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Abstract
Over recent decades, hemodynamic monitoring has evolved from basic cardiac output monitoring techniques to a 
broad variety of sophisticated monitoring devices with extra parameters. In order to reduce morbidity and mortality 
and optimize therapeutic strategies, different monitoring techniques can be used to guide fluid resuscitation and 
other medical management. Generally, they can be divided in calibrated and non-calibrated techniques. In the first 
part of this review, the available calibrated techniques, ranging from invasive to non-invasive, will be discussed. We 
performed a review of the literature in order to give an overview of the current hemodynamic monitoring devices. 
For each monitoring system, a short overview of the physical principles, the advantages and disadvantages and the 
available literature with regard to validation is given. Currently, many promising hemodynamic monitoring devices 
are readily available in order to optimize therapeutic management in both perioperative and ICU settings. Although 
several of these calibrated techniques have been validated in the literature, not all techniques have been shown to 
reduce morbidity and mortality. Many new techniques, especially some non-calibrated devices, lack good validation 
data in different clinical settings (sepsis, trauma, burns, etc.). The cardiac output values obtained with these tech-
niques need therefore to be interpreted with caution as will be discussed in the second part of this concise review. 
Transthoracic echocardiography forms a good initial choice to assess hemodynamics in critically ill patients after 
initial stabilisation. However in complex situations or in patients not responding to fluid resuscitation alone, advanced 
hemodynamic monitoring is recommended with the use of calibrated techniques like transpulmonary thermodilution. 
Calibrated techniques are preferred in patients with severe shock and changing conditions of preload, afterload and 
contractility. The use of the pulmonary artery catheter should be reserved for patients with right ventricular failure 
in order to assess the effect of medical treatment.
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During the nineteen-seventies, cardiac output (CO) 
measurement and advanced hemodynamic monitoring 
was ignited by the widespread use of pulmonary artery 
catheters (PAC). As critical care medicine evolved, so did 
hemodynamic monitoring. At present, a multitude of moni-
toring devices, ranging from invasive over less invasive to 
non-invasive, are commercially available [1, 2]. Among this 
broad variety, a differentiation is made between calibrated 
and non-calibrated techniques. 

A calibrated technique is a monitoring technique in 
which a calibration is performed in order to eliminate or 
reduce bias in the continuous measurements [3]. The calibra-

tion refers to the act of evaluating and adjusting the preci-
sion and accuracy of the measurement equipment. The pre-
cision of a technique is the degree to which repeated meas-
urements (at the same time) show the same results while 
its accuracy is the degree of closeness of measurements of 
to its actual true value (obtained with the gold standard). 
A non-calibrated technique tries to reduce this bias by im-
plementing correction factors that are pre-programmed in 
the monitoring device. For example a nomogram-scaling 
factor based on the patients’ demographics (age, gender, 
height, weight) or an equation correction factor based on 
certain measurement characteristics. 
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Both calibrated and non-calibrated monitoring systems 
try to reduce bias in the instruments’ readings; however, 
complete elimination of this bias is impossible compared 
to a gold standard technique. Moreover, in situations where 
substantial changes in preload, afterload or contractility 
occur, aortic compliance is not constant and recalibration 
should be performed (at least 3 to 4 times per day). The 
only known gold standard technique in CO measurement 
is based on the Fick principle. Because of the invasive, ex-
pensive and time-consuming aspect of this technique, it is 
not and cannot be used in current clinical practice at the 
bedside. Instead, the PAC with thermodilution is considered 
as the gold standard in the critical care literature.

In the first part of this review on hemodynamic moni-
toring we discuss the calibrated techniques, ranging from 
invasive to non-invasive, as shown in table 1. The different 
advantages and disadvantages are listed in table 2.

STATISTICAL ANALYSIS
When comparing two monitoring techniques, the best 

statistical method to perform so seems to be the Bland and 
Altman analysis. In this analysis the difference between com-
parative measurements, also known as the bias, is plotted 
against the mean value of the measurements. By doing so, 
one can measure the upper and lower limit of agreement 
by taking the mean difference and adding or subtracting 
twice the standard deviation of the differences. If these limits 
of agreement are acceptable for the parameter measured, 
one can argue that the two measurement techniques can be 
used interchangeably [4]. The limits of agreement depend 
on the parameter studied and the reference method being 
used. When studying CO monitoring devices, the accepted 
limits of agreement need to be around 30% with a percent-
age of error of 25% [5]. 

With new devices being developed that are capable of 
continuous CO measurement, there is growing interest in 
the trending capabilities of the devices. This is the possibil-
ity of a device to detect changes in CO. There are several 
ways to analyze trending. One method being used today 
is a 4-quadrant scatter plot, first proposed by Perrino et al. 
where the ΔCO of two measuring techniques are plotted 
against each other [6]. Investigators then measure the per-
centage of concordance between the two methods used. 
A central portion of the plot is usually eliminated because 
the small changes in ΔCO are less predictive. This exclusion 
zone usually lies between 5−15%, but can be optimized us-
ing receiver operating characteristics (ROC)-curve analysis 
[7]. Acceptable concordance rates for trending capability 
in CO monitoring should be > 90%. One of the pitfalls in 
using 4-quadrant plots is that very large changes in CO are 
virtually always in agreement and so can falsely augment 
the concordance rate. Although these large changes should 
ideally be excluded, where to lay the exact cut-off point is 
hard to say. A recent publication by Critchley et al. suggests 
a new way to present trend data by using a polar plot where 
data points are converted to an angle indicating the degree 
of deviation from the ideal line of agreement [7]. When 
studying trending with thermodilution being the reference 
method a radial limit of an agreement of 5˚ is proposed [8].

GOLD STANDARD: FICK PRINCIPLE
Described by Adolf Fick in 1870, the Fick principle is 

the oldest known method of measuring CO [9]. It is based 
on a special case of mass balance, basically stating that in a 
given compartment (the heart), what goes out (arterial rate 
of indicator) equals what went in (venous rate of indicator) 
plus the rate of indicator added. This can be represented by

Flow × conc(art) = Flow × conc(ven) + conc(add)

Or, after rearrangement, and using oxygen extraction as 
indicator removed (negatively added)

Flow(CO) =              VO2

                                  
CaO2 – CvO2

Where CO is cardiac output, VO2 is the oxygen extraction 
(consumption) rate while CaO2 and CvO2 represent arte-
rial and mixed venous oxygen content, respectively. In its 
original form, the equation is described as the amount of 
oxygen picked up by the blood as it passes through the 
lungs, which is equal to the amount of oxygen taken up by 
the patient’s lungs during breathing. The amount of oxygen 
uptake can be measured non-invasively at the mouth, and 
blood oxygen concentrations are measured form mixed 
venous and peripheral arterial blood samples. While never 
actually measured by Adolf Fick himself, this constitutes the 

Table 1. Types of hemodynamic monitoring with some form of calibration

1. Gold standard Fick principle

2. Invasive techniques: Pulmonary thermodilution

a. Pulmonary artery catheter (PAC)

3. Less invasive techniques: Transpulmonary thermodilution

a. PICCO

b. EV 1000

c. LiDCO

d. Transonic: ultrasound flow dilution CO

4. Minimal invasive techniques

a. Transesophageal echocardiography

b. Disposable TEE

c. Esophageal Doppler

5. Non-invasive techniques

a. Transthoracic echocardiography

CO — cardiac output; TEE —transesophageal echocardiography
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direct Fick method and is considered the gold standard for 
CO measurements. Major disadvantages are that it is very 
invasive and expensive in terms of equipment and staff. It 
requires a cardiac catheter, a central venous and arterial line 
and stable metabolic conditions.

