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CHAPTER 1

GENERAL INTRODUCTION
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1
HISTORY OF ARTERIAL WAVEFORM ANALYSIS

Scientists are intrigued by the mechanics of blood circulation since millennia. The first pulse 
wave descriptions stem from the Egyptians (1,2). In ancient Greece, it was discovered that 
pulsatile flow consists of two (di or “di”) components or “beats” (krotos or “krotos”).  
The term “dicrotic” notch was first noted after these observations by Greek scientists. Within 
the same period, the Romans and Han Chinese described different types of pulses in a 
quantitative fashion (2). As a result, arterial waveform analysis preceded modern medicine by 
thousands of years. 
In the middle ages, Giovanni Borelli (1608-1679) studied the propulsion of blood during 
diastole. He discovered that blood flow continues during diastole due to the contraction of 
circular fibers in arteries (3). Borelli can therefore be seen as the founder of the “Windkessel 
effect”, which describes the damping of blood pressure and capacitive properties of blood 
vessels. Otto Frank (1865-1944) developed mathematical formulas to describe the “Windkessel 
effect”, and thereby greatly contributed to modern arterial waveform analysis. In 1899, he 
published Die Grundform des Arteriellen Pulses (“The basis of arterial pulses”) in which he 

describes the relation between blood pressure, the volume 
of the arterial tree, peripheral vascular resistance, and vessel 
compliance (figure 1) (4). The mathematical relation between 
blood flow and blood pressure and modeling of blood flow 
through the blood vessels has been extensively studied ever 
since then. This provided the basis for the algorithms to derive 
cardiac output (CO) from the arterial pressure waveforms used 
in currently available monitoring systems. 

ARTERIAL WAVEFORM ANALYSIS CARDIAC OUTPUT AND PRELOAD MONITORING
Between 1950 and 1970, measurement of blood flow in addition to arterial blood pressure 
gained interest with the development of the pulmonary artery catheter (5,6). This method 
enabled monitoring of CO and cardiac filling pressures. Adverse events associated with 
pulmonary artery catheterization and lack of efficacy however raised concerns about its use 
in clinical practice (7). Since the 70’s therefore, efforts have been made to develop arterial 
waveform analysis based hemodynamic monitoring systems for application in anesthesia and 
intensive care medicine (8-11). In today’s clinical practice, these systems are increasingly being 
used (12). Arterial waveform analysis enables continuous measurement of CO and dynamic 
assessment of cardiac preload from a peripherally inserted arterial line. Consequently, it 
provides a less invasive and easy to use alternative to pulmonary artery catheterization (13,14). 
Intuitively, monitoring of CO is valuable in the hemodynamic assessment of critically ill patients 

for a number of reasons. First, CO represents an important determinant of tissue oxygenation. 
Second, a decline in CO may be detected in the early stages of hypovolemic, cardiogenic, or 
obstructive shock. In these patients, blood pressure is frequently maintained due to 
compensatory mechanisms such as peripheral vasoconstriction (15). If shock progresses, blood 
pressure may fall rapidly. In contrast, patients with distributive shock may be hypotensive in 
the presence of high CO due to peripheral vasodilatation (15). Therefore, monitoring of CO 
can be helpful to discriminate between various types of shock. Third, hypotension is frequently 
treated with vasopressor drugs. In high doses however, these drugs may severely impair blood 
flow to the tissues, which is associated with worse outcome (16). Measurement of CO in 
addition to blood pressure in this setting may guide the use of vasoactive substances and fluids 
to optimize cardiac performance, thereby preventing tissue hypoperfusion and disturbances 
in the microcirculation (17). 
Assessment and optimal treatment of changes in cardiac preload is the first step in treating 
reductions in stroke volume and therefore CO. Conventional, static preload parameters such 
as central venous pressure (CVP) and pulmonary capillary wedge pressure (PCWP) fail to 
reliably predict whether patients benefit from volume therapy (18). The dynamic preload 
indices stroke volume variation (SVV) and pulse pressure variation (PPV) are however promising 
in this aspect in patients with unimpaired cardiac function. Continuous preload assessment 
may enable early detection of hypovolemia. In addition, it may prevent unnecessary volume 
loading and therefore tissue edema and cardiac failure. The combined measurement of CO 
and cardiac preload might therefore be of great value in the operating room and intensive 
care unit to optimize the hemodynamic status in patients. This potential of arterial waveform 
analysis has led to a number of studies evaluating the use of this technique in goal-directed 
strategies. Goal-directed therapy using conventional monitoring techniques has shown to 
improve outcome after high-risk surgery and in patients with septic shock, although there are 
many controversies (19-21). Being minimally invasive, easy to use, operator-independent and 
continuous, arterial waveform analysis represents the ideal hemodynamic monitoring tool for 
the purposes of goal-directed therapy.  

AVAILABLE EVIDENCE BEFORE THE START OF THIS THESIS
The validity of arterial waveform analysis has been established in a variety of clinical settings 
and patients (9-11). However, the majority of studies have been performed in patients with 
normal cardiac function under hemodynamically stable circumstances. In this setting, the 
application of advanced hemodynamic monitoring can be debated. In patients with cardiac 
pathology such as heart failure or valvular diseases, CO and preload monitoring would be more 
valuable. The Frank-Starling mechanism describes the relation between cardiac preload and 
stroke volume (figure 2) (22). This relation may be altered in patients with heart failure or other 
structural cardiac abnormalities, which affects the response to volume loading or inotropic 
support (22). Validation studies of CO and cardiac preload monitoring devices in patients with 
cardiac pathology are therefore needed, but evidence in these patients turns out to be limited 
and conflicting (23-26). In addition to cardiac pathology, hemodynamic disturbances induced 
by volume loading or vasoactive substances affect the reliability of CO readings by altering 
vasomotor tone (27-29). Studies in patients with cardiac pathology or under hemodynamic 

FIGURE 1
Otto Frank (1865-1944), founder of the “Windkessel effect” to describe the 
relation between blood pressure, blood volume, vascular resistance, and 
vascular compliance.
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OBJECTIVES OF THIS THESIS
This thesis has the following objectives:
- to study the validity of arterial waveform analysis CO measurement and dynamic preload 

assessment in patients who need advanced monitoring most urgently;
- to explore the methodological challenges in method comparison studies concerning CO 

monitoring devices;
- to design a multi-center, randomized-controlled trial evaluating the effects of goal-directed 

therapy using arterial waveform analysis CO measurement in patients undergoing high-risk 
surgery.

OVERVIEW OF THIS THESIS
In chapter 2, the basic principles of arterial waveform analysis CO measurement and dynamic 
assessment of cardiac preload are explained. The three commercially available monitoring 
devices are reviewed with respect to their technique, validity, and application in goal-directed 
strategies. The key features of the systems are compared. In chapter 3, the accuracy, precision 
and trending ability of uncalibrated arterial waveform analysis CO measurement is investigated 
versus pulmonary artery thermodilution in patients undergoing open abdominal aortic 
aneurysm repair. Measurements after aortic cross-clamping and clamp release are compared 
to the period after induction of anesthesia and during skin closure. Chapter 4 and 5 investigate 
the validity of uncalibrated arterial waveform analysis during volume loading in patients with 
impaired left ventricular function undergoing coronary artery bypass grafting. In chapter 4, 
the accuracy and precision of CO measurement is compared versus pulmonary artery 
thermodilution before and after volume loading. Moreover, the ability to track changes in CO 
induced by volume loading is evaluated. Chapter 5 handles the hemodynamic response in 
patients with impaired left ventricular function during volume loading. The diagnostic accuracy 
of the dynamic preload parameter SVV to predict fluid responsiveness is evaluated. Chapter 
6 reviews the methodological and statistical challenges associated with method comparison 
studies concerning CO monitors. A stepwise approach to the data analysis and representation 
of these results is suggested, considering the limitations and pitfalls in Bland-Altman analysis 
and assessment of trending ability. Chapter 7 includes the research protocol of a multi-center, 
randomized-controlled trial evaluating the effects of goal-directed therapy using arterial 
waveform analysis CO measurement in patients undergoing elective, high-risk, abdominal 
surgery. A systematic review of the literature concerning goal-directed strategies in high-risk 
surgery is included. During the writing of this thesis and at present, patient inclusion is ongoing. 
The results from this trial are expected in 2017.

disturbances face a number of methodological and statistical challenges. Proper interpretation 
of the results requires insight in the methodology and data analysis techniques applied in 
method comparison studies. Unfortunately, the majority of studies do not meet a number of 
basic requirements for proper study design and data representation. As a result, evidence is 
still limited in those who need advanced hemodynamic monitoring most urgently. 
The application of arterial waveform analysis in goal-directed strategies has not been 
extensively studied yet (30-32). Moreover, many goal-directed therapy trials are small, 
performed in one center, and include minor complications in their composite endpoint (19,30-
32). Influence of early goal directed therapy on quality of life and cost-effectiveness has not 
been investigated yet. This impairs the introduction of goal-directed strategies in daily practice. 
The increase in the use of goal-directed strategies further emphasizes the need for method 
comparison studies in critically ill and unstable patients, as the value of this treatment method 
greatly depends on the reliability of the CO readings.

FIGURE 2
The Frank-Starling mechanism describing the relation between cardiac preload and stroke volume (SV). With increases 
in cardiac preload, SV initially increases (ascending part of the curve, 1). If SV approaches its maximum, SV remains 
constant despite additional increases in cardiac preload (flat part, 2). SV decreases if cardiac preload is increased 
behind this point (descending part 3), ultimately leading to cardiac failure (dotted line). 
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ABSTRACT

PURPOSE OF REVIEW 
In this review, we describe the basic principles of arterial waveform analysis (AWA) to assess 
cardiac output (CO) and cardiac preload. The validity of commercial hemodynamic monitoring 
systems is discussed, together with their clinical applications and limitations.

RECENT FINDINGS 
Currently, three devices (the FloTrac system, PiCCO monitor and LiDCO system) are available 
for measurement of AWA based CO. In addition, dynamic preload parameters such as stroke 
volume variation (SVV) and pulse pressure variation (PPV) are determined, which may be 
useful to predict fluid responsiveness in mechanically ventilated patients. 

SUMMARY 
AWA provides a less invasive and easy to use alternative for CO measurement. The validity of 
AWA devices has been verified in a variety of patients and circumstances, but their performance 
is compromised in the presence of hemodynamic instability, cardiac arrhythmias or other 
factors disturbing the arterial pressure waveform. The definitive role of dynamic preload 
parameters like SVV and PPV is matter of research. Large trials in which the value of early goal 
directed therapy using these technology is studied in relation to outcome are urgently needed. 

INTRODUCTION

Hemodynamic monitoring and therapy in the critically ill patient is aimed at maintaining 
adequate oxygen delivery to the tissues. Cardiac output (CO) is the principal determinant of 
tissue oxygen delivery, and provides valuable information about the patient’s hemodynamic 
status. Many efforts have been made to develop suitable CO monitoring systems for application 
in anesthesia and intensive care medicine. The ideal CO monitor is non-invasive, operator-
independent, cost-effective, reliable, and provides continuous CO measurement with a short 
response time. Until present, no CO monitor meets all these requirements. 
In the past decade, several techniques have been developed to derive CO from the arterial 
waveform. This enables continuous measurement of CO and stroke volume (SV) from an arterial 
line, which is almost routinely inserted in critically ill patients. In addition, cardiac preload can 
be assessed from the fluctuations in SV induced by mechanical ventilation (1**). The 
assessment of preload to predict whether a volume challenge will increase SV is of crucial 
importance in optimizing CO in the individual patient. The ideal hemodynamic monitoring 
system not only measures CO, but also guides CO optimization by assessing fluid responsiveness. 
In this review we focus on arterial waveform analysis (AWA) and its potential role in 
hemodynamic monitoring and therapy. We describe the general principles of CO measurement 
and preload assessment from the arterial waveform, and discuss three frequently used AWA 
based monitoring systems.

ARTERIAL WAVEFORM ANALYSIS
The concept of arterial waveform analysis (AWA) is based on the relation between blood 
pressure, SV, arterial compliance, and systemic vascular resistance (SVR). During each systole, 
a stroke volume of blood is pumped into the circulation. Its longitudinal movement is hindered 
by the SVR, while the compliance of the arteries allows transversal displacement. As a result, 
there is net storage of blood with a corresponding rise in blood pressure during systole, which 
is released during diastole. SV or CO can be calculated from the arterial pressure waveform if 
the arterial compliance and SVR is known. Although the three available AWA systems use 
different pressure-volume conversion algorithms, this basic principle is comparable. 
In mechanically ventilated patients, positive intrathoracic pressure induces cyclic fluctuations 
in SV and pulse pressure (PP). During the very initial phase of a positive pressure breath, blood 
is squeezed from the pulmonary vessels into the left ventricle. This leads to a transient increase 
in left ventricular preload, and corresponding little increase in SV  and PP. Concurrently 
however, right ventricular filling is inhibited and right ventricular afterload is increased. The 
transient increase in left ventricular preload is therefore rapidly followed by a decrease, with 
subsequent decline in SV and PP. The resulting variation in SV and PP can be calculated by:

and:
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AVAILABLE SYSTEMS FOR CARDIAC OUTPUT MONITORING AND PRELOAD ASSESSMENT

The FloTrac System
The FloTrac System™ (Edwards LifeSciences, Irvine, CA, USA) consists of the FloTrac sensor and 
corresponding Vigileo monitor. The system is operator-independent, needs no external 
calibration, and requires a peripheral arterial line only. The basic principle of the algorithm is 
the linear relation between PP and SV. SV is estimated using the equation: 

CO is calculated by multiplying heart rate by SV. The arterial pressure waveform is sampled 
each 20 seconds at 100 Hz which results in 2.000 data points. SDAP is the standard deviation 
of these data points and reflects PP (figure 1B). The factor c represents the conversion factor 
that is needed to determine the volume parameter SV from the pressure parameter SDAP. c 
depends on arterial compliance, the mean arterial pressure (MAP) and waveform 
characteristics. The patient’s vascular compliance is assessed using biometric values (gender, 
age, height and weight) according to the method described by Langewouters et al. (2). 
Waveform characteristics assessed are skewness (degree of asymmetry) and kurtosis (degree 
of peakedness) of the individual arterial pressure curve. Skewness and kurtosis represent 
changes in the arterial waveform, which should reflect changes in vascular tone. The factor c 
is recalculated every minute, and enables calculation of SV without external calibration.
Up to now, there were three software releases of the system. Studies considering the first 
generation of software showed poor agreement in comparison with more invasive methods, 
but refinements in the second generation software improved the reliability of the system (3). 
However. in patients with low systemic vascular resistance (e.g. sepsis or liver failure), 
measurements remained unreliable in the high CO range. The third generation software claims 
to have managed these problems. Three recent validation studies concerning this latest version 
demonstrate improved accuracy in comparison with older versions (4-6*). However, in a recent 
study by Metzelder et al, the third generation software did not show improved precision in 
patients requiring high-dose vasopressor therapy in comparison with the second generation 
(7). In addition, bias of CO measurements were inversely correlated with SVR. With respect 
to acute changes in CO such as during hemodynamic instability, the performance of the FloTrac 
system is still a subject of debate (3,8,9). Meng et al recently showed that the third generation 
software was able to track changes in CO induced by changes in preload, but not by 
phenylephrine and ephedrine (10*). 
The FloTrac system enables assessment of preload by determining SVV. SVV measured with 
the FloTrac system has been demonstrated to reliably predict fluid responsiveness in a variety 
of patients (1**). Two recent studies extended the reliability to patients undergoing one-lung 
ventilation, when tidal volume is at least 8 ml⋅kg-1 (11*,12). There is only one study on the 
reliability of SVV in patients with impaired left ventricular function (LVF) (13). With respect to 
CO measurement, varying agreement with a pulmonary artery catheter (PAC) was found in 
these patients (14,15). Two small-scale studies demonstrated an improved outcome in high-
risk surgical patients using goal-directed therapy based on FloTrac CO measurement (16*,17). 

Hypovolemic patients are more sensitive to the hemodynamic consequences of positive 
pressure ventilation, which will lead to greater SVV and PPV values. As a result, SVV and PPV 
are indicative of the patient’s volume status and assess cardiac preload, with cut-off points 
varying between 10-15%. 

FIGURE 1
Three different techniques as a starting point for arterial waveform analysis. A: The arterial waveform. B: The FloTrac 
system samples data points from the arterial waveform. Pulse pressure is assessed by calculating the standard 
deviation of the data points. C: The starting point for the PiCCO monitor is the area under the systolic portion of the 
arterial waveform. D: The LiDCO system converts the arterial pressure waveform into a standardized volume waveform 
which is analyzed as a sine wave (f(x)) using the root mean square (RMS) method. Multiplication of waveform values 
with themselves gives a double wave pattern with positive deflections only (f2(x)). The average value (Av) of f2(x) is 
known as the mean square, and the square root of it represents the effective value (Eff) of f(x). This RMS value is called 
“nominal stroke volume”. 
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The LiDCO System
The LiDCO System™ (LiDCO, Cambridge, UK) combines AWA with lithium indicator dilution for 
continuous SV and SVV monitoring. The arterial pressure waveform is interpreted as a 
continuous curve describing the volume of the arterial tree in arbitrary units (standardized 
volume waveform). The effective value (approximately 0.7 times the original amplitude) of 
this volume waveform is determined using the root mean square (RMS) method, a mathematical 
principle to calculate the magnitude of a varying quantity (figure 1D). The RMS value is called 
“nominal stroke volume” and is scaled to an “actual stroke volume” using a patient specific 
calibration factor . This factor is derived from a lithium indicator dilution CO measurement, 
and corrects for arterial compliance and variations between individuals. The lithium can be 
injected in a peripheral vein and the doses do not exert pharmacologically relevant effects in 
adult patients. In patients receiving lithium therapy, CO will be overestimated due to a high 
background lithium concentration (24**). In addition, quarternary ammonium ion based 
neuromuscular blocking agents may disturb the lithium sensor in the first period after bolus 
administration.
The LiDCO indicator dilution method has shown to be at least as reliable as other thermodilution 
methods over a broad range of CO in a variety of patients (24**). Subsequent AWA based 
continuous CO measurement is considered reliable, if recalibration is performed each 8 hours 
. During severe hemodynamic instability, recalibration should be performed after each major 
hemodynamic change (24**,25). A recent study by Geerts et al showed accurate CO tracing 
during passive leg raising and reliable prediction of fluid responsiveness by both SVV and PPV 
(26). Highly sensitive assessment of fluid responsiveness by SVV and PPV has been 
demonstrated before (1**,27). In another recent study, changes in CO were poorly detected 
in patients undergoing liver transplantation (28). The reliability of LiDCO in patients with 
impaired LVF after cardiac surgery has been demonstrated (29*). In a randomized controlled 
trial by Pearse et al, a significant reduction in complications and median stay in the hospital 
is reported in high-risk surgical patients treated with LiDCO based goal-directed therapy (30). 

DISCUSSION

An overview of the described AWA based monitoring systems with the specific system 
advantages and disadvantages is presented in table 1. Although the calibrated PiCCO and 
LiDCO systems appear more robust during hemodynamic instability, there are studies showing 
difficulty in tracking changes in CO (20*,28). Frequent recalibration is advised in this setting 
but may be time consuming (22*,25). The FloTrac system appears less robust during 
hemodynamic instability, but the system is easier to use. In a recent study by Hadian et al, a 
cross-comparison between the three devices has been made (31*). Although the accuracy of 
the FloTrac system was similar to PiCCO and LiDCO, its precision was less, when comparing 
the individual devices with a PAC. As suggested in the table, the definitive choice of a 
monitoring device should depend on the clinical setting and the patient’s current and expected 
hemodynamic status. 

In a study by Van der Linden et al, goal directed therapy based on FloTrac CO measurement 
failed to increase tissue oxygen delivery in patients undergoing vascular surgery (18). Thus, 
an adequately designed multi-centre trial about the value of FloTrac is still lacking. 

The PiCCO Monitor
The PiCCO monitoring systems™ (Pulsion, Munich, Germany) combine AWA with the 
thermodilution technique to determine a a number of hemodynamic parameters. SV is 
calculated using the following equation:

The area under the systolic portion of the arterial waveform (∫ P(t) dt) is the starting point 
(figure 1C). In addition, the shape of the arterial waveform (dP/dt, or the pressure change over 
a change in time), arterial compliance (C), SVR and a patient specific calibration factor (cal) 
are needed. External measurement of CO is necessary to determine SVR (SVR = MAP / CO) 
and “cal”. Arterial compliance is derived from SVR and the shape of the diastolic part of the 
arterial waveform (exponential decay time = SVR * C). The PiCCO monitor uses transpulmonary 
thermodilution CO (TPCO) measurement for calibration of the algorithm. This requires both 
central venous and central arterial (femoral, axillary or brachial artery) catheterization. TPCO 
measurement with PiCCO has shown to be reliable in comparison with the PAC thermodilution 
method in a broad patient population (19**). In addition, the thermodilution curve can be 
used to measure global end-diastolic volume (GEDV) and extravascular lung water (EVLW), a 
marker of pulmonary edema. 
The AWA based CO method has been studied extensively. In general, good agreement with 
the PAC thermodilution technique is reported (19**). Under circumstances of hemodynamic 
instability however, the algorithm is less reliable. A recent study by Muller et al confirms this 
observation by showing poor agreement between TPCO and AWA CO during routine therapeutic 
interventions in ICU patients (20*). Yet, another recent study in septic patients reported reliable 
tracking of CO changes induced by volume expansion and norepinephrine by PiCCO, but not 
by FloTrac (21). In general, frequent recalibration is advised during alterations in preload and 
vascular tone (19**,22*). PPV and SVV measured with the PiCCO monitor have both shown 
to predict fluid responsiveness in a variety of patients and conditions (1**). To date, there are 
no adequately powered studies available investigating the use of this system in   goal-directed 
strategies.
The PiCCO monitor combines both thermodilution and continuous AWA based CO measurement 
with PPV, SVV and a number of possibly beneficial parameters of the patient’s fluid status. Yet, 
there are reservations for clinicians to apply the PiCCO monitor, because cannulation of a 
central arterial and central venous vessel is needed. The beneficial effects of central venous 
access should outweigh its risks. In critically ill patients, central venous access is almost 
routinely obtained for the administration of vasoactive substances. Recently, the safety of 
central arterial catheterization was demonstrated in a multi-center study (23**).   
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expected in the near future. LiDCO recently presented LiDCORapid uncalibrated continuous CO 
monitoring. The system does not require lithium indicator dilution reference measurement 
and is therefore faster and easier to use in comparison to the calibrated version. A recent study 
however showed poor agreement with TPCO measurements in patients undergoing cardiac 
surgery (33). 
A problem with all comparative CO studies is the lack of a clear cut-off point to decide whether 
a new monitoring device is interchangeable with the reference method. Therefore, conclusions 
in studies comparing CO monitoring devices with older techniques should be interpreted with 
caution. The acceptable level of agreement with a reference technique remains matter of 
clinical judgement. In the process of choosing an appropriate CO monitor, safety aspects and 
practical considerations should therefore be taken into account, in combination with accuracy 
and precision. 
There are a number of general limitations to report with respect to AWA. First, the validity of 
AWA may be compromised in patients with cardiac arrhythmias, severe peripheral vascular 
disease, aortic valve regurgitation, or pronounced vasoconstriction and dilatation. Although 
a number of studies have been published considering the use of AWA in patients with impaired 
LVF, there are no studies concerning  patients with valvular heart disease, right ventricular 
failure or cardiac shunts (13-15,29). Specifically in these conditions, additional evaluation of 
the patient’s hemodynamic status would be of great value. A major limitation to the use of 
dynamic preload parameters is the necessity for mechanical ventilation. Moreover, tidal 
volumes should be 8 ml⋅kg-1 or more, and the respiratory rate should be below 17⋅min-1 (1**). 
Spontaneous breathing activity and open-chest conditions during cardiac surgery further 
impair proper SVV measurement. In critically ill patients however, there is a tendency to use 
smaller tidal volumes with consequent higher breathing frequencies, and spontaneous 
breathing ventilation modes are frequently applied. Finally, there is a need for studies 
investigating the effects of AWA application on patient outcome. A number of small-scaled 
studies were able to show improved outcome using goal-directed therapy based on AWA in 
high-risk surgery (16,17,30). These studies indicate that AWA could be beneficial in a broad 
range of critically ill patients in which goal-directed strategies have been succesfully applied. 
However, it is known that often small scaled monocentre studies showed a benefit whereas 
an appropriately designed multi-centre trial failed. Thus, there is an urgent need for such a 
trial with all named monitoring devices to evaluate the clinical value with respect to outcome.

CONCLUSIONS
AWA can be used to assess CO and cardiac preload. The uncalibrated FloTrac system is less 
invasive and easier to use in comparison with the calibrated PiCCO and LiDCO systems. The 
PiCCO and LiDCO systems are generally more accurate and more robust during hemodynamic 
instability, if recalibration is frequently performed. The PiCCO system additionally provides 
GEDV and EVLW. Current efforts by the manufacturers are aimed at extending their present 
monitoring systems to offer the full range of hemodynamic variables. 

Obviously, developments are ongoing and manufacturers try to extend their current 
hemodynamic monitoring systems. Recently, VolumeView™ technology was developed by 
Edwards, which provides TPCO for continuous calibrated AWA CO, GEDV, EVLW and SVR 
measurement. VolumeView can be used in combination with FloTrac technology, a PAC and 
continuous central venous oxygen saturation (ScvO2) measurement in the new EV1000™ 
monitoring platform. A first study by Bendjelid et al showed good agreement between 
VolumeView and PiCCO in measuring GEDV and EVLW in pigs (32). The Pulsion company 
incorporated uncalibrated CO monitoring technology (Professional Advanced Flow Trending, 
ProAQT™) in their new PulsioFlex™ device. Validation studies concerning the ProAQT™ are 

System characteristics FloTrac System PiCCO Monitor LiDCO System

arterial waveform 
analysis

starting point SD of 2.000 arterial 
waveform data 
points

area under the 
systolic portion of 
the arterial 
waveform

RMS method 
applied to the 
arterial pressure 
signal

calibration uncalibrated transpulmonary 
thermodilution

lithium indicator 
dilution

requirements arterial line peripheral or central 
artery

central artery only peripheral or central 
artery

central venous line - + -

additional 
parameters

SVV + + +

PPV - + +

other - GEDV, EVLW -

main advantages - minimally invasive
-  operator-

independent
- easy to use

-  broad range of 
hemodynamic 
parameters

-  more robust during 
hemodynamic 
instability (with 
frequent 
recalibration)

- minimally invasive
- easy to use
-  more robust during 

hemodynamic 
instability (with 
frequent 
recalibration)

main disadvantages -  reliability in 
vasoplegic patients 
discussed

-  less robust during 
hemodynamic 
instability

- more invasive
-  requires 

recalibration

-  disturbing factors 
(lithium use, 
neuromuscular 
blocking agents)

-  requires 
recalibration

suggested indications -  trend CO 
monitoring in 
patients at risk for 
clinical 
deterioration

-  moderate to 
high-risk surgery 
(e.g. hip 
replacement in the 
elderly)

-  CO monitoring in 
hemodynamically 
unstable patients 
(e.g. septic shock, 
ARDS)

-  extended, high-risk 
surgery (e.g. 
esophagectomy)

-  CO monitoring in 
hemodynamically 
compromised 
patients

-  high-risk surgery 
(e.g. colorectal 
resection)

TABLE 1
Overview of the arterial waveform analysis based hemodynamic monitoring devices.
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ABSTRACT

BACKGROUND
Arterial pressure waveform analysis enables continuous, minimally invasive measurement of 
cardiac output. Hemodynamic instability compromises the reliability of the technique and a 
means of maintaining accurate measurement in this circumstance would be useful. 

OBJECTIVES
To investigate the accuracy, precision and trending ability of arterial pressure waveform cardiac 
output obtained with FloTrac/Vigileo™ versus pulmonary artery thermodilution in patients 
undergoing elective, open abdominal aortic aneurysm repair.

DESIGN
Prospective, observational study.

SETTING
Operating room in a university hospital.

PATIENTS
22 patients scheduled for elective, open abdominal aortic aneurysm repair.

MAIN OUTCOME MEASURES
Bias, limits of agreement, and mean error as determined with Bland-Altman analysis between 
arterial waveform and thermodilution cardiac outputs at four time points: after induction of 
anesthesia (t1), after aortic cross-clamping (t2), after clamp release (t3) and after skin closure 
(t4). Trending ability from t1 to t2, t2 to t3, and t3 to t4, as determined with four-quadrant and 
polar plot methodology. Clinically acceptable boundaries were defined in advance. 

