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Chapter 1

Background
Oxygen is vital for humans to preserve aerobic metabolism at a mitochondrial level. 

Maintaining the delivery of oxygen to body tissues is one of the primary treatment goals 

during anesthesia and in intensive care. One can express delivery of oxygen (DO2) to the 

tissues on a macro circulatory level as the cardiac output (CO) multiplied by the arterial 

oxygen content (CaO2). In a formula, we can express delivery of oxygen as follows;

DO2    =     CO     ×     CaO2

or

DO2 = CO × ((1.31 × Hb × SaO2 × 0.01) + (0.0225 × PaO2 ) )

where Hb is the hemoglobin level in gram per deciliter, SaO2 the arterial hemoglobin 

saturation in percent, and PaO2 the arterial partial pressure of oxygen in kilopascals.

Tissue hypoxia, imbalance of oxygen delivery and consumption of the tissues, will result 

in a change from aerobic to anaerobic cellular respiration. This anaerobic state can only 

continue for a limited time. Ultimately, tissue hypoxia will result in cell death. Therefore, 

anesthesiologists and intensivists focus on optimizing oxygen delivery of their patients.

In clinical practice, the majority of infusion therapies to optimize DO2 include blood 

transfusion, to increase hemoglobin levels, and fluid administration, to optimize CO. 

However, both treatments have adverse effects. Complications of blood transfusion 

include but are not limited to transfusion-associated circulatory overload (TACO), 

transfusion-related acute lung injury (TRALI), allergic reactions, and transfusion-

transmitted infections. Currently, pathophysiologic understanding of TACO, one of the 

major contributors to transfusion-related morbidity and mortality, is lacking. Furthermore, 

excessive perioperative fluid administration is associated with increased mortality and 

morbidity. Therefore, care givers should only prescribe fluid therapy when the expected 

advantages outweigh the risk of adverse effects.

In this thesis we investigate different aspects of adverse effects of infusion therapy of 

both transfusion and infusion products in the operating room, intensive care and on the 

ward. In this chapter we introduce these different aspects.

Blood transfusion
Annually, physicians prescribe 650.000 transfusion products in the Netherlands. 1 Although 

studies describe a decline in prescriptions, 2 still 400.000 units of red blood cells (RBCs), 
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250.000 platelet units and up to 2000 units of plasma are transfused each year. 350.000 

volunteers donate blood in a total of 750.000 donations a year. The Dutch blood supply 

chain Sanquin ensures the availability of high quality and safe transfusion products, as 

preparation of these products is a complicated process. In short, Sanquin takes 500 ml 

of whole blood in a single donation. 3 Centrifugation separates the different components; 

erythrocytes, plasma and buffy coat, consisting of most of the white blood cells and 

platelets. Filtration separates the white blood cells from the platelets and erythrocytes. 

The plasma products are pooled, solvent detergent treated and prion filtered to reduce 

the risk of transfusion-related acute lung injury and transmission of viruses and prions. 

The particular transfusion products are stored until a patient requires a transfusion.

Erythrocytes
Erythrocytes are flexible biconcave hemoglobin-containing cells produced by the bone 

marrow. Hemoglobin enables erythrocytes to transport oxygen from the lungs to cells 

anywhere in the body by blood circulation. Patients with a low hemoglobin level have a 

reduced oxygen-carrying capacity. A transfusion of erythrocytes, or RBCs, is indicated 

when oxygen consumption of the tissues supersedes oxygen delivery, and hemoglobin 

transport capacity limits oxygen delivery to the tissue. However, RBCs transfusion carries 

risks that may, at times, not outweigh the benefit of increasing hemoglobin level.

Adverse events
Blood transfusion is associated with numerous complications. Transfusion-related 

adverse events include TACO, TRALI, hemolytic transfusion reaction, allergic reactions, 

and transfusion-transmitted bacterial and viral infections. Since the 1990’s, national 

hemovigilance systems opened to improve patient safety through surveillance of adverse 

events. Recognition of adverse events led to the identification of TRALI as a significant 

cause of transfusion-related morbidity, resulting in research on risk factors, pathogenesis, 

and prevention of TRALI. 8 After the introduction of multiple mitigation strategies, including 

solvent/detergent treatment of pooled plasma and male-only plasma, the incidence of 

TRALI has dropped significantly. 9,10 Currently, TACO is the leading severe transfusion-

related adverse event, 11-13 with an incidence of 1-6 % in transfused patients. 14-17