INVASIVE TECHNIQUE: SURROGATE GOLD 
STANDARD WITH PULMONARY THERMODILUTION
TECHNIQUE

The flow-directed pulmonary artery catheter (PAC) 
was first introduced in the 1970s by Swan, Ganz and 
Forrester [10]. Its use has revolutionized intensive care 
medicine and, almost 40 years later, the PAC remains the 
undisputed gold standard in the clinical setting [11−13]. 
While there is ongoing debate about the risk/benefit ratio 
of the procedure, it remains one of the most commonly 
used procedures performed in the critically ill worldwide 
[14−17]. However, the clinician using the technique is faced 
with multiple pitfalls that can be related to the inherent 

pressure — preload relation, to technical artifacts and to 
special disease states such as shunts and valvulopathy that 
invalidate the obtained readings [18−21]. The complexity 
of possible variations in obtained pressure tracings has led 
to a large inter-observer variability, together with reports 
of very common misinterpretation of tracings even by 
experienced clinicians [22−25].

The technique consists of injecting a bolus of indica-
tor (usually iced fluid) into the right atrium. The result-
ing indicator dilution curve is recorded by a probe (a 
thermistor) in the pulmonary artery. The integral of the 
dilution curve over time is inversely proportional to CO, 
as described by the Stewart-Hamilton equation. Later, 
catheters were introduced with the ability to measure 
CO continuously.

The PAC in itself provides — apart from calculated vari-
ables such as systemic and pulmonary vascular resistance, 
left and right ventricular stroke work and oxygen extraction 
ratio – a measurement of CO, central venous pressure (CVP), 

Table 2. Overview of advantages and disadvantages of calibrated cardiac output monitoring techniques

Technique Invasiveness Validation Advantages Disadvantages

Fick principle Gold standard Invasive NA NA Cumbersome technique

PAC Pulmonary 
thermodilution, 
surrogate gold 
standard

Invasive NA Information on right heart 
function, CEDV, SvO2

Expensive and difficult 
catheter, no beat-to-beat 
data, complications

PiCCO TPTD, new surrogate 
gold standard

Less invasive Well validated 
compared to 
PAC

Beat-to-beat data, additional 
parameters (GEDV, lung water), 
identification of R/L shunt (no loss 
of indicator), fluid responsiveness

Effect of valvulopathy on 
TPTD, need for recalibration

EV1000 TPTD, PiCCO clone Less invasive Not well 
validated

Same as PiCCO Continuous CVP tracings 
needed for calculations, effect 
of valvulopathy on TPTD, 
need for recalibration

LiDCO TP Lithium dilution Less invasive Less validated Uses existing access Expensive, lithium toxicity, 
no added parameters, cannot 
be used in children, need for 
recalibration

COstatus TP US dilution Less invasive Not well 
validated in 
adults

Uses existing access, can be used 
in children

During calibration MAP not 
available for 8 minutes, need 
for recalibration

TEE Doppler flowmetry 
and VTI at LVOT

Minimally 
invasive

Well validated Provides additional anatomical and 
functional information

Learning curve, not really 
continuous, contra-
indications

hTEE Fractional area 
contraction

Minimally 
invasive

Not well 
validated

Direct cardiac visualisation Expensive, only monoplane, 
not really continuous, no 
Doppler, no colour or TDI, 
contraindications (cfr TEE)

Eso-phageal 
Doppler

Doppler flowmetry 
and VTI at 
descending aorta

Minimally 
invasive

Reasonably 
validated

Real time CO and afterload data Learning curve, not really 
continuous, contraindications 
(cfr TEE)

TTE Doppler flowmetry 
and VTI at LVOT

Non-invasive Well validated Modern stethoscope for the 
intensivist, no contraindications

Learning curve, not really 
continuous,

CEDV — continuous end-diastolic volume; CO — cardiac output; CVP — central venous pressure; GEDV — global end-diastolic volume; LVOT — left ventricular outflow 
tract; MAP — mean arterial pressure; TDI — tissue Doppler imaging; TEE — transesophageal echocardiography; TP — transpulmonary; TPTD — transpulmonary 
thermodilution; TTE — transthoracic echocardiography; US — ultrasound; VTI — velocity time integral
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pulmonary artery pressure (PAP) and pulmonary artery oc-
clusion pressure (PAOP).

Nevertheless, a clear survival benefit resulting from the 
use of PACs remains unproven despite the placement of over 
2 million devices worldwide since its introduction. Most 
classic surgical studies have been invalidated by prospec-
tive trials [15]. Thus, the accepted indications for pulmonary 
artery catheterization have been generated largely on the 
basis of expert opinion [26].

Additionally, PACs can be used to obtain blood samples 
from the distal port (in the pulmonary artery position), which 
allow the measurement of mixed venous oxygen saturation 
(SvO2). To automate this process, PACs have been introduced 
that monitor SvO2 continuously using fiberoptic reflectom-
etry. Continuous SvO2 monitoring allows for an insight into 
the trends and oxygen supply/demand ratio [27].

Several varieties of the PAC have been developed, some 
also with cardiac pacing capabilities. These can be used for 
temporary transvenous pacing using right ventricular, atrial, 
or A-V sequential pacing modes in case of sinus node dys-
function, brady dysrhythmias or atrioventricular heart block.

Further technological improvement of the PAC has al-
lowed the measurement of “volumetric” parameters, such 
as the measurement of right ventricular ejection fraction 
(RVEF) and continuous assessment of right ventricular end-
diastolic volume (CEDV). The RVEF provides information on 
right ventricular contractility, while the right ventricular 
preload is reflected by RVEDV.

These “volumetric” PACs have intracardiac electrodes to 
monitor the R-R interval and a rapid response thermistor 
(response between 50 and 70 ms). The RVEF can be deter-
mined through a beat-to-beat analysis of the thermodilution 
curve. The RVEDV can be calculated using the following 
equation [28]: 

RVEDV = CO/(heart rate × RVEF)

Theoretically, the continuous assessment of end-diastolic 
volume and ejection fraction could be used in order to bet-
ter guide hemodynamic and fluid treatment in relation to a 
volumetric preload parameter. This ability, however, was not 
confirmed in studies (Reuse 1990, Wagner 1998) where RVEDV 
was not significantly elevated after fluid challenge, making it 
a poor predictor of fluid responsiveness [29, 30]. This has also 
been seen in patients undergoing cardiac surgery, where the 
correlation between RVEDV and preload dependency was 
absent [31]. It should be noted, when interpreting RVEDV, 
one should take RVEF in consideration as this is influenced by 
contractility and afterload [32]. Right ventricular failure could 
be an indication for the use of a “volumetric” PAC.

ADVANTAGES
The PAC is the most widely used and available catheter. 

With the modern continuous CO (CCO) methods, there is 
no added fluid and no need for manual calibration. The 
values are operator independent and continuous measure-
ments of SvO2 and right ventricular end diastolic volumes 
are available.

DISADVANTAGES
Despite the fact that it is the most widely used tool 

to obtain CCO, it provides rather complex hemodynamic 
parameters which may be difficult to interpret, even for 
experienced clinicians. It is the most invasive and a very 
expensive option for CCO, and is not truly continuous since 
an average CO is provided over 5 to 10 minute periods (so 
it cannot be used to assess fluid responsiveness). It has a 
slow response time to changes in preload or afterload, and 
has a poor signal to noise ratio. Although it is often used 
as the gold or reference standard, the data it provides are 
not verifiable [9].

LESS INVASIVE TECHNIQUE: TRANSPULMONARY 
THERMODILUTION WITH THE PICCO SYSTEM
TECHNIQUE

The intermittent CO is measured using a transpulmo-
nary thermodilution technique also based on the following 
Stewart Hamilton equation: 

CO = (Tb – Ti) × Vinj × K  /  ∫ ∆ Tb × dt

Where Tb is blood temperature, Ti is injectate temperature, 
Vinj is injectate volume, K is the correction constant and ∫∆ 
Tb x dt (area under the thermodilution curve). By using 
an algorithm based on the analysis of the arterial pulse 
contour, it is possible to continuously monitor CO (PCCO, 
pulse contour continuous CO) since the contour of the 
arterial pressure curve is proportional to the SV [33]. This 
technique allows one to assess beat-to-beat variations of 
stroke volume (SV) and thus CO in response to changing 
preload conditions. 