RESULTS
Bland Altman analysis revealed a bias of 0.54 L⋅min-1 (thermodilution minus arterial waveform 
cardiac output) for pooled data, and 0.51 (t1), -0.42 (t2), 0.98 (t3) and 0.98 (t4) L⋅min-1  at the 
different time points. Limits of agreement (LOA) were [-3.0;4.0] (pooled), [-2.0;3.0] (t1), 
[-3.1;2.3] (t2), [-2.5;4.4] (t3) and [-1.7;3.7] (t4) L⋅min-1, resulting in mean errors of 58% (pooled), 
45% (t1), 53% (t2), 52% (t3), and 41% (t4). Four-quadrant concordance was 65%. Polar plot 
analysis resulted in an angular bias of -12 degrees, with radial limits of agreement of -60 to 
36 degrees.

CONCLUSIONS
Bias between arterial waveform and thermodilution cardiac output was within a predefined 
acceptable range, but the mean error was above the accepted range of 30%. Trending ability 
was poor. Arterial waveform and thermodilution cardiac outputs are therefore not 
interchangeable in patients undergoing open abdominal aortic aneurysm repair.

INTRODUCTION

Arterial pressure waveform analysis (APWA) is increasingly being used for measurement of 
cardiac output (CO) in the operating room and the intensive care unit (1). Compared with other 
CO monitoring techniques, APWA has the advantages of being minimally invasive, continuous 
and easy to use in daily practice (1-3). In addition, it provides dynamic preload assessment, 
which may help guide fluid therapy (3-5). APWA is potentially valuable for the hemodynamic 
management of high-risk surgical patients (1,3).
The FloTrac/Vigileo™ system uses APWA to provide CO measurement without the need for 
external calibration (6). The system has been studied in various patient groups and clinical 
situations (3,7). Studies in patients with low systemic vascular resistance (SVR), such as sepsis 
and liver failure, and studies during rapid hemodynamic alterations, show conflicting results 
(8-16). In patients undergoing open abdominal aortic aneurysm (AAA) repair, significant 
changes in cardiac afterload are induced by aortic cross-clamping and clamp release (17,18). 
In addition, reperfusion of the lower extremities after a period of ischemia may cause an 
inflammatory response, decreasing vascular resistance (18,19). The presence of cardiovascular 
comorbidity limits the physiological reserve and ability to compensate for these hemodynamic 
effects (20,21). The application of APWA might be of great value in this specific setting, but 
alterations in vasomotor tone might prevent reliable CO readings (1,3). This study investigates 
the accuracy, precision and trending ability of uncalibrated arterial pressure waveform CO 
(APCO) measurement against pulmonary artery thermodilution CO (TDCO) in patients 
undergoing open AAA repair. In contrast to previous research that mainly evaluated the effects 
of bleeding, volume loading or the use of vasoactive drugs in different patients groups, this 
study will concentrate on the effects of aortic cross-clamping and clamp release during open 
AAA repair (13-16).

METHODS

This prospective, observational study was approved by the institutional review board of the 
University Medical Center Utrecht, The Netherlands (Ethical Committee number: 10/333, 
November the 5th, 2010, Chairperson: Prof. P.D. Siersema). After written informed consent, 22 
patients scheduled for elective open AAA repair were included. Patients with significant 
valvular heart disease (mitral and/or aortic valve stenosis and/or insufficiency grade ≥ 2), 
intracardiac shunts, cardiac arrhythmias, age below 18 years, and those undergoing emergency 
surgery were excluded. 
Before induction of anesthesia, a thoracic epidural catheter was sited. General anesthesia was 
induced with sufentanil (0.5-1.0 μg⋅kg-1) and propofol (1.0-2.0 mg⋅kg-1). Endotracheal intubation 
was facilitated using rocuronium bromide (0.5 mg⋅kg-1). Anesthesia was maintained using 0.5-
1.0 minimum alveolar concentration of sevoflurane and epidural infusion of a fixed mixture 
of bupivacaine (2.5 mg⋅mL-1) and morphine (0.08 mg⋅mL-1). All patients were mechanically 
ventilated with an inspired oxygen fraction of 0.4-0.5 and a positive end-expiratory pressure 
of 5-10 cm H2O. After induction of anesthesia, a radial artery catheter was sited and connected 
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The pooled concordance rate was calculated using a 15% exclusion zone, to limit the influence 
of random noise from small changes in CO (28). In advance, we defined a concordance rate 
more than 90% as clinically acceptable. Polar plot methodology was applied to determine 
the magnitude (distance from the centre of the polar plot) and direction (polar angle with 
the 0o line) of the ∆CO data pairs (28,29). Angular bias is defined as the mean polar angle to 
the 0o line. The radial limits of agreement refer to the radial sector that contains 95% of the 
data points. Polar concordance represents the percentage data points that lie between +/- 
30o. In case of good trending ability, most of the data points lie within this 30o sector. On the 
basis of historical data, guidelines for good trending ability were determined (29). Criteria 
for the angular bias, the SD of the polar angle, and radial LOA were ± 5o, ± 150 and ± 30o 
respectively. In the present study, these criteria for acceptable trending were applied to draw 
conclusions about trending ability. Statistical analysis was performed using “R” version 2.11.0 
(www.r-project.org) and SPSS version 21.0 for Windows XP (SPSS Inc, Chicago, IL, USA).

Mean (SD) Range

Age (yrs) 71 (8.0) 58 - 90

Height (m) 1.77 (0.10) 1.59 - 1.97

Weight (kg) 79.4 (13.7) 53.0 - 98.0

BMI (kg⋅m-2) 25.3 (3.05) 18.8 - 29.9

Cross-clamp time (min) 83 (39) 36 - 173

Number of patients

Gender (M/F) 17 / 5

Suprarenal cross-clamp 7

Bi-femoral or bi-iliac distal clamp 11

History Diabetes mellitus 5

Hypertension 19

Coronary artery disease 10

COPD 3

Medication Beta blocker 14

Calcium blocker 7

ACE inhibitor 7

AR blocker 7

Diuretics 6

TABLE 1
Patient characteristics and operative data. Abbreviations: SD = standard deviation, BMI = Body Mass Index, M = male, F 
= female, COPD = chronic obstructive pulmonary disease, ACE = angiotensin converting enzyme, AR = angiotensin receptor.

to the FloTrac™ sensor and Vigileo™ monitor (Edwards Lifesciences, Irvine, CA, software version 
3.02). The transducer was adjusted to the level of the right atrium. As previously described, 
stroke volume (SV) is calculated from the arterial pressure waveform using the linear relation 
between SV and pulse pressure (PP): SV = PP * χ (3,6). The factor χ is calculated each minute 
and represents a pressure-to-volume conversion factor depending on the mean arterial 
pressure, patient characteristics (age, gender, height and weight) and the shape of the arterial 
waveform (6). A pulmonary artery catheter (PAC) was introduced via the internal jugular vein, 
guided by typical pressure waveform changes (Swan-Ganz CCOmbo catheter type 744HF75, 
Edwards Lifesciences, Irvine, CA). 
Hemodynamic monitoring included measurement of mean arterial blood pressure (MAP), 
heart rate (HR), central venous pressure (CVP), systemic vascular resistance (SVR) and APCO. 
Intermittent TDCO measurements were performed at the following time points: after induction 
of anesthesia (t1), 5 minutes after aortic cross clamping (t2), 10 minutes after clamp release 
(final clamp in case of bi-femoral or bi-iliac clamping) (t3), and after skin closure (t4). When 
rapid fluid administration or use of short-acting vasoactive drugs coincided with a specific time 
point, measurements were postponed until hemodynamic stability was restored. TDCO 
represents the average of five bolus injections of 10 mL saline at room temperature, randomly 
spread over the respiratory cycle, and performed by the same, experienced observer (22). 
APCO represents the average of five readings at the same time points of injection for TDCO 
measurement. 
A sample size calculation was performed in order to limit the width of the 95% confidence 
interval (CI) around the SD of the bias to 20%. On the basis of a mean CO of 5.0 L⋅min-1 and a 
mean error of 30%, a sample size of 22 patients was needed. 
Kolmogorov-Smirnov testing was applied to all data to check for normality. In addition, 
histograms were made for the differences between APCO and TDCO. Data are expressed as 
mean ± standard deviation (SD) unless otherwise stated. For each time point, the individual 
precision was calculated using the SD of the five repeated CO measurements averaged as a 
single CO value. This individual SD (SDIND) was determined for both APCO and TDCO. Individual 
precisions of APCO and TDCO were defined as twice the individual SD divided by √5 times the 
corresponding mean CO value (individual precision = 2 x SDIND / √5 x mean CO) (23). The 
combined precision of APCO and TDCO was defined as the square root of ([precision APCO]2 
+ [precision TDCO]2) (23,24). Analysis according to Bland and Altman was applied to the 
differences between APCO and TDCO (TDCO minus APCO) to calculate the bias and limits of 
agreement (LOA), including the 95% CIs (25,26). In the formulae for the 95% CI, a t-statistic of 
2.0 was used for pooled data, which corresponds to n=88 pooled measurements and a type I 
error (α) of 0.05. For the individual data at t1 - t4, a t-statistic of 2.08 (n = 22 patients, α = 0.05) 
was used. In order to correct for pooled measurements, a pooled SD was used to calculate 
the LOA and 95% CI for pooled data (27). In advance, we decided to accept a percentage bias 
(bias / mean TDCO) of ≤ 20% and a mean error of ≤ 30% for pooled data. The Bland-Altman 
plot for pooled data was visually checked for proportional heteroscedastic spread, which refers 
to a changing SD of the differences over the range of CO measurements (25). In addition, linear 
regression was used to identify changes in bias (25). The ability of APCO to track changes in 
TDCO from t1 to t2, t2 to t3 and t3 to t4 was determined using a four-quadrant approach (28). 
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Trending ability was assessed in 62 pairs of changes in CO (Figure 2A). The concordance rate 
was 65%, based on 49 data pairs outside the 15% exclusion zone, which is below the clinically 
acceptable criterion of >90%. Polar plot analysis in 37 data pairs outside the 10% exclusion 
zone showed an angular bias of -12o (SD 29o). The radial limits of agreement were -60o to 36o 
(Figure 2B). All values were outside the boundaries for acceptable trending ability. Polar 
concordance at 30o was 62%. 

RESULTS

General characteristics, including history and medication for the 22 patients enrolled and 
details of the procedure are presented in table 1. Epidural analgesia was not performed in 
three patients because of abnormal coagulation (one), patient refusal (one) and unsuccessful 
puncture (one). For these cases, patient controlled analgesia with intravenous morphine was 
provided postoperatively. 
The results of hemodynamic measurements obtained at t1 - t4 are presented in table 2, together 
with the individual and combined precisions of APCO and TDCO. For pooled data, the precisions 
were 6.4% (APCO), 8.5% (TDCO) and 10.6% (combined). At all time points, individual precisions 
of both techniques were less than 10%, except for TDCO after cross-clamping (10.9%). 
Combined precisions calculated from individual time points were less than 15%. 

Parameter Time point

t1 t2 t3 t4

MAP (mm Hg) 76 (16) 78 (15) 73 (10) 74 (13)

HR (beats⋅min-1) 59 (15) 62 (12) 72 (14) 75 (14)

CVP (mm Hg) 12 (4.5) 11 (3.9) 13 (4.1) 15 (5.5)

SVR (dyne⋅s⋅cm-5) 976 (329) 1173 (403) 747 (204) 743 (281)

APCO (L⋅min-1) 5.0 (1.5) 5.5 (1.4) 5.7 (1.7) 5.7 (1.3)

TDCO (L⋅min-1) 5.5 (1.4) 5.1 (1.1) 6.6 (1.5) 6.7 (1.2)

Precision APCO (%) 5.9 8.9 5.6 5.0

Precision TDCO (%) 8.5 10.9 7.7 6.7

Combined precision (%) 10.3 14.1 9.5 8.4

TABLE 2
Hemodynamic data and precision. Data are mean (SD) or percentage. Individual and combined precisions of APCO and 
TDCO measurements after induction of anesthesia (t1), after aortic cross-clamping (t2), after clamp release (t3) and after 
skin closure (t4). Abbreviations: MAP = mean arterial pressure, HR = heart rate, CVP = central venous pressure, SVR = 
systemic vascular resistance, APCO = arterial pressure waveform cardiac output, TDCO = pulmonary artery thermodilution 
cardiac output.

A total of 86 measurements of APCO and TDCO from 22 patients were available for Bland 
Altman analysis. In two cases, measurements at t3 were not obtained because hemodynamic 
stability did not recover until skin closure. The differences between TDCO and APCO were 
normally distributed. Bias, percentage bias, the LOA, mean error and CIs are shown in table 
3. Bias between TDCO and APCO was within the accepted range of 20%. At t3 and t4 however, 
the upper level of the 95% CI was >20%. The mean errors for pooled data and t1 to t4 were 
above the accepted range of 30%. The lower 95% CI limits at t1 and t4 were less than 30%. In 
Figure 1A the Bland-Altman plot for pooled data is displayed. Regression analysis showed no 
indication of proportional bias (slope = -0.02), but proportional heteroscedastic spread was 
present. In Figure 1B the Bland Altman plots at t1 - t4 are displayed. The LOA at t3 and t4 are 
wider in comparison with those at t1 and t2. 

FIGURE 1
Bland-Altman plots. The values for bias and the upper and lower limits of agreement (LOA+ and LOA-) are shown for 
pooled data (A) and for the different time points separately (B).
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DISCUSSION

This study investigated the accuracy, precision and trending ability of an uncalibrated arterial 
pressure waveform analysis CO monitor versus a clinical reference technique of known accuracy 
in patients undergoing open AAA repair. The results suggest an acceptable bias between TDCO 
and APCO, but the mean error exceeds the range of 30%. Moreover, proportional 
heteroscedastic spread was present, which suggests that the observed LOA are underestimated 
in the higher CO range. Trending ability was poor. Therefore, APCO was not interchangeable 
with TDCO in this patient group during acute hemodynamic changes, even after a 5-10 minute 
stabilization period, which implies that agreement was not acceptable.
Patients undergoing open AAA repair are a clinically challenging patient population with high 
peri-operative morbidity and mortality (30). In comparable high-risk surgical patients, the use 
of invasive hemodynamic monitoring in combination with goal-directed therapy has been shown 
to improve post-operative outcome (31). Although APWA represents a promising technique to 
be used in goal-directed strategies, the reliability of the technology should be confirmed in the 
target patients before implementation (3). We decided to study patients undergoing open AAA 
repair because aortic cross clamping and release induce profound changes in cardiac afterload 
followed by a profound ischemia-reperfusion injury. Other studies have induced rapid changes 
in vasomotor tone by volume loading and administration of vasoactive substances, but these 
were not our primary interest (3,13-16). Moreover, these studies did not consider the influence 
of reference precision, the time needed for auto-calibration or definitions of acceptable 
agreement. Our main finding, that TDCO and APCO are not interchangeable, may not be 
surprising. From both pathophysiological and methodological points of view, the results from 
previous studies cannot be simply extrapolated to open AAA surgery. Only one previous study 
applied uncalibrated APCO in patients undergoing open AAA repair. In this study however, 
transesophageal echocardiography was used as reference technique, not pulmonary artery 
thermodilution (32). 
With the emergence of devices for continuous CO measurement, research increasingly looks 
at trending ability rather than accuracy and precision of individual measurements at a 
specific time point (28). The CO change in time may be more interesting than its absolute 
valuen especially during open AAA repair, as the patients usually have cardiovascular 
comorbidity and limited cardiac reserve (20,21). Therefore, the changes in CO between the 
time points were analyzed using concordance and polar plot methodology. The results 
indicate poor trending ability, which is expected following the results from Bland-Altman 
analysis. Usually, high mean errors indicate that there is no fixed deviation between the 
experimental and reference technique, which impedes tracking of changes in CO in a reliable 
manner.
Our study has a number of limitations which raise a number of important but under-exposed 
issues in the literature. First, pulmonary artery thermodilution was used as the reference 
technique. Although still considered the gold standard for CO measurement, TDCO has an 
intrinsic variability, particularly during rapidly changing hemodynamic conditions (33). The 
mean error, as a measure of combined precision, may also be the result of variability in the 
reference method (22,23). To analyze the individual influences of the variabilities of TDCO and 

Parameter Data

pooled t1 t2 t3 t4

Bias (L⋅min-1) 0.54 0.51 -0.42 0.98 0.98

CI bias (L⋅min-1) [0.17;0.91] [-0.03;1.1] [-1.0;0.17] [0.24;1.7] [0.40;1.6]

Percentage bias (%) 9.0 9.3 8.2 14.9 14.6

CI percentage bias (%) [2.8;15] [0.5;19] [-20;3.3] [3.7;26] [5.7;23]

LOA (L⋅min-1) [-3.0;4.0] [-2.0;3.0] [-3.1;2.3] [-2.5;4.4] [-1.7;3.7]

CI LOA- (L⋅min-1)  
CI LOA+ (L⋅min-1)

[-3.5;-2.4] 
[3.5;4.6]

[-3.0;-1.0 
[2.0;4.0]

[-4.2;-2.1] 
[1.3;3.3]

[-3.8;-1.2] 
[3.1;5.7]

[-2.8;-0.7] 
[2.7;4.7]

Mean error (%) 58 45 53 52 41

CI mean error (%) [49;68] [28;63] [33;74] [32;72] [25;56]

TABLE 3
Agreement results at different time points. Abbreviations: CI = confidence interval, LOA = limits of agreement. 

FIGURE 2
Assessment of trending ability for pooled data. In the four-quadrant plot (A), the change in TDCO (∆TDCO, x-axis) is 
plotted against the change in APCO (∆APCO, y-axis). Ideally, all data points lie along the line of identity “y=x” (dotted 
line). The central square refers to the 15% exclusion zone. The zero axes “y=0” and “x=0” cross in the centre of the plot, 
creating four quadrants. In the right upper and left lower quadrants, ∆TDCO and ∆APCO agree, which means that TDCO 
and APCO change in the same direction. The concordance refers to the percentage of data points in these quadrants. In 
the polar plot (B), the distance from the centre represents the magnitude of the change in CO, whereas the angle with 
the 0˚ line refers to its direction. Increases and decreases in CO are shown together in a so-called “half-moon” design. 
The mean change in CO (mean ∆CO) was used, with a 10% exclusion zone (half circle at approximately 0.5 L⋅min-1). Ideally, 
the mean angle of all data points is 0˚, with at least 95% of all data points within the -30˚ to 30˚ sector (solid lines). 
Angular bias and radial LOA are depicted (dotted lines).



CHAPTER 338  | |  39ARTERIAL WAVEFORM ANALYSIS IN ANESTHESIA AND CRITICAL CARE

3

studies investigating the application of APWA techniques under difficult hemodynamic 
conditions are still needed. Future research should focus on APCO measurement delay and its 
influence on disagreement with reference techniques. 

APCO with respect to mean error, the individual precisions were calculated separately for both 
techniques, and in combination (22,23). For pooled data, individual precision was 8.5% (TDCO) 
and 6.4% (APCO). Combined precision was 10.5%. This implies that the pooled mean error of 
58% observed in this study cannot be only explained by the individual imprecisions of TDCO 
or instability in the APCO signal. Although the individual precision of APCO was lower than 
TDCO at all time points, this does not mean that APCO is more precise than the true underlying 
CO. It solely indicates that the APCO signal was stable, which led to repeated measurements 
being closer to each other. 
Second, uncalibrated APCO devices need time to adapt to hemodynamic changes. In order to 
correct for changes in blood pressure and vasomotor tone, the APCO auto-calibration factor 
χ is calculated every minute. This calculation step causes a delay in APCO measurement in 
comparison with TDCO, which will lead to discrepancy between APCO and TDCO and, therefore, 
high mean errors directly after hemodynamic changes. In this study, a 5 (t2) and 10 (t3) minute 
stabilization period was applied for APCO to adapt to the changes induced by aortic cross-
clamping and clamp release. In addition, measurements were postponed in cases of rapid fluid 
administration or use of short-acting vasoactive substances, since the study focused on the 
clamping effects. At t2 and t3, the mean error was increased compared to t1 and t4, which 
suggests an ongoing lack of APCO precision in the early period after an acute hemodynamic 
event. However, this effect may also be explained by ongoing changes in the underlying CO 
due to bleeding, gradual volume loading and continuous infusion of vasoactive substances, 
which could not be handled by the auto-calibration system. The lack of precision at t1 and t4 
seemed to confirm this theory. To overcome these calibration problems, it would be valuable 
to study the performance of calibrated arterial waveform analysis devices during open 
aneursym surgery.
Finally, the predefined acceptable range for bias (20%) and mean error (30%) are a matter of 
discussion. The relatively large limit for bias was chosen to take possible hemodynamic changes 
into account. Depending on the clinical context, the limits can be set to be more or less 
stringent (34). In general, it is advisable to use predefined criteria for acceptable bias and LOA 
in each method comparison study, since Bland-Altman analysis does not provide definitive 
answers. The same applies to the boundaries for trend parameters. As an alternative, the 
agreement:tolerability index (ATI) or ratio can be used where <1.0, 1.0-2.0 and >2.0 imply 
acceptable, marginal and unacceptable agreements respectively (35). Tolerability intervals 
define a range of acceptable values that separate extreme values that may result in opposing 
erroneous interventions. As a measure of agreement, the interval between the upper and 
lower LOA as found in a specific study is divided by this tolerability interval. Using a 4.0 to 8.0 
L⋅min-1 tolerability interval for CO in the present study, the ATI values were 1.3 (t1), 1.4 (t2), 1.7 
(t3), 1.4 (t4), and 1.8 (pooled). These results imply marginal, almost unacceptable agreement, 
which corresponds to the present conclusions (35). 
In conclusion, the hemodynamic assessment of patients undergoing open AAA repair remains 
a challenge and advanced monitoring options are desired. This study is the first to compare 
uncalibrated APCO versus TDCO monitoring of the effects of aortic cross-clamping and clamp 
release during open AAA repair. The results indicate that the accuracy, precision and trending 
ability of APCO was insufficient in this setting, even after a period of stabilization. Additional 
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ABSTRACT

OBJECTIVE
Uncalibrated arterial waveform analysis provides minimally invasive and continuous 
measurement of cardiac output. This technique could be of great value in patients with 
impaired left ventricular function, but the validity in these patients is not well established. The 
aim of this study was to investigate the accuracy, precision, and trending ability of uncalibrated 
arterial waveform analysis cardiac output in patients with impaired left ventricular function. 

DESIGN
Prospective, observational, method comparison study.

SETTING
Non-university teaching hospital, single center.

PARTICIPANTS
The study included 22 patients with a left ventricular ejection fraction of 40% or less undergoing 
elective coronary artery bypass grafting. 

INTERVENTION
In the period between induction of anesthesia and sternotomy, cardiac output was measured 
with the FloTrac/Vigileo™ system (third-generation software) and intermittent pulmonary 
artery thermodilution before and after volume loading.  

MEASUREMENTS AND MAIN RESULTS
Accuracy and precision as determined with Bland Altman analysis revealed a bias of -0.7 L⋅min-1, 
limits of agreement of -2.9 to 1.5 L⋅min-1, and a mean error of 55% for pooled data. Proportional 
bias and spread were present, indicating that bias and limits of agreement were underestimated 
for high cardiac output values. Trending ability was assessed using 4-quadrant analysis, which 
revealed a concordance of 86%. Concordance from a clinical perspective was 36%. Polar plot 
analysis showed an angular bias of 13˚, with radial limits of agreement of -55˚ to 51˚. Polar 
concordance at ± 30˚ was 50%. 

CONCLUSIONS
Arterial waveform analysis and pulmonary artery thermodilution cardiac output were not 
interchangeable in patients with impaired left ventricular function.

INTRODUCTION

Uncalibrated arterial pressure waveform analysis enables continuous measurement of cardiac 
output (CO) from an arterial line, which is almost routinely inserted in critically ill patients 
(1,2). The reliability of the technique has been thoroughly investigated in a variety of patients 
and clinical settings (1-3). The evidence in patients with impaired left ventricular function (LVF) 
is, however, limited and conflicting, and the ability to track changes in CO has not yet been 
investigated (4-6). Continuous CO monitoring would be extremely valuable in this patient 
group, to guide fluid administration and the use of inotropic support in the operating room 
and intensive care unit. Baseline CO may be low, and further reductions in CO induced by blood 
loss, fluid shifts, or anesthetic agents may have deleterious consequences. Trending ability of 
arterial waveform analysis based CO monitoring devices may, therefore, be even more 
important than measuring its absolute value in clinical practice (7,8). 
In patients with impaired LVF, the upstroke in the arterial waveform may be decreased. 
Moreover, these patients have an increased risk to suffer from vascular disease, which 
influences the elastic properties of the vascular tree. The modeling of the waveform and vessel 
compliance for calculation of CO may therefore be hindered in patients with impaired LVF. The 
aim of this prospective, observational, method comparison study, was therefore to investigate 
the accuracy and precision of uncalibrated arterial pressure waveform analysis CO measured 
with the FloTrac sensor and Vigileo monitoring system (software version 3.02; Edwards 
Lifesciences, Irvine, CA) in patients with impaired LVF undergoing coronary artery bypass 
grafting (CABG). In addition, the ability to track changes in CO induced by volume loading was 
assessed using 4-quadrant analysis, polar plot methodology, and concordance from a clinical 
perspective. The results from this study may therefore contribute to the implementation of 
continuous CO monitoring in patients with impaired LVF.

METHODS

This study was approved by the institutional review board of the University Medical Center 
Utrecht, The Netherlands (file number: 10/099). Written informed consent was obtained 
from each participating patient. Patients with a left ventricular ejection fraction (LVEF) ≤ 
40%, determined using preoperative transthoracic echocardiography (TTE) or magnetic 
resonance imaging (MRI), were eligible for inclusion in the study (9). Exclusion criteria were 
significant valvular heart disease (tricuspid, pulmonary, mitral and/or aortic valve stenosis 
and/or insufficiency grade ≥ 2), right ventricular dysfunction, intracardiac shunts, cardiac 
arrhythmias, age below 18, and patients undergoing emergency surgery. Intraoperatively, 
transesophageal echocardiography (TEE) was performed to verify the LVEF (≤ 40%) and the 
absence of exclusion criteria.
A radial artery catheter was inserted and connected to the FloTrac™ sensor and Vigileo™ 
monitor for continuous measurement of arterial pressure waveform CO (APCO) (10). General 
anesthesia was induced with sufentanil and midazolam. Endotracheal intubation was facilitated 
using rocuronium bromide. After induction, a pulmonary artery catheter (PAC) was introduced 
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around the mean error to 20%. Based on a mean CO of 5.0 L⋅min-1 and a mean error of 30%, a 
sample size of 22 patients was needed. All data were checked for normality using histograms 
and Kolmogorov-Smirnov testing. Data are expressed as mean ± standard deviation (SD) unless 
otherwise stated. The individual precision of APCO and TDCO was calculated using the SD of 
the five repeated CO measurements averaged as a single CO value (SDIND), and was defined as: 
individual precision = 2 ⋅ SDIND / √5 ⋅ mean CO (12). The combined precision of APCO and TDCO 
was defined as √ ( [precision APCO]2 + [precision TDCO]2 ) (12,13). Pearson correlation 
coefficients were calculated to investigate the relation between LVEF and the difference between 
TDCO and APCO (TDCO - APCO). The bias and limits of agreement (LOA) of APCO versus TDCO 
were calculated using Bland Altman analysis, with a correction for the use of paired 
measurements (14-16). Before the start of the study, the authors decided to accept a percentage 
bias (bias / mean TDCO) of ≤ 10% and a mean error of ≤ 20% for pooled data. Linear regression 
was applied to check for proportional bias, which refers to an increase or decrease in bias with 
increasing CO (14). The absolute values of the residuals as obtained with linear regression were 
plotted against mean CO. This plot enables a visual check of proportional spread, which refers 
to an increase or decrease in the spread of the differences around the bias with increasing CO 
(14). In the presence of proportional bias, spread or both, regression analysis was used to 
determine formulas for the bias and LOA as a function of mean CO (14). Trending ability of 
APCO during volume loading was determined using 4-quadrant analysis, with a 15% exclusion 
zone (7,8). The authors predefined a 4-quadrant concordance rate ≥ 90% to be clinically 
acceptable. In addition, concordance as defined from a clinical perspective was calculated. For 
this purpose, the changes in APCO (∆APCO) and TDCO (∆TDCO) after volume loading were 
categorized as nonsignificant (0 to ± 5%), significant increase or decrease (± 5-15%), or major 
increase or decrease (± 15% or more). Trending was considered good if the APCO and TDCO 
changed into the same direction and fell into the same category. For each data pair of ∆APCO 
and ∆TDCO, trending was assigned “good” or “bad”. “Clinical concordance” was defined as the 
percentage good trending. The authors predefined a clinical concordance rate ≥ 90% to be 
clinically acceptable. Finally, polar plot methodology was applied to determine the mean polar 
angle (angular bias) and its SD, the radial sector that contains 95% of the data points (radial 
LOA) and the percentage data points that lies between +/- 30o (polar concordance) for pooled 
data (7,8). A 10% exclusion zone was used. In advance, acceptable boundaries for angular bias, 
its SD and the radial LOA were defined as ± 5˚, ± 15˚ and ± 30˚ respectively (8). 