Transfusion-associated circulatory overload (TACO)
TACO is marked by the formation of pulmonary edema after transfusion, resulting in 

respiratory distress. 18 Traditionally, TACO is regarded as a circulatory volume overload 

due to the transfusion product. Circulatory overload will increase hydrostatic pulmonary 

1
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pressure, resulting in pulmonary edema. Yet, fever is reported in one-third of TACO cases, 
19 and leukoreduction of RBCs decreased the incidence of TACO. 20 Therefore, it has been 

suggested pro-inflammatory mediators may play a role in TACO pathogenesis. However, 

there is a lack of trials providing insights into the TACO pathogenesis. Furthermore, it 

is hard to differ TACO from conventional circulatory overload resulting in cardiogenic 

pulmonary edema. There is a need for studies on the formation of pulmonary edema after 

the transfusion of blood products, giving mechanistic insights into TACO pathogenesis 

and differentiation from conventional circulatory overload.

Diagnosis
The diagnosis of TACO is made at the bedside, based on a combination of symptoms. 

These symptoms are supported by evidence of pulmonary edema and circulatory overload. 

The recognition of changes in vital signs is crucial for TACO diagnosis. 21 However, no 

clear diagnostic criteria have been defined. In a revised surveillance definition, the 

International Society of Blood Transfusion, the International Haemovigilance Network, 

and AABB defined TACO as a syndrome combining various general symptoms. Within 12 

hours after transfusion, these symptoms should include acute or worsening respiratory 

distress or evidence of pulmonary edema, and a total of three or more criteria of the latter 

and the following; development of cardiovascular system changes not explained by the 

patient’s underlying medical condition, evidence of fluid overload, or supportive result of 

a relevant biomarker. 22 These nonspecific symptoms are also used in anesthesia and ICU 

patients, who commonly present with a number of these criteria. Since the symptoms are 

nonspecific, a clinical TACO diagnosis is challenging. It is crucial to understand with which 

criteria care providers make a diagnosis, as this can help in identification of knowledge 

gaps, early recognition of TACO and initiation of therapy.

Risk factors
Identification of risk factors is important, to identify those patients where the risks for 

TACO outweighs the benefit of a transfusion. Furthermore, risk factors can help to form 

a hypothesis for TACO pathogenesis. Surveillance studies identified heart failure, kidney 

disease and beta-blocker use as risk factors for TACO in a surgical, medical Intensive 

Care Unit (ICU), and hospital wide population. 16,23-25 Furthermore, several investigations 

with limited sample size, have found the infusion rate, 16 number of transfused products, 
16,24 and plasma transfusion to be product-specific risk factors. 16,23,26 However, there is 

conflicting evidence with respect to plasma transfusion being an independent risk factor 

for the development of TACO. 25 Patients with a limited reserve to compensate for the 
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additional volume load associated with a transfusion are at risk. However, it remains to 

be determined how pulmonary edema after transfusion (after a limited volume of the 

equivalent of two coffee) is different from conventional circulatory overload without a 

blood transfusion.

Perioperative infusion therapy
Perioperative infusion therapy is necessary to prevent hypovolemia due to bleeding and 

is used to optimize CO. Hypovolemia may result in tissue hypoxia by a diminished DO2 

due to a decrease in CO. Perioperative hypovolemia is mainly associated with kidney 

failure. Correction of hypovolemia depicts a risk of excessive fluid administration leading 

to hypervolemia. Hypervolemia has adverse effects such as pulmonary and tissue edema. 

Perioperative excessive fluid administration is associated with adverse outcome including 

respiratory insufficiency and renal injury. The field investigating the perioperative fluid 

management is broad. In this thesis, we will focus on strategies to prevent hypervolemia 

in the perioperative period. We will focus on of the association of fluid therapy on the 

ward and patient outcome, and a novel method of non-invasive CO monitoring to guide 

fluid therapy, which can have impact in environments without quick access to invasive 

monitoring. It remains challenging for care providers to assess the actual volume status 

of their patient, illustrated by the variability of infusion therapy in clinical practice. 27

Ward fluid therapy
Although surgical patients spent most of their time during a hospital admittance in the 

ward, there is limited data for fluid administration on the ward and its relation to patient 

outcome. Currently, there are multiple challenges at the ward for patient tailored fluid 

administration. Vital signs are measured 3 times a day, nurses and doctors have a round 

once a day, and in 75% of the hospitals no protocols for fluid therapy are present. There is 

a need for studies investigating the association between perioperative fluid administration 

and outcome.

Cardiac output optimization
Besides prevention of hypovolemia, practitioners administer fluids to optimize CO. CO is 

expressed as the stroke volume (SV) multiplied by the heart rate. SV depends on preload, 

contractility and afterload of the heart. The relation between the preload and SV is 

expressed in the Frank-Starling curve (figure 1).