With cal being a patient-specific calibration factor determi-
ned by intermittent transpulmonary thermodilution, HR the 
heart rate,  the area under the arterial pressure curve, 
C(p) the aortic compliance and ( ) the shape of the arterial 
pressure curve. The first commercially available device was 
the PiCCO system (Pulsion Medical Systems, Feldkierchen, 
Germany).
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The PiCCO device allows the measurement of global end-
diastolic volume (GEDV) and intrathoracic blood volume (ITBV), 
with ITBV = 1.25 × GEDV as surrogate preload markers together 
with extravascular lung water (EVLW) and the pulmonary vas-
cular permeability index (PVPI) [2, 33, 34]. Determination of 
EVLW by single transpulmonary thermodilution depends on 
measurement of the intrathoracic thermal volume (ITTV), and 
the pulmonary thermal volume (PTV), which is the largest ac-
cessible volume transversed by the thermal indicator.

With the modern less invasive PiCCO system, the ITTV 
and PTV are calculated from the mean transit time (MTT) and 
the exponential downslope time (DST) of the thermodilu-
tion curve of the cold injectate:

ITTV = CO × MTT
PTV = CO × DST

The ITTV consists of the PTV and the sum of the end-
diastolic volumes of all cardiac chambers. Accordingly, the 
global end-diastolic volume (GEDV) can be calculated as: 

GEDV = ITTV − PTV

Based on the above-mentioned linear relation between 
GEDV and ITBV (ITBV = 1.25 × GEDV), the EVLW can be 
calculated as follows: 

EVLWI = ITTV − ITBV

Pulmonary blood volume (PBV), PVPI, SV, global ejection 
fraction (GEF), cardiac function index (CFI) and systemic 
vascular resistance (SVR) are derived from these values. 
Absolute values for CO, GEDV, ITBV, SV and SVR are normal-
ized as indexed by body surface area (CI, GEDVI, ITBVI, SVI 
and SVRI) and for EVLW by predicted body weight (EVLWI).

The SV variation (SVV), which is the percentage change 
between maximal and minimal SV divided by the average 
of the minimum and maximum over a floating period of  
30 seconds, is continuously displayed by the PiCCO moni-
tor. The pulse pressure variation (PPV) is calculated as the 
difference in maximal and minimal PP divided by the mean 
of the two values expressed as a percentage.

As described above, the SVV and PPV have been pro-
posed as parameters to guide fluid loading in critical care 
settings [35]. Their use, however, is limited to completely 
sedated patients under controlled mechanical ventilation 
in the absence of arrhythmias.

Obtaining an idea of the EVLWI together with the PVPI 
will help in classifying patients with or without acute res-
piratory distress syndrome, or acute lung injury, and dif-
ferentiating them from acute lung oedema, atelectasis, or 
pleural effusions [36].

Many studies performed in animals and different patient 
groups following cardiac surgery, heart or liver transplanta-
tion, septic or hypovolemic shock and burn patients found 
a good correlation between CO obtained with the PiCCO 
by transpulmonary thermodilution and the gold standard 
thermodilution CO with the PAC [33, 34, 37−49]. On overview 
of the published validation studies shows a mean number of 
study subjects of 27.9 ± 15, with a mean correlation coeffi-
cient of 0.95 ± 0.02. The mean CO was 5.7 ± 1.9 L min-1 (with 
a reasonable range), the bias ± precision was 0.2 ± 0.3 L min-1  
and the limits of agreement (defined as bias ± 1.96 stand-
ard deviations according to the Bland and Altman analysis) 
ranged from −0.4 ± 0.5 for the lower LA and 1.0 ± 0.5 for the 
upper LA. The standard errors were also within an acceptable 
range from 15 to 23% with one outlier of 35% [1, 43].

A recent prospective study compared the PAC and PiCCO 
in postoperative cardiac surgery patients (50). The mean CO 
values for PAC and PiCCO and FloTrac were similar (5.6 ± 1.5 
and 5.4 ± 1.5 L min-1 respectively). The mean CO bias was 
0.24 (PAC-PiCCO), with limits of agreement (1.96 standard 
deviation, 95% confidence interval) of ± 2.22. The instanta-
neous directional changes between any paired CO measure-
ments displayed 72% (PAC-PiCCO), but poor correlation (r2 = 
0.11). For mean CO < 5 L min-1, the bias decreased slightly.

ADVANTAGES
PiCCO monitoring has several advantages. Firstly, it is 

less invasive; secondly, it provides a CO that it is less de-
pendent on respiratory variations compared to the PAC 
[51]. It provides rapid available parameters that are directly 
clinical applicable. It is reproducible for less-experienced 
users and simple to operate and understand. It provides 
volume quantification that is independent of positive end-
expiratory pressure (PEEP) or intra-abdominal pressure (IAP) 
and can be used in a large range of patients (from small 
children to adults) [52, 53]. There is no loss of indicator in 
cases of right-left shunt (as with ARDS, pulmonary hyper-
tension) [54−58]. It gives real-time beat-to-beat cardiac 
output and real-time beat-to-beat fluid responsiveness and 
afterload [59]. It provides additional information (volumes) 
and functional hemodynamics (PPV, SVV). It is supported by 
literature data in humans (validation, clinical use etc. that 
show good correlation between intermittent and continu-
ous transpulmonary thermodilution CO with the PAC as the 
gold standard. There is no need for an additional chest 
X-ray. As it is less invasive, the technique has evolved as 
the new gold standard against which newer less-invasive 
and uncalibrated CO monitoring techniques are validated.

DISADVANTAGES
Possible drawbacks of transpulmonary (TP) thermodilu-

tion are: the need for a specialized arterial catheter and (iced)  
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solution with extra fluid. The fact that central circulation and 
proximal arterial catheterization is necessary is of limited 
relevance since most sick ICU patients require or already have 
these vascular accesses. The PiCCO system is less useful in val-
vulopathies (severe tricuspid or mitral insufficiency or aortic 
stenosis), abdominal aortic aneurysm or enlarged atria, as this 
can alter the values of GEDV and EVLW. The volume measure-
ment is not automated and not continuous. Finally, the Pulse 
Contour Calibration is performed at a given time point with 
a given aortic compliance at that time. The accuracy of pulse 
contour analysis is influenced by the location of the arterial 
line (being less accurate the more distal the arterial catheter). 
In a number of conditions, vasomotor tone changes and so 
will resistance; therefore there is a need for recalibration in 
patients on high doses of vasopressors since these can distort 
the arterial waveform [51]. In general, these problems can be 
prevented if the device is calibrated 3 to 4 times a day. The 
current pulse contour algorithm is also not applicable in ar-
rhythmias or during intra-aortic balloon counterpulsation.

LESS INVASIVE TECHNIQUE: TRANSPULMONARY 
THERMODILUTION WITH THE VOLUMEVIEW/
EV1000 SYSTEM
TECHNIQUE

Recently, an alternative system for transpulmonary ther-
modilution has been developed by Edwards Lifesciences 
(Irvine, California, USA), consisting of the VolumeView 
thermistor-tipped arterial catheter and EV1000 monitor-
ing platform/software. The concept is very similar to the 
TPTD technique employed by the PiCCO system as both 
use the Stewart-Hamilton-equation in order to calculate the 
thermodilution derived CO. However, in order to calculate 
GEDVI, the VolumeView/EV1000 system uses a formula im-
plementing the maximum up- and downslope time of the 
thermodilution curve, whereas the PiCCO system employs 
time constants derived from the mean appearance, mean 
transit and down-slope of the thermodilution curve.