RESULTS 

Between August 2012 and August 2014, 31 patients were included in the study based on pre-
operative TTE and MRI. Three patients were preoperatively excluded: 2 for logistical reasons, 
and 1 patient needed emergency surgery. Intraoperatively, six additional patients were 
excluded: 3 due to improvement in LVF (LVEF > 40%), 2 because of mitral valve insufficiency 
grade ≥ 2, and 1 because of newly developed atrial fibrillation. Characteristics of patients 
included in the study are presented in table 1. All patients showed sinus rhythm, except for 1 
patient who had a pacemaker (atrioventricular sequential pacing mode). Hemodynamic 

via the internal jugular vein, guided by typical pressure waveform changes (Swan-Ganz 
CCOmbo™ catheter type 744HF75, Edwards Lifesciences, Irvine, CA). 
Between induction of anesthesia and surgical incision, volume loading with 7 ml⋅kg-1 ideal 
body weight (IBW) crystalloid fluid was performed in 15 minutes. IBW was calculated as 22 * 
[length (m)]2. Intermittent thermodilution CO (TDCO) was measured before and after volume 
loading. If short-acting vasoactive drugs were administered, measurements were postponed 
until hemodynamic stability was restored. TDCO represents the average of five bolus injections 
of 10 ml saline at room temperature, randomly spread over the respiratory cycle, and 
performed by the same observer (11). At the moment of injection for a single TDCO 
measurement, APCO was recorded. APCO represents the average of five readings at the same 
time as the injections for TDCO measurement. 
Statistical analysis was performed using “R” version 2.11.0 (www.r-project.org) and SPSS version 
21.0 for Windows XP (IBM, Armonk, NY). A p-value of 0.05 was considered significant. A sample 
size calculation was performed in order to limit the width of the 95% confidence interval (CI) 

Mean (SD) Range

Age (yrs) 65 (13) 42 - 85

Height (m) 1.75 (0.08) 1.60 - 1.95

Weight (kg) 85.6 (11.1) 67.0 - 113

BMI (kg⋅m-2) 27.9 (3.4) 23.8 - 36.5

LVEF (%) 29.8 (7.1) 17 - 40

Number of patients

Patients with     35% > LVEF ≤ 40% 4

30% > LVEF ≤ 35% 5

             25% > LVEF ≤ 30% 5

20% > LVEF ≤ 25% 6

          15% > LVEF ≤ 20% 2

Gender Male/female 18 / 4

Comorbidity Diabetes mellitus 10

Hypertension 20

COPD 4

Dyslipidemia 15

Medication Beta blocker 20

Calcium blocker 2

ACE or AR inhibitor 17

Diuretics 13

Nitrates 5

TABLE 1
Patient characteristics including demographic data, history, medication, and pre-operative left ventricular ejection 
fraction. Abbreviations: ACE = angiotensin converting enzyme, AR = angiotensin receptor, BMI = body mass index, COPD 
= chronic obstructive pulmonary disease, LVEF = left ventricular ejection fraction, SD = standard deviation.
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variables before and after volume loading are presented in table 2, with the individual and 
combined precision of APCO and TDCO. For pooled data, the precision in TDCO was 7.3%. 
Pearson correlation between LVEF and TDCO – APCO was -0.11 (p=0.46).
Bland-Altman analysis was applied to 44 combinations of APCO and TDCO (2 measurements 
in each patient, table 3). The percentage bias and mean error were outside the acceptable 
range. The Bland-Altman plot for pooled data is depicted in figure 1. Proportional bias and 
spread were present, and linear regression was used to display bias, LOA and mean error as 
a function of mean CO. Trending ability was assessed in 22 pairs of changes in CO. In figure 2, 
the concordance plots are showed. Four-quadrant concordance was 86%, whereas clinical 
concordance was 36%. Polar plot methodology revealed an angular bias of 13˚ (solid line), 
with a SD of 34˚ (figure 3). The radial LOA were -55˚ to 51˚ (dotted lines). Polar concordance 
at 30˚ was 50%. 

Hemodynamic variable Before
volume loading

After
volume loading

HR (beats⋅min-1) 62 (13) 55 (13)

MAP (mm Hg) 70 (13) 75 (13)

CVP (mm Hg) 10 (2.9) 12 (3.2)

TDCO (L⋅min-1) 3.4 (0.8) 3.8 (1.0)

APCO (L⋅min-1) 4.0 (1.1) 4.5 (1.2)

Precision TDCO (%) 7.8 6.7

Precision APCO (%) 8.8 4.9

Combined precision (%) 11.8 8.4

TABLE 2
Mean and SD of hemodynamic variables and precision of TDCO before and after volume loading. Abbreviations: APCO 
= arterial pressure cardiac output, CVP = central venous pressure, HR = heart rate, MAP = mean arterial pressure, 
TDCO = pulmonary artery thermodilution cardiac output.

Hemodynamic variable Pooled Before
volume loading

After
volume loading

Bias (L⋅min-1) -0.69 -0.68 -0.70

CI bias (L⋅min-1) [-1.0;-0.36] [-1.1;-0.30] [-1.1;-0.32]

Percentage bias (%) -17.6 -18.4 -16.8

CI percentage bias (%) [-25.9;-9.3] [-28.6;-8.2] [-25.9;-7.7]

LOA (L⋅min-1) [-2.9;1.5] [-2.5;1.1] [-2.5;1.1]

CI LOA- (L⋅min-1) [-3.3;-2.4] [-3.0;-1.9] [-2.0;-3.0]

CI LOA+ (L⋅min-1) [1.1;1.9] [0.58;1.6] [0.57;1.6]

Mean error (%) 55 48 43

CI mean error (%) [45;66] [34;62] [30;56]

TABLE 3
Results from Bland Altman analysis for pooled data, and before and after volume loading. The bias, percentage bias 
(bias / mean cardiac output), limits of agreement (LOA), mean error and their 95% confidence intervals (CI) are provided. 
Abbreviations: CI = confidence interval, LOA = limits of agreement.
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FIGURE 1
Bland Altman plot for pooled data. In figure A, the bias and the upper and lower limits of agreement (LOA+ and LOA-) 
are shown as function of mean CO. The 95% CIs around the bias and LOA are depicted (dotted lines). In figure B, the 
mean error is displayed as a function of mean CO, including the 95% CI.
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DISCUSSION 

In this method comparison study, the accuracy, precision, and trending ability of uncalibrated 
arterial pressure waveform analysis CO was investigated in patients with a LVEF ≤ 40% 
undergoing elective CABG. Bland-Altman analysis revealed that bias and mean error were 
outside their predefined, clinically acceptable ranges. The results from trending analysis 
suggest that the ability to track changes in CO induced by volume loading was low. As a result, 
APCO measured with the FloTrac/Vigileo™ system was not interchangeable with TDCO in 
patients with impaired LVF. 
Patients with reduced cardiac function remain a clinical challenge for anesthesiologists and 
intensive care physicians. During cardiac surgery, advanced hemodynamic monitoring with 
TEE or pulmonary artery catheterization is commonly used in these patients (1,2,17). In other 
clinical settings, however, the use of such invasive monitoring techniques may be undesirable. 
Arterial waveform analysis techniques have the advantage of being continuous, minimally 
invasive, operator-independent, and easy to use (1-3). The validity of arterial waveform CO 
has been extensively investigated in patients with normal cardiac function, but these results 
cannot be blindly generalized to patients with impaired LVF for a number of reasons (18-20).  

FIGURE 2
(A) Four-quadrant and (B) clinical concordance plot for pooled data. ∆TDCO (x-axis) is plotted against ∆APCO (y-axis). 
The zero axes “y=0” and “x=0” cross in the center of the plot, creating 4 quadrants. (A) Four-quadrant concordance 
refers to the percentage of data pairs that fall in the right upper and left lower quadrant, in which TDCO and APCO 
change in the same direction. The line of identity “y=x” (dotted line) is depicted. The central square reflects the 15% 
exclusion zone. (B) In the clinical concordance plot, the 5 squares representing zones of good trending are depicted (0 
to ± 5%, ± 5-15%, and ± 15% or more). Clinical concordance refers to the percentage of data pairs that fall into these 
zones, indicating that TDCO and APCO change to the same extent. 

FIGURE 3.
Polar plot for pooled data. The magnitude (distance from the center) and direction (angle with the 0˚ line) of the 
changes in CO are depicted. Up- and downward CO changes are shown together in a so-called “half-moon” design. The 
mean change in CO was used, with a 10% exclusion zone (half circle at approximately 0.5 L⋅min-1). Ideally, the mean 
angle of all data points is 0o, with at least 95% of all data points within the -30˚ to 30˚ sector. The polar variables are 
depicted.
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patients with impaired LVF underwent complex cardiac surgery (e.g. valve repair). Only a small 
portion underwent isolated CABG, and even in these patients significant mitral valve 
insufficiency was frequently observed. The restriction to measurements in the period before 
sternotomy limited the analysis of trending ability to 1 CO change in each patient. Conclusions 
about trending ability should therefore be drawn with caution, and studies including more 
patients are needed. Moreover, 4-quadrant analysis and polar plot methodology have 
limitations. Four-quadrant concordance only indicates whether APCO and TDCO change in the 
same direction (7). Polar plot methodology addresses the magnitude of the change in CO into 
the analysis, but the interpretation is less intuitive (7,8). Both techniques use exclusion zones, 
which reduce statistical power. As an alternative, “clinical concordance” was calculated. 
Interpretation is straightforward, as the value directly indicates the risk for erroneous, clinically 
relevant trending information. A second advantage is the inclusion of all data pairs in the data 
analysis, as an exclusion zone was unnecessary. However, the concept has not been validated 
in previous studies, and data availability data was still limited. The results from trending analysis 
were, however, supported by the high mean error. This indicated extensive variation in 
subsequent APCO measurements, which greatly hindered trending ability. Mean error did not 
reach the predefined criterion of 20% over the range of CO measurements. Therefore, the 
conclusions from this study seem legitimate, despite the limited sample size. 

CONCLUSION

In conclusion, arterial waveform analysis and pulmonary artery thermodilution CO were not 
interchangeable in patients with impaired left ventricular function. More studies in patients 
with other types of cardiac disease such as valvular dysfunction are needed.

First, the criteria used to draw conclusions about interchangeability should be adjusted. Cardiac 
reserve and compensation mechanisms are limited. Invalid CO readings may have more serious 
consequences in clinical practice, which requires strict definitions of acceptable boundaries 
for bias, mean error, and trend variables. Second, CO is expected to be low. Absolute differences 
from a reference technique will have more influence in these patients, which is reflected in 
percentage variables such as the mean error. Third, the algorithm used by the FloTrac sensor 
and Vigileo monitoring system to model vessel compliance partly depends on the Langewouters 
model of the elastic properties of human aortas (10,21). It is questionable whether the patients 
from the Langewouters study are representative for patients with impaired LVF, as patients 
with impaired LVF undergoing CABG may suffer from vascular disease to a greater extent. 
Moreover, systolic dysfunction may decrease the upstroke in the arterial waveform. This may 
affect the validity of the FloTrac sensor and Vigileo monitoring system and could explain the 
results from this study in relation to previous studies in patients with normal LVF. 
Three previous studies investigated the validity of arterial waveform CO measurement in 
patients with impaired LVF (4-6). The results were conflicting, with varying bias (-0.50, -0.16, 
and 0.28 L⋅min-1) and mean error (37, 28.2, and 27%). Two studies applied the FloTrac sensor 
and Vigileo monitoring system in cardiac surgical patients with different conclusions (4,5). In 
comparison with this study, mean CO was approximately 50% higher. This may partly explain 
the high mean error observed in this study (55%). Interestingly, proportional spread was 
present, and the mean error may even be underestimated in the high CO range. The most 
likely explanation for this observation was a calibration problem in the software for the patients 
being studied. LVEF varied considerably among the included patients (between 17 and 40%), 
and hemodynamic management may be different at both ends of the spectrum. However, a 
relation between LVEF and the difference between TDCO and APCO could not be identified 
(Pearson correlation between LVEF and TDCO - APCO of -0.11). The dependency between CO 
and measurement error could therefore not be explained by variability in LVEF. 
Proportionality greatly reduces the validity of a single value for bias, LOA, and mean error, 
because these variables differ considerably over the range of measurements (14). As an 
alternative to the averaged values, therefore, linear regression was used to display bias, LOA, 
and mean error as a function of mean CO. Based on a visual check of the Bland-Altman plots 
in the studies by Vertrugno (4) and Jo (5), proportional bias and spread may have been present. 
This relation between CO and accuracy and precision measures may vary among studies, which 
hinders direction comparisons.
This study has a number of strengths and limitations. First, precision of the TDCO reference 
measurements was high (7.3% on average). Second, trending ability was thoroughly analyzed 
using concordance and polar plot methods. Third, the included group of patients was 
homogeneous. As previously stated, the authors decided to limit CO measurements to the 
period before sternotomy. In this phase, CO was low (3.6 L ⋅ min-1 on average), and the specific 
hemodynamic consequences after cardiac surgery were avoided. Moreover, patients with 
other types of cardiac pathology were excluded, which led to a group of patients with isolated 
left ventricular systolic dysfunction. The results could, therefore, be generalized to patients 
with isolated impaired LVF undergoing different types of surgery. A major drawback of this 
approach is the limited availibility of eligible patients. In the authors’ institution, a majority of 
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ABSTRACT

Uncalibrated arterial waveform analysis enables dynamic preload assessment in a minimally 
invasive fashion. Evidence about the validity of the technique in patients with impaired left 
ventricular function is scarce, while adequate cardiac preload assessment would be of great 
value in these patients. The aim of this study was to investigate the diagnostic accuracy of 
stroke volume variation (SVV) measured with the FloTrac/Vigileo™ system in patients with 
impaired left ventricular function. In this prospective, observational study, 22 patients with a 
left ventricular ejection fraction of 40% or less undergoing elective coronary artery bypass 
grafting were included. Patients were considered fluid responsive if cardiac output (CO) 
increased with 15% or more after volume loading (7 ml⋅kg-1 ideal body weight). The following 
variables were calculated: area under the receiver operating characteristics (ROC) curve, ideal 
cut-off value for SVV, sensitivity, specificity, positive and negative predictive values, and overall 
accuracy. In addition, SVV cut-off points to obtain 90% true positive and 90% true negative 
predictions were determined. ROC analysis revealed an area under the curve of 0.70 
[0.47;0.92]. The ideal SVV cut-off value was 10%, with a corresponding sensitivity and specificity 
of 56% and 69% respectively. Overall accuracy was 64%, positive and negative predictive values 
were 69% and 56% respectively. SVV values to obtain more than 90% true positive and negative 
predictions were 16% and 6% respectively. The ability of uncalibrated arterial waveform 
analysis SVV to predict fluid responsiveness in patients with impaired LVF was low. 

INTRODUCTION

Volume loading remains one of the cornerstones in the treatment of critically ill patients in 
the intensive care unit and the operating room. Although fluid therapy may prevent tissue 
ischemia, excessive use of fluids is associated with increased mortality and morbidity (1-3). In 
patients with impaired left ventricular function (LVF), cardiac decompensation may easily occur. 
In contrast, withholding fluids may further decrease cardiac output (CO), leading to a low CO 
state and impaired tissue perfusion. This emphasizes the need for adequate assessment of 
cardiac preload in these patients. 
The static filling pressures central venous pressure (CVP) and pulmonary capillary wedge 
pressure (PCWP) are still frequently used for this purpose, although these parameters fail to 
predict fluid responsiveness reliably (4). Moreover, pulmonary artery catheterization is rather 
invasive. Dynamic preload assessment with uncalibrated arterial waveform analysis provides 
a less invasive alternative (5,6). The dynamic preload indices stroke volume variation (SVV) 
and pulse pressure variation (PPV) are the result of the cyclic influence of positive pressure 
ventilation on stroke volume and pulse pressure in mechanically ventilated patients (7). If a 
number of criteria for mechanical ventilation are met in patients without cardiac arrhythmias 
or sternotomy, both SVV and PPV predict fluid responsiveness reliably in a variety of patients 
with cut-off points varying between 10 and 15% (5-7). 
In patients with impaired LVF, the validity of dynamic preload indices is less established (7,8). 
These patients may benefit most from reliable cardiac preload assessment, preventing the 
unwanted effects of hypo- and hypervolemia, and the inappropriate use of vasoactive drugs. 
The ideal cut-off values for SVV and PPV and response to volume loading may be different from 
patients with normal cardiac function, as the course of the Frank Starling curve is flattened in 
patients with impaired LVF. In addition, the initial increase in stroke volume (SV) as observed 
in the early phase of positive pressure inspiration may be more prominent, because the left 
ventricle may be more sensitive to the reduction in cardiac afterload if its function is impaired 
(5,7). For that reason, the results from studies in patients with normal cardiac function cannot 
be simply generalized to patients with impaired LVF (8). The present study investigates the 
diagnostic accuracy of SVV measured with the FloTrac/Vigileo™ system to predict fluid 
responsiveness in patients with impaired LVF undergoing coronary artery bypass grafting (CABG). 

METHODS

PATIENTS
In this prospective, observational study, patients scheduled for elective CABG with impaired 
LVF were included. As part of the pre-operative work-up, transthoracic echocardiography (TTE) 
or magnetic resonance imaging (MRI) of the heart was performed for qualitative assessment 
of left and right ventricular function, measurement of left ventricular ejection fraction (LVEF), 
and quantitative assessment of valvular function. Patients with a LVEF ≤ 40% were eligible (9). 
Exclusion criteria were significant valvular heart disease (tricuspid, pulmonary, mitral and/or 
aortic valve stenosis and/or insufficiency grade ≥ 2), right ventricular dysfunction, intracardiac 
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0.80, with the lower 95% CI bound > 0.70 (13). Data are expressed as mean ± standard deviation 
(SD) unless otherwise stated. Possible differences between hemodynamic variables in fluid 
responders and non-responders were investigated using the Mann-Whitney U test. The Wilcoxon 
signed-rank test was used to detect possible differences before and after volume loading. 
Precision of TDCO is defined as twice the SD of the repeated measurements divided by √5 times 
TDCO (2 ⋅ SD / √5 ⋅ TDCO) [14]. Precision of TDCO was expected to be approximately 10%, which 
is sufficiently precise to detect a change in CO (∆CO) of 14.1% (√2 ⋅ 10%) (14). To distinguish fluid 
responders from non-responders, a ∆CO of ≥ 15% after volume loading was used. ROC analysis 
was performed to quantify the prediction of fluid responsiveness for SVV. Pearson correlation 
analysis was used to investigate the relation between SVV before volume loading and ∆CO. For 
the range of SVV values before volume loading, the sensitivity (Se) and specificity (Sp) were 
calculated. The ideal cut-off point for SVV was defined as the SVV value corresponding to the 
maximum sum of Se and Sp, in which both Se and Sp were ≥ 50%. For the ideal SVV cut-off, the 
positive predictive value (PV+), negative predictive value (PV-), and overall accuracy were 
calculated. Overall accuracy was defined as the proportion of correct classifications of fluid 

shunts, cardiac arrhythmias, age below 18, and patients undergoing emergency surgery. Intra-
operatively, transesophageal echocardiography (TEE) was performed, to verify the presence 
of impaired LVF and the absence of valvular heart disease and right ventricular dysfunction.
 
ANESTHESIA PROTOCOL
Patients were premedicated with oral midazolam 7.5 mg 1 hour before surgery. Before 
induction of anesthesia, a radial artery catheter was inserted and connected to the FloTrac™ 
sensor and Vigileo™ monitor (Edwards Lifesciences, Irvine, CA, software version 3.02) for 
continuous measurement of SVV (10,11). The transducer was adjusted to the level of the 
right atrium. As previously described, positive pressure ventilation induces a cyclic change 
in stroke volume (SV), and SVV is calculated from the minimal and maximal SV using the 
formula [7, 11]:

 

General anesthesia was induced with sufentanil (0.125 μg ⋅ kg-1) and midazolam (0.075 mg ⋅ kg-1). 
Orotracheal intubation was facilitated using rocuronium bromide (1.0 mg ⋅ kg-1). Anesthesia 
was maintained using 0.5-1.0 minimum alveolar concentration of Sevoflurane. Mechanical 
ventilation was performed with a maximum breathing frequency of 15 min-1, and a tidal volume 
of 8 ml ⋅ kg-1 ideal body weight. Ideal body weight (IBW) was calculated with the formula IBW 
= 22 * (body length [m])2. The inspired oxygen fraction was 0.4-0.5, with a positive end-
expiratory pressure of 5-10 cm H2O. Pulmonary artery catheterization was performed via the 
internal jugular vein, guided by typical pressure waveform changes (Swan-Ganz CCOmbo™ 
catheter type 744HF75, Edwards Lifesciences, Irvine, CA, USA). A TEE probe was introduced. 

DATA COLLECTION
Between induction of anesthesia and incision, volume loading with 7 ml⋅kg-1 (IBW) crystalloid 
fluid was performed in 15 minutes. Intermittent thermodilution cardiac output (TDCO) was 
measured before and after volume loading, together with heart rate (HR), mean arterial blood 
pressure (MAP), CVP, PCWP, and SVV. In case of administration or use of short-acting vasoactive 
drugs, measurements were postponed until hemodynamic stability was restored. TDCO 
represents the average of 5 bolus injections of 10 ml saline at room temperature, randomly 
spread over the respiratory cycle, and performed by the same, experienced observer (12). At 
the moment of injection for a single TDCO measurement, SVV was recorded. SVV represents 
the average of five readings at the same time as the injections for TDCO measurement.

ANALYSIS
Statistical analysis was performed using SPSS version 21.0 for Windows XP (SPSS Inc, Chicago, 
IL, USA). We hypothesized that SVV reliably predicts fluid responsiveness in patients with impaired 
LVF, resulting in an area under the curve (AUC) as determined by receiver operating characteristics 
(ROC) analysis of > 0.80. In a previous study by our group investigating SVV in patients with a 
normal LVF undergoing CABG, a sample size of 22 patients was sufficient to obtain an AUC > 

Mean (SD) Range

Age (yrs) 65 (13) 42 - 85

Height (m) 1.75 (0.08) 1.60 - 1.95

Weight (kg) 85.6 (11.1) 67.0 - 113

BMI (kg⋅m-2) 27.9 (3.4) 23.8 - 36.5

LVEF (%) 29.8 (7.1) 17 - 40

Number of patients

Patients with     35% > LVEF ≤ 40% 4

30% > LVEF ≤ 35% 5

25% > LVEF ≤ 30% 5

20% > LVEF ≤ 25% 6

15% > LVEF ≤ 20% 2

Gender Male / female 18 / 4

Comorbidity Diabetes mellitus 10

Hypertension 20

COPD 4

Dyslipidemia 15

Medication Beta blocker 20

Calcium blocker 2

ACE or AR inhibitor 17

Diuretics 13

Nitrates 5

TABLE 1
Patient characteristics, comorbidity and medication. Abbreviations SD = standard deviation, BMI = Body Mass Index, 
LVEF = left ventricular ejection fraction, COPD = chronic obstructive pulmonary disease, ACE = angiotensin converting 
enzyme, AR = angiotensin receptor. 
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upper level of the 95% CI. The SVV cut-off value to obtain a PV+ of ≥ 90% was 16%, whereas 
a SVV cut-off value of 6% was needed to obtain a PV- of ≥ 90%. The Pearson correlation 
coefficient for SVV and ∆CO was 0.32 (p=0.16). 

responders and non-responders, which is the sum of true positives and true negatives divided 
by the number of patients (15). In addition, the SVV cut-off values to obtain a PV+ and PV- of ≥ 
90% were determined. A p-value of 0.05 was considered statistically significant.

RESULTS

Between August 2012 and August 2014, 31 patients were eligible based on pre-operative TTE 
and MRI. Three patients were pre-operatively excluded: 2 for logistical reasons, and 1 patient 
turned out to need emergency surgery. Intra-operatively, 6 additional patients were excluded: 
3 due to improvement in LVF (LVEF > 40%), 2 because of mitral valve insufficiency grade ≥ 2, 
and 1 patient with newly developed atrial fibrillation. As a result, 22 patients were available 
for data analysis. 
Patient characteristics, including history and medication, and pre-operative LVEF data are 
presented in table 1. All patients showed sinus rhythm, except for 1 patient who had a pacemaker 
(atrioventricular sequential pacing mode). The overall precision for measurement of CO was 
7.3%. Relevant hemodynamic variables before and after volume loading are depicted in table 2. 
PCWP measurements were not performed in 3 cases at the discretion of the attending 
anesthesiologist. Volume loading induced significant changes in all hemodynamic variables. In 
table 3, the hemodynamic variables before volume loading are presented, for responders (9 
patients) and non-responders (13 patients) separately. SVV was the only hemodynamic variable 
that was significantly different between responders and non-responders.
In figure 1, the results from ROC analysis are presented. The AUC for SVV was 0.70, but did 
not differ significantly from 0.5 (95% CI [0.47;0.92]). Figure 2 displays the SVV values for fluid 
responders and non-responders. The highest sum of Se and Sp corresponded to a SVV cutt-off 
of 10% (dotted line). The Se, SP, PV+, PV- and overall accuracy for this 10% cut-off are shown 
in the box in figure 1. The overall accuracy, PV+, and PV- were lower than 90%, including the 

Hemodynamic variable Before VL After VL

HR (beats⋅min-1) 62 (13) 55 (13)*

MAP (mm Hg) 70 (13) 75 (13)*

CVP (mm Hg) 10 (2.9) 12 (3.2)*

PCWP (mm Hg) 13 (2.9) 16 (3.2)*

TDCO (L⋅min-1) 3.4 (0.8) 3.8 (1.0)*

TDSV (mL) 56 (15) 63 (13)*

SVV (%) 11 (4.7) 8.3 (3.6)*

TABLE 2
Mean and SD of hemodynamic variables heart rate (HR), mean arterial pressure (MAP), central venous pressure (CVP), 
pulmonary capillary wedge pressure (PCWP), thermodilution cardiac output (TDCO), thermodilution stroke volume 
(TDSV), and stroke volume variation (SVV), before and after volume loading (VL) (* = statistically significant difference 
(p < 0.05)).

Hemodynamic variable responders (n=9) non-responders (n=13)

HR (beats⋅min-1) 66 (13) 58 (12)

MAP (mm Hg) 70 (18) 69 (7.5)

CVP (mm Hg) 9.8 (3.3) 10 (2.7)

PCWP (mm Hg) 12 (3.3) 14 (2.5)

TDCO (L⋅min-1) 3.3 (1.0) 3.4 (0.6)

TDSV (mL) 49 (13) 61 (15)

SVV (%) 13 (5.3) 9.2 (3.7)*

TABLE 3
Mean and SD of hemodynamic variables before volume loading, for responders and non-responders (* statistically 
significant difference (p < 0.05)).

FIGURE 1
ROC curve for SVV. The dotted line represents the “line of no-discrimination”, indicating random guessing. The AUC for 
SVV and corresponding 95% CI are presented.



