgens worden de rode bloedcellen gewassen met een
fysiologische zoutoplossing waarna een concentraat van rode bloedcellen overblijft voor
teruggave aan de patiënt.

De standaardmethode om bloedtransfusies te beperken is het opvangen van verloren
bloed in een reservoir om het daarna direct terug te geven aan de patiënt. Uit de literatuur
is bekend dat dit teruggegeven wondbloed ontstekingsbevorderend is, slecht is voor de
hemostase (mechanisme van het lichaam dat bloedverlies voorkomt) en dat het de perme-
abiliteit van het alveolaire capillaire membraan kan verhogen. Met het gebruik van een
cell saver wordt het bloed ontdaan van de geactiveerde plasmafractie. Deze plasmafractie
bevat ontstekingsbevorderende cytokines, activatie producten van witte bloedcellen (o.a.
Elastase), lipiden en andere ontstekingsbevorderende producten. Om deze reden werd
dan ook verwacht dat verloren bloed verwerkt met een cell saver orgaanschade zou
verminderen.

De belangrijkste vinding van dit onderzoek was dat het gebruik van intraoperatieve
cell salvage inderdaad schade aan het alveolaire capillaire membraan van de long ver-
minderde en dat patiënten sneller van de mechanische beademing af konden. Daarnaast
resulteerde het gebruik van een cell saver in een significante verlaging van cytokines,
degranulatie enzymen uit witte bloedcellen en van de longschade biomarkers CC16 en
sRAGE. Minder longschade, zoals gemeten met longschade biomarkers, werd bevestigd
door kortere mechanische beademingstijden in de cell saver groep.

Niet alleen het gebruik van een hart-longmachine, maar ook genetische factoren
kunnen een rol spelen in het optreden van longschade en longfalen na transplantatie.
In hoofdstuk 6 was de benadering anders dan in eerdere hoofdstukken, aangezien niet
de plasmaconcentratie van een biomarker werd gebruikt om longschade te identificeren
of te kwantificeren. In plaats daarvan werd de relatie onderzocht tussen frequent voor-
komende enkel-nucleotide polymorfismen in het gen dat codeert voor SP-D (longschade
biomarker) en het optreden van ‘primary graft dysfunction’ en overleving na een long-
transplantatie. Een enkel-nucleotide polymorfisme is een variatie in het DNA van een
enkele nucleotide (bouwsteen van DNA). Primary graft dysfunction na longtransplan-
tatie is gedefinieerd als het niet goed functioneren van de donorlong binnen 72 uur na
transplantatie.

Uit het onderzoek kwam naar voren dat in één van de SP-D polymorfismen het
Ala/Ala genotype van het Ala160Thr polymorfisme geassocieerd was met primary graft
dysfunction en met overleving na transplantatie. De ontvangers die drager waren van
Ala/Ala genotype hadden een twee keer zo grote kans op primary graft dysfunction en
een 59% verhoogde kans op overlijden na transplantatie.

Een verklaring voor deze associatie is niet meteen duidelijk. We speculeren dat
extrapulmonaal SP-D nog steeds van groot belang is voor de aangeboren immuniteit

122



Nederlandse samenvatting voor niet-ingewijden

na transplantatie. Mogelijkerwijs heeft het Ala/Ala genotype invloed op de functie van
het SP-D eiwit, welke op zijn beurt de aangeboren immuniteit kan beı̈nvloeden. Het
Ala160Thr polymorfisme ligt op het collageen-achtige domein van het SP-D eiwit en
omdat het polymorfisme één van de aminozuren in het eiwit verandert, is het mogelijk
dat dit leidt tot een verandering van plasma concentratie, oligomerisatie of functie van
het SP-D eiwit. Hoe dan ook, aangezien we de plasmaconcentratie dan wel de oligome-
risatie van SP-D niet hebben vastgesteld kunnen we slechts beperkte conclusies trekken
ten aanzien van het mechanisme tussen het Ala160Thr polymorfisme en primary graft
dysfunction en/of overleving na transplantatie. Dit verdient dan ook nader onderzoek in
nieuw prospectief onderzoek.