GEDV VolumeView = CO × Mtt × f (S1/S2)

Where Mtt is the mean transit time, S1 is the maximum up 
stroke and S2 is the maximum down-slope.

The EVLW is calculated using the same formula as the 
PiCCO [60]. An animal study found a good agreement be-
tween the new VolumeView system and the PiCCO system to 
assess GEDV and EVLW [61]. In 2012, in a mixed population of 
72 ICU patients, the CO, GEDV and EVLW values assessed with 
the VolumeView/EV1000 system were interchangeable with 
the gold standard PiCCO method [60]. For CO, GEDV, and 
EVLW, both methods showed good correlation (r2 = 0.981,  
0.926 and 0.97 L, respectively), minimal bias (0.2 L min-1, 
29.4 mL and 36.8 mL), and a low percentage error (9.7%, 

11.5% and 12.2%). Changes in CO, GEDV and EVLW were 
tracked with a high concordance rate between the two 
systems, with traditional concordance for CO, GEDV, and 
EVLW of 98.5%, 95.1%, and 97.7% and a polar plot concord-
ance of 100%, 99.8% and 99.8% for CO, GEDV, and EVLW, 
respectively. Radial limits of agreement for CO, GEDV and 
EVLW were 0.31 mL min-1, 81 mL and 40 mL, respectively. 
A presumed higher precision of GEDV measurements was 
seen when the VolumeView/EV1000 method was used. The 
precision of GEDV measurements was significantly better us-
ing the VolumeView algorithm compared to the PiCCO algo-
rithm (0.033 (0.03) versus 0.040 (0.03; median (interquartile 
range), P < 0.0001) [60]. This might suggest the increased 
robustness of the VolumeView/EV1000 algorithm against 
thermal noise and recirculation. However, further research 
is needed for a trustworthy validation of the VolumeView/
EV1000 system. Because of the similarity between the Vol-
umeView/EV1000 and the PiCCO system, one can say the 
advantages and disadvantages are similar to those of the 
PiCCO system as discussed above. However, the fact that 
continuous CVP tracing is needed to identify the time of 
injection of the thermal bolus with the EV1000 makes the 
technique much more cumbersome. It should be considered 
as a “PiCCO clone” and as such the original has been much 
better validated in different patient populations.

LESS INVASIVE TECHNIQUE: TRANSPULMONARY 
DYE DILUTION WITH THE LIDCO SYSTEM
TECHNIQUE

Using the Stewart-Hamilton equation, CO can be calcu-
lated by the use of an intravascular indicator (lithium) which 
is injected in a central or peripheral vein and measured in a 
peripheral artery using a specialized sensor probe attached 
to the pressure line [62]. Correct application of this equation 
requires three conditions to be present: a constant blood 
flow, a homogenous mixing of blood and indicator, and 
absence of loss of indicator between injection and detec-
tion. Cardiac output is calculated as follows:

                            CO =        
 LiCL × 60

                          
              area × 1 (1 – PCV)

Where LiCl is the dose of lithium chloride in mmol, area 
the area under the dilution curve and PCV the packed cell 
volume (derived from hemoglobin concentration). Current-
ly, only one commercially available lithium dilution system 
exists (LiDCO; LiDCO Ltd, London, UK). The CO obtained 
with lithium dilution can be used for calibration of a pulse 
contour analysis system, commercially available as an add-
on for the LiDCO system (PulseCO).

Multiple studies have shown good to excellent correla-
tion of the lithium dilution technique with pulmonary or 
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transpulmonary thermodilution, especially in surgical and 
paediatric settings. However, the company manufacturing 
the LiDCO systems lists body weight below 40 kgs as a con-
traindication to using the system (as well as treatment with 
lithium salts and during the first trimester of pregnancy).

While the lithium dilution method provides an indicator 
dilution curve similar to the thermal transpulmonary dilu-
tion, and could be used in analogy with the PiCCO system to 
calculate volumes of mixing chambers, no such algorithms 
currently exist. On their website, the LiDCO Company states 
that such algorithms are in active development. The only 
additional measured parameter compared to PAC moni-
toring is the variation of pulse pressure and stroke volume 
(PPV, SVV). As described above, the SVV and PPV have been 
proposed as parameters to guide fluid loading in critical 
care settings [35, 63, 64]. Their use however is limited to 
completely sedated patients under controlled mechanical 
ventilation who are in sinus rhythm.

In a recent prospective study, the mean CO values for 
PAC and LiDCO (5.6 ± 1.5 vs. 5.4 ± 1.6, respectively) were simi-
lar [50]. The mean CO bias was −0.18, with limits of agree-
ment (1.96 standard deviation, 95% confidence interval) of 
± 1.56. The instantaneous directional changes between any 
paired CO measurements displayed 74% concordance, but 
poor correlation (r2 = 0.36). The mean CO bias of LiDCO and 
PiCCO compared was 0.06 with limits of agreement of ± 2.03 
L min-1. At this moment, no studies have shown a difference 
in outcome with LiDCO technology. 

ADVANTAGES
The technique seems less invasive and the data are rapid 

available. It uses existing access, does not require central 
circulation catheterization and provides real time beat-to-
beat variations in cardiac output together with functional 
hemodynamic parameters as the PiCCO (PPV, SVV). The 
algorithm for analyzing the arterial waveform is different 
from that of the PiCCO, site unspecific and morphology 
independent. There is no need for an additional chest X-ray.

DISADVANTAGES
Regarding the lithium dilution, in contrast to the PiCCO 

and EV1000, volume quantification is not provided and the 
technique cannot be used in small children or patients under 
muscle relaxants. Little is known about any possible toxic 
effects or accumulation with the long-term use of lithium, 
especially in ICU patients with organ failure (especially kid-
ney and liver failure). Validation has been mainly performed 
in animals and human data is scarce. The ion selective elec-
trode is delicate, expensive and needs to be replaced every 
3 days (according to the CE mark). The disposables and the 
lithium needed for CO calibration are also expensive. Finally, 
it provides little or no additional information to the PAC, ba-

sically it offers the clinician no direct idea of preload and it is 
more expensive. Moreover, the 3 mL blood draw required for 
each calibration may contribute to anaemia and increased 
transfusion rates. Regarding the pulse contour analysis, the 
same remarks apply as for the PiCCO and EV1000 system.

LESS INVASIVE TECHNIQUE: ULTRASOUND FLOW 
DILUTION WITH THE COSTATUS SYSTEM
TECHNIQUE

The COstatus (Transonic, Ithaca, NY, USA) is a minimally 
invasive system, which calculates CO by using transpulmo-
nary ultrasound dilution technology to measure changes 
in blood ultrasound velocity and blood flow following an 
injection of saline [65]. The COstatus requires a primed ex-
tra-corporeal arteriovenous tube set (AV loop) connected 
between the in situ standard arterial catheter and central 
venous catheter where two ultrasound flow-dilution sen-
sors are placed on the arterial and venous ends. During the 
calibration, a small roller pump is used to circulate blood 
through the AV loop from the artery to the vein. The ultra-
sound sensors provide an ultrasound dilution curve through 
which CO can be calculated using a formula derived from 
the Stewart-Hamilton principle. 

CO = (Vinj) / ∫ (Ca(t)dt

Where Vinj is volume of injected isotonic saline as meas-
ured by the venous sensor, and ∫Ca(t) dt is the area under 
the dilution curve of the saline concentration in arterial 
blood as measured by the arterial sensor (66). After cali-
bration, a continuous CO can be calculated through the 
arterial waveform.