CHAPTER 564  | |  65ARTERIAL WAVEFORM ANALYSIS IN ANESTHESIA AND CRITICAL CARE

5

to small changes in SV. Moreover, in some patients it can be expected that volume load results 
in hypervolemia and thus decreases in SV can be expected. These effects hinder discrimination 
of fluid responders from non-responders, partly explaining the decreased diagnostic accuracy. 
A second relevant finding of this study is the fact that wide confidence intervals were present. 
The 95% CI of the AUC as determined by ROC analysis was [0.47;0.92], resulting in a total 95% 
CI width of 0.45. In a previous study by our group involving 22 patients with normal cardiac 
function, the 95% CI bounds were [0.78;1.0], with a total 95% CI width of 0.22 (13). This is in 
line with the study by Reuter (8). In their study, the 95% CI of the AUC was [0.59;0.96], with 
a total 95% width of 0.37 for patients with a LVEF < 35%, versus a 95% CI of [0.77;0.99] and a 
total width of 0.22 for patients with a LVEF > 50%. Most likely, patients with impaired LVF show 
a much more variable response to a given volume challenge compared to patients with normal 
cardiac function. This finding can, at least, partly explain the wide 95% CIs and thus the lack 
of significance when using SVV as a predictor of volume responsiveness.
Apart from this physiological explanation, lack of diagnostic accuracy could be the result of 
inconsistencies of the SVV measurement technique. Although uncalibrated arterial waveform 
analysis SVV is a valuable technique for predicting fluid responsiveness in a variety of patients, 
the validity of the technique may be impeded in patients with impaired LVF. Calibrated arterial 
waveform analysis techniques provide more stable measurement of SV (7,16). However, SVV 
is the result of the cyclic changes in SV, not its absolute value. Question remains therefore 
whether the use of calibrated techniques improve the accuracy of SVV in patients with impaired 
LVF. Reuter and co-workers applied a calibrated technique, and the results are comparable to 
the results of the current trial (8). This indicates that the use of an uncalibrated technique 
does not fully explain the results from the present study. 
The present study has a number of strengths. All patients met the prerequisites for dynamic 
preload assessment with respect to mechanical ventilation and closed chest conditions 
(5,13,18,19). Volume loading induced significant changes in hemodynamic variables, suggesting 
that a 7 ml ⋅ kg-1 (IBW) fluid challenge was sufficient. Precision of CO measurement was 7.3% 
on average, which indicates that fluid responders were reliably discriminated from non-
responders using a 15% CO increase. Second, overall accuracy and positive and negative 
predictive values were included in the data analysis. These prediction variables directly inform 
clinicians about the risk of incorrect use of fluid support. Moreover, the SVV cut-off values 
corresponding to a PV+ and PV- ≥ 90% were determined. The choice of a single SVV cut-off 
value is doubtful as it frequently turns out to be both insufficiently sensitive and insufficiently 
specific (15,20). In our patients, SVV needed to be ≥ 16% to limit the risk of unnecessary volume 
loading to < 10%, and SVV ≤ 6% was the threshold to withhold unwanted withholding fluids 
to < 10%. This implies that a broad range of SVV values could not be used for clinical decision 
making.
A limitation of the study is the relatively small number of patients. In order to obtain a 
homogeneous selection, patients with cardiac pathology other than a LVEF ≤ 40% were 
excluded and measurements were restricted to the period before incision. A major drawback 
of this approach is the limited availability of eligible patients. Despite the limited number of 
patients, the overall conclusion of this study seems valid. The upper 95% CI levels for PV+ 
(77%) and PV- (89%) indicate a minimal false positive rate of 23%, and a false negative rate of 

DISCUSSION

In the present study, we investigated the diagnostic accuracy of SVV measured with the FloTrac/
Vigileo™ system to predict fluid responsiveness in patients with a LVEF of ≤ 40% undergoing 
elective CABG. The predictive value of SVV found in this study was lower in comparison with 
the results from a systematic review and meta-analysis and in individual trials (6,8). 
The validity of dynamic preload variables has been thoroughly studied in the past decades, 
but evidence in patients with impaired cardiac function is limited (6-8,16,17). The aim of the 
present study was therefore to add new information, as in these patients, fluid balance is 
delicate and the chance of cardiac failure due to inappropriate volume treatment is increased. 
In analogy with a previous study of Reuter and co-workers (8), the predictive value of SVV was 
decreased compared to a patient population with normal cardiac function as reflected by an 
AUC of only 0.7 in the ROC analysis. The results may be explained by a flattened course of the 
Frank Starling curve in patients with impaired LVF. In this situation, SV is most likely less 
dependent on the cyclic changes in intrathoracic pressure as changes in preload may only lead 

FIGURE 2
SVV in responders and non-responders. Ideally, a horizontal line can be drawn which separates fluid responders from 
non-responders. The dotted line depicts the 10% SVV cut-off, the corresponding Se, SP, PV+, PV- and overall accuracy 
(OA) are presented, including their 95% CIs.
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11%. We did not compare SVV with other preload variables like PPV, which is another limitation. 
Studies comparing PPV measurements with SVV in patients with impaired LVF are most likely 
helpful to discriminate between pathophysiological effects or methodological topics as an 
explanation for our results. In addition, the use of calibrated SVV techniques, a multi-centre 
approach, extension of the inclusion criteria, or multiple measurements per patient might be 
considered for future research. 
In conclusion, the results from this study showed that the diagnostic accuracy of uncalibrated 
SVV to predict fluid responsiveness in patients with impaired LVF was low. Therefore, the 
uncritical use of SVV has a high risk of making incorrect decisions in this vulnerable patient group. 
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SUMMARY

The validity of each new cardiac output (CO) monitor should be established before 
implementation in clinical practice. For this purpose, method comparison studies investigate 
the accuracy and precision against a reference technique. With the emergence of continuous 
CO monitors, the ability to detect changes in CO has gained interest in addition to its absolute 
value. Therefore, method comparison studies increasingly include assessment of trending 
ability in the data analysis. A number of methodological challenges arise in method comparison 
research with respect to the application of Bland-Altman and trending analysis. Failure to face 
these methodological challenges will lead to misinterpretation and erroneous conclusions. 
We therefore review the basic principles and pitfalls of Bland-Altman analysis in method 
comparison studies concerning new CO monitors. In addition, the concept of clinical 
concordance is introduced to evaluate trending ability from a clinical perspective. The primary 
scope of this review is to provide a complete overview of the pitfalls in CO method comparison 
research, whereas other publications focused on a single aspect of the study design or data 
analysis. This leads to a stepwise approach and checklist for a complete data analysis and data 
representation. 

INTRODUCTION

Method comparison research aims to evaluate the validity of a new monitor against an 
established reference technique, and is of specific interest in cardiac output (CO) monitoring 
(1,2). After establishing validity, other types of research are needed to evaluate the extent to 
which new monitors alter hemodynamic management, effects on patient outcome, and cost-
effectiveness. Method comparison studies face a number of methodological challenges. A 
number of reviews have been published most of them discussing a component of the 
application of Bland-Altman analysis in this setting (3-7). Despite these reviews, many studies 
do not meet a number of fundamental principles (3,8). This may lead to incorrect conclusions 
and erroneous applications in clinical practice. This review therefore aims to provide a complete 
overview of the methodological considerations in method comparison studies concerning new 
CO monitors. Each component of the study design, data analysis, or data interpretation is 
followed by a recommendation. In addition, we focus on evaluation of trending ability, which 
has become increasingly important with the emergence of continuous systems (9,10). Current 
methods to analyse trending ability have a number of limitations (11). As an alternative, the 
concept of “clinical concordance” and a corresponding error grid method for evaluation of 
trending ability from a clinical perspective is introduced. Finally, the methodological issues are 
summarized, resulting in a stepwise approach and checklist for CO method comparison 
research. The use of this checklist could lead to a more complete and homogeneous 
presentation of data, which may facilitate systematic reviews and meta-analyses in the future. 

BLAND-ALTMAN ANALYSIS: CONCEPT
Each new CO monitor should be evaluated for its accuracy and precision. Accuracy refers to 
the ability to measure CO close to its true value, whereas precision refers to the spread of 
repeated measurements (figure 1.A). Measurement of the “true” CO is extremely difficult in 
clinical practice, and reference techniques can only provide only an approximation (1,2). This 
problem can be handled in part using Bland-Altman analysis (12-14). This method evaluates 
agreement between two measurement techniques, rather than validating the experimental 
technique against a perfect reference. As a result, only conclusions about interchangeability 
between the experimental and reference technique can be drawn. Bland-Altman analysis 
determines the bias, or mean difference between the experimental and reference technique, 
as a measure of accuracy (12-14). As a measure of precision, the 95%-limits of agreement 
(LOA) are used (figure 1.B). The LOA are generally determined as: 

LOA = (bias) ± tα,n-1 * (SD)

in which “SD” is the standard deviation of the differences, “n” the sample size, and “tα,n-1” the 
t-value corresponding to the degrees of freedom (n-1) and a type I error (α) of 0.05. The LOA 
therefore represent the limits enclosing 95% of the differences. The bias and LOA can be 
depicted in a Bland-Altman plot (figure 1.B). The mean error or percentage error is calculated 
as follows:

mean error (%) = 100% * tα,n-1 * (SD) / (mean CO)



CHAPTER 672  | |  73ARTERIAL WAVEFORM ANALYSIS IN ANESTHESIA AND CRITICAL CARE

6

PITFALLS IN THE APPLICATION OF BLAND-ALTMAN ANALYSIS 
Bland-Altman analysis has a number of important pitfalls, which are discussed in the next 
sections, each followed by a recommendation. These recommendations are summarized in a 
checklist (table 1).

Normal distribution
The differences between the experimental and reference technique should be normally 
distributed. Usually, this will be the case, even if the individual CO measurements with the 
experimental or reference technique do not follow a normal distribution (14). If not, a 
straightforward non-parametric approach is available (14,15). Normal quantile-quantile (QQ) 
plots or histograms of the differences provide a visual check of normality (16). In addition, 
the Kolmogorov-Smirnov or Shapiro-Wilk test can be applied. Nonetheless, small studies 
may pass these tests because of insufficient statistical power to demonstrate non-normality. 
In contrast, large studies tend to be tested non-normal even if the deviation from a normal 
distribution is small (16). 

Consequently, the mean error is a measure of interchangeability relative to the underlying CO 
and therefore a more appropriate parameter to compare the results from different studies. 
For calculation of the LOA and mean error, a t-value of 1.96 is often used. Strictly speaking, 
this value holds true only in infinitely large sample sizes. It is advisable to use correct t-values 
in small studies (e.g. < 20 subjects), as a value of 1.96 will underestimate the real LOA and 
mean error.

FIGURE 1
Accuracy and precision and the relation with bias and the LOA as determined with Bland-Altman analysis. Accurate 
measurements are close to the true value, irrespective of the spread of the measurements (A). In contrast, precise 
measurements are close to each other, irrespective of their deviation from the true value (A). Good CO monitors are 
both accurate and precise. In Bland-Altman plots, accurate CO monitors show a bias (solid line) close to the line “x=0”, 
whereas precise monitors show limits of agreement close to the bias (dotted lines) (B). Abbreviations: COexp: cardiac 
output of the experimental technique, COref: reference cardiac output, LOA+: upper limit of agreement, LOA-: lower 
limit of agreement. 

Study phase Topic Checklist item

Design Measurement 
protocol 

Create a protocol for the timing and recording of CO measurements, 
considering hemodynamic fluctuations, dependence of paired 
measurements, and the response time of (continuous) systems

Criteria for 
agreement 

Define criteria for acceptable bias and LOA or mean error, depending on 
the clinical context

Sample size Consider a sample size calculation (suggested method in appendix B or 
method by M. Bland (21), or assess the appropriate sample size based on 
historic data

Reference 
technique 

Choose a highly precise reference technique (e.g. TDCO or TPCO)

Data analysis Normal 
distribution

Check if the differences are normally distributed by combining a visual 
check and statistical test

Bland Altman 
analysis

Calculate the bias, LOA, mean error, and their corresponding 95% CIs, 
using correct t-values

A correction for the use of paired measurements should be applied 
unless both auto-correlation and clinical circumstances indicate that the 
measurements are independent

Check the presence of proportional bias and/or spread visually in the 
Bland-Altman plot and with regression analysis. If present, consider 
regression analysis to display the bias or LOA as a function of the 
underlying CO, or data-transformation

Interpretation Reference 
precision

Determine the repeatability of the experimental and reference 
technique for correct interpretation of the LOA and mean error

Response time Consider changes in CO and differences in response time if one or more 
continuous techniques disagree; if necessary and appropriate, 
measurements can be postponed

Data analysis Trending ability If applicable, consider the clinical concordance method as an alternative 
or addition to 4Q and polar analysis 

TABLE 1
A stepwise approach and checklist to the design, data analysis and data interpretation of CO method comparison studies.
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for this purpose (6,14). Bland and Altman provide a method to determine the LOA from the 
within-subject variances of the experimental and reference methods and the variance of the 
differences between the within-subject means (14). Alternatively, Myles and Cui use the 
average of repeated measures and use a random effects model to correct for the reduction in 
variation that occurs by using this average (6). In addition to these statistical approaches, it is 
advisable to separate consecutive measurements in time, especially in the absence of major 
hemodynamic fluctuations. In this way, substantial correlation between consecutive 
measurements can be prevented. 
Recommendation: a correction for the use of paired measurements should be applied unless 
both auto-correlation and clinical circumstances indicate that the measurements are 
independent. In the timing of consecutive measurements, the measurement protocol should 
consider the presence or absence of hemodynamic fluctuations.

Confidence intervals
Investigators should not forget to calculate 95% CIs for the bias, LOA and mean error, because 
they represent an estimation of their “true” counterparts in a target population (7,12). At first 
sight, bias and LOA in a study may seem clinically acceptable. If however the corresponding 
CIs are wide, considerable differences between two systems can still be present in the target 
population. To illustrate this, we reconstructed the CIs of the bias, upper and lower LOA, and 
mean error in a number of studies (appendix A). Considering the CIs in the data analysis would 
probably lead to different conclusions in some studies. The CI of the bias should not be 
confused with the LOA (19). The CI of the bias indicates the limits for the bias in the target 
population, whereas the LOA refer to the spread of the differences in one specific study. The 
CI of the bias is calculated as bias ± tα,n-1 * SD/√n, and decreases with increasing sample size. 
Being a measure of spread, the LOA do not decrease by increasing the sample size. 
Recommendation: the bias, LOA, and mean error should always be accompanied by their 95%-CIs. 

Agreement 
Bland-Altman analysis does not provide definitive answers in terms of p-values. The acceptable 
level of agreement of a new CO device with a reference technique, is a matter of clinical 
judgement. A bias of 0.5 L·min-1 and LOA of ± 1.0 L·min-1 may be acceptable for patients 
undergoing surgery with major hemodynamic disturbances, but not for patients with heart 
failure undergoing cardiac surgery. Clinically acceptable boundaries for bias and LOA or mean 
error should therefore always be defined in advance, depending on the target patients in which 
the new device is aimed to be used (3). To a certain extent, the desirable level of agreement 
can be adjusted if the new device has clear advantages over the reference technique in terms 
of safety, handling in clinical practice or costs. 
Recommendation: acceptable boundaries for the bias, LOA, and mean error should be defined 
in advance. 

Sample size calculations
The use of predefined criteria for Bland-Altman variables facilitates the decision-making 
process of accepting or rejecting new CO monitors for clinical use. However, study results may 

Recommendation: check the differences between the experimental and reference technique 
for normality by combining a visual check and statistical test. 

Proportionality
The bias and LOA are meaningful estimates only if they are uniform over the range of 
measurements (14). If the difference between the techniques increases with an increase in 
CO, the bias will be overestimated in the low-CO range and underestimated in the high-CO 
range. This effect is called proportional bias and can be quantified by plotting a regression line 
in the Bland-Altman plot. If the slope of this line differs significantly from zero, proportional 
bias is present (14,17). Nonetheless, in small studies, proportional bias cannot be ruled out 
because these studies may lack the statistical power to demonstrate this significant difference. 
Regression analysis should therefore be accompanied by a visual check of the Bland-Altman 
plot. The spread of the differences may also be non-uniform over the range of CO 
measurements. This proportional spread can be identified visually in the Bland-Altman plot 
as a change in the scatter of the differences. In addition, the absolute values of the residuals 
as obtained with linear regression can be plotted against the mean CO (14). If the bias or LOA 
are non-uniform, transformation of the data or regression analysis can be applied, to prevent 
under- and overestimation in specific measurement ranges (14,17). However, this limits the 
interpretation of the study results. 
If the bias or LOA are uniform over the range of measurements, the difference between two 
systems is relatively larger in the lower range in comparison with the higher range. A uniform 
bias of 0.6 L·min-1 represents a 20% mean deviation if CO is 3.0 L·min-1, but a 10% deviation if 
CO is 6.0 L·min-1. In contrast, if the bias or LOA are non-uniform, this percentage deviation may 
be constant. A non-uniform bias of 0.3 L·min-1 at 3.0 L·min-1 and 0.6 L·min-1 at 6.0 L·min-1 
represents a constant 10% deviation. Measurement error may therefore be constant in an 
absolute (e.g. 0.3 L·min-1) or relative (e.g. 10%) sense. 
Recommendation: check the presence of proportional bias or spread visually in the Bland-
Altman plot and with regression analysis. If present, consider regression analysis to display 
the bias or LOA as a function of the underlying CO, or data-transformation. 

Paired measurements
Many studies use multiple measurements in the same subject. Bland-Altman analysis without 
correction for paired measurements may underestimate the SD of the differences, leading to 
falsely narrow LOA and 95% confidence intervals (CIs) (5,6,12,14). As illustrated by Hamilton 
and Lewis, this effect increases with a small number of subjects, large number of measurements 
per subject, and little within-subject variance in comparison to between-subject variance (5). 
This emphasizes the need for correction for paired measurements in studies investigating 
continuous CO monitoring devices in the absence of major hemodynamic changes. Consecutive 
measurements will tend to correlate, reducing the within-subject variance. In contrast, major 
hemodynamic changes may increase the within-subject variance to an extent that 
measurements become independent (18). We therefore suggest to determine the auto-
correlation of repeated measurements first. If this auto-correlation is not negligible, a 
correction for the use of paired measurements should be applied. Two methods are available 



CHAPTER 676  | |  77ARTERIAL WAVEFORM ANALYSIS IN ANESTHESIA AND CRITICAL CARE

6

This “combined repeatability” represents the maximal variation in repeated experimental and 
reference measurements that could explain the mean error. The mean error should therefore 
not exceed this value for the techniques to be interchangeable (3,8).  
Recommendation: TDCO and TPCO may be precise reference techniques, if properly performed. 
Both experimental and reference repeatability should be determined for proper interpretation 
of the LOA and mean error.  

Changes in cardiac output and response time 
Changes in CO introduce variability in repeated measurements, irrespective of precision (figure 
2.A). This does not affect the difference between experimental and reference CO if they are 
observed at exactly the same moment in time (figure 2.B). In the case of differences in response 
time between experimental and reference CO however, a difference between the techniques 
will appear. This has important consequences for studies evaluating continuous devices during 
hemodynamic changes. These devices need time to process changes in the underlying CO in 
contrast to intermittent reference techniques without measurement delay. Discrepancy will 
therefore emerge during hemodynamic changes, which fade out in time (20). 
The timing and recording of measurements is therefore important, and postponing 
measurements during acute hemodynamic changes should be considered (20). In acute settings 
however, observations are directly followed by therapeutic decisions. To be valid in this 
situation, monitoring systems should display short response times. 
Recommendation: the response time of (continuous) monitoring systems should be taken into 
account, and the method of collecting and recording CO measurements should be defined 
clearly. If necessary and appropriate, measurements can be postponed.

Trending ability 
An increasing number of studies focus on the ability to track changes in CO, in addition to 
determining its absolute value (9,10). Evaluation of the trend in CO might be helpful to evaluate 
the effects of interventions and is intuitive because CO is continuously changing as a result of 
a variety of influences, such as respiration, the autonomic nervous system and changes in 
metabolic demand (24,25,28). The absolute value of CO is useful to consider in the diagnostic 
work-up of critical care patients. A proper evaluation of trending ability requires that changes 
in CO are induced in a controlled set-up. Moreover, the timing of and recording of 
measurements should be described clearly. Differences in response time between the 
experimental and reference method should be taken into account, and reference CO should 
be precise as described earlier.  

Bland-Altman analysis, polar plot methodology, and four-quadrant concordance 
Although Bland-Altman analysis evaluates the accuracy and precision of absolute CO readings, 
conclusions about trending ability may be drawn intuitively. If absolute CO measurements are 
precise, trending ability should be adequate, irrespective of accuracy. Accuracy refers to the 
mean deviation between a new CO monitor and true CO. This deviation will be fixed in highly 
precise monitors and therefore irrelevant in tracking CO changes. In imprecise monitors, the 
deviation from the underlying CO is variable, which makes trending impossible. Theoretically, 

have the tendency to end up closely to the predefined criteria, as these criteria reflect the 
clinical context in which the study has been performed. If the 95% CI are wide, there is a 
substantial risk that they include the predefined criteria, which hinders definite conclusions. 
It is therefore advisable to consider the appropriate sample size in advance. Sample size 
calculations for Bland-Altman analysis can be considered controversial, because the method 
is not a statistical test. Moreover, the variability of (repeated) measurements with the new 
technique is unknown. Despite this, we point to a number of methods to estimate the 
appropriate sample size. First, the use of a desired maximal width for the 95% CI around the 
mean error, enables sample size calculations. This method was applied in a previous study by 
our group, and is described in appendix B (20). Similar to this approach, the width of the CI 
around the upper and lower LOA can be determined in terms of the SD, as described by Bland 
(21). Third, sample sizes can be estimated based on historical data. We realize that these 
approaches can be debated, and researchers are free to consider their use. However, we advise 
reflection on this topic in the design phase of method comparison studies, in order to reduce 
the risk of underpowering. 
Recommendation: sample size calculations may be considered to estimate the appropriate 
number of subjects.

Reference precision 
The LOA and mean error are influenced by the precision of the reference technique (4,22). 
This is reflected in the formula by Critchley and Critchley to derive the mean error from the 
precision of the experimental and reference techniques, or (22): 

 mean error = √ ([experimental precision]2 + [reference precision]2)

The use of imprecise reference techniques will therefore lead to wide LOA and high mean 
error, independent of the precision of the new device (8,12). Intermittent thermodilution CO 
(TDCO) with a pulmonary artery catheter (PAC) is frequently used as reference technique. In 
many studies, the precision of TDCO is assumed to be 20%, and experimental precision should 
not exceed this 20% to be interchangeable with TDCO. Consequently, the mean error should 
not exceed √(202+202) = 28.3%, which is often rounded up to 30% (22). The strict use of a 
30% limit for the mean error will however lead to erroneous conclusions if reference precision 
is significantly smaller or larger than 20%. Precision of TDCO or alternative techniques such 
as transpulmonary thermodilution (TPCO) may even be improved to 5% (1,23-27). Both TDCO 
and TPCO can therefore be considered valuable as a reference technique, if properly 
performed. Moreover, this emphasizes the need for evaluation of reference precision in 
addition to experimental precision. The SD of repeated measurements or “repeatability” can 
be used for this purpose (3,8). Repeatability is defined as 2 times the SD of repeated 
measurements divided by CO (4). The squared values of experimental and reference 
repeatability can be added up as: 

combined repeatability = √ ([experimental repeatability]2 + [reference repeatability]2)
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with TDCO as the reference technique. In the case of another reference technique with 
different precision, the criteria should be adjusted (1). Fourth, both polar plot and 4Q methods 
use exclusion zones to limit the influence of small changes in CO that may introduce random 
noise. However, this reduces statistical power and ignores potentially valuable information. 
The combination of small increases in DCOexp (e.g. + 1%) with small decreases in COref (e.g. – 
1%) or vice versa may be considered good trending, because these changes are both 
insignificant and unlikely to trigger therapeutic actions. In 4Q and polar analysis, these data 
pairs are excluded. 

“Clinical concordance” 
Alternatively, it is possible to pass a clinical judgment on each individual data pair. Each 
combination of COexp and DCOref is designated as “good” or “poor” trending and depicted in a 
“clinical concordance” plot (figure 3.A). The designations are based on criteria from a clinical 
perspective. Changes in COref in a patient are divided into the following categories:
- non-significant change (DCOref ± 5% or less)
- moderate increase or decrease (DCOref ± 5-15%)
- large increase or decrease (DCOref ± 15% or more)
Each corresponding DCOexp is assigned good trending if DCOexp changes in the same direction 
and falls into the same category as DCOref. Depending on the clinical context, the number of 
categories and their criteria can be adjusted. “Clinical concordance” can be defined simply as 
the percentage of “good trending” assignments. The percentage “poor trending” assignments 
directly informs the clinician about the risk for clinically relevant, erroneous trending 
information. Moreover, comparing the categories into which DCOexp and DCOref fall provides 
insight into the extent to which DCOexp and DCOref (dis)agree. In analogy with error grids used 
to validate new glucose measurement devices, this (dis)agreement can be further divided 
from the perspective of therapeutic consequences (29). An error grid can be created to reflect 
the therapeutic consequences in specific zones in the concordance plot (figure 3.B). The 
following zones can be distinguished:
1.  DCOexp and DCOref change in the same direction and to the same extent, reflecting the 

following situations (in analogy with “clinical concordance”): (a) COexp and COref change < 
5%, (b) COexp and COref change between 5-15%, or (c) COexp and COref change > 15%. In this 
zone, correct treatment decisions are made with the new technique.

2.  DCOexp and DCOref change in the same direction but not to the same extent, reflecting the 
following situations: (a) COexp changes between 5-15% while COref changes more than 15%, 
or (b) COexp changes more than 15% while COref changes between 5 - 15%. In this zone, 
treatment may be insufficient (a) or exaggerated (b).

3.  DCOexp changes while DCOref is constant or vice versa, reflecting the following situations: 
(a) COexp changes > 5% while COref is constant, or (b) COexp is constant while COref changes 
> 5%. In this zone, unnecessary treatment may be initiated (a) or necessary treatment may 
be withheld (b).

4.  DCOexp and DCOref change in opposite directions, reflecting the following situations: (a) 
COexp increases > 5% while COref decreases > 5%, or (b) COexp decreases > 5% while COref 
increases > 5%. In this zone, opposite treatment may be initiated.

precision can be used to determine which changes in CO will be followed reliably. Precision 
of DCO is defined as √2 times the precision of a single CO measurement (4). As a result, a CO 
measurement device with a precision of 10% can reliably detect changes in CO of >14.1% 
(√2*10). On the contrary, precision of CO measurement needs to be <7.1% (10/√2) to detect 
a DCO of 10% reliably.  
Two articles by Critchley and colleagues review several methods to evaluate trending ability 
including four-quadrant (4Q) concordance and polar plot methodology (9,10). The 4Q method 
plots the change in experimental CO (DCOexp) against the change in reference CO (DCOref) (9). 
The percentage of data points in which COexp and DCOref change in the same direction is called 
4Q concordance. This represents a rather crude estimate of trending ability and does not 
consider the magnitude of DCOexp and DCOref. In contrast, the polar plot approach enables 
quantitative assessment of trending ability, which is a major advantage (9,10). Nonetheless, 
a number of limitations need to be considered. First, interpretation of the polar variables is 
not straightforward. The translation of angular bias and radial LOA to clinical practice is not 
intuitive. Second, the criteria for good trending ability were validated in a limited number of 
studies, against concordance and the opinion on trending ability by the authors. As a result, 
conclusions from polar plot analysis will have the tendency to agree with other statistical 
methods applied in the past, which limits the added value. Third, the criteria were determined 

FIGURE 2
The influence of changes in the underlying CO (A) and difference in response time between the experimental and 
reference technique (B). In the upper figure (A), both variability in the underlying CO and imprecision may lead to 
significant spread in repeated measurements. The left box indicates variability in five consecutive CO measurements 
by a decrease in underlying CO, while imprecision in the measurement technique itself explains the variability in the 
measurements in the right box. In the lower figure (B), changes in underlying CO in time (non-interrupted line) do not 
affect the differences between the experimental (open crosses) and reference (filled crosses) CO measurements if the 
response time is nearly the same (left figure). If the experimental CO device responds slowly (dotted line, right figure), 
the differences increase, resulting in wide LOA.
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The clinical concordance method provides a crude measure of trending agreement (clinical 
concordance) in combination with the therapeutic consequences of trending disagreements 
(error grid). A worked example is provided in appendix C. The suggested method uses all data 
pairs in the data analysis, which is an important advantage. Moreover, the extent to which 
DCOexp and DCOref agree is addressed from a clinical perspective, which enhances the 
interpretation and use in clinical decision-making. The definitions for the clinical concordance 
categories and zones in the error grid are however rather subjective, and the use of different 
definitions might hinder comparison between studies in the future. Additional research is 
therefore needed to validate this new approach against current methods for trending analysis. 
Clinical concordance and error grids are meant as an extension to current methods such as 
4Q concordance and polar plot methodology, not as a substitute.    
Recommendation: the clinical concordance method should be considered as an alternative or 
addition to 4Q and polar analysis in the evaluation of trending ability. 

DISCUSSION

The present review article describes the methodological challenges with the application of 
Bland-Altman and trending analysis in CO method comparison research. Moreover, the concept 
of clinical concordance and a corresponding error grid method is introduced to evaluate 
trending ability from a clinical perspective. Based on the items discussed, a stepwise approach 
to the design and data analysis of CO method comparison research can be created (table 1). 
This approach may serve as a checklist for new researchers in the field. In addition, it may help 
clinicians to interpret the results from these studies in their decisions to incorporate new CO 
monitoring techniques in daily practice. 
Although this review focuses on Bland-Altman and trending analysis, the data analysis of 
method comparison studies should not be restricted to these statistical methods. As in any 
type of research, the data analysis should include a close look at the raw data, considering 
outliers, hemodynamic circumstances, and patient characteristics. The scatterplot depicting 
experimental against reference CO should be evaluated, together with the range of CO 
measurements, effects in regions with high- or low-CO states, and effects in subgroups of 
patients. This is important because the performance of CO monitors may differ considerably 
depending on (patho-) physiological conditions in the patient (1,2). Moreover, method 
comparison research represents only the initial part of the validation process of new CO 
monitors (30). Besides technical efficacy, the ultimate goal of any newly developed monitor 
is to improve patient outcome and to be cost-effective. Method comparison studies should 
therefore anticipate for application in clinical practice. This was an important reason to point 
to the use of predefined criteria defined within a desired, future clinical context. In addition, 
clinical concordance was introduced as a clinically intuitive method for trending ability in which 
the level of (dis)agreement is translated to therapeutic consequences. Researchers should 
challenge themselves to embed the clinical context into their studies, both for a better 
understanding of the results and in order to facilitate the implementation of new technology 
in daily care. 