Conclusie

In dit proefschrift is onderzocht of longschade biomarkers bruikbaar zijn voor het iden-
tificeren en kwantificeren van longschade na cardiothoracale chirurgie. Om deze vraag
te beantwoorden zijn verschillende klinische onderzoeken uitgevoerd waarbij verschil-
lende interventies zijn toegepast. Deze interventies hadden onder andere tot doel om
postoperatieve longschade te reduceren, wat vervolgens meetbaar zou moeten zijn door
een verlaging van longschade biomarkers in de bloedcirculatie.

We vonden inderdaad dat openhartchirurgie zonder het gebruik van een hart-longma-
chine (off-pump methode) resulteerde in minder postoperatieve longschade, en dat dit
gereflecteerd werd door een lagere plasmaconcentratie van longschade biomarkers. Dit-
zelfde gold voor het toepassen van intraoperatieve cell salvage tijdens openhartchirurgie.

Het gebruik van pulsatiele bloedstroom resulteerde echter niet in een meetbare ver-
betering van de postoperatieve longfunctie, wat ook weer gereflecteerd werd door long-
schade biomarkers.

Als conclusie kunnen we stellen dat longschade biomarkers een waardevolle bijdrage
kunnen leveren aan het identificeren en kwantificeren van post-operatieve longschade bij
de evaluatie van nieuwe chirurgische ingrepen en/of medische apparatuur in de setting
van cardiothoracale chirurgie. Naar mijn mening geeft het gebruik van alveolaire type I
en II longschade biomarkers samen met fysiologische parameters de meest betrouwbare
informatie over post-operatieve longschade.
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Nu ik mijn dankwoord aan het schrijven ben, realiseer ik me pas dat het promotieon-
derzoek echt bijna klaar is. Een belangrijk periode wordt nu afgesloten. Het uitvoeren
van dit onderzoek is een zeer leerzaam traject geweest, en niet alleen op het gebied van
onderzoek. De belangrijkste les is dat je het niet alleen kunt doen. Daarom ben ik dan
ook veel dank verschuldigd aan de mensen die me hierbij hebben geholpen en wil ik een
aantal mensen in het bijzonder bedanken.

Dr. W. van Oeveren, beste Wim, al tijdens mijn afstudeeronderzoek wist je me te
inspireren voor wetenschap en vroeg je of ik wel eens had nagedacht over promotie-
onderzoek. Tot dat moment had ik mezelf dat nooit zien doen. Samen met de afdeling
biomedical engineering en je bedrijf HaemoScan creëerde je voor mij een promotieplek
en droeg je ook nog eens zorg voor de dagelijkse begeleiding. Het bleek een succesvolle
samenwerking waar we nu nog steeds de vruchten van plukken. Ik bewonder je voor
jouw benadering van het leven en je veerkracht. Ontzettend bedankt voor deze kans en
het delen van je kennis en ervaring!

Prof. dr. G. Rakhorst, beste Gerhard, ook jij was vanaf het begin betrokken en hebt mij
zeer geholpen met het behouden van het overzicht op het onderzoek. Je prikkelde me
ook menig maal met de vraag “Waar zie je jezelf over 5 jaar?”. Ik blijf je het antwoord
nog steeds schuldig. Met de vrijheid die je je promovendi gaf zorgde je ervoor dat we, in
jouw woorden, geen “super analisten” maar “zelfstandig onderzoekers” zouden worden.
Bedankt voor deze vrijheid en het zijn van mijn promotor.

Dr. M.E. Erasmus, beste Michiel, met alle gespreken met jou leerde ik iedere keer weer
wat bij van de klinische kant van het onderzoek. Met jouw kennis werd dan ook de
klinische interpretatie van de resultaten beter weergegeven. Bedankt voor jouw bijdrage
aan dit proefschrift.

Prof. dr. M.A. Mariani, beste Massimo, je kwam pas later in beeld tijdens mijn promo-
tietraject, toch was je bijdrage niet van minder belang. Bedankt voor het zijn van mijn
promotor.

De leden van de beoordelingscommissie, prof. dr. J.G. Grandjean, prof. dr. H.G.D.
Leuvenink en prof. dr. J.G. Maessen, wil ik graag bedanken voor de tijd en bereidheid
om dit proefschrift te lezen en te beoordelen.

Dr. A.J. de Vries, beste Hans, het is fijn met je samen te werken. Dit heeft dan ook geleid
tot een mooi hoofdstuk in dit proefschrift. Bedankt daarvoor.