Besides these cardiac function parameters, such as 
Cardiac Output (CO), Cardiac Index (CI), volumetric indices 
such as Total End Diastolic Volume Index (TEDVI), Central 
Blood Volume Index (CBVI) and Active Circulation Volume 
Index (ACVI) can be obtained as well. The COstatus system 
can also detect intracardiac shunts (left-to-right as well as 
right-to-left shunts).

In 2009, a prospective study compared CO measurement 
by pulmonary artery thermodilution and ultrasound dilution 
in 29 adult patients undergoing surgery [67]. The correla-
tion coefficient between the two techniques was r = 0.91 
and Bland-Altman analysis did not produce any significant 
bias (bias = 0.02, standard deviation = 0.56). The COstatus 
system is also well validated in paediatric patients [68, 69]. 
Recalibration however is needed in unstable conditions [70].

ADVANTAGES
All measurements can be calculated using the exist-

ing central venous and arterial catheters, so no additional 
invasive procedures should be performed; furthermore, 
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no blood loss is involved which is especially possible in 
the paediatric population. Because the measurements are 
independent of the patient’s size, this system can provide 
advanced hemodynamic monitoring in the paediatric popu-
lation, a population where commercially available hemody-
namic monitoring is very limited.

DISADVANTAGES
One of the limitations of the system is that during cali-

bration, the arterial pressure line is not available for 5 to 8 
minutes. The injection volume for calibration, about 1 mL 
kg-1, can be disadvantageous, especially in young infants 
who are hypervolemic. Furthermore, the continuous CO 
measurement requires recalibration during vasoconstric-
tion and vasodilation.

MINIMAL INVASIVE TECHNIQUES
TRANSESOPHAGEAL ECHOCARDIOGRAPHY
TECHNIQUE

Transesophageal echocardiography (TEE) still remains 
the most powerful cardiovascular diagnostic technique 
available in perioperative and intensive care medicine today. 
Thousands of published reports document its role in the 
monitoring of hemodynamics, the detection of myocardial 
ischemia and cardiovascular pathology, among others. Es-
ophageal echocardiography was first introduced in 1976 
by Dr. Leon Frazin et al. by publishing the results of studies 
using an esophageal M-mode transducer [71]. Since M-
mode alone does not provide sufficient information for 
intra-operative monitoring, researchers started to expand 
on the idea. In the early 1980s Hanrath et al. mounted a 2 
dimensional phased-array transducer on a flexible gastro-
scope and thus the concept and possibilities of intraopera-
tive TEE were introduced [72]. However, wide adoption of 
TEE did not occur until the mid-1980s, when TEE transducer 
design was refined and the colour flow Doppler became 
commercially available. With these advances, TEE was able 
to provide high-resolution, real-time images of structure and 
blood flow that we use on a daily basis today. The original 
single-plane and subsequent biplane TEE probes limited 
the potential imaging planes. Multi-plane TEE using a ro-
tatable 2D transducer within the probe tip resolved these 
limitations substantially and remains the current standard 
of practice [73]. 

To noninvasively visualize structures inside the body, 
ultrasound machines generate a vibration within the trans-
ducer that, when put next to tissue surfaces, vibrates the 
surrounding tissue. During this vibration, particles within 
the tissue compress (compression) and then spread apart 
(rarefaction). The sequence of compression and rarefaction 
is described by sinusoidal waves and is characterized in 

terms of wavelength, frequency, amplitude, and propaga-
tion velocity [74].

Wavelength is the distance (in millimetres) between two 
peaks of the sinusoidal wave. Frequency is the number of cy-
cles that occur in 1 second. One cycle per second is defined 
as 1 hertz (abbreviated Hz). Ultrasound uses frequencies 
higher than the audible range for humans (greater than 
20,000 cycles per second or 20 kHz). Frequencies typically 
used for ultrasound imaging are 2 to 10 mega hertz (MHz). 
Wavelength is inversely related to frequency. Amplitude is 
a measure of tissue compression and represents the loud-
ness of an ultrasound wave and is described by decibels 
(dB). Decibels are a logarithmic transformation that allows 
large amplitudes to be presented next to small amplitudes 
(i.e., 1000 and 0.001) on the same display. Propagation ve-
locity describes the speed of an ultrasound wave travelling 
through tissue. In blood, it is 1540 m sec-1. The relationship 
between propagation velocity, frequency, and wavelength 
is described as follows:

Propagation velocity = Frequency × Wavelength 

Assuming that propagation velocity is constant, the 
wavelength for any frequency can hence be calculated. To 
generate 2D images, ultrasound machines were configured 
to sequentially redirect the beam over an area (sector) of 
interest. Transducers contain a row of piezoelectric crystals 
(a linear array). By introducing a small delay in the firing of 
adjacent crystals in the array (a phased array), the ultrasound 
machine is able to guide the resultant ultrasound beam 
through a sector of interest (typically a 90-degree sector). 
Images are displayed in “real time” on a monitor screen 
and digitally recorded for later review and post-processing. 

Since TEE is not without risk, its use is restricted to se-
lected indications as much of the information gathered by 
TEE can also be obtained by the less invasive TTE. Guidelines 
published by the ACA reflect this in saying that TEE should 
be used for critical care patients with persistent hypotension 
or hypoxia when diagnostic information expected to alter 
management cannot be obtained by TTE or other modalities 
in a timely manner [74]. 

Following this statement, it becomes clear that while TEE 
will not replace the PAC or other non-invasive continuous 
CO monitoring devices in critically ill patients, both TEE and 
TTE can still be of enormous value in the diagnostic setting. 
They may help to define pathophysiological (anatomical) 
abnormalities in patients (wall motion abnormalities, pul-
monary hypertension, valvulopathy) in conjunction with 
other invasive or less invasive monitoring techniques. In 
several studies, echocardiography was found to be more 
reliable than PAC in determining the cause of hypotension 
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[75−77]. Although the measurement of CO by TEE and Dop-
pler using special views appears to be feasible, clinical use 
on a continuous basis is not yet available [78−80]. 

Since critically ill patients are often intubated and me-
chanically ventilated with positive pressure ventilation, ad-
equate imaging by TTE proves to be difficult in nearly half 
of these patients. Factors that contribute to this problem 
are high PEEP, sustained chest injuries, improper position-
ing, post-operative dressings and chest tubes [81]. In these 
cases, TEE is often required to obtain valuable imaging and 
diagnosis. 

Most of the studies in the critical care setting are retro-
spective while in most both TTE and TEE were used, which 
allows a comparison between the two. Patient selection 
covers both critically ill and post-operative patients. TEE 
produces an increased number of critical findings when 
standard 2D Doppler TTE supplies insufficient information. 
In these cases, TEE resulted in a change of treatment or 
surgery [75, 82−87]. A prospective but nonrandomized 
trial comparing the value of TTE and TEE for evaluating 
unexplained hypotension found that 64% of 45 TTE stud-
ies were inadequate, compared with 3% of 61 TEE studies 
[75]. Transesophageal studies contributed to new clinically 
significant diagnoses (not seen by TTE) in 17 patients (28%), 
leading to surgery in 12 (20%).

ADVANTAGES 

TEE has great diagnostic value and causes fewer dis-
turbances in critically ill patients. It is considered by some 
as the modern stethoscope for the intensivist. It provides 
additional anatomical information to the CO that can be 
obtained with hemodynamic monitoring. Knowing the pres-
ence of valvolopathy or heart chamber dilatation can help to 
interpret the data that can be obtained with transpulmonary 
thermodilution.

DISADVANTAGES

There is a significant learning curve (with the recom-
mended number of performed TEEs by the ACA for basic 
use at 50 supervised TEEs). TEE is expensive and continuous 
monitoring is not an option. The use of TEE is contraindi-
cated in esophageal pathologies and severe coagulation 
abnormalities.