FIGURE 3
Clinical concordance and error grid plots. Clinical concordance (A) defines 3 categories (gray squares) in which trending 
is “good” from a clinical perspective. “Clinical concordance” represents the percentage of ∆COexp and ∆COref data pairs 
falling into these categories. The corresponding error grid (B) uses multiple zones (rectangles in different shades of 
gray) to define the level of agreement between ∆COexp and ∆COref data pairs from the perspective of therapeutic 
consequences. The zones are based on the clinical concordance categories, and can be created by extending the lines 
that surround the clinical concordance squares. Zone 1 corresponds to the clinical concordance categories in which 
COexp and COref change in the same direction and to the same extent. This results in correct treatment decisions. In 
zone 2, COexp and COref change in the same direction but not to the same extent, reflecting insufficient or exaggerated 
treatment. In zone 3, COexp changes while COref is constant or vice versa, reflecting unnecessary or withheld treatment. 
Zone 4 represents opposite changes in COexp and COref, resulting in opposite treatment. Abbreviations: ∆COexp: change 
in experimental cardiac output, COref: change in reference cardiac output.
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APPENDIX A

RECONSTRUCTION OF CONFIDENCE INTERVALS FOR THE MEAN ERROR

To illustrate the relevance of 95% confidence intervals (CI) in Bland-Altman analysis, we 
reconstructed the 95%-CI for the bias, upper and lower limits of agreement (LOA+ and LOA-), 
and mean error of three studies published in the past three years (table I) (I-IV). In these 
studies, the results from Bland-Altman analysis were displayed without their corresponding 
CI. The CI for the bias was calculated as:

bias ± tα,n-1*SD/√n

in which “SD” is the standard deviation, “n” the sample size, “SD/√n” the standard error (SE) 
of the bias (SEbias), and “tn-1” the t-value corresponding to n-1 degrees of freedom and a type 
I error (α) of 0.05 (I). If the SD is not provided in a specific article, it can be easily calculated 
from the LOA and bias. The CI for the upper and lower LOA were calculated as:
 

LOA+ ± tα,n-1 *√3*SD/√n and LOA- ± tα,n-1 *√3*SD/√n

in which √3*SD/√n represents the SE of the LOA (SELOA) (I). The CI for the mean error was 
calculated using the upper and lower CI limits of LOA+ and mean cardiac output (CO). If mean 
CO is not provided in a specific article, it can be easily calculated from the LOA and mean error. 
The upper and lower CI limits for the mean error were calculated as:
 
  100% * (upper LOA+ limit – bias) / (mean CO), and  

100% * (lower LOA+ limit – bias) / (mean CO)

Table I displays the bias, upper and lower LOA, mean error and their reconstructed CI. In all 
studies, a mean error less than 30% was considered clinically acceptable, and multiple 
measurements were performed in the same subject at different time points. For each study, 
the results for pooled data are showed first. In addition, the data for four different time points 
are presented. The sample size (“n”), SD, SEbias, and SELOA used in the calculations are given. If 
the 30% limit for the mean error is included in the 95% CI, definitive conclusions cannot be 
made. 
In the study by Kusaka et al, the mean error for pooled data was 41%, which is too high (II). 
Considering the 95% CI of [36;47]% (table I), this conclusion remains valid. For the data at the 
four time points however, the 30% threshold is included in the CI, and definitive conclusions 
cannot be made. In a study by Muller et al, the mean error for pooled data was 33% with a CI 
of [30;36], which is just close enough for valid conclusions (III). With respect to the data at the 
four time points, the CI includes 30% in 2 cases in which the mean error was close to 30% (29% 
and 36%). Smetkin et al. report results in which the 30% threshold was included in the CI for 
both pooled data and data at the four time points (IV). As a result, definitive conclusions cannot 
be made. 

Study Parameters Bias [CI] LOA- [CI] LOA+ [CI] Mean 
error [CI]

Kusaka et al II pooled data (n = 160) 
SD: 0.89
SEbias: 0.07
SELOA: 0.12

0.12 [-0.02;0.26] -1.66 [-1.90;-1.42] 1.90 [1.66;2.14] 41 [36;47]

individual data (n = 20) 
SD: 0.65, 0.8, 0.8, 1.0
SEbias: 0.15, 0.18, 0.18, 0.22
SELOA: 0.25, 0.31, 0.31, 0.39 

0.3 [0.0;0.6]
0.5 [0.1;0.9]
-0.9 [-1.3;-0.5]
0.3 [-0.2;0.8]

-1.0 [-1.5;-0.5]
-1.1 [-1.7;-0.5]
-2.5 [-3.1;-1.9]
-1.7 [-2.5;-0.9]

1.6 [1.1;2.1]
2.1 [1.5;2.7]
0.7 [0.1;1.3]
2.3 [1.5;3.1]

33 [20;46]
40 [25;55]
32 [20;44]
43 [26;60]

Muller et al III pooled data (n = 352) 
SD: 1.09
SEbias: 0.06
SELOA: 0.1

0.20 [0.08;0.32] -1.98 [-2.18;-1.78] 2.38 [2.18;2.58] 33 [30;36]

individual data (n = 158, 81, 63, 42)
SD: 0.93, 1.18, 1.2, 0.45
SEbias: 0.07, 0.13, 0.15, 0.07   
SELOA: 0.13, 0.23, 0.26, 0.12

-0.01 [-0.15;0.13]
-0.10 [-0.36;0.16]
0.30 [0.0;0.6]
0.20 [0.06;0.34]

-1.87 [-2.13;-1.61]
-2.46 [-2.92;-2.00]
-2.10 [-2.61-1.59]
-0.70 [-0.94;-0.46]

1.85 [1.59;2.11]
2.26 [1.80;2.72]
2.70 [2.19;3.21]
1.10 [0.86;1.34]

29 [25;33]
39 [31;47]
36 [28;44]
23 [17;29]

Smetkin et al IV pooled data (n = 180)
SD: 0.41
SEbias: 0.03
SELOA: 0.05

-0.14 [-0.20;-0.08] -0.96 [-1.06;-0.86] 0.67 [0.57;0.77] 31 [28;34]

individual data (n = 20) 
SD: 0.36, 0.30, 0.55, 0.44
SEbias: 0.08, 0.06, 0.12, 0.10  
SELOA: 0.14, 0.11, 0.21, 0.17

-0.11 [-0.28;0.06]
-0.09 [-0.21;0.03]
-0.13 [-0.38;0.12]
-0.20 [-0.41;0.01]

-0.82 [-1.11;-0.53]
-0.67 [-0.90;-0.44]
-1.20 [-1.64;-0.76]
-1.08 [-1.43;-0.73]

0.60 [0.31;0.89]
0.49 [0.26;0.72]
0.94 [0.50;1.38]
0.68 [0.33;1.03]

37 [22;52]
28 [17;39]
33 [20;46]
28 [17;39]

TABLE I
Bias, upper and lower LOA, and mean error as found with Bland-Altman analysis. The corresponding confidence intervals 
(CI) were reconstructed using the sample size (n), standard deviation (SD), standard error of the bias (SEbias) and standard 
error of the limits of agreement (SELOA).
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APPENDIX B

A METHOD TO CALCULATE THE SAMPLE SIZE IN METHOD COMPARISON STUDIES

Sample sizes can be calculated using a certain limit to the width of a 95% confidence interval 
(CI) around the mean error. Using the statistical package “R” (www.r-project.org), 95%-CIs 
were constructed around a hypothetical mean error of 30% for different sample sizes (table 
I). Based on a mean cardiac output (CO) of 5.0 L·min-1, the standard deviation (SD) was 0.75 
(mean error = 2*SD / mean CO, SD = 5*0.3 / 2 = 0.75). As demonstrated in the table, a sample 
size (n) of 22 is needed for a total width of the CI of no more than 20%. The interval around 
the hypothetic value of 30% is however not symmetrical (figure I). Therefore, a sample size of 
32 is needed to limit the width of the individual upper and lower 95%-CI bounds to 10%.  

Sample size 95%-CI (%)

n Lower limit Upper limit Total width

10 20.6 54.8 34.1

15 22.0 47.3 25.3

20 22.8 43.8 21.0

22 23.1 42.9 19.8

25 23.4 41.7 18.3

30 23.9 40.3 16.4

32 24.1 39.9 15.8

35 24.2 39.3 15.0

40 24.6 38.5 13.9

45 24.8 37.9 13.1

50 25.1 37.4 12.3

TABLE I
Lower and upper 95%-CI limits and the total width of the 95%-CI around a hypothetical mean 
error of 30% for different sample sizes “n”.

If the mean error turns out to be less than 30% in a specific study, the SD will be lower and 
the 95%-CI more narrow. In case of an observed mean error above 30%, the 95%-CI will become 
wider, but the observed mean error is diverged from the hypothetical value of 30%. 
Consequently, there is still a fair chance that definitive conclusions can be drawn if the observed 
mean error is higher or lower than 30%. 

FIGURE I
Lower and upper 95%-CI limits (grey lines) and the total width of the 95%-CI (dotted grey line) around a hypothetical 
mean error of 30% (dotted black line) for different sample sizes “n”.
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The percentage changes in APCO (DAPCO) and TDCO (DTDCO) are shown for each data pair. 
The DCO values are divided in 3 categories:
1) non-significant change: DCO ± 5% or less
2) moderate increase or decrease: DCO ± 5-15%
3) large increase or decrease: DCO ± 15% or more
Trending is designated “good” if DAPCO and DTDCO fall in the same category and change in 
the same direction. “Clinical concordance” is defined as the percentage of “good trending” 
designations, which was 32%. In the clinical concordance plot, DAPCO is depicted against TDCO 
for pooled data (figure I). Three zones of good trending are considered which represent the 3 
defined categories. Clinical concordance is reflected by the percentage of data pairs falling 
within these prescribed zones. 

APPENDIX C

CLINICAL CONCORDANCE
This appendix handles a worked example of the clinical concordance method to evaluate 
trending ability. In a previous study by our group, arterial pulse contour analysis cardiac output 
(APCO) was investigated against intermittent pulmonary artery thermodilution (TDCO) in 22 
patients undergoing open abdominal aortic aneurysm repair (I). Measurements were 
performed at four time points: after induction of anesthesia (1), after aortic cross clamping 
(2), after clamp release (3), and after closure of the incision (4). Cardiac output (CO) trending 
data were obtained from time point 1 to 2 (CO2 – CO1), from 2 to 3 (CO3 – CO2), and from 3 to 
4 (CO4 – CO3). Table I displays the results from clinical concordance analysis between clamp 
release and closure (from time point 3 to 4). 

FIGURE I
Concordance plot, in which zones of “good trending” are defined. Concordance is optimal if all data pairs fall into 
this zones. Note: the pooled results are shown, including CO trending data from time point 1 to 2, 2 to 3, and 3 to 4.

Data pair Change in CO (%) Category Clinical 
concordance

Error grid 

number ∆TDCO ∆APCO ∆TDCO ∆APCO good/poor zone therapeutic consequence

1 6.02 14.1 2 2 good 1 none

2 -16.8 -5.30 3 2 poor 2 insufficient action

3 14.7 6.06 2 2 good 1 none

4 -25.3 -3.57 3 1 poor 3 withholding of action

5 -4.50 6.86 1 2 poor 3 unnecessary action

6 -9.74 -1.28 2 1 poor 3 withholding of action

7 -5.69 -1.84 2 1 poor 3 withholding of action

8 13.9 12.4 2 2 good 1 none

9 -2.63 -17.7 1 3 poor 1 none

10 39.0 15.0 3 3 good 1 none

11 -5.17 6.00 2 2 poor 4 opposite action

12 -7.95 0.31 2 1 poor 3 withholding of action

13 -20.3 -42.9 3 3 good 1 none

14 -6.14 16.7 2 3 poor 4 opposite action

15 38.4 11.3 3 2 poor 2 insufficient action

16 -9.27 0.00 2 1 poor 3 withholding of action

17 8.51 -4.94 2 1 poor 3 withholding of action

18 24.6 58.4 3 3 good 1 none

19 7.90 -0.98 2 1 poor 3 withholding of action

20 67.1 22.1 3 3 good 1 none

21 0.01 -28.7 1 3 poor 3 unnecessary action

22 -10.9 0.33 2 1 poor 3 withholding of action

TABLE I
Concordance analysis example. A total of 22 data pairs of ∆APCO and ∆TDCO were available. “Clinical concordance” 
uses all data pairs in the analysis, leading to a concordance of 100*7/22 = 32%. The 4 zones in the error grid are 
indicated, together with the possible therapeutical consequence for each data pair.
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The error grid method was applied to the same dataset (from time point 3 to 4). Four zones 
of trending are considered from a perspective of therapeutic consequences:
1) APCO changes in the same direction and to the same extent as TDCO 
2) APCO changes in the same direction, but not to the same extent in comparison with TDCO
3) APCO changes while TDCO is constant, or APCO is constant while TDCO changes
4) APCO and TDCO change oppositely
For each data pair of DAPCO and DTDCO, the corresponding zone is shown in table I, together 
with the therapeutic consequence. 

Zone 1 reflects the same situation as defined in the clinical concordance method. DAPCO and 
DTDCO are both constant (DCO ±5% or less), change moderately (DCO 5-15%), or change 
extensively (CO > 15%). This situation will lead to the same therapeutic actions, irrespective 
of APCO or TDCO measurement. In zone 2, there are 2 possibilities. DAPCO is larger (DCO > 
15%) in comparison with TDCO (DCO 5-15%), or DAPCO is smaller (DCO 5-15%) than DTDCO 
(DCO > 15%). This may result in the same therapeutic actions, but therapy may be exaggerated 
or insufficient respectively. Zone 3 represents a change in APCO > 5% while TDCO is constant 
(DCO ±5% or less), or vic versa (APCO constant, TDCO changes > 5%). In the first case, therapy 
may be initiated while this is unnecessary. In the second case, therapy may be erroneously 
withheld. In zone 4, APCO and TDCO change oppositely which may lead to opposite therapeutic 
actions. As a result, zone 3 and 4 represent measurement error which threatens the patient’s 
condition. The definitions and therapeutic consequences are summarised in table II. Figure II 
displays the error grid for pooled data. Percentage DAPCO is depicted against DTDCO. The 
number of data pairs falling in each zone is displayed.
 

Zone Definition Therapeutic consequence

1. (1) COexp and COref change < 5%, or
(2) COexp and COref change between 5-15%, or
(3) COexp and COref change > 15% 
(in analogy with clinical concordance)

Correct treatment decisions

2. (1) COexp changes between 5-15%, while COref changes more 
than 15%, or 
(2) COexp changes more than 15%, while COref changes between 
5 - 15% 

Treatment may be insufficient (1) or 
exaggerated (2)

3. (1) COexp changes > 5% while COref is constant, or 
(2) COexp is constant while COref changes > 5%

Unnecessary treatment may be 
initiated (1) or necessary treatment 
may be withheld (2) 

4. (1) COexp increases > 5% while COref decreases > 5%, or
(2) COexp decreases > 5% while COref increases > 5%

Opposite treatment decisions

TABLE II
Error grid definitions for CO method comparison studies within the clinical concordance approach. The zones are 
defined from the perspective of therapeutic consequences of changes in COexp in comparison with the true change in 
CO (COref). 

FIGURE II
Error grid for ∆APCO and ∆TDCO (%). The zones are indicated with grey shades. The number of data pairs falling within 
each zone is depicted. Note: the pooled results are shown, including CO trending data from time point 1 to 2, 2 to 3, 
and 3 to 4. A number of data pairs are not displayed, as the x-axis and y-axis are limited to ±50%.
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ABSTRACT

BACKGROUND
Early goal-directed therapy refers to the use of predefined hemodynamic goals to optimize 
tissue oxygen delivery in critically ill patients. Its application in high-risk, abdominal surgery 
is, however, hindered by safety concerns and practical limitations of perioperative hemodynamic 
monitoring. Arterial waveform analysis provides an easy, minimally invasive alternative to 
conventional monitoring techniques, and could be valuable in early goal-directed strategies. 
We therefore investigate the effects of early goal-directed therapy using arterial waveform 
analysis on complications, quality of life and healthcare costs after high-risk, abdominal surgery. 

METHODS/DESIGN
In this multi-center, randomized controlled, superiority trial, 542 patients scheduled for 
elective, high-risk, abdominal surgery will be included. Patients are allocated to standard care 
(control group) or early goal-directed therapy (intervention group) using a randomization 
procedure stratified by center and type of surgery. In the control group, standard perioperative 
hemodynamic monitoring is applied. In the intervention group, early goal-directed therapy is 
added to standard care, based on continuous monitoring of cardiac output with arterial 
waveform analysis. A treatment algorithm is used as guidance for fluid and inotropic therapy 
to maintain cardiac output above a preset, age-dependent target value. The primary outcome 
measure is a combined endpoint of major complications in the first 30 days after the operation, 
including mortality. Secondary endpoints are length of stay in the hospital, length of stay in 
the intensive care or post anesthesia care unit, the number of minor complications, quality of 
life, cost-effectiveness, and one-year mortality and morbidity. 

DISCUSSION
Before the start of the study, hemodynamic optimization by early goal-directed therapy with 
arterial waveform analysis had only been investigated in small, single-center studies, including 
minor complications as primary endpoint. Moreover, these studies did not include quality of 
life, healthcare costs, and long-term outcome in their analysis. As a result, the definitive role 
of arterial waveform analysis in the perioperative hemodynamic assessment and care for 
high-risk surgical patients is unknown, which gave rise to the present trial. Patient inclusion 
started in May 2012 and is expected to end in 2016. 

TRIAL REGISTRATION
Dutch Trial Register NTR3380.

BACKGROUND

HIGH-RISK SURGERY
Both the extent of the surgical procedure and the presence of comorbidities increase the risk 
of an adverse outcome after surgery. Moreover, approximately 12.5% of all surgical patients 
are considered as ‘high-risk’ (1,2). The majority of perioperative complications and death occur 
in this minority of patients (1). With increasing age and comorbidities in the general population, 
the number of high-risk surgical patients is expected to grow. Approximately 50% of these 
surgical patients develops one or more perioperative complications, and mortality in this 
specific patient group is around 5% (1-6). Major complications such as myocardial infarction, 
cardiac failure, stroke, pneumonia, renal failure, or sepsis, involve a significant burden to the 
patient and to hospital facilities during the hospitalization period (3). After discharge, these 
complications may result in long-term disability, cognitive impairment and even death, 
significantly reducing quality of life and increasing healthcare consumption (3). 

HEMODYNAMIC MONITORING IN HIGH-RISK SURGERY
Surgical patients are subject to the effects of anesthesia, direct surgical trauma, inflammation, 
fluid shifts, and blood loss. In extensive surgical procedures, these effects are enhanced which 
may impair oxygen delivery to organs and tissues. Patients with significant comorbidity have 
limited cardiopulmonary reserve and are therefore more susceptible to the consequences of 
surgical stress (7). An imbalance in tissue oxygen delivery and demand may occur, which 
promotes the incidence of complications (8-10). This emphasizes the need for appropriate 
hemodynamic monitoring and optimization therapy to maintain adequate tissue oxygen 
delivery in perioperative care for this high-risk group.
Cardiac output (CO) is the principle determinant of tissue oxygen delivery. Continuous 
monitoring of CO would therefore be valuable in each high-risk surgical patient. A number of 
CO measurement techniques are available. Pulmonary artery thermodilution remained the 
standard technique for a number of decades (11,12). This technique is however invasive and 
associated with potentially life-threatening complications which limits its use in clinical practice 
(11,12). Transesophageal echocardiography (TEE) can be used to measure CO, but is also rather 
invasive, does not provide CO continuously, and requires specific skills that are not included 
in the training of each anesthesiologist or intensive care physician (13). Therefore, TEE is 
predominantly used in cardiac surgery. Esophageal Doppler probes for continuous CO 
measurement are easier to use but not readily tolerated by awake patients. Other minimally 
invasive CO techniques such as bioimpedance are not sufficiently reliable yet for use in clinical 
practice (13).
Arterial waveform analysis (AWA) provides a less invasive and more practical alternative to 
conventional techniques of CO monitoring. CO is derived from the arterial pressure waveform, 
and only requires an arterial line, which is almost routinely placed in high-risk surgical patients 
in the operating room (OR) and intensive care unit (ICU) (13,14). Moreover, the AWA technique 
enables dynamic preload assessment in mechanically ventilated patients. Assessment of 
cardiac preload or fluid responsiveness is the first step in optimizing CO (14,15). Both AWA 
based CO measurement and dynamic preload assessment have been validated in a variety of 



CHAPTER 796  | |  97ARTERIAL WAVEFORM ANALYSIS IN ANESTHESIA AND CRITICAL CARE

7

ADDED VALUE OF THE PROPOSED STUDY
The present study is a multi-center, randomized controlled trial in a relatively large group of 
patients and performed in both university and non-academic teaching hospitals. Patients 
scheduled for elective, high-risk, abdominal surgery are included. They represent an extensive 
group of patients at risk for adverse postoperative outcomes. The primary aim is to reduce 
the number of major complications, which are associated with an increased short- and long-
term morbidity and mortality. These complications are expected to comprise a major burden 
to quality of life, healthcare costs and long-term outcome, which are included as secondary 
outcome parameters. AWA based CO monitoring techniques are used to assess tissue oxygen 
delivery, which is minimally invasive and easy-to-use. The treatment algorithm is straightforward 
and suitable for each anesthesiologist, ICU physician, and anesthesia or ICU nurse. The results 
of this study may therefore be useful in guiding evidence-based implementation of EGDT.

OBJECTIVE
The primary objective of the study is to investigate the effect of perioperative EGDT using 
arterial waveform analysis on a composite endpoint of major complications including mortality 
after high-risk, abdominal surgery, in comparison with standard care. Secondary endpoints 
are minor complications, length of stay in the hospital, length of stay in the ICU or post 
anesthesia care unit (PACU), long-term outcome, quality of life (QOL), and cost-effectiveness. 
We hypothesize that perioperative EGDT using arterial waveform analysis reduces the number 
of major complications after high-risk, abdominal surgery, in comparison with standard care. 

METHODS/DESIGN

TRIAL DESIGN
The EGDT trial is designed as a multi-center, randomized, controlled, superiority trial with two 
parallel groups in a 1:1 allocation. The trial is unblinded for the clinicians involved, the patients 
and the observers. 

STUDY SETTING
The study is performed in 4 hospitals in The Netherlands:
- Albert Schweitzer Hospital, Dordrecht, The Netherlands
- Maastricht University Medical Center, Maastricht, The Netherlands
- University Medical Center Groningen, Groningen, The Netherlands
- University Medical Center Utrecht, Utrecht, The Netherlands

ELIGIBILITY CRITERIA
Eligible are patients scheduled for elective, high-risk, abdominal surgery. Two groups of patients 
are considered high-risk:
- patients undergoing extensive procedures comprising a high risk for an adverse postoperative 

outcome, irrespective of the condition of the patient (group 1)
- patients undergoing moderately extensive procedures that suffer from significant 

clinical settings (14,16). The technique is therefore potentially valuable for advanced 
hemodynamic monitoring and fluid optimization of high-risk, non-cardiac surgical patients 
(17).

EARLY GOAL-DIRECTED THERAPY
Adequate strategies to correct and improve hemodynamic variables should be available, since 
monitoring without therapeutic consequences is not enough. Early goal-directed therapy 
(EGDT) refers to the preemptive use of predefined target values for hemodynamic optimization, 
in order to maintain tissue oxygen delivery. A target variable is continuously monitored and 
immediately corrected using a treatment algorithm if the value decreases below a predefined 
threshold. Especially CO or CO-derived variables have been used for this purpose. The 
treatment algorithms used in EGDT guide fluid therapy and inotropic support, in order to 
improve the patient’s hemodynamic status. With the emergence of AWA techniques, a new, 
promising CO measurement technique became available for EGDT (14,18).    

PREVIOUS LITERATURE
Before the start of the study, we performed a systematic review of the literature to evaluate 
all available evidence on the use of EGDT in elective, high-risk, abdominal surgery (appendix 
A). The results indicate that EGDT is a promising strategy to reduce morbidity and even 
mortality in high-risk surgery. There are, however, several limitations to the previous literature 
which may explain why EGDT has never been widely implemented into routine practice (19). 
First, the results from most studies are outdated, and not applicable to the current standard 
of care. In studies from 1988 to 2000, morbidity and mortality are much higher in comparison 
with current practice, even in the intervention groups. The same applies for length of stay in 
the hospital. Second, pulmonary artery catheterization has been used for the purposes of 
EGDT at that time. As described before, this technique is limited to specific types of surgery 
and not broadly accepted for perioperative monitoring in non-cardiac surgery (11-13,20). Two 
studies applying arterial waveform analysis for EGDT purposes were small and performed in 
a single center (4,6). Moreover, minor complications such as short lasting intra-operative 
hypotension or urinary tract infection are included as outcome measure. These complications 
are not associated with increased long-term morbidity and mortality, and should be evaluated 
separately. One final but major limitation applies to all of the studies described. They lack 
information about the effect of EGDT on long-term outcome, quality of life and utilization of 
healthcare resources. This hinders a cost-effectiveness analysis. EGDT requires the purchase 
of CO monitoring equipment, which consists of specific patient monitors and arterial blood 
pressure sensors. Additional costs may be the result of an increased use of inotropic support, 
or other therapeutic consequences of EGDT.
Since the start of the trial in May 2012, a number of interesting studies have been published, 
which partially addressed the shortcomings mentioned above (5,21-23). Two studies 
demonstrated that the implementation of a goal-directed strategy was cost-effective (21,22). 
In addition, two multi-center studies were performed in which a reduction in complications 
was shown (5,23). However, minor complications were included, and the number of patients 
was rather small in these studies.
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STANDARD CARE
Patients assigned to standard care will be treated according to local routine, with the following 
conditions: 
- After induction of anesthesia and tracheal intubation, patients are mechanically ventilated 

(volume control) with a fixed tidal volume of 8 ml·kg-1 (ideal body weight, IBW) throughout 
the procedure, adjusting respiratory rate to maintain normocapnia.

- An arterial line, central venous line and urine catheter are placed. 
- Hypotension after induction is treated preferably with crystalloids, eventually with colloids, 

with a maximum of 500 ml. Ongoing hypotension is treated with continuous infusion of 
norepinephrine. Sudden, short-lasting hypotension is treated with phenylephrine or 
ephedrine depending on local routine and indication.

- Transfusions with erythrocytes will be applied according to the 4-5-6 rule (appendix B). 
Therapy is aimed at maintaining:
- SpO2 ≥ 95% 
- Mean arterial blood pressure (MAP) ≥ 60 mmHg or ≤ 25% below baseline in case of 

preexisting hypertension
- heart rate (HR) < 100·min-1 or ≤ 25% above baseline

INTERVENTION
Patients assigned to EGDT are treated according to the same conditions as defined for the 
standard group. An EGDT algorithm is added to standard care in order to maintain tissue oxygen 
delivery in the perioperative period. After induction of anesthesia in the OR, an AWA technique 
is applied for continuous CO measurement and dynamic preload assessment. The choice of 
AWA technique depends on the institution in which the study is performed. CO values are 
indexed to the patients’ body surface area. For each patient, an age-dependent target cardiac 
index (CI) is determined with the following criteria:
- age < 60: target CI ≥ 2.8 L⋅min-1⋅m-2

- age between 60 and 75: target CI ≥ 2.6 L⋅min-1⋅m-2

- age > 75: target CI ≥ 2.4 L⋅min-1⋅m-2

If the CI drops below the target value, a treatment algorithm is used in order to restore the CI 
above the threshold (figure 1). In this algorithm, the dynamic preload parameter stroke volume 
variation (SVV) is used to determine whether the patient should receive a fluid challenge (FC), 
or whether inotropic support should be started or increased. Continuous infusion of 
norepinephrine and/or dobutamine should be used as inotropic support. SVV cannot be used 
in the following circumstances:
- spontaneous breathing activity
- tidal volume < 8 ml⋅kg-1

- breathing frequency > 16⋅min-1 
In these circumstances, a passive leg raising (PLR) test is used to guide fluid or inotropic support 
(24-26). The procedure is explained in figure 2. If the CI increases 10% or more during PLR, a 
500 ml FC is given. If not, inotropic support is started or increased. If both measurement of 
SVV and PLR testing are not possible, a small 250 ml FC is given. If the CI subsequently increases, 
another 250 ml FC is given. If CI does not increase, inotropic support is started of increased. 

comorbidity (group 2); these procedures comprise a moderately high-risk for an adverse 
postoperative outcome in healthy patients, but are considered high-risk for patients with 
significant comorbidity

Inclusion criteria are:
1) Group 1: patients scheduled for the following operations, irrespective of their American 

Society of Anesthesiologists (ASA, table 1) physical status:
- esophagectomy
- pancreaticoduodenectomy
- open abdominal aorta aneurysm repair
- major abdominal resections for soft tissue malignancy, in which post-operative 

observation in the ICU/PACU is needed
2) Group 2: patients with ASA physical status III or IV scheduled for the following surgical 

procedures: 
- gastrectomy
- colorectal resections for carcinoma
- other extensive upper or lower abdominal surgery (e.g. ileocystoplasty, debulking surgery 

for ovarian cancer) in which post-operative observation in the ICU/PACU is needed
Patients will be excluded if they meet one of the following criteria: 

- aortic insufficiency > grade 1
- age < 18 years
- cardiac arrhythmias (e.g. atrial fibrillation or flutter, ventricular tachycardia)
- emergency surgery
- patients in which cardiac output measurement is mandatory for therapeutic decisions
- contraindication for passive leg raising in the entire postoperative period

RANDOMIZATION
A randomization procedure is used to allocate patients to standard care (control group) or 
standard care with EGDT (intervention) in a 1:1 ratio. The randomization is stratified according 
to hospital and type of surgery. In each stratum, a block randomization with variable block 
size is applied using a computer. 