Dr. W. van der Bij en Dr. E.A.M Verschuuren, beste Wim, beste Erik, bedankt voor de
toegang tot en hulp bij de monsters en data van het longtransplantatie cohort. Het eerste
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manuscript moet nog gepubliceerd worden, maar ik heb er vertrouwen in dat we dit na
mijn verdediging spoedig zullen voltooien.

Alle collega’s van de afdeling biomedical engineering, en met name: Marten, Ward,
Sandra, Ed, Oanna, Reindert, Gu, Arina, Anita, Daniëlle, Marianne, Babs, Stefan en
Brandon. Bedankt voor een leuke tijd zowel binnen als buiten de afdeling.

Alle collega’s van HaemoScan, Sjoerd, Ben, Marieke, Kees en de talloze stagiaires,
bedankt voor de gezelligheid en de vele taartmomenten.

Dr. J. Damman, beste Jeffrey, het complement virus mag je dan niet hebben overgegeven,
met de SNPs heb je me wel weten te inspireren. Bedankt voor de gezellige avonden
waarbij we onder het genot van een biertje de nukken van het promoveren konden
bespreken.

Dr. A.L.J. Olssen and dr. M.A. Kolbusz, dear Adam and Magda, thank you for the
fun time we had while you guys lived in Groningen. The “vrijdagmiddag borrel” was a
welcome distraction from our research projects.

De waterpolomannen van TriVia, al jaren trainen we op dinsdag en donderdag. Er
is maar weinig waarvoor ik de training opgeef, dit is namelijk het perfecte moment
om het hoofd leeg te maken. Dank voor het spel en de gezelligheid! Een aantal van
jullie zijn natuurlijk meer dan “alleen” teamgenoten, jullie zijn in de loop der tijd ook
goede vrienden geworden, Klaas, Ramses, Tom, Remco, Lude, Petter, Reinier, Hielke en
Franke. Bedankt voor de borrels, feesten en vakanties.

Vrienden en paranimfen, beste Klaas, beste Ramses, bedankt voor jullie vriendschap en
het bijstaan tijdens de verdediging van dit proefschrift!

Lieve Timon en Hester, bedankt voor de gezelligheid en de leuke vakanties! En het leren
skiën ;-)

Lieve André, Karin en Jan, dank dat ik ook deel uit mag maken van jullie familie. Jullie
steun, interesse en gezelligheid betekenen veel voor mij.

Lieve Marianne, Jos, Esther, Tibo, Willem en Kees, ik heb veel geluk met jullie als mijn
liefdevolle familie!

Lieve Marijke, met het verenigen van onze aparte levens tot het “onze”, is het leven veel
mooier en eenvoudiger. Je bent onvervangbaar. Mijn thuis is bij jou.

Gerwin
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Curriculum vitae

De auteur van dit proefschrift werd geboren op 20 april 1981 te Groningen. Na het
behalen van zijn MAVO diploma aan het Winkler Prins College in Veendam, vervolgde
hij zijn studie aan de MTS en de HTS in de richting werktuigbouwkunde. Hierna volgde
hij de Master Biomedische Technologie aan de Rijksuniversiteit Groningen. In 2007
studeerde hij af in de Biomedische Technologie met als afstudeerriching ‘Biomaterialen’.
Zijn afstudeeronderzoek betrof de ontwikkeling en de evaluatie van de bloedcompatibi-
liteit van een biodegradeerbaar polyurethaan kunstbloedvat met een diameter kleiner dan
5 millimeter, onder begeleiding van dr. W. van Oeveren en prof. dr. A.J. Schouten. Na
een jaar gewerkt te hebben als onderzoeker binnen HaemoScan BV, het spin-off bedrijf
van dr. W. van Oeveren, begon hij aan zijn promotietraject binnen de afdelingen Bio-
medical Engineering en Cardiothoracale chirurgie aan de Rijksuniversiteit Groningen,
onder begeleiding van dr. W. van Oeveren, dr. M.E. Erasmus, prof. dr. G. Rakhorst
en prof. dr. M.A. Mariani. Sinds 2012, is hij weer werkzaam bij HaemoScan BV,
waarbij het onderzoek gericht is op de ontwikkeling en uitvoering van orgaan specifieke
biomarkertesten en van bloedcompatibiliteitstesten van medische producten.
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