DISPOSABLE TEE 
TECHNIQUE

Imacor ImaCor (Garden City, NY, USA) has developed 
a highly differentiated product and Hemodynamic Man-
agement Program that seems cost effective in high risk 
critically ill patients. A growing population of older, more-ill 
patients with multiple comorbidities demands continuous 
hemodynamic management. Indeed, hTEE (hemodynamic 

transesophageal echo) is a technology in critical care that 
provides continuously available direct cardiac visualization. 
The product consists of the ClariTEE®, a purpose-built minia-
turized disposable TEE probe, and a customized ultrasound 
system, known as the Zura EVO™

ImaCor’s disposable probe has a piezoelectric design 
providing high quality imaging at 7 MHz with 15 cm pen-
etration. Miniaturization, detachability and disposability 
enable real-time direct visualization of the heart for up to 72 
hours. As direct cardiac visualization is available with hTEE in 
the ICU setting, clinicians are able to determine the causes 
of instability and optimize cardiac performance, with the 
possibility of preventing complications, reducing resource 
utilization and shortening length-of-stay.

In 41 patients (51.2% female, 73.2% after cardiac sur-
gery), hemodynamic support probe insertion was accom-
plished without major complications (88). A total of 195 hTEE 
studies were performed, resulting in changes in treatment 
in 37 (90.2%) patients, leading to an improvement in hemo-
dynamic parameters in 33 (80.5%). Right ventricular (RV) 
failure was diagnosed in 25 patients (67.6%) while hTEE had 
a direct therapeutic impact on management of RV failure 
in 17 patients (68 %). Other studies showed a significant 
correlation between the fractional area contraction (FAC) 
measured by ICU operators with hTEE and the reference (r 
= 0.794, P < 0.0001) (89).

ADVANTAGES 

Same as above for TEE

DISADVANTAGES

The hTEE probe is expensive and is only for single use for 
up to 72 hours. The hTEE probe only allows monoplane im-
ages. Colour imaging and Doppler studies are not possible.

ESOPHAGEAL DOPPLER
TECHNIQUE

One of the most promising techniques for non-inva-
sive assessment of cardiac output is esophageal Doppler 
(ED) monitoring. First described in 1971 and later refined 
by Singer in 1989, the basis of the technique is that flow 
in a cylinder can be calculated from flow velocity and 
cross-sectional area of the cylinder [90, 91]. The Doppler 
Effect describes an apparent change in the frequency 
of a wave noticed by an observer moving relative to 
the source of the wave. The frequency shift is directly 
proportional to the relative velocity between the emitter 
and the receiver [2]. With a continuous or pulsed-wave 
Doppler beam, blood flow velocity can be calculated 
from the frequency shift of the reflected ultrasound 
waves using the Doppler principle and the standard 
Doppler equation: 
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V =         D∫ × c
         2∫ T × cos q

Where c is the velocity of the ultrasound waves and fT the 
transmitted frequency. The cosine of the angle between the 
Doppler beam and blood flow serves as a correction factor 
to adjust for angle of insonation [92, 93]. 

By using the pulsatile nature of aortic flow, a velocity-
time integral (VTI) can be constructed that is defined as 
the area under the flow curve from the onset (t1) to the 
end (t2) of flow (Fig. 1). This represents the stroke distance, 
or the distance travelled by the red blood cells down the 
aorta during the stroke cycle. Stroke volume (SV) determi-
nation then comes down to volume calculation of a cylin-
der (the aorta), with a base defined as the cross-sectional 
area where flow was measured and the height the stroke 
distance or VTI. CO can easily be calculated from SV as 
shown below: 

Area = π x r2

Stroke distance = 

Stroke distance is only proportional to stroke volume 
under the assumption that aortic diameter and distribu-
tion of blood flow between the supra-aortic vessels and 
the descending aorta remains constant. The exact mode 
of how stroke distance is translated to CO varies accord-
ing to the manufacturer. As will be discussed further, the 
CardioQ uses a nomogram based on the patient’s age, 
weight and height while the Hemosonic 100 uses its M-
mode to more accurately measure the cross-sectional 
area of the aorta. 

In contrast to the PAC, the ED probe can be inserted 
within minutes and after only very limited training. Litera-
ture suggests that training in not more than 12 patients is 
needed to achieve adequate probe positioning and reliable 
CO measurements [94]. The ED probe has been reported left 
in situ for over 2 weeks without complications [95].

From the above description, it is clear that a few prereq-
uisite assumptions are required to be true for ED to give an 
accurate estimate of CO:
•	 The aorta descendens is assumed to be cylindrical, while 

in reality its shape can change depending on pulse pres-
sure and aortic compliance.

•	 In some devices, aortic diameter is derived from a nomo-
gram based on age and body weight

•	 The flow in the aorta is assumed to be laminar, while 
tachycardia, anemia and aortic valve disease can cause 
turbulent flow [96].

•	 Narrow alignment of the Doppler beam with the direc-
tion of aortic flow is required for accurate measurement, 

as is apparent from the Doppler equation. Generally, an 
angle of less than 20° is recommended. 

•	 For derivation of CO from aortic flow, the fraction of 
blood going to the brachiocephalic and coronary arter-
ies (30%) is assumed to be constant. However, this is vari-
able among patients and disease states [97]. One must 
also take in account that epidural anesthesia alters the 
proportionality of blood flow in upper and lower body.

•	 Diastolic flow in the descending aorta is assumed to 
be negligible
As a result, studies comparing ED to some reference 

techniques have reported a wide range in reliability. Al-
though CO is probably the most valuable parameter ob-
tained by ED, assessment of left ventricular contractility and 
preload with ED has been reported using flow waveform 
analysis [98]. Parameters of interest are the flow time, index 
of preload, defined as the time required from start of wave-
form upstroke to return to baseline, peak flow velocity and 
index of contractility [91, 99]. Since flow time is heart rate 
dependent, it is usually corrected by dividing flow time by 
the square root of the cycle length (FTc). 

Many studies have shown that FTc and PPV are better 
than CVP and LVEDAI in predicting fluid responsiveness. For 
instance, Singer and Bennett manipulated ventricular filling 
in ICU patients by IV loading or IV nitrates and observed a 
relationship between PCWP, CO and FTc that seemed to 
indicate a use for FTc as an optimal filling marker [100]. 
Madan et al. observed a better correlation between FTc and 
CO (r = 0.52) than with PCWP and CO (r = 0.2) [101]. How-

Figure 1. Velocity over time as assessed by Doppler

The systolic portion is triangular-shaped and its base represents the 
systolic ejection or flow time. The peak of the waveform depicts the peak 
velocity in the descending aorta. Flow acceleration and deceleration are 
derived from the upslope and downslope of the velocity curve. The area 
under the systolic portion of the curve (AUC), also called the velocity time 
integral, represents the stroke distance, corresponding to the distance 
that the blood column has moved forward in the aorta during systole or, 
thus, the stroke volume (SV). The SV multiplied by the heart rate gives 
the cardiac output.
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ever, more recent studies seem to contradict these findings 
and even warn about the risk associated with FTc when it 
is used inadequately to guide fluid therapy (102). Singer 
himself published a consequent study in 2006 claiming FTc 
alone is not an accurate measure for left ventricular preload 
[103]. These findings can be explained by understanding 
the specific characteristics of FTc. It is affected not only by 
preload but also other factors and it is inversely proportional 
to afterload [100]. Furthermore, there are many pathological 
conditions in which patients with low FTc may not respond 
to fluid challenge when adequate filling of the left ventricle 
is impeded e.g. pericardial tamponade, pulmonary embo-
lism or severe mitral valve stenosis [104]. Consequently, low 
FTc does not always correspond to low ventricular preload, 
as low FTc can even represent a volume overload state [100]. 