1
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Figure 1. Frank-Starling curve

In this figure, two hypothetical patients are treated with a fluid challenge. A fixed amount of 

fluid in time is administered to increase preload, and thereby SV. Administration of a fluid 

challenge to a patient on the steep left part of the curve will lead to a modest increase in 

SV. In contrast, the same fluid challenge and increase in preload to a patient on the right 

horizontal part of the curve has minimal effect on SV. Merely, half of OR and ICU patients 

will demonstrate a significant increase in CO after a fluid challenge, indicating that they 

are on the horizontal part of the curve.

Cardiac output measurement
An accurate and precise CO monitoring method is essential to identify patients with a low 

CO. CO optimization is recommended for the high-risk surgical population. 30,31 Current CO 

monitoring devices are invasive, difficult to use, operator-dependent, non-continuous, 

or expensive. The more recently developed non-invasive finger cuff methods seem less 

accurate, 32 and CO measurements are not comparable to those employing more invasive 

methods. 33 Common carotid artery (CCA) blood flow measurement by ultrasound has 

been suggested as a novel method to estimate CO. 34-36 A non-invasive, easy-to-use CO 

monitoring device that is accurate and precise would be a helpful tool to optimize CO, in 

environments where more invasive CO monitoring techniques are contra-indicated, or 

not directly available.
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Outline of this thesis
The obvious relation between infusion therapy and adverse outcomes is the starting 

point of this thesis. In this thesis we investigated a selection of adverse events following 

transfusion and infusion therapy during anesthesia and intensive care. The aims of this 

thesis were first, to investigate the current clinical perspective on TACO, TACO diagnosing 

and reporting, and risk factors for TACO, in comparison to patients with fluid overload in 

the absence of a transfusion, to form a hypothesis regarding the pathophysiology of TACO 

and to provide insights as to for which patients the risk of TACO outweighs the potential 

benefit of a transfusion. Second, to investigate colloid osmotic pressure of transfusion 

products and the effect of red blood cells transfusion in comparison to saline infusion 

on pulmonary edema formation as possible mechanisms for TACO. Third, to investigate 

a restrictive fluid regimen on the ward and a novel non-invasive CO measurement as 

potential ways to optimize infusion therapy in the perioperative period.

Clinical research reported in this thesis has been performed at the department of 

Anesthesiology and Intensive Care of the Amsterdam UMC, location AMC , Amsterdam, 

The Netherlands. Pre-clinical studies were performed at the Laboratory of Intensive Care 

and Anesthesiology of the Amsterdam UMC, location AMC, Amsterdam, at the laboratory for 

Clinical Chemistry and Hematology, University Medical Centre, Utrecht, and the laboratory 

of Sanquin Blood Bank, Amsterdam, The Netherlands

Part I of this thesis focusses on transfusion-associated circulatory overload.

Chapter 2 systematically reviews the recent literature on advances in pathophysiological 

understanding, risk factors, diagnostic modalities and therapeutic interventions of 

transfusion-associated circulatory overload.

In chapter 3, we performed a survey among professionals involved in blood transfusion 

to investigate the practice of diagnosing and reporting transfusion-associated circulatory 

overload in the Netherlands.

In chapter 4, we retrospectively investigated the incidence, risk factors and outcome of 

transfusion-associated circulatory overload in intensive care patients, in comparison to 

patients with fluid overload in the absence of a transfusion.

Chapter 5 describes the colloid osmotic pressure of current and future transfusion products 

and its relation to possible mechanisms of transfusion-associated circulatory overload.

1
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In chapter 6, we investigated in a randomized crossover trial the effect of autologous red blood 

cells transfusion and saline on pulmonary capillary wedge pressure and pulmonary edema.

Part II of this thesis explores potential ways to optimize perioperative infusion therapy.

Chapter 7 systematically reviews the effects of a restrictive fluid strategy in postoperative 

surgical patients on the ward. We performed a meta-analysis to investigate whether 

postoperative restrictive fluid administration is associated with patient outcome.

Chapter 8 describes the results of a diagnostic accuracy study on the performance of 

cardiac output estimation by non-invasive carotid artery ultrasound measurements 

compared to transpulmonary thermodilution derived cardiac output.

Chapter 9 discusses the results the studies focusing on transfusion-associated circulatory 

overload and potential strategies to improve perioperative fluid management and provides 

future perspectives.

Chapter 10 is een Nederlandse samenvatting van de resultaten van deze thesis en een 

toekomstperspectief.
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