ASA 
physical status

Description

I Normal, healthy patient

II Patient with mild systemic disease which does not affect daily functioning (e.g. controlled 
hypertension, stable chronic obstructive pulmonary disease (COPD), well regulated diabetes 
mellitus, mild obesity)

III Severe systemic disease which affects daily functioning (e.g. coronary artery disease, heart failure 
or COPD limiting exercise tolerance, morbid obesity)

IV Systemic disease that is a constant threat to life (e.g. invalidating COPD or heart failure, unstable 
angina pectoris)

V Moribund patient

TABLE 1
American Society of Anesthesiologists (ASA) physical status.
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OUTCOME MEASURES
The primary outcome measure is the number of major complications per patient within the 
first 30 days after surgery, including mortality. An overview of all major complications can be 
found in table 2. The complications within this composite endpoint are associated with 
increased long-term morbidity and mortality (3). 
The following secondary outcome measures are considered: 
- the grade of major complications occurring in the first 30 days after surgery according to 

the Accordion Severity Grading system (27)
- the number of the following minor complications within the first 30 days after surgery: 

arrhythmia (requiring intervention), deep venous thrombosis (confirmed by 
ultrasonography), urinary tract infection (confirmed by urinalysis and treated with 
antibiotics), prolonged ileus (diagnose made and confirmed by surgeon), herniation or 
other prolonged wound healing (diagnosis made and confirmed by surgeon)

- the total amount of fluid administered in the first 24 hours after surgery (crystalloids, 
colloids, and blood products)

- inotropic support in the first 24 hours after surgery (amount and duration of infusion)
- hemodynamic (blood pressure, HR, CI, SVV, mean urine output) and laboratory (central 

venous oxygen saturation and pCO2, serum lactate, troponine) variables in the first 24 hours 
after surgery

- length of stay in the hospital and in the ICU/PACU, 
- continuation of care at intermediate care units (level of care in between the ward and ICU/

PACU)
- number and length of ICU/PACU or intermediate care readmissions
- quality of life (QOL)
- cost-effectiveness
- long-term outcome: 3, 6 and 12 months complications and mortality

Treatment according to this EGDT algorithm starts after induction of anesthesia in the OR, and 
is maintained until discharge from the ICU/PACU, with a maximum of 24 hours from induction 
of anesthesia. 

MODIFICATIONS
In case of any newly developed arrhythmia in patients in the intervention group, CO and SVV 
measurements obtained with AWA are unreliable. Therefore, treatment according to the EGDT 
algorithm stops as long as the arrhythmia persists. If a patient in the intervention group 
develops unwanted tachycardia, arrhythmia or (suspected) myocardial ischemia due to 
inotropic support applied within the EGDT algorithm, inotropic support needs to be reduced 
or stopped, irrespective of the CI. In addition, a FC should be withheld or stopped if pulmonary 
edema or cardiac decompensation is suspected, irrespective of the CI. 

PROTOCOL ADHERENCE
The EGDT algorithm is easy to use and rather straightforward. Yet, extensive training of nurses 
and physicians involved in the care for patients allocated to EGDT will be performed before 
start of the study in each participating center. Moreover, a number of nurses and physicians 
from each institution have been involved in the trial from the beginning and are thoroughly 
informed about the procedures. These “trial experts” can be consulted any time and will 
monitor the appropriate application of the EGDT algorithm.

FIGURE 2
Passive leg raising (PLR) test. The patient is transferred to the PLR position, in which the legs are lifted at an angle of 
45˚ for 120 seconds. This should be performed by pivoting the entire bed. 

FIGURE 1
EGDT algorithm. Abbreviations: CI = Cardiac Index, SVV = Stroke Volume Variation, PLR = Passive Leg Raising, FC = Fluid 
Challenge. Tidal volumes are in ml·kg-1 ideal body weight, calculated as 22*L2 (L = length in meters).
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creatinine levels are measured. The Therapeutic Intervention Scoring System (TISS) is calculated 
after admittance in the ICU/PACU (29). Variables are derived from the patient monitoring 
systems used in the operating room and ICU/PACU, or from the OR and ICU/PACU record 
systems. 
The following information is obtained in the first 30 days after surgery:
- all-cause mortality, major and minor complications, if applicable 
- duration of postoperative mechanical ventilation (hours)
- length of stay in the in the hospital (days) and ICU/PACU (hours) 
- length of stay in the in the hospital (days) and ICU/PACU (hours) according to fit-for-

discharge criteria (appendix B)
- continuation of care at intermediate care units (hours)
- number of readmissions to the ICU/PACU or intermediate care unit
All information can be obtained from the patients’ medical records. Patient follow-up with 
respect to complications and length of stay is active.
QOL will be assessed with the EQ-5D and Short Form (SF) 36 questionnaires before surgery 
and 1, 3, 6 and 12 months after surgery. Depending on the patient’s preference, the 
questionnaires are sent to the patient by email or conventional mail, or the patient is called 
by an interviewer. Patients who do not respond, will receive a maximum of 2 phone calls as a 
reminder. Before contacting or sending the questionnaires to the patient, confirmation will 
be obtained that the patient is still alive. 
Both healthcare costs (i.e. treatment costs including equipment, hospital stay, re-interventions) 
and non-healthcare costs (costs as a result of absence from work) will be analyzed. Additional 
equipment and staff costs associated with EGDT will be monitored to assess incremental costs 
associated with EGDT. Direct health care costs will be calculated by multiplying the volume of 
(healthcare) resourches use with its cost, using standard reference prices for economic 
evaluation in health care whenever available. Information on the following direct costs will be 
collected from the medical records: blood sample measurements, cultures and other 
investigations (e.g. chest films, CT-scans, echography, ECG), interventions (e.g. re-operation, 
catheterization, chest drainage, antibiotic treatment) and discharge destination (home, nursing 
home, rehabilitation). Data on absenteeism from work will be collected using parts of the 
Short-Form Health and Labor Questionnaire (SF-HLQ). The following 3 questions are added to 
the SF-HLQ: how many times did you visit your general practitioner? How many times did you 
visit a doctor in the hospital? Have you been admitted to the hospital? These questions are 
included in the QOL questionnaire described above. Indirect costs associated with production 
losses will be estimated using the friction cost method.
Long-term outcome is determined with a letter to the general practitioner of the patient after 
3, 6 and 12 months. In this way, mortality and morbidity in the period between 30 days and 
one year after the operation is determined. 

STATISTICAL ANALYSIS AND SAMPLE SIZE CALCULATION
A study of the hospital data of one of the participating centers revealed that the number of 
major complications embedded in the composite primary endpoint was 0.58 per patient, and 
that a Poisson distribution was applicable. We aim to reduce the number of major complications 

Category Complication Criteria

mortality 30-day mortality mortality within the first 30 days after surgery

cardiovascular cardiac arrest cardiac arrest, electromechanical dissociation, ventricular 
fibrillation or ventricular tachycardia without output

acute myocardial 
infarction

according to the criteria for acute myocardial infarction (see: 
Universal Definition of Myocardial Infarction (50))

acute pulmonary 
edema

diagnosis confirmed by X-ray

stroke focal brain injury that persists for > 24 hours, combined with an 
increase in disability of at least one grade on the modified Rankin 
scale (51), confirmed by cerebral CT-scan

respiratory prolonged 
mechanical 
ventilation

postoperative mechanical ventilation for more than 24 hours (any 
cause), including non-invasive pressure support ventilation through 
a face-mask

pulmonary embolism confirmed by CT-scan

pneumonia confirmed by X-ray and treated with antibiotics

respiratory failure any other respiratory complication requiring mechanical ventilation 
(including non-invasive pressure support ventilation)

renal acute kidney injury stage 2 or 3 acute kidney injury, according to the Acute Kidney 
Injury Network (52)

gastrointestinal anastomotic leak diagnose made and confirmed by surgeon

other any other complication requiring additional surgery

infection wound diagnosis made and confirmed by surgeon

severe sepsis see: International Sepsis Definitions Conference (53)

TABLE 2
Major complications within the first 30 days after surgery embedded in the composite primary endpoint.

DATA COLLECTION
Before the operation, demographic data, ASA physical status, medical history and drug usage 
are collected from the patient’s medical record. 
Each hour during the first 24 hours after induction, a number of hemodynamic variables (blood 
pressure, HR, CI and SVV if applicable) are recorded. In the EGDT group, these variables are 
also recorded before and after interventions to correct a drop in CI below the target value. 
Fluid balance in the first 24 hours is evaluated by recording the amount of fluids (crystalloid, 
colloid and blood products) infused as well as urine output and blood loss. In addition, the 
use of inotropes is registered (type, amount, duration of infusion). The following laboratory 
variables are determined after induction, during surgical closure, after admittance in the ICU/
PACU, and the morning after surgery: serum hemoglobin, lactate and full blood gas analysis 
(arterial and venous). After admittance in the ICU/PACU, the following additional blood values 
are determined, to calculate the Sequential Organ Failure Assessment (SOFA) score (28): serum 
creatinine, bilirubin and platelet count. The morning after surgery, serum troponin and 
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systematic review of the literature performed before this study (appendix A) reported adverse 
events due to the use of pulmonary artery catheters, which are not used in this study. Only 
one study reported myocardial ischemia due to use of inotropic support, which disappeared 
after stopping inotropic infusion (6). In the other studies however, the results point to a lower 
incidence of myocardial ischemia, although significant reductions have not been reported. 
Adverse events with respect to fluid overload have not been described in the systematic review. 
Despite this, precautions have been taken in the EGDT algorithm to prevent the potentially 
harmful effects of excessive fluid and inotropic support. 

SAFETY PROCEDURE
Events that meet the criteria for “severe adverse events” (SAE’s) are monitored and reported 
to the accredited IRB that approved the protocol and to a Data Safety Monitoring Board 
(DSMB). The major complications embedded in the primary outcome measure meet these 
criteria and are considered “expected SAE’s”. Cumulative data on these expected SAE’s are 
reported biannually. Mortality and all other “unexpected SAE’s” are reported immediately. 
The DSMB has been installed to assess the safety of the interventions, and to monitor the 
overall conduct of the study. In addition, the DSMB assists and advises the investigators to 
protect the validity and credibility of the trial. The members of the DSMB for this trial are an 
epidemiologist and biostatistician, an anesthesiologist and intensivist, and a gastrointestinal 
surgeon. The DSMB members will meet each six months, in closed and open sessions. After 
each meeting, the DSMB may decide the following: the trial is allowed to continue without 
further action, the trial is allowed to continue with recommendations which will be evaluated 
in the next meeting, or recruitment of patients is stopped since accumulating data point to 
an adverse effect in the intervention arm. The study will not stop if accumulating data point 
to a beneficial effect in the intervention arm. The roles and responsibilities of the DSMB are 
described in detail in a DSMB charter.

DISCUSSION

TRIAL CONTEXT
There is an urgent need for a multi-center, randomized controlled trial, evaluating the 
application of AWA based hemodynamic monitoring in goal-directed strategies for high-risk 
surgical patients (14,30,31). Ideally, the algorithm used for EGDT should be user-friendly and 
easily applicable, to enhance the implementation in daily care. Moreover, this trial should 
include a large group of patients, in order to have sufficient power to demonstrate differences 
in clinically relevant outcome parameters. Finally, long-term effects in terms of quality of life 
and healthcare costs should be considered. So far, this “ideal” trial has not been performed. 
The presented study protocol attempts to include the important features mentioned. A number 
of aspects of the trial design however need to be discussed in detail. First we try to elucidate 
the clinical choices made in the selection of patients, the EGDT algorithm, care in the control 
group, and safety. Next, we will discuss a number of methodological issues with respect to the 
study design, primary outcome measure, blinding and discharge criteria. 

per patient by 30%, i.e. from 0.58 to 0.41. Using Poisson regression with an assumed two-sided 
error of 5%, we calculated that a sample size of 226 patients in each group will be needed to 
detect this reduction with a power of 80%. For the multi-center character of the study, a 20% 
correction was made, since the variance between the participating centers is unknown. This 
results in a total sample size of 542, or 271 patients in each group. 
Statistical analysis will be performed using SPSS version 21.0 for Windows (SPSS Inc, Chicago, 
IL, USA). The first analysis will be performed by combining the results from the participating 
centers. After this, the results of the individual centers are analyzed to detect possible 
differences. The primary analysis consists of a comparison of the primary endpoint (number 
of complications per patient) between the control group and the EGDT group using Poisson 
regression. According to secondary endpoints, data will be checked for normal distribution 
and presented as mean +/- standard deviation when normally distributed, and as median 
+/- interquartile range when not normally distributed. Relative risks are presented with 95% 
confidence intervals. Categorical data are tested with Fisher’s exact test. Continuous data are 
tested with the t test where normally distributed, and with the Mann-Whitney U test where 
not normally distributed. A p-value < 0.05 is considered statistically significant. Analysis will 
be carried out according to the intention-to-treat principle.
For the quality of life assessment, the mean EQ-5D score and the individual SF-36 subscale 
scores are determined, and a comparison will be made between the standard group and the 
EGDT group. In addition, mean change scores are determined and evaluated over time. For 
the economic evaluation, especially the EQ-5D is of importance, as utilities, and consequently, 
Quality Adjusted Life Years (QALY), can be elicited using this generic quality of life questionnaire. 
The incremental cost-effectiveness ratio (ICER) will be expressed as cost differences between 
groups divided by differences in numbers of serious complications between groups (cost per 
complication averted). The incremental cost-utility ratio (ICUR) will be expressed as cost 
differences between groups divided by differences in QALY’s gained between groups (cost per 
QALY). Confidence intervals will be determined using bootstrapping. A cost-effectiveness 
acceptability curve will be drawn using this bootstrap sample.

IRB APPROVAL AND INFORMED CONSENT
The trial has been reviewed and approved by the institutional review board (IRB) of the 
University Medical Center Utrecht (The Netherlands). Furthermore, local IRB approval has 
been obtained in each participating center, for the local applicability of the protocol. Written 
informed consent will be obtained from all patients. 

RISKS ASSESSMENT
The treatment algorithm introduced in the patients assigned to EGDT, includes measurement 
of cardiac output, SVV and passive leg raising as a test. These measurements are performed 
using the arterial catheter, which is routinely placed in patients undergoing high-risk, non-
cardiac surgery. Therefore, no additional catheters are placed in comparison with routine 
hemodynamic monitoring. EGDT involves fluid therapy and inotropic support, which are 
commonly used in patients undergoing high-risk surgery. Additional risk associated with its 
use in the treatment algorithm is therefore not likely in comparison with routine practice. The 
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in a number of goal-directed strategies in critical care, and has been considered as target 
variable for this trial as well (36-39). There are however a number important limitations. For 
proper interpretation, oxygen consumption should be considered, which varies in the 
perioperative period to a great extent (36). In addition, ScvO2 is usually intermittently 
determined, since special oximetry probes are needed for continuous ScvO2 measurement. 
Therefore, ScvO2 was not chosen as target in the treatment algorithm, but may be used 
additionally according to local practice.  
The EGDT algorithm starts in the OR after induction of anesthesia before start of surgery. 
Postoperatively in the ICU/PACU, EGDT continues until discharge, with a maximum of 24 hours. 
In most hospitals, it is common practice to monitor patients after high-risk surgery for this 
period. For practical reasons therefore, EGDT can easily be proceeded. More importantly, 
impaired tissue oxygenation may be present up to 24 hours after surgery (40-42).

Standard care
We decided to limit the criteria for standard care, in order to keep care in the control group 
close to local routine. As described above, EGDT is meant as a supplement to standard care, 
not as a substitute. For reasons of generalizability to other institutions, care in the control 
group should not deviate from local routine to a great extent. On the other hand, bias or major 
differences between the participating centers may occur if standard care is rather 
heterogeneous. Criteria for mechanical ventilation were introduced to prevent bias from 
differences between the groups, since reliable SVV measurement requires specific ventilation 
settings (14,15). The other criteria are very legitimate and routine in most institutions. 
It would be valuable to monitor CO in the control group as well, albeit blinded for the clinicians. 
The presence or absence of differences in outcome between the control and intervention 
group are easier to interpret in the light of differences in CO between the groups. In clinical 
practice however, it may be difficult to apply standard care in the control group in the presence 
of a CO monitor. We fear that clinicians may tend to take CO values into consideration in their 
therapy. In addition, CO monitoring is associated with significant costs, which increases the 
total costs of the trial to a great extent. 

Safety
Our systematic review of the literature did not reveal any harm due to the use of fluid or 
inotropes in goal-directed strategies. In the OR and ICU/PACU, both fluid and inotropes are 
extensively used. We decided to allow the use of both crystalloid and colloid fluids, according 
to local preferences. Norepinephrine and dobutamine were chosen for inotropic support as 
these inotropes are commonly used. Clinicians and other healthcare personnel are therefore 
familiar with the administration, clinical effects and adverse reactions. In the algorithm 
however, patients may end up in a continuing loop of fluid or inotropic support if the response 
in CI is insufficient. In this case, volume overloading or adverse effects of inotropes may occur, 
and a number of safety measures have been incorporated in the algorithm. If tachycardia, 
arrhythmia, myocardial ischemia, pulmonary edema or cardiac decompensation is suspected 
or observed, any intervention within the algorithm should be stopped immediately. In contrast, 
fluid or inotropes should not be withheld in patients with CI values above their target. We 

CLINICAL CONSIDERATIONS
Patient population
Each year, a large number of patients are scheduled for extensive abdominal surgery in a 
variety of hospitals. The postoperative problems seen in the postoperative period involve a 
major burden to patients and healthcare costs, and are acknowledged by many clinicians in 
the field of anesthesia, critical care and surgery. Yet, there is ongoing debate if and which type 
of advanced hemodynamic monitoring should be applied in these patients. In contrast, 
transesophageal echocardiography and pulmonary artery catheterization are extensively used 
in patients undergoing cardiac surgery, while the risk for postoperative complications or 
mortality is often lower. Therefore, we directed to major abdominal surgery as a target 
population in this study. Hepatic resections are considered high-risk, abdominal surgery, 
especially due to bleeding complications. Intraoperatively however, the use of fluids is highly 
restrictive, and the algorithm described in this study is not suitable for application in this 
specific patient category. Therefore, we decided to exclude patients scheduled for hepatic 
resection.

EGDT algorithm
The algorithm was designed to be as easy as possible, to enhance the applicability in the 
various types of hospitals performing high-risk, abdominal surgery. Basically, the algorithm 
includes 3 steps:
1) detect a drop in CI below the target value
2) determine the intervention to restore the CI 
3) evaluate if the CI increases above the target value
The AWA technique used is not prescribed, but depends on the preference of the hospital. 
This will enhance the willingness to implement EGDT in clinical practice, since many hospitals 
already have AWA monitoring systems for other clinical purposes. In addition, EGDT is the 
intervention under investigation, not a specific device. AWA algorithms continue to improve 
and new devices will emerge in the coming years (32,33). 
We decided to use CO, indexed to BSA, as target variable in the EGDT algorithm. With increasing 
age, CO gradually decreases (34,35). Since age varies considerably in the target population, 
we decided to use different target CI values in 3 age categories. Assessment of fluid 
responsiveness is the first step to optimize CO. SVV measurement can be used for this purpose, 
if a number of criteria for mechanical ventilation are met (14,15). In the OR, this will be the 
case in most situations. In the ICU or PACU however, patients are weaned from the ventilator, 
which hinders the reliability of dynamic preload assessment. In these circumstances, PLR 
testing provides a suitable alternative, if properly performed (24-26). If the SVV criteria are 
not met and PLR testing is not possible, we decided to use a small FC to prevent unwanted 
volume loading in unresponsive patients. This small FC can be repeated if the patient responds 
well. Otherwise, inotropic support is used to restore the CI. Overall, SVV and PLR testing are 
important in the algorithm, which emphasizes the role of cardiac preload in treating low CO. 
Preload optimization is however not the primary target in this trial, since CO represents the 
most direct way to determine tissue oxygen delivery in the perioperative period (13). 
Central venous oxygen saturation (ScvO2) has been shown to be effective as a target variable 
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respiratory failure and septic shock, 3 complications are registered. We will report all 
complications separately to show if a difference in the primary endpoint is predominantly 
caused by one or more specific complications. In addition, the complications will be weighed 
using the Accordion complication severity score (27). 
A number of other outcome measures have been regarded as a primary endpoint in this trial. 
First, we performed a sample size calculation for the detection of a difference in mortality. 
This however revealed that over 5.000 patients would be needed, which was not feasible. 
Second, we calculated that approximately 250 patients would be needed to detect a difference 
in length of stay in the hospital. As a result, the study would have insufficient power to detect 
differences in terms of morbidity, which was our primary aim. Third, a single complication 
taken as outcome measure was considered. In this case however, consequences for the patient 
may differ considerably as well. As described previously, pneumonia may have a mild clinical 
course, but may also result in septic shock with multi-organ failure. Finally, we considered 
complications weighed according to the Accordian complication severity score as primary 
outcome measure (27). This however requires an ordinal approach to data-analysis, which is 
not straightforward. In addition, it remains difficult to compare patients with multiple 
complications. 

Blinding
Ideally, blinding is used at the level of the patient, the caregiver and the assessor of the 
outcome variable. In our trial however, blinding at the patient and caregiver is simply 
impossible. In theory, it is possible to use blinded assessors to determine outcome measures 
according to specified criteria. However, patient follow-up should be active and thorough, in 
order not to overlook complications and adverse outcomes once the patient is in the ward or 
at home. This requires frequent visits to the patients and monitoring of the patients’ medical 
records. During these visits and in these records, information about the use of CO monitoring 
and PLR testing is easily obtained, which make blinding impossible. Therefore, all variables are 
elaborately defined, especially outcome parameters. Strict criteria are used to define the 
complications embedded in the composite primary endpoint. In this way, we aim to minimize 
bias as much as possible.

Discharge criteria
The length of stay in the hospital and ICU/PACU are important secondary endpoints, since 
they reflect the clinical course in the post-operative period and represent a significant part of 
the healthcare costs per patient. The discharge from patients from the hospital or ICU/PACU 
is however not only based on medical conditions but also influenced by the availability of care 
at the discharge destination. Continuation of care after treatment in the ICU/PACU depends 
on the capacity of the wards or intermediate care units. Discharge from the hospital may 
require adjustments at home or (temporary) placement in nursing homes. In addition, 
discharge from the IC/PACU is mainly the morning after surgery, which leads to a skewed 
distribution. To account for these effects, fit-for-discharge criteria from the hospital and ICU/
PACU were determined (appendix C). 

therefore emphasize that EGDT is added to standard care, and does not replace it. Interventions 
within the usual care for high-risk surgical patients, such as treatment of hypotension, 
hypovolemia, or any other suspicion of hemodynamic deterioration, should therefore be 
applied irrespective of the CI or the treatment algorithm. 

METHODOLOGICAL ASPECTS
RCT design
Especially in studies evaluating perioperative hemodynamic therapy, randomized controlled 
trials (RCTs) have a number of limitations, such as impossibility to blind at the patient and 
caregiver level, and the Hawthorne effect (30,43,44). The Hawthorne effect is a phenomenon 
whereby clinicians tend to improve care for patients included in studies, which may affect 
outcome in both the control and intervention groups (45). We discussed the alternative 
approach of a before-after study. For the purposes of our study, prospective data collection is 
necessary. Therefore, the Hawthorne effect will be present in both “before” and “after” 
periods. More importantly, postoperative outcome after high-risk surgery is multifactorial. It 
is simply impossible to keep all these factors constant during the entire study period, which 
was the main reason to choose the RCT design. Since the start of our trial, a number of 
important aspects in the care for high-risk surgical patients have changed. First, robotic surgery 
is increasingly being used in our institutions. Second, surgical safety checklists have been 
introduced in many centers, reducing both mortality and morbidity after surgery (46). In one 
of the participating centers in this trial, this led to a significant reduction in 30-day, in-hospital 
mortality (47). Similar checklists have been implemented in the other participating centers. 
We therefore regarded randomization to be crucial in this study. We stratified the randomization 
procedure with respect to participating center and type of surgery, since these covariates may 
influence outcome to a great extent. The number of patients in certain strata may become 
small however, which was the reason to apply blocked randomization.

Primary endpoint
The primary outcome measure in this trial is a combined endpoint of major complications in 
the first 30 days after surgery, including mortality. The use of composite endpoints in trials is 
common, in order to increase statistical power and to capture the net benefit of the 
intervention (48,49). The most important disadvantage of this approach is that interpretation 
of the results is difficult if the outcomes are of different importance to patients. The 
components of a composite endpoint should therefore be clearly defined, clinically important, 
effected by the intervention, as homogeneous as possible, and weighed to reflect their relative 
importance (49). 
The major complications embedded in the composite endpoint in our study are clearly defined, 
and associated with increased long-term morbidity and mortality. Yet, there are differences 
in terms of clinical consequences for the patient. Therefore, we decided to take the number 
of complications per patient as a primary endpoint, instead of the number of patients with 
one or more complications. In this way, the severity of the complication is reflected. For 
instance, if a patient develops pneumonia, which is treated with antibiotics in the ward, there 
is only one complication registered. If the patient however needs ICU readmission because of 
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support and fluids, and hemodynamic parameters. Care in the control and intervention group 
was evaluated with respect to the use of central venous pressure (CVP) and pulmonary capillary 
wedge pressure (PCWP) to determine cardiac preload, and with respect to user-friendliness.   

RESULTS

Search and selection
Our search strategy retrieved 2799 titles suitable for primary review (figure I). On the basis of 
titles and abstract, 2.768 studies in children or animals, and studies concerning goal-directed 
therapy strategies within the field of sepsis, trauma without surgery, and cardiac surgery were 
excluded. The remaining 31 studies were assessed in full text. Screening the reference lists of 
these studies did not lead to additional selection of articles. Of the 31 studies assessed, 22 
did not meet the eligibility criteria and were excluded: 1 study investigating emergency (non-
elective) surgery, 5 studies concerning another type of surgery than abdominal, 11 studies not 
using CO or a CO-derived variable as target, and 5 studies comparing different therapy 
strategies without the use of a preset hemodynamic target variable. The number of studies 
obtained for qualitative analysis was therefore 9 (table I) (II-X). The final list of studies was 
presented to the three experts and checked for completeness, which did not lead to the 
inclusion of additional studies.

APPENDIX A

EARLY GOAL-DIRECTED THERAPY USING ARTERIAL WAVEFORM ANALYSIS IN HIGH-RISK, 
ABDOMINAL SURGERY: A SYSTEMATIC REVIEW OF THE LITERATURE.

SEARCH
A systematic review of the literature was performed to evaluate all available evidence on 
the use of EGDT in high-risk, abdominal surgery. MEDLINE (provider: PUBMED) was searched 
using the keywords “goal-directed therapy AND surgery”, “high-risk surgery AND 
hemodynamic monitoring”, “high-risk surgery AND oxygen delivery”, “high-risk surgery AND 
cardiac output”, and “high-risk surgery AND stroke volume”. We limited our search to 
randomized controlled trials in the English language, published between 1985 and 2011. 
The title and abstracts identified were then screened for potential articles. After this primary 
exclusion, full articles were obtained and assessed for eligibility. In addition, the reference 
lists of identified trials were screened and another expert in the field was consulted to 
complete the list of publications.

SELECTION CRITERIA
Patient criteria 
Patients undergoing elective, high-risk, abdominal surgery were eligible. Other types of surgery 
(e.g. cardiac, brain, peripheral vascular or orthopedic surgery) were excluded. In addition, 
studies in patients suffering from sepsis, trauma, or other critically illnesses not undergoing 
surgery were beyond the scope of this review.