In a prospective, randomized controlled trial, Sinclair dem-
onstrated a significant shorter hospital stay for patients whose 
volume status during proximal femur fracture repair had been 
optimized using ED (goal FTc > 350 msec and optimized stroke 
volume vs. usual care) [105]. Mythen showed a decrease in 
major complications, a lower incidence of gut hypoperfusion 
(measured by intramucosal gastric pH) and a shorter length of 
hospital stay in an unblinded cardiac surgery trial where stroke 
volume was optimized perioperatively [106]. 

McKendry used a nurse-delivered protocol to optimise 
the circulatory status of patients early after cardiac surgery, 
esophageal Doppler flowmetry and targeted at improving 
stroke volume, reduced the length of hospital stay. This 
protocol was also associated with a trend towards fewer 
complications and reduced stay in intensive care [107]. 

In 2011, NICE guidelines recommend use of CardioQ es-
ophageal Doppler intraoperatively in patients undergoing 
major or high-risk surgery or other surgical patients in whom 
a clinician would consider using invasive cardiovascular moni-
toring, They also claim there is a reduction in post-operative 
complications, use of central venous catheters and in-hospital 
stay (with no increase in the rate of re-admission or repeat 
surgery) compared with conventional clinical assessment 
with or without invasive cardiovascular monitoring [108]. 

TYPES OF AVAILABLE ED MONITORING
CARDIOQ

Manufactured by Deltex. Continuous waved Doppler 
with a frequency of 4 MHz. Angle of insonation is 45°. No 
M-mode available. The probe diameters are 14−17 French 
and are single use. The translation of flow measurement into 
cardiac output is based on a nomogram using patient’s age, 
weight and height. 

HEMOSONIC

Manufactured by Arrow International (Teleflex Medical 
Europe, Athlone, Co Westmeath, Ireland), this is a pulsed 

wave Doppler with a frequency of 5 MHz. Angle of insona-
tion is 60°. M mode is available and also used for determina-
tion of aortic diameter through aortography. It utilizes a 20 
French reusable probe. 

WAKI

Manufactured by Atys Medical (Soucieu-en-Jarrest, 
France), it is a 4 MHz Doppler with a reusable probe. Trans-
lation into cardiac output is achieved through nomogram, 
despite having M-mode available. Although very little info is 
readily available it seems M-mode is only marketed to help 
positioning of the probe and is not used for aortography. 

ADVANTAGES

ED provides rapidly and real-time CO as well as afterload 
data interpretation. It is less invasive than, for instance, the 
PiCCO or LiDCO. The data interpretation is fully automated 
and presented via a user-friendly interface. It provides many 
additional parameters, as well as an estimate for preload 
via the corrected flow time. Although it is associated with 
reduced hospital stay and better perioperative volume opti-
malisation, no study yet has proven better overall outcome 
of changes in mortality.

DISADVANTAGES

As with any technique there is a learning curve. It is 
not a really continuous CO device since it is dependent on 
patient movement (the probe tends to move in the esopha-
gus) and requires specialized training. Readjustment of the 
probe is often necessary during even short-term use. The 
measurement is approximate (especially if there is no M-
mode available to correctly measure aortic diameter) and 
does not measure total CO but only descending aortic blood 
flow. During surgery, there is high interference with cauteriza-
tion while in ICU settings, frequent control of positioning is 
necessary. There are also a number of contra-indications for 
use of this device: local esophageal pathology, esophageal 
varices, recent surgery, severe bleeding disorders, long-term 
corticosteroid treatment etc. In some conditions, the readings 
may be inaccurate: aortic coarctation, severe aortic stenosis 
or insufficiency and intra-aortic balloon counterpulsation etc.

NON-INVASIVE TECHNIQUE
TRANSTHORACIC ECHOCARDIOGRAPHY

Cardiac output can also be measured with TTE, by con-
vention, in the left ventricular outflow tract (LVOT) using 
pulsed wave Doppler velocity. The first description of CO 
measurement with ultrasound at the LVOT was described 
in the 1990s. Although CO can also be measured at other 
locations, such as the mitral valve annulus, the ascending 
aorta (as discussed above regarding the ED techniques), 
the right ventricular outflow tract and pulmonary artery, 
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these have been less validated. The literature also contains 
differences which have been observed with regard to CO 
measurements with TTE versus TEE related to differences 
in LVOT (TTE tends to underestimate the LVOT by 0.1 cm). 
However, the discussion of the other different parameters 
that can be obtained with TTE do not fall within the scope 
of this paper

CONCLUSION
Over recent decades, many new less invasive techniques 

to monitor cardiac output have evolved. Transthoracic echo-
cardiography forms a good first choice to assess hemo-
dynamics in critically ill patients after initial stabilisation. 
However, in complex situations or in patients not respond-
ing to fluid resuscitation alone, advanced hemodynamic 
monitoring is recommended with the use of transpulmo-
nary thermodilution techniques offering not only cardiac 
output assessment, but also information regarding organ 
function, perfusion and lung water. Calibrated techniques 
are preferred in patients with severe shock and changing 
conditions of preload, afterload and contractility. The use 
of the pulmonary artery catheter should be reserved for 
patients with right ventricular failure to assess the effect 
of medical treatment with phosphodiesterase inhibitors 
or nitric oxide inhalation on pulmonary artery pressures.

ACKNOWLEDGEMENTS
1. The authors do not have any financial disclosures to 

make with regard to the writing of this review paper.
2. Manu L.N.G. Malbrain is founding president and current 

Treasurer of the World Society of Abdominal Compart-
ment Syndrome (WSACS, www.wsacs.org) and mem-
ber of the medical advisory board of Pulsion Medical 
Systems (Maquet Getinge group). The other authors 
declare no potential conflict of interest with regard to 
the content of this paper.

References:
1. Palmers PJ, Vidts W, Ameloot K et al.: Assessment of three minimally 

invasive continuous cardiac output measurement methods in critically 
ill patients and a review of the literature. Anaesthesiol Intensive Ther 
2012; 44: 213−224.

2. Malbrain ML, De Potter T, Deeren D: Cost-effectiveness of minimally 
invasive hemodynamic monitoring. In: Vincent J-L, editor. Yearbook 
of Intensive Care and Emergency Medicine. Berlin: Springer-Verlag; 
2005: 603−631.

3. Cecconi M, Malbrain ML: Cardiac output obtained by pulse pressure 
analysis: to calibrate or not to calibrate may not be the only question 
when used properly. Intensive Care Med 2013; 39: 787−789. doi: 
10.1007/s00134-012-2802-y.

4. Bland JM, Altman DG: Statistical methods for assessing agreement be-
tween two methods of clinical measurement. Lancet 1986; 1: 307−310.

5. Critchley LA, Critchley JA: A meta-analysis of studies using bias and 
precision statistics to compare cardiac output measurement techni-
ques. J Clin Monit Comput 1999; 15: 85−91.

6. Perrino AC, Jr., O’Connor T, Luther M: Transtracheal Doppler cardiac 
output monitoring: comparison to thermodilution during noncardiac 
surgery. Anesth Analg 1994; 78: 1060−1066.

7. Critchley LA, Lee A, Ho AM: A critical review of the ability of continuous 
cardiac output monitors to measure trends in cardiac output. Anesth 
Analg 2010; 111: 1180−1192. doi: 10.1213/ANE.0b013e3181f08a5b.

8. Critchley LA, Yang XX, Lee A: Assessment of trending ability of cardiac 
output monitors by polar plot methodology. J Cardiothorac Vasc Anesth 
2011; 25: 536−546. doi: 10.1053/j.jvca.2011.01.003.

9. Malbrain ML: Different techniques to measure intra-abdominal pres-
sure (IAP): time for a critical re-appraisal. Intensive Care Med 2004; 
30: 357−371.

10. Swan HJ, Ganz W, Forrester J, Marcus H, Diamond G, Chonette D: Cathete-
rization of the heart in man with use of a flow-directed balloon-tipped 
catheter. N Engl J Med 1970; 283: 447−451.