Intervention criteria 
The intervention comprised of measurement and subsequent maintenance of CO or a CO-
derived variable above a clearly defined, preset, target value. CO-derived variables included 
cardiac index (CI), stroke volume (SV) or stroke volume index (SVI), and tissue oxygen delivery 
(DO2) or tissue oxygen delivery index (DO2I). Studies comparing two or more fluid regimes, 
inotropic support, or other interventions without the use of a target variable were excluded. 
Therapy in the control group needed to be standard care with or without complementary 
requisites on fluid or inotropic support. Studies using another goal-directed strategy in the 
control group were excluded. No restrictions on the duration and timing of the intervention 
(before, during or after the operation, or any combination) were imposed. As a primary 
endpoint, patient outcome (mortality, morbidity), hospital data (length of stay in the hospital) 
and hemodynamic variables were accepted.

Assessment  
Eligible studies were graded using the systems described by Jadad et al (I). This scale is used 
to assess study quality by scoring three elements (randomization, double blinding, and 
withdrawals and dropouts) with a score range of 1 to 5. With respect to outcome measures, 
the effects of goal-directed strategies on mortality, morbidity, and length of stay in the hospital 
was evaluated. In addition, the studies were reviewed for adverse effects, use of inotropic 

FIGURE I
The results from the systematic search, before and after exclusion based on title and abstract, and after fulltext 
assessment.
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INTERPRETATION
These results indicate that EGDT is a promising strategy to reduce morbidity and even mortality 
in high-risk surgery. There are however several limitations which may explain why EGDT has 
never been widely implemented into routine practice. 
First, the results from most studies are outdated, and not applicable to the current standard 
of care. Studies reporting a significant reduction in mortality were performed in the period 
1988 to 2000. Mortality in the control group was around 30%, which does not correspond to 
mortality rates in high-risk surgery nowadays (around 5%). Even the reduced mortality rate in 
the intervention group (around 11%) in those studies is widely above current mortality. A 
similar effect is seen in studies reporting a reduction in the number of complications per 
patient. The mean number of complications in the control group (around 1.1) is above current 
complications rates (around 0.5 per patient). The length of stay in the hospital (LOS) varies 
considerably with respect to hospital type and the type of surgery. It is however assumed that 
the current LOS for high-risk surgical patients is beneath the numbers reported in most of the 
studies (LOS in the control group around 15 days).

Quality assessment 
The final list included 1 grade I, 2 grade II, 5 grade III, and 1 grade IV. The main limitations 
reducing the quality scores were inability for full blinding and insufficient reporting of 
withdrawals and dropouts. Especially blinding of the awake patient in the post-operative period 
was often considered not feasible. In general, the randomization procedure was adequately 
performed and well documented.

Outcome measures 
The primary outcome measures reported were mortality, the incidence of complications and 
length of stay in the hospital (LOS). All studies reported mortality as an endpoint. A significant 
reduction in mortality was reported in 4 studies (VI,VII,IX,X). Mortality in the control group 
varied between 17% and 50%, in comparison with 3% and 21% in the intervention group. The 
number of complications per patient was significantly reduced in 4 studies, with the number 
of complications per patient varying between 1.03 and 1.5 in the control group, and 0.39 and 
0.97 in the intervention group (II,III,IX,X). In addition, the number of patients developing one 
or more complications was reduced in 4 studies (II,III,VI,VII). There were 2 studies reporting a 
significant reduction in LOS (III,VII). One study did not show any benefit in outcome (mortality, 
morbidity, or LOS) (IV). None of the studies included a quality of life assessment and cost-
effectiveness analysis or long-term follow-up. 

Adverse events 
Five studies reported adverse events in the intervention group (III-V,VIII,X). A significant 
increase in pulmonary embolism was seen (8 vs. 0, p= 0.004) in one study, most likely due to 
the use of PACs (IV). Two additional studies reported transient arrhythmias during PAC insertion 
(V,X). Other reported complications associated with PAC use were infection at the catheter 
insertion site, pneumothorax, and sepsis (VIII,X). The study by Valentine et al. reported a 
significant increase in the number of patients with complications in the intervention group 
(VIII). These complications included prolonged hypotension, new arrhythmias, sustained 
tachycardia, sustained bradycardia, and bronchospasm. One study reported myocardial 
ischemia due to use of dopexamine, which disappeared after stopping the infusion (III). In the 
other studies however, the results point to a lower incidence of myocardial ischemia, although 
significant reductions have not been reported.

Goal-directed treatment and its effects
Four studies reported a significant increase in tissue oxygen delivery and/or CO in the 
intervention group (III,VI,IX,X). In the other studies, CO and hence tissue oxygen delivery was 
not measured in the control group (IV,V,VII,VIII), or differences were not seen (II). Goal-directed 
treatment resulted in differences in the use of inotropes and fluids in a majority of studies 
(II,III-VI,VIII,IX). CVP and/or PCWP were used as a hemodynamic target in the control and/or 
intervention group in many studies. The most recent study uses a rather extensive treatment 
algorithm, taking multiple hemodynamic parameters and targets into account (II). 

Reference Quality 
score

Patients Intervention Main results (intervention compared to 
control)

number high-risk 
procedure, 
patient, or 
both

target 
variable

monitoring 
device

hemodynamic 
variables 

fluid and inotropic 
support 

Benes 
(2010)

3 120 both CI, SVV AWA no differences more colloid 
intra-operatively

Pearse 
(2005)

3 122 both DO2 AWA DO2 and SV higher more colloid and 
dopexamine

Sandham 
(2003)

3 1994 both DO2I PAC not provided more inotropes

Bonazzi 
(2002)

2 100 procedure CI, DO2 PAC not provided more fluid

Lobo   
(2000)

3 37 both DO2 PAC CI and DO2 higher more dobutamine, 
less dopamine

Wilson 
(1999)

4 138 both DO2 PAC not provided no difference

Valentine 
(1998)

3 120 procedure CI PAC not provided more fluid

Boyd  
(1993)

1 107 both DO2 PAC CI and DO2 higher 
pre-operatively

more fluid 
pre-operatively 

Shoemaker 
(1988)

2 398 both CI, DO2 PAC CI and DO2 higher not provided

Table I.A
Overview of the studies included in the systematic review, with respect to quality score, patients, intervention, and 
consequences of goal-directed treatment in terms of hemodynamic variables and therapy. Abbreviations: CI = cardiac 
index, SVV = stroke volume variation, DO2 = oxygen delivery, DO2I = oxygen delivery index, AWA = arterial waveform 
analysis, PAC= pulmonary artery catheter, MAP = mean arterial pressure.
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on its efficacy in high-risk, non-cardiac surgery is lacking (XI). Therefore, the use of the PAC is 
restricted to specific types of extended cardiac surgery, and discouraged to be used in other 
types of surgery (XI,XII). As a result, clinicians are reserved with the application of PACs in daily 
practice. In this systematic review, complications due to PAC use were reported in 4 studies 
(IV,V,VIII,X). 
Third, CVP and PCWP were used as a target parameter in many studies. These static preload 
indices have been shown to be unreliable in predicting fluid responsiveness (XIII). Consequently, 
CVP and PCWP should not be used in goal-directed treatment algorithms or in the control 
group. 
Only 2 studies are available which use the minimally invasive and easy-to-use arterial waveform 
technique to measure CO for EGDT (II,III). These studies demonstrate significant reductions in 
LOS and the incidence of complications. However, minor complications such as short lasting 
intra-operative hypotension or urinary tract infection are included as outcome measure. These 
complications are not associated with increased long-term morbidity and mortality, and should 
be evaluated separately. In addition, the number of included patients was small (in between 
60 and 122), and the studies were performed in one center. Therefore, the generalizability of 
the results to other institutions is limited.
One final but major limitation applies to all of the studies described. They lack information 
about the effect of EGDT on long-term outcome, quality of life and utilization of healthcare 
resources, which hinders a cost-effectiveness analysis. 

CONCLUSION
This systematic search of the literature confirms that EGDT is promising to improve outcome 
after high-risk surgery. The results and methods of most prior studies are however not 
maintainable or applicable in the current or future patient facing a high-risk surgical 
intervention. Arterial waveform analysis has become a respectable alternative to the older 
invasive and impractical techniques, and is promising to serve as a base for EGDT. Definitive 
evidence on its efficacy and cost-effectiveness is lacking, which points to the urgent need for 
an elaborate study on the abilities of arterial waveform analysis to improve outcome after 
high-risk surgery.

Second, invasive and difficult instruments have been used to measure the EGDT target variable. 
In 7 studies, CO or the CO-derived target parameter is measured using a pulmonary artery 
catheter (PAC) To measure CO, the thermodilution technique with a pulmonary artery catheter 
(PAC) remains one of the most reliable methods, but its use is associated with severe 
complications (cardiac arrhythmias, pulmonary bleeding and infection), and definite evidence 

Reference Main results (intervention vs control)

mortality complications LOS adverse effects

Benes 
(2010)

1.7 vs 3.3% (N.S.) 30 vs 58.3% pts with 
complication(s) 
(p=0.003) (*); 0.57 vs 
1.28 complications 
per pt (p=0.007) 

9 vs 10 days (N.S.) no

Pearse 
(2005)

28 days: 9.7 vs 11.7 
(p=0.78)

0.7 vs 1.5 
complication per pt 
(p=0.002); 44 vs 68% 
pts with 
complication(s) 
(p=0.007)

hospital: 11 vs 14 days 
(p=0.001) (*)

1 pt with myocardial 
ischemia

Sandham 
(2003)

in-hospital: 7.8 vs 
7.7% (*)

no difference except 
pulmonary embolism 
(adverse effect)

10 days both 8 vs 0 pts with 
pulmonary embolism 
(p=0.004)

Bonazzi (1) 
(2002)

in-hospital: both 0% 4 vs 8% (N.S.) 12 vs 11 (N.S.) 9 vs 0 pts with transient 
PVC’s during PAC 
insertion

Lobo   
(2000)

28 days: 15.7 vs 33% 
(N.S.) (*); 60 days: 
15.7 vs 50% (p<0.05)

32 vs 67% pts with 
complication(s) 
(p<0.05)

not provided no

Wilson (2) 

(1999)
in-hospital: 3 vs 17% 
(p=0.007) (*) (both 
groups vs control)

30 vs 61% pts with 
complication(s) 
dopexamine group vs 
control (p<0.05)

reduced  in both 
groups vs control 
(numbers not 
provided)

no

Valentine (3) 
(1998)

in-hospital: 5 vs 2% 
(N.S.)

11 vs 3% pts with 
complication(s) 
(p=0.02)

13 days both 8 (13%) pts with PAC 
related complications 
(transient arrhythmia, 
pneumothorax, sepsis)

Boyd  (1993) 28 days: 5.7 vs 22.2% 
(p=0.015) (*)

0.68 vs 1.35  
complications per pt 
(p=0.008)

hospital: 12.5 vs 16 
days (N.S.)

no

Shoemaker 
(4) (1988)

In-hospital: series 1: 
21 vs 38% (p<0.05); 
series 2: 4 vs 33 
(p<0.05) vs 23% 
(p>0.05)

series 1: 0.97 vs 1.54 
(p<0.05); series 2:
0.39 (p<0.05) vs 1.3 
vs 1.03 (p<0.05), 
complications per pt

no differences 12% transient 
arrhythmias during PAC 
placement, 4% insertion 
site infection

(1) pilot study, no sample size calculation. (2) two intervention groups: dopexamine and adrenaline. (3) no sample 
size calculation performed. (4) 2 patient series, series 1: PAC protocol vs PAC control; series 2: PAC protocol vs PAC 
control vs CVP control  

TABLE I.B
Overview of the studies included in the systematic review, with respect to outcome measures and adverse effects. (*) 
refers to the primary endpoint. Abbreviations: LOS = length of stay in the hospital, N.S. = not significant, PVC = 
premature ventricular complex, pt(s) = patient(s).
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APPENDIX C

FIT-FOR-DISCHARGE CRITERIA ICU/PACU
1) Hemodynamically stable, without the need for inotropic support in high doses
2) Respiratory stable, as defined by:

- oxygen need with a fraction of inspired oxygen < 60%
- need for drainage or suction of saliva < 3 times per shift
- time after extubation: > 2 hours (extubation after regular period of postoperative 

mechanical ventilation) or > 24 hours (extubation after prolonged postoperative 
mechanical ventilation [> 24 hours])

3) neurologically: Glasgow Coma Score > 8 or stable neurological condition acceptable for 
receiving intermediate care unit or ward

4) other:
- stable production of surgical drains
- no need for continuous dialysis

FIT-FOR-DISCHARGE CRITERIA HOSPITAL
1) Tolerance for oral feeding:

- at least one solid meal per day without nausea, vomiting or increase in abdominal pain
- active drinking without the need for intravenous fluid administration

2) Recovery of gastrointestinal function in terms of flatulence
3) Adequate analgesia with oral medication during resting, sitting and walking (if possible 

preoperatively) without significant pain (pain under controle according to the patient, or 
pain score ≤4 on the visual analog scale)

4) Ability for mobilization (sitting, standing, walking, and walking stairs if needed) and self-care 
(washing, visiting the toilet, getting dressed), unless this was impossible before surgery

5) No signs of complications or untreated medical problems:
- normal body temperature
- HR, blood pressure and breathing frequency comparable to preoperative values
- stable hemoglobine level
- normal bladder function, or comparable to preoperative function

APPENDIX B 

THE “4-5-6” RULE FOR TRANSFUSION WITH ERYTHROCYTES DURING ACUTE, NORMOVOLEMIC 
ANEMIA

Consider tranfusion of the serum hemoglobine level is < 4 mmol⋅l-1 in the following 
circumstances: 
- healthy patients (ASA physical status grade I)
- age < 60 years
- normovolemic blood loss in 1 location

Consider tranfusion of the serum hemoglobine level is < 5 mmol⋅l-1 in the following 
circumstances:
- healthy (ASA I) patients with normovolemic blood loss in 1 location, but with age > 60 years
-  healthy (ASA I) patients with age < 60 years, but with normovolemic blood loss in more 

than 1 location
- patients with ASA physical health status grade II and III
- perioperative setting with expected blood loss > 500 ml
- patients with fever
- postoperatively after uncomplicated cardiac surgery

Consider tranfusion of the serum hemoglobine level is < 6 mmol⋅l-1 in the following 
circumstances: 
- patients with ASA physical status grade IV
- patients with insufficient cardiopulmonary mechanisms to compensate hemodilution
- septic or toxic patients
- patients with severe pulmonary disease, or symptomatic cerebrovascular disease
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POSITION OF ARTERIAL WAVEFORM ANALYSIS IN HEMODYNAMIC MONITORING (CHAPTER 2)
Goal-directed strategies aimed at optimizing hemodynamic variables other than blood pressure 
have been associated with improved outcome in a variety of critical care settings (1,2). This 
explains the increasing interest in cardiac output (CO) and cardiac preload monitoring in 
patients undergoing major surgery and patients in the intensive care unit (ICU) (3). The current 
arterial waveform analysis (AWA) based monitoring devices are easy to use, and provide 
measurement of CO and dynamic preload assessment in a continuous fashion (4). Their 
invasiveness and reliability however differs (Chapter 2). The calibrated systems provide a variety 
of hemodynamic parameters, and are more robust during hemodynamic changes if frequent 
recalibration is performed. However, central arterial and central venous catheterization is 
required, which limits the applicability in intermediate risk patients, intermediate care wards, 
and the emergency department. Uncalibrated devices only require a peripherally or centrally 
inserted arterial line, but the reliability is hindered in patients using vasoactive medication, 
during hemodynamic disturbances, and in patients with disturbed vasomotor tone due to 
sepsis or liver failure (Chapter 2, 5-8). In these high-risk patients however, CO and cardiac 
preload measurement would be extremely valuable. This was the reason to perform a study 
in patients undergoing open abdominal aortic aneurysm (AAA) repair, and in patients with 
impaired left ventricular function (LVF).
 
ARTERIAL WAVEFORM ANALYSIS IN HIGH-RISK SURGICAL PATIENTS (CHAPTERS 3, 4 AND 5)
During open AAA repair, vasomotor tone is disturbed by the effects of aortic cross-clamping 
(9-11). In patients with impaired LVF, minor changes in CO may have major consequences. 
Moreover, these patients are more vulnerable to the adverse effects of volume loading, which 
emphasizes the need for reliable discrimination of fluid responders and non-responders. In 
chapter 3, the validity of uncalibrated AWA CO measured with the FloTrac/Vigileo™ system was 
investigated against pulmonary artery thermodilution during open AAA repair. The results 
showed that the techniques were not interchangeable, and that trending ability of AWA CO 
was low. Even after induction and during skin closure, the mean error did not reach the 
predefined, clinically acceptable threshold. In chapter 4 and 5, we investigated the validity of 
uncalibrated AWA CO and dynamic preload assessment with the FloTrac/Vigileo™ system in 
patients with impaired LVF undergoing coronary artery bypass grafting (CABG). Chapter 4 
describes the method comparison part of this study. The accuracy and precision of AWA CO 
measurement was not interchangeable with pulmonary artery thermodilution, and trending 
ability was outside the acceptable range. The fluid responsiveness part of the study is presented 
in chapter 5, investigating the diagnostic accuracy of stroke volume variation (SVV) in the period 
between induction of anesthesia and sternotomy. SVV failed to reliably predict fluid 
responsiveness. This might be a direct consequence of the flattened Frank-Starling curve in 
these patients. Moreover, the results indicated that patients with impaired LVF may show a 
variable response to volume loading, which hinders reliable prediction of fluid responsiveness. 
The studies presented in Chapter 3 to 5 show a number of interesting similarities and differences. 
First, proportional spread was present in both patient groups, although CO varied considerably. 
In the open AAA group, CO was relatively high, especially after aortic cross clamp release (more 
than 6.6 L⋅min-1). The increase in spread over the range of CO measurements may therefore 

be explained by difficulty in reliably measuring high CO values. The results in the impaired LVF 
group however conflict with this hypothesis. Mean CO in this group was almost 50% lower 
(3.6 L⋅min-1), but proportional spread was clearly present. Combining the results from Chapter 
3 and 4 therefore indicates that the imprecision in the uncalibrated AWA CO software is the 
results of a relative or percentage error, not an absolute error. This hypothesis is further 
explained in Chapter 6 (section: “Proportionality”). This error could be the result of peripheral 
vascular disease, which represents a common comorbidity of patients scheduled for open AAA 
repair and CABG. Vascular disease may interfere with the modeling of arterial compliance and 
peripheral vascular resistance, which is an important component of calculating CO from the 
arterial pressure waveform. To overcome this problem, calibrated AWA devices may be 
advantageous. In patients undergoing open AAA repair, more extensive and invasive monitoring 
with a calibrated technique is acceptable as central venous catheterization is almost routinely 
performed. In addition, measurement of extravascular lung water may be useful in the post-
operative period in the ICU (12). In patients with impaired LVF however, the usefulness of 
calibrated techniques strongly depends on the clinical situation. 
Second, reference CO was measured using pulmonary artery thermodilution in both studies. 
Five bolus injections of 10 ml saline at room temperature were averaged as a single reference 
CO value. This resulted in a 8.5% reference precision in the open AAA repair patients against 
7.3% in patients with impaired LVF, which is highly precise in comparison with other method 
comparison and fluid responsiveness research (13). At the various time points within the 
studies, the most precise reference measurements were obtained during skin closure in open 
AAA repair patients and after volume loading in patients with impaired LVF (both 6.7%). This 
precision was close to the variability in CO induced by mechanical ventilation (14). The most 
imprecise reference readings (10.9%) were observed after aortic cross clamping in the open 
AAA repair group. Interestingly, the hemodynamic circumstances varied considerably between 
the studies, but this did not lead to profound differences in reference precision. As a result, 
the pulmonary artery thermodilution method can still be considered very valuable as a 
reference technique. 

METHODOLOGICAL CHALLENGES IN CO METHOD COMPARISON RESEARCH (CHAPTER 6)
Studies investigating the validity of new CO monitoring devices face a number of challenges 
with respect to the design, data collection, data analysis, and interpretation of the results. 
Chapter 6 discusses the most important misconcepts in the application of Bland-Altman 
analysis in method comparison research. Moreover, current methods to evaluate trending 
ability are discussed and a new method is introduced. Most of the topics discussed in this 
chapter are the consequence of our own reflections and experiences during the design and 
data analysis of the studies described in Chapter 3 and 4. The following measures were taken 
in these studies to prevent misinterpretation of the results: 
- clinically acceptable thresholds for the results from Bland Altman analysis and trending 

ability were defined in advance;
- sample size calculations were performed and 95% confidence intervals (CI) were provided;
- the differences between the experimental and reference technique were checked for 

normality;
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period in the intensive care or post-anesthesia care unit. This is expected to reduce the 
incidence of major complications and to improve quality of life after surgery. The incidence of 
minor complications, long-term outcome and cost-effectiveness are evaluated. The results of 
the present trial may facilitate the application of minimally invasive goal-directed strategies 
in the anesthetic and critical care for the high-risk surgical patient. This population still has a 
significant risk for adverse outcomes after surgery, including long-term morbidity, disability, 
and mortality (27-31). 
At the time of writing, approximately 380 patients have been included. Patient inclusion is 
expected to end in 2016. Since the start of the study, a number of interesting goal-directed 
therapy trials concerning the high-risk surgical population have been published (32-34). These 
studies partly addressed the shortcomings mentioned above, and showed conflicting results. 
Unfortunately, there is only one trial that included a large number of patients, evaluating 
moderate and major complications as a primary endpoint (35). In this study, there was a trend 
towards a lower number of complications in the intervention group (36.6% vs. 43.4% in the 
control group, p=0.07). Interestingly, the results were used to update a systematic review and 
meta-analysis within the same article. The results of this updated review demonstrated a 
reduction in post-operative complications. The method of presenting both the results from 
the trial and updated review has been subject of scrutiny. The use of goal-directed approaches 
in the perioperative care for the high-risk surgical patient therefore remains a continuing 
controversy. 

LIMITATIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH
The studies in this thesis have a number of limitations which need to be addressed. From these 
limitations, a number of recommendations and considerations for future research can be 
formulated.
First, the reference technique of pulmonary artery thermodilution is subject to controversy, 
as its use has been associated with complications and its effectiveness has not been definitively 
established (4,26, 36). The application of pulmonary artery catheterization is therefore more 
and more restricted to specific, high-risk situations in the ICU and operating room such as 
heart and lung transplantation, cardiac assist-device implantation, pulmonary hypertension, 
and right ventricular failure. In the future, the availability of this highly precise technique for 
method comparison and fluid responsiveness research may therefore decrease. The 
transpulmonary thermodilution method with a calibrated AWA device may be a suitable 
alternative (37,38). 
Second, the availability of patients with isolated impaired LVF was limited. In the evaluation 
of fluid responsiveness in Chapter 5, this led to a wide 95% CI for the area under the receiver 
operating characteristics curve. Another explanation for this effect, is the increased variability 
in the response to volume loading in patients with impaired LVF. This might be the result of 
altered heart-lung interactions and a different relation between cardiac preload and stroke 
volume (SV). In patients with other types of cardiac dysfunction, this relation could also be 
disturbed. Future studies should thereore include a large number of patients. For this purpose, 
the use of multiple measurements in each patient and a multi-center approach should be 
considered. This enhances the opportunities for subanalyses, and evaluation of the added 

- corrections were made for the use of paired measurements and t-values corresponding to 
the degrees of freedom in the patient sample were used;

- the data were checked for the presence of proportional bias and spread;
- precision of the reference techniques was determined and considered in the interpretation 

of the data.
The original articles by Bland and Altman and more recent publications address a number of 
the challenges that arise with the application of Bland-Altman analysis (15-24). Unfortunately, 
the recommendations from these publications are insufficiently incorporated in the design 
and data analysis of many recent method comparison studies (18,25). Chapter 6 therefore 
aims to provide a more complete overview, leading to a stepwise approach and checklist for 
researchers in the field. One of the most important risks for erroneous conclusions is the 
combination of omitting sample size calculations and CIs. This should be strongly discouraged. 
Another challenge arises with the use of continuous techniques, which is expected to grow in 
the future since goal-directed strategies are increasingly being used (3,26). Continuous devices 
need time to process changes in CO. Comparing techniques with a difference in response time 
during changes in the underlying CO will invariably lead to wide LOA and high mean errors 
(Chapter 6). This problem should be considered in the study design and data analysis. In 
addition, there is an increasing interest in analysis of trending ability by continuous devices. 
In analogy with Bland Altman analysis for absolute values in CO, methods to evaluate trending 
ability have a number of important limitations. Four-quadrant concordance provides a crude 
trending estimate, only considering the direction of the change in CO. Polar plot methodology 
enables quantitative trending analysis, but the interpretation is less intuitive. As an alternative, 
we introduced the concept of clinical concordance and an error grid method. The major 
advantage of this method, is the intuitive interpretation from a clinical perspective. Future 
studies are needed to validate these new methods against other trending analysis techniques. 

EARLY GOAL-DIRECTED THERAPY IN HIGH-RISK, ABDOMINAL SURGERY (CHAPTER 7)
Chapter 7 describes the study protocol of a trial aimed to investigate the effects of goal-directed 
therapy based on AWA CO and cardiac preload measurement in a high-risk surgical population. 
Before the start of the study, a systematic review of the literature was performed. Included 
trials evaluated goal-directed strategies with CO or CO-derived variables in patients scheduled 
for elective, high-risk, abdominal surgery. The most important conclusions from this systematic 
review were:
- early goal-directed therapy is promising to improve outcome after high-risk surgery; 
- the results and methods of most prior studies are not applicable to today’s clinical practice;
- AWA may serve as an alternative to more invasive monitoring techniques in goal-directed 

strategies, but the evidence is limited to small, single-center studies in which major 
morbidity, long-term outcome, and cost-effectiveness have not been included as endpoints.

These observations served as a base for the design of a multi-center, randomized controlled 
trial evaluating the effects of early goal-directed therapy on outcome after high-risk, abdominal 
surgery. AWA based CO monitoring represents the primary target variable, which should be 
held above a preset, age-dependent threshold value. In this way, CO and hence tissue 
oxygenation is expected to be maintained during the operation and in the post-operative 
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phenomenon. Hemodynamic evaluation of critically ill patients therefore remains complex, 
and requires the consideration of multiple, potentially conflicting variables. CO remains an 
important player in this process, but clinicians should be aware of its limitations. 

CONCLUSIONS
The following conclusions can be drawn from this thesis:
- The validity of arterial waveform analysis CO measurement and dynamic preload assessment 

remains subject of debate in patients who need advanced monitoring most urgently 
(Chapter 2). 

- The accuracy, precision, and trending ability of uncalibrated AWA CO measured with the 
FloTrac/Vigileo™ was insufficient in patients undergoing open AAA repair and patients with 
impaired LVF (Chapter 3 and 4). 

- The diagnostic accuracy of SVV for the prediction of fluid responsiveness in patients with 
impaired LVF was low (Chapter 5). 

- Method comparison studies face a number of methodological and statistical challenges 
that need to be addressed in future studies. A checklist for the application of Bland Altman 
analysis in method comparison research could contribute to a better approach to the design, 
data analysis and data presentation (Chapter 6). 

- There is an ongoing debate about the effects of goal-directed therapy on outcomes following 
major abdominal surgery. The results from the “early goal-directed therapy in high-risk 
abdominal surgery trial” are therefore awaited with interest (Chapter 7). 

value of SVV in comparison with other hemodynamic variables (39). In clinical practice, fluid 
responsiveness is not assessed using a single variable, but by careful consideration of multiple 
variables, such as heart rate, blood pressure, CO, peripheral circulation, peripheral temperature, 
diuresis, and fluid balance. Multivariable logistic regression modeling is a method to evaluate 
SVV and its contribution to the prediction of fluid responders against these variables (39). This 
method however requires substantial increases in sample size in comparison with the number 
of patients in current fluid responsiveness studies. A final consideration for future fluid 
responsiveness research is the comparison with the clinicians’ ability to predict fluid 
responsiveness. Experienced clinicians probably discriminate fluid responders from non-
responder better than purely by change. In order to have added value, new cardiac preload 
variables should be able to further increase the diagnostic accuracy above the level of 
experienced clinicians. In our study described in Chapter 5, a second independent 
anesthesiologist was consulted before volume loading to judge whether the patient was fluid 
responsive or not, based on all hemodynamic variables except SVV. Unfortunately, this second 
anesthesiologist was only available in 14 of 22 cases, for logistical reasons. Overall accuracy 
of the clinician’s judgments in these 14 patients was 79% (CO criterion). These results suggest 
that the clinician’s judgment about fluid responsiveness may be as good as SVV, or even better. 
Third, the results from Chapter 2-6 may conflict with the study protocol described in Chapter 
7. The validity of AWA CO and dynamic preload assessment may be disturbed in specific clinical 
situations, such as rapid changes in vasomotor tone and cardiac pathology (Chapter 3). The 
results in Chapter 4-6 confirmed this by showing reduced reliability in patients subjected to 
aortic cross-clamping and patients with impaired LVF. Moreover, method comparison research 
can be complex, especially with respect to the evaluation of the ability to track changes in CO 
(Chapter 6). Despite this, continuous CO and preload monitoring are used in our goal-directed 
therapy algorithm (Chapter 7). This means that the validity of the target parameters may be 
compromised in specific eligible patients, such as patients with impaired LVF and patients with 
rapid changes in vasomotor tone. As described in Chapter 2-5, the use of calibrated AWA 
techniques could be a solution to overcome these validity issues. Although both uncalibrated 
and calibrated AWA devices are allowed in our study protocol, there is no specification which 
device to use in which patient. This may be a limitation for each study evaluating the effect of 
AWA CO and preload monitoring in goal-directed strategies. The target variables and the 
method to measure them should therefore be adjusted to the patients under study and the 
goal-directed therapy algorithm. Consequently, AWA cannot be seen as a solution for each 
type of patient, but as one of the options within a spectrum of advanced hemodynamic 
monitoring tools (26). 
Finally, research increasingly points to a prominent role of microcirculatory derangements in 
the pathophysiology of shock (40,41). CO measurement is valuable in the evaluation of blood 
flow in addition to blood pressure (42). However, both CO and blood pressure are 
macrocirculatory variables and surrogates for local blood supply in organs and tissues. The 
coupling of the macro- and microcirculation may be disturbed in the presence of 
pathophysiological stress and critical illness (40,41). Imbalance between oxygen delivery and 
demand may therefore be present on the microcirculatory level, while CO and blood pressure 
are adequate. Measuring central venous oxygen saturation may partly overcome this 
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INLEIDING
In dit hoofdstuk probeer ik op een zo eenvoudig mogelijke manier uit te leggen wat ik heb 
onderzocht, waarom ik dit onderzocht heb en wat de belangrijkste resultaten waren. Het is 
de bedoeling dat het begrijpelijk is voor iedereen, dus ook voor niet-medici. Omdat het gaat 
om zeer specialistisch werk, is het van belang om eerst uit te leggen wat anesthesiologen doen, 
hoe de bloedsomloop werkt en hoe we de bloedsomloop kunnen monitoren. Daarna kom ik 
op het wetenschapelijk onderzoek dat ik zelf uitgevoerd heb en dat beschreven wordt in dit 
proefschrift. 

ANESTHESIE
Bij het woord “Anesthesie” wordt direct gedacht aan de “narcotiseur”: een arts die patiënten 
onder narcose brengt. Op die manier wordt het mogelijk gemaakt om een operatie te 
ondergaan zonder dat een patiënt hier iets van merkt.  Als alternatief voor narcose kan een 
ruggenprik worden gegeven voor operaties aan de onderste lichaamshelft of zenuwblokkades 
die een arm of been verdoven. Tijdens de operatie houdt de Anesthesioloog de belangrijkste 
lichaamsfuncties zoals de ademhaling, bloedsomloop, nierfunctie en bloedstolling in de gaten. 
Als het nodig is, worden deze vitale functies bijgestuurd, met medicijnen ondersteund en soms 
zelfs volledig overgenomen. Een Anesthesioloog heeft allerlei apparatuur tot zijn beschikking 
om de belangrijkste lichaamsfuncties goed in de gaten te houden. Zo zijn er bijvoorbeeld 
monitors om de zuurstofopname, de bloeddruk en het hartritme te meten. Het is cruciaal dat 
deze monitors betrouwbaar zijn en nauwkeurige metingen geven. Alleen dan kunnen 
verstoringen in de vitale functies tijdig worden opgevangen. 

DE BLOEDSOMLOOP
Eén van de belangrijkste vitale functies is de bloedsomloop. De bloedsomloop bestaat uit een 
pomp (het hart) en leidingen (de bloedvaten) die bloed met zuurstof en voedingsstoffen naar 
de organen en weefsels brengen (figuur 1). Verstoringen in de bloedsomloop zoals door 
bloedverlies of afname van de hartfunctie kunnen snel leiden tot schade aan de organen. Dit 
kan uiteindelijk resulteren in overlijden. Het meest bekende voorbeeld hiervan zijn gewonden 
die naar de Eerste Hulp worden gebracht met bloedingen na een ongeval, of patiënten met 
een hartinfarct. Tijdens operaties kunnen echter ook verstoringen in de bloedsomloop 
optreden. Zo is er vaak sprake van bloedverlies, ontstekingsreacties in het lichaam en 
veranderingen in de vochthuishouding. Hoe groter de ingreep, hoe groter deze verstoringen 
zijn. Dat maakt het soms noodzakelijk voor de Anesthesioloog om extra monitoringstechnieken 
toe te passen om verstoringen op tijd te detecteren en bij te sturen. Daarnaast kunnen de 
verstoringen aanhouden in de periode direct na de operatie. Om die reden worden patiënten 
na grote ingrepen opgenomen op de Intensive Care. Daar kan de bloedsomloop ook na de 
operatie goed in de gaten gehouden worden.  

MONITORING VAN DE BLOEDSOMLOOP
Er zijn verschillende technieken ontwikkeld om de bloedsomloop te monitoren. Zo wordt 
tijdens operaties altijd de bloeddruk gemeten. Dit kan op een eenvoudige en goedkope manier 
met een bloeddrukband die iedere 3 minuten wordt opgeblazen. Bij complexe ingrepen kunnen 

echter snelle schommelingen in de bloeddruk optreden die niet goed worden waargenomen 
wanneer de bloeddruk slechts 1 keer per 3 minuten wordt gemeten. Daarvoor zijn speciale 
meters ontwikkeld die continu de bloeddruk weergeven door een klein slangetje in een 
slagader te plaatsen, meestal bij de pols (figuur 2). Zo ontstaat een zogenaamde bloeddruk 
curve waarmee schommelingen direct worden gedetecteerd. 
De bloeddruk geeft echter niet een goed totaal beeld van de bloedsomloop. Dit komt door 
reacties in het lichaam die de bloeddruk bijsturen. Zo treedt bij bloedverlies een reactie op 
waardoor de bloedvaten zich samentrekken, vergelijkbaar met het dichtdrukken van een 
tuinslang. Door een tuinslang dicht te knijpen kan je de druk van het water hoger maken 
waardoor de straal verder komt. Er ontstaat echter uiteindelijk een soort nevel waardoor er 
maar weinig water aankomt. Door het samentrekken van de bloedvaten blijft de bloeddruk in 
stand, terwijl er al sprake kan zijn van fors bloedverlies. De bloedvaten zijn dusdanig 
dichtgeknepen dat er maar weinig bloed in de organen en weefsels aankomt. Wanneer dit 
effect optreedt tijdens operaties kan dit leiden tot complicaties zoals een longontsteking, 
hartinfarct, beroerte of wondinfectie. Idealiter meten we daarom naast de bloeddruk ook de 
hoeveelheid bloed die aankomt in de organen en weefsel, de zogenaamde bloedstroom. 

MONITORING VAN DE BLOEDSTROOM 
De bloedstroom wordt gedefinieerd als de hoeveelheid bloed die het hart iedere minuut 
uitpompt. Het is een dus maat voor de hoeveelheid zuurstof en voedingsstoffen die in de 
organen en weefsels aankomt. Bij een gezonde volwassene pompt het hart ongeveer 5 tot 6 
liter per minuut door de bloedvaten. Door de bloedstroom te meten, kan worden voorkomen 
dat er onvoldoende bloed in de organen en weefsels aankomt. De toevoer van zuurstof en 
voedingsstoffen is gegarandeerd waardoor de organen en weefsels minder schade toegebracht 
wordt. Dit kan het aantal complicaties na grote operaties verminderen. Patiënten die 

FIGUUR 1
de bloedsomloop. Het hart bestaat uit 2 helften (rechter en linker harthelft) die het bloed rondpompen door de 
bloedvaten (aderen en slagaderen). De linker harthelft pompt het bloed via de slagaderen naar de organen en 
weefsels. Het bloed stroomt via de aderen terug naar de rechter harthelft, die het bloed door longen naar de linker 
harthelft pompt.  
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uitpompt (het slag volume) varieert. Een belangrijke oorzaak van deze variatie in slag volume 
is de ademhaling. Bij patiënten die worden beademd tijdens operaties is dit effect versterkt. 
De hoeveelheid variatie in het slag volume is een directe maat voor de hoeveelheid bloed in 
de bloedvaten. Door de slag volume variatie te meten, kan dus worden bepaald of een patiënt 
vochttekort heeft in de bloedbaan. Dit tekort kan dan worden aangevuld wat zeer belangrijk 
is om de toevoer van bloed naar de organen en weefsels op peil te houden. Daarnaast kan het 
voorkomen dat patiënten teveel vocht toegediend krijgen. Dit kan leiden tot vocht achter de 
longen en daardoor problemen in de ademhaling. Net als het meten van de bloedstroom kan 
het meten van slag volume variatie complicaties voorkomen.

ANALYSE VAN DE BLOEDDRUK CURVE (HOOFDSTUK 2)
In hoofdstuk 2 wordt in detail beschreven welke apparaten beschikbaar zijn om bloedstroom 
en slag volume variatie te berekenen uit de bloeddruk curve en hoe die analyse verloopt. Deze 
apparaten verschillen onderling in hun meettechniek en betrouwbaarheid. Grofweg 
onderscheiden we apparaten die een ijking toepassen met een andere methode (externe 
ijking) en apparaten die zichzelf ijken (interne ijking). De eerstgenoemde apparaten gebruiken 
voor externe ijking een techniek waarvoor extra infuzen nodig zijn. Dit is geen probleem voor 
patiënten die grote operaties ondergaan op een operatiekamer of voor patiënten op de 
Intensive Care. Het is echter niet gebruikelijk om patiënten voor kleine ingrepen of patiënten 
op de spoedeisende hulp deze infuzen te geven. Dit beperkt de toepasbaarheid van deze 
methode wat een belangrijk nadeel is. Het grote voordeel is echter de betrouwbaarheid. Door 

complicaties ontwikkelen, liggen langer in het ziekenhuis, hebben een lagere kwaliteit van 
leven en een hoger overlijdensrisico in het jaar na de operatie. Daarnaast leiden complicaties 
tot hogere zorgkosten en een langere herstelduur, waardoor patiënten er langer over doen 
om weer aan het werk te gaan. Het meten van de bloedstroom zou dus de uitkomsten na grote 
operaties kunnen verbeteren, zowel voor de patiënt als voor de samenleving. 
Helaas is het meten van de bloedstroom erg ingewikkeld. De technieken waarmee bloedstroom 
nauwkeurig gemeten kan worden zijn erg invasief en omslachtig. Eenvoudigere technieken 
zijn echter vaak onnauwkeurig. Er is dan ook grote behoefte aan minder invasieve, eenvoudige 
èn nauwkeurige technieken voor het meten van de bloedstroom. Dit heeft geleid tot de 
ontwikkeling van apparatuur die die bloedstroom berekent uit de bloeddruk. Zo zijn we 
uitgekomen bij het begin van mijn proefschrift.

HET OMREKENEN VAN BLOEDDRUK NAAR BLOEDSTROOM
Bij iedere hartslag wordt een kleine hoeveelheid bloed in de bloedvaten gepompt, het 
zogenaamde slag volume. De bloedvaten zijn elastisch en zetten uit, waardoor de druk in de 
bloedvaten toeneemt. Hierdoor ontstaat de bloeddruk en een zogenaamde bloeddruk curve. 
Hoe meer bloed het hart uitpompt, hoe hoger de druk in de bloedvaten wordt. Bloeddruk en 
bloedstroom zijn daarom van elkaar afhankelijk en het is mogelijk om uit de bloeddruk de 
bloedstroom te berekenen (figuur 3). Er zijn verschillende bedrijven die apparatuur hebben 
ontwikkeld om de bloeddruk curve te analyseren. 
Naast de bloedstroom kunnen een aantal andere waarden worden berekend uit de bloeddruk 
curve. Een voorbeeld hiervan is “slag volume variatie”. De hoeveelheid bloed die het hart 

FIGUUR 3
het analyseren van de bloeddruk curve. De bloeddruk curve (bovenste regel) kan op verschillende manieren worden 
geanalyseerd. De meest linkse methode bepaalt de grote van de curve op verschillende tijdstippen snel achter elkaar. 
De middels methode gebruikt wetten vanuit de stromingsleer om de effectiviteit van de curve te berekenen. De 
rechtse methode berekent het oppervlak onder de curve. Uiteindelijk worden de verkregen waarden omgerekend 
tot bloedstroom. FIGUUR 2

de bloeddruk curve. Een catheter wordt geplaatst in de slagader bij de pols. Een sensor neemt de bloeddruk in de 
slagader continu waar. De bloeddruk curve die zo ontstaat, wordt weergegeven op de monitor.
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ANALYSE VAN DE BLOEDDRUK CURVE BIJ PATIËNTEN MET EEN VERMINDERDE POMPFUNCTIE 
VAN HET HART (HOOFDSTUK 4 EN 5) 
Patiënten met hartfalen vormen een uitdaging voor Anesthesiologen. Een slechte pompfunctie 
van het hart kan er snel toe leiden dat de organen en weefsels onvoldoende zuurstof krijgen. Het 
is daarom van belang om in deze patiënten de hoeveelheid vocht in de bloedsomloop op peil te 
houden. Vochttekort kan dan namelijk tot een kritiek lage bloedstroom leiden. Een bijkomend 
probleem is echter dat het hart moeite kan hebben om grote hoeveelheden vocht rond te pompen. 
Het geven van vocht op het verkeerde moment kan dan ook leiden tot vocht achter de longen en 
verstoring van de ademhaling. Het nauwkeurig meten van bloedstroom en het voorspellen van 
vochttekort zou in deze patiënten dus zeer welkom zijn. Er is helaas maar weinig onderzoek gedaan 
naar de nauwkeurigheid van het analyseren van de bloeddruk curve bij deze patiënten. Daarom 
is een studie uitgevoerd in patiënten die een open hart operatie (“bypass operatie”) moesten 
ondergaan waarbij er sprake was van een verminderde pompfunctie van het hart. De Vigileo werd 
hiervoor opnieuw gebruikt om bloedstroom en slag volume variatie te meten.
In hoofdstuk 4 worden de resultaten beschreven van de nauwkeurigheid van het meten van 
bloedstroom in vergelijking met metingen via de longslagader (“gouden standaard”). In de 
periode tussen het begin van de narcose en het starten van de hart-long machine werden 
metingen verricht met de Vigileo, zowel voor als na het toedienen van vocht. Deze metingen 
werden vergeleken met metingen via de longslagader. Uit de resultaten bleek dat de Vigileo 
metingen niet betrouwbaar waren. Opnieuw is het zeer goed mogelijk dat verkalking in de 
slagaderen heeft geleid tot een verstoring in de relatie tussen bloeddruk en bloedstroom. 
Hierdoor kan de Vigileo geen nauwkeurig analyse maken van de bloeddrukcurve.
In hoofdstuk 5 worden de resultaten beschreven van de nauwkeurigheid van slag volume 
variatie om vochtbehoefte te voorspellen. Door de metingen van de bloedstroom in de 
longslagader voor en na het toedienen van vocht te vergelijken, kon nauwkeurig worden 
vastgesteld welke patiënten een verbetering lieten zien in de bloedsomloop. Vervolgens is 
gekeken of het meten van slag volume variatie met de Vigileo kon voorspellen bij welke 
patiënten deze verbetering optrad. Helaas was slag volume variatie niet in staat om deze 
voorspelling nauwkeurig te doen. Het was dus niet mogelijk om patiënten die baat hebben bij 
vocht te selecteren om zo onnodige vochttoediening te voorkomen. Een verklaring hiervoor 
kan zijn dat de reactie op het geven van vocht bij patiënten met een verstoorde pompfunctie 
van het hart veel meer varieert. Dat maakt het moeilijker om deze reactie te voorspellen.   

UITDAGINGEN IN HET ONDERZOEK NAAR DE NAUWKEURIGHEID VAN NIEUWE APPARATEN VOOR 
HET METEN VAN DE BLOEDSTROOM (HOOFDSTUK 6)
Tijdens de onderzoeken die beschreven worden in hoofdstuk 3 t/m 5 zijn we geconfronteerd 
met een aantal uitdagingen. In feite ging het in die hoofdstukken om onderzoek waarin we 
een nieuwe techniek om de bloedstroom te meten vergelijken met een bestaande techniek. 
Zo kan worden gekeken of de nieuwe techniek de oude kan vervangen. Goed vergelijkend 
onderzoek vereist een uitgewerkt meetplan, een degelijke statistische analyse van de resultaten 
en een nauwkeurige gouden standaard techniek waarmee de nieuwe apparatuur wordt 
vergeleken. Als aan deze voorwaarden is voldaan, blijven er echter nog steeds een aantal 
problemen over bij vergelijkend onderzoek naar metingen aan de bloedstroom. 

externe ijking toe te passen op het moment van belangrijke schommelingen in de 
bloedsomloop, blijft deze methode betrouwbaar. Apparaten die interne ijking toepassen, 
verwerken deze schommelingen minder goed. Het grote voordeel van  deze laatstgenoemde 
apparaten is echter dat ze zeer gemakkelijk toegepast kunnen worden en geen extra infuzen 
nodig hebben. Daardoor is deze techniek geschikt voor minder omvangrijke operaties en buiten 
de operatiekamers en Intensive Care. De voordelen en nadelen van de 2 belangrijkste 
meettechnieken worden samengevat in tabel 2. 

Meetmethode Voordeel Nadeel

Externe ijking Betrouwbaarheid, ook bij schommelingen 
in de bloedsomloop

Beperkte toepasbaarheid, alleen bij grote 
operaties en op de Intensive Care

Interne ijking Brede toepasbaarheid, ook voor kleinere 
operaties en buiten de Intensive Care

Betrouwbaarheid, neemt af tijdens schom-
melingen in de bloedsomloop

TABEL 2
belangrijkste voor- en nadelen van apparaten die externe of interne ijking toepassen voor het meten van de bloedstroom 
uit de bloeddruk curve.

HET METEN VAN DE BLOEDSTROOM BIJ PATIËNTEN DIE GEOPEREERD WORDEN AAN EEN 
ANEURYSMA VAN DE BUIKSLAGADER (HOOFDSTUK 3) 
Patiënten met een aneurysma (verwijding) van de buikslagader hebben een groot risico om 
complicaties te ontwikkelen. Dit komt doordat het een ingrijpende procedure is met veel 
schommelingen in de bloedsomloop. De buikslagader wordt tijdens de operatie afgeklemd. 
Dit geeft een hoge bloeddruk, terwijl na het afnemen van de klem een lage bloeddruk ontstaat 
door een ontstekingsreactie. Daarnaast is er vaak sprake van fors bloedverlies. Het zou bij deze 
patiënten dan ook zeer waardevol zijn om bloedstroom te kunnen meten naast de bloeddruk. 
Echter, de schommelingen in de bloedsomloop die door het afklemmen van de buikslagader 
worden veroorzaakt, zouden de analyse van de bloeddruk curve kunnen verstoren. 
In hoofdstuk 3 is onderzocht wat de invloed is van het afklemmen van de buikslagader op de 
betrouwbaarheid van bloedstroom metingen uit de bloeddruk curve. Hiervoor is bij 22 
patiënten tijdens de operatie de bloedstroom gemeten met de “Vigileo”, een apparaat dat de 
bloeddruk curve analyseert en middels interne ijking de bloedstroom berekent. Deze metingen 
zijn vergeleken met een “gouden standaard” bloedstroom meting via de longslagader. Er is 
gemeten op 4 momenten tijdens de operatie: nadat de patiënt onder narcose is gebracht (1), 
na het afklemmen van de buikslagader (2), na het afnemen van de klem (3) en aan het einde 
van de operatie (4). De resultaten lieten zien dat de Vigileo niet in staat was om nauwkeurig 
de bloedstroom te meten op alle tijdstippen. De effecten van het afklemmen (tijdstip 2 en 3) 
konden niet nauwkeurig worden gevolgd. Echter, ook in de meer stabiele fasen van de operatie 
(tijdstip 1 en 4) was de Vigileo onvoldoende nauwkeurig. Naast de acute schommelingen in 
de bloedsomloop moet er dus sprake geweest zijn van een andere verstorende factor. Ernstige 
verkalking in de slagaderen bij deze patiënten speelt mogelijk een rol, aangezien dit de relatie 
tussen bloedstroom en bloeddruk beïnvloedt. 
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liggen en waaraan de nieuwe studie moest voldoen. De belangrijkste beperkingen van het 
onderzoek uit het verleden waren alsvolgt:
- De onderzoeken zijn uitgevoerd in 1 ziekenhuis. Het is dus de vraag in hoeverre de resultaten 

van toepassing zijn in andere ziekenhuizen. Idealiter wordt daarom een onderzoek 
uitgevoerd in meerdere ziekenhuizen.

- De onderzoeken hebben zich gericht op kleinere complicaties. Dit heeft als voordeel dat 
minder patiënten nodig zijn om bepaalde conclusies te kunnen trekken. Een nadeel is echter 
dat dan niet bekend is in hoeverre de uitkomst na chirurgie op de lange termijn verbeterd 
is. Kleine complicaties zijn immers goed te behandelen en hoeven de uitkomst op de langere 
termijn niet te beïnvloeden. Idealiter wordt een onderzoek daarom uitgevoerd in een grote 
groep patiënten. Zo kan een uitspraak worden gedaan over grote complicaties die invloed 
hebben op de langere termijns uitkomst. 

- De onderzoeken doen met name uitspraken in “medische” termen, zoals het aantal 
complicaties na chirurgie. De gevolgen voor het dagelijks leven van de patiënt zijn niet goed 
onderzocht. Idealiter wordt ook onderzocht wat de invloed is van complicaties op de 
kwaliteit van leven met behulp van vragenlijsten. Zo wordt inzichtelijk wat de gevolgen zijn 
voor het dagelijks leven van de patiënt.

- De gevolgen voor de kosten in de gezondheidszorg zijn niet onderzocht. Deze kosten zijn 
toenemend van belang om mee te nemen in wetenschappelijk onderzoek. Apparatuur om 
de bloedstroom te meten vereist het aanschaffen van monitors (kosten ca. 10.000,- euro) 
en een speciale sensor voor iedere individuele patiënt (kosten ca. 150,- euro). Het is altijd 
de vraag of een bepaalde winst in medische termen de extra kosten voor de gezondheidszorg 
rechtvaardigt. Iedere euro die wordt uitgegeven aan nieuwe appratuur kan immers niet 
worden uitgegeven aan andere aspecten van zorg. Idealiter neemt een onderzoek dit mee 
in de resultaten. 

De bovenstaande beperkingen hebben geleid tot het starten van een grote studie in 542 
patiënten, verspreid over 4 ziekenhuizen (de universitaire ziekenhuizen van Utrecht, Groningen 
en Maastricht, en het Albert Schweitzer ziekenhuis in Dordrecht). De effecten van het meten 
van de bloedstroom met behulp van analyse van de bloeddruk curve worden onderzocht in 
patiënten die een grote buikoperatie moeten ondergaan. Als belangrijkste uitkomst wordt 
gekeken naar het aantal grote complicaties, zoals een longontsteking, hartinfarct, beroerte of 
wondinfectie. Deze complicaties hebben nadelige effecten op de langere termijn en geven een 
hogere kans om te overlijden in het eerste jaar na de operatie. Deze effecten worden 
onderzocht door de patiënten een jaar lang te volgen. In dat jaar wordt ook de kwaliteit van 
leven onderzocht met behulp van vragenlijsten. Daarnaast worden de gezondheidszorg kosten 
berekend. Op deze manier kan dit onderzoek een belangrijke bijdrage leveren aan het 
implementeren van bloedstroom metingen tijdens grote operaties. 

CONCLUSIES VAN DIT PROEFSCHRIFT 
In dit proefschrift stond het meten van de bloedstroom vanuit de bloeddruk curve centraal. 
Het analyseren van het bloeddruk signaal is veelbelovend, omdat het een gemakkelijke techniek 
is die geen extra belasting voor de patiënt oplevert (hoofdstuk 2). Helaas is gebleken dat een 
apparaat dat hiervoor interne ijking gebruikt onvoldoende nauwkeurig was in patiënten die 

Ten eerste kan bloedstroom niet direct worden gemeten. Hiervoor zou het namelijk nodig zijn 
om een metertje te plaatsen in de grote slagader op de plek waar deze net uit het hart komt. 
Dat is onmogelijk. Alle beschikbare bloedstroom meters zijn daarom indirect. Ze gebruiken 
bijvoorbeeld verdunning van kleurstoffen, verandering in de bloedtemperatuur of het Doppler 
effect om de bloedstroom te berekenen. Hoe nauwkeurig deze berekeningen ook zijn, er blijft 
altijd een afwijking bestaan ten opzichte van de “echte” bloedstrooom. 
Ten tweede is de bloedstroom continu aan kleine schommelingen onderhevig. De 
bloedstroom wordt onder andere beïnvloed door de ademhaling en activiteit in het 
onwillekeurige zenuwstelsel. Dit leidt ertoe dat de bloedstroom op geen enkele moment 
exact hetzelfde is. Wanneer vergelijkend onderzoek wordt gedaan naar 2 apparaten die de 
bloedstroom meten, is het dus cruciaal om dit op exact hetzelfde moment te doen. Het 
analyseren van het bloeddruk signaal en het berekenen van bloedstroom hieruit kost echter 
tijd. Het is daarom zeer lastig om precies te bepalen op welk moment gemeten moet worden 
en om vertraging van de ene techniek in vergelijking met de andere te voorkomen. Dit effect 
wordt alleen maar belangrijker wanneer er sprake is van veel schommelingen in de 
bloedstroom. 
In hoofdstuk 6 worden alle uitdagingen in het vergelijkend onderzoek naar bloedstroom meters 
beschreven. Er wordt een checklist gepresenteerd met onderdelen waaraan goed onderzoek 
zou moeten voldoen. Daarnaast doen we een voorstel voor een nieuwe methode om 
bloedstroom meters met elkaar te vergelijken. Dit leidt hopelijk tot een verbeterde studie 
opzet en presentatie van de resultaten van dit type onderzoek in de toekomst. 

HET VERBETEREN VAN DE UITKOMST NA HOOG-RISICO CHIRURGIE MET BEHULP VAN 
BLOEDSTROOM METING (HOOFDSTUK 7)
Zoals beschreven aan het begin van dit hoofdstuk is het mogelijk om met behulp van 
bloedstroom meting de toevoer van zuurstof naar de organen en weefsels op peil te houden. 
In het verleden zijn er onderzoeken geweest die lieten zien dat hiermee het aantal complicaties 
na operaties verminderd kan worden. Met de komst van bloedstroom meters die gebruik 
maken van het analyseren van de bloeddrukcurve, is er opnieuw belangstelling voor dit soort 
onderzoek. De onderzoeken uit het verleden hebben daarnaast een aantal beperkingen. 
Daardoor is niet goed bekend in hoeverre bloedstroom metingen uit de bloeddruk curve de 
uitkomst na chirurgie anno 2016 kunnen verbeteren. Om die reden is het initiatief gekomen 
om een groot onderzoek uit te voeren naar het toepassen van bloedstroom metingen bij 
chirurgisch patiënten. 
Hoofdstuk 7 beschrijft de aanleiding tot dit onderzoek, hoe het onderzoek is opgezet en hoe 
de resultaten in de toekomst zullen worden onderzocht en weergegeven. Het is in toenemende 
mate gebruikelijk om “de buitenwereld” inzicht te geven hierin, ook wanneer een onderzoek 
nog moet beginnen. Zo kunnen onderzoekers van elkaar leren, elkaar op de hoogte houden 
van lopende onderzoeken en openheid geven over de resultaten. Het onderzoek is momenteel 
dus nog niet afgerond. De resultaten worden verwacht in 2016 en vallen dus buiten het bestek 
van dit proefschrift. Hieronder volgt een korte beschrijving.
Allereerst is op een systematische manier al het onderzoek uit het verleden doorgenomen en 
samengevat (appendix A van hoofdstuk 7). Hierdoor werd inzichtelijk waar de beperkingen 
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een operatie aan de grote buikslagader moesten ondergaan (hoofdstuk 3). De schommelingen 
in de bloedsomloop konden niet goed worden gevolgd. Hetzelfde apparaat was onvoldoende 
nauwkeurig in patiënten met hartfalen (hoofdstuk 4 en 5). Juist deze patiënten zouden kunnen 
profiteren van bloedstroom metingen. Toekomstig onderzoek zou zich dan ook moeten richten 
op het verbeteren van de bestaande apparatuur, zodat deze ook ingezet kan worden tijdens 
schommelingen in de bloedsomloop of in patiënten met hartfalen. Deze onderzoeken moeten 
dan wel voldoen aan een aantal eisen met betrekking tot de studie opzet, het meetplan en de 
gebruikte statistiek (hoofdstuk 6). Daarnaast moet worden gekeken in hoeverre het gebruik 
van bloedstroom metingen de uitkomsten na operaties kan verbeteren (hoofdstuk 7). Daarbij 
moeten langere termijns uitkomsten, kwaliteit van leven voor de patiënt en 
gezondheidszorgkosten worden meegenomen.
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