11. Branthwaite MA, Bradley RD: Measurement of cardiac output by thermal 
dilution in man. J Appl Physiol 1968; 24: 434−438.

12. Olsson B, Pool J, Vandermoten P, Varnauskas E, Wassen R: Validity and 
reproducibility of determination of cardiac output by thermodilution 
in man. Cardiology 1970; 55: 136−148.

13. Stetz CW, Miller RG, Kelly GE, Raffin TA: Reliability of the thermodilution 
method in the determination of cardiac output in clinical practice. Am 
Rev Respir Dis 1982; 126: 1001−1004.

14. Ivanov R, Allen J, Calvin JE: The incidence of major morbidity in critically 
ill patients managed with pulmonary artery catheters: a meta-analy-
sis. Crit Care Med 2000; 28: 615−619.

15. Sandham JD, Hull RD, Brant RF et al.: A randomized, controlled trial of 
the use of pulmonary-artery catheters in high-risk surgical patients. N 
Engl J Med 2003; 348: 5−14.

16. Robin ED: Death by pulmonary artery flow-directed catheter. Time for 
a moratorium? Chest 1987; 92: 727−731.

17. Singer M: Cardiac output in 1998. Heart 1998; 79: 425−428.
18. Connors AF, Jr., Speroff T, Dawson NV et al.: The effectiveness of right 

heart catheterization in the initial care of critically ill patients. SUPPORT 
Investigators. JAMA 1996; 276: 889−97.

19. Kumar A, Anel R, Bunnell E et al.: Pulmonary artery occlusion pressure 
and central venous pressure fail to predict ventricular filling volume, 
cardiac performance, or the response to volume infusion in normal 
subjects. Crit Care Med 2004; 32: 691−699.

20. Matthay MA, Chatterjee K: Bedside catheterization of the pulmonary ar-
tery: risks compared with benefits. Ann Intern Med 1988; 109: 826−834.

21. Richard C, Warszawski J, Anguel N et al.: Early use of the pulmonary 
artery catheter and outcomes in patients with shock and acute respi-
ratory distress syndrome: a randomized controlled trial. JAMA 2003; 
290: 2713−2720.

22. Jacka MJ, Cohen MM, To T, Devitt JH, Byrick R: Pulmonary artery occlusion 
pressure estimation: how confident are anesthesiologists? Crit Care 
Med 2002; 30: 1197−1203.

23. Squara P, Bennett D, Perret C: Pulmonary artery catheter: does the 
problem lie in the users? Chest 2002; 121: 2009−2015.

24. Gnaegi A, Feihl F, Perret C: Intensive care physicians’ insufficient know-
ledge of right-heart catheterization at the bedside: time to act? Crit 
Care Med 1997; 25: 213−220.

25. Eisenberg PR, Jaffe AS, Schuster DP: Clinical evaluation compared to 
pulmonary artery catheterization in the hemodynamic assessment of 
critically ill patients. Crit Care Med 1984; 12: 549−553.

26. Mueller HS, Chatterjee K, Davis KB et al.: ACC expert consensus document. 
Present use of bedside right heart catheterization in patients with 
cardiac disease. American College of Cardiology. J Am Coll Cardiol 
1998; 32: 840−864.

27. Keech J, Reed RL, 2nd: Reliability of mixed venous oxygen saturation as 
an indicator of the oxygen extraction ratio demonstrated by a large 
patient data set. J Trauma 2003; 54: 236−241.

28. Robin E, Costecalde M, Lebuffe G, Vallet B: Clinical relevance of data from 
the pulmonary artery catheter. Crit Care 2006; 10 (Suppl 3): S3.

29. Reuse C, Vincent JL, Pinsky MR: Measurements of right ventricular volu-
mes during fluid challenge. Chest 1990; 98: 1450−1454.

30. Wagner JG, Leatherman JW: Right ventricular end-diastolic volume as 
a predictor of the hemodynamic response to a fluid challenge. Chest 
1998; 113: 1048−1054.

31. Wiesenack C, Fiegl C, Keyser A, Laule S, Prasser C, Keyl C: Continuously 
assessed right ventricular end-diastolic volume as a marker of cardiac 
preload and fluid responsiveness in mechanically ventilated cardiac 
surgical patients. Crit Care 2005; 9: R226−33.

32. Cheatham ML, Malbrain ML: Cardiovascular implications of abdominal 
compartment syndrome. Acta Clin Belg Suppl 2007; 62: 98−112. doi: 
10.1179/acb.2007.62.s1.013.



499

Yannick Peeters et al., Hemodynamic monitoring: Calibrated techniques

33. Goedje O, Hoeke K, Lichtwarck-Aschoff M, Faltchauser A, Lamm P, Reichart B:  
Continuous cardiac output by femoral arterial thermodilution cali-
brated pulse contour analysis: comparison with pulmonary arterial 
thermodilution. Crit Care Med 1999; 27: 2407−2412.

34. Goedje O, Seebauer T, Peyerl M, Pfeiffer UJ, Reichart B: Hemodynamic 
monitoring by double-indicator dilution technique in patients after 
orthotopic heart transplantation. Chest 2000; 118: 775−781.

35. Michard F, Teboul JL: Predicting fluid responsiveness in ICU patients: 
a critical analysis of the evidence. Chest 2002; 121: 2000−2008.

36. Monnet X, Anguel N, Osman D, Hamzaoui O, Richard C, Teboul JL: As-
sessing pulmonary permeability by transpulmonary thermodilution 
allows differentiation of hydrostatic pulmonary edema from ALI/ARDS. 
Intensive Care Med 2007; 33: 448−453.

37. Buhre W, Weyland A, Kazmaier S et al.: Comparison of cardiac output 
assessed by pulse-contour analysis and thermodilution in patients 
undergoing minimally invasive direct coronary artery bypass grafting. 
J Cardiothorac Vasc Anesth 1999; 13: 437−440.

38. Godje O, Peyerl M, Seebauer T, Dewald O, Reichart B: Reproducibility of 
double indicator dilution measurements of intrathoracic blood volume 
compartments, extravascular lung water, and liver function. Chest 
1998; 113: 1070−1077.

39. Bindels AJ, van der Hoeven JG, Graafland AD, de Koning J, Meinders AE: 
Relationships between volume and pressure measurements and stroke 
volume in critically ill patients. Crit Care 2000; 4: 193−199.

40. Holm C, Melcer B, Horbrand F, Henckel von Donnersmarck G, Muhlbauer W: 
Arterial thermodilution: an alternative to pulmonary artery catheter for 
cardiac output assessment in burn patients. Burns 2001; 27: 161−166.

41. Sakka SG, Bredle DL, Reinhart K, Meier-Hellmann A: Comparison between 
intrathoracic blood volume and cardiac filling pressures in the early 
phase of hemodynamic instability of patients with sepsis or septic 
shock. J Crit Care 1999; 14: 78−83.

42. Della Rocca G, Costa MG, Pompei L, Coccia C, Pietropaoli P: Continuous 
and intermittent cardiac output measurement: pulmonary artery 
catheter versus aortic transpulmonary technique. Br J Anaesth 2002; 
88: 350−356.

43. Friedman Z, Berkenstadt H, Margalit N, Sega E, Perel A: Cardiac output 
assessed by arterial thermodilution during exsanguination and fluid 
resuscitation: experimental validation against a reference technique. 
Eur J Anaesthesiol 2002; 19: 337−340.

44. McLuckie A: The COLD system of hemodynamic monitoring. Intensive 
Care World 1996; 13: 24−29.

45. McLuckie A, Murdoch IA, Marsh MJ, Anderson D: A comparison of pulmo-
nary and femoral artery thermodilution cardiac indices in paediatric 
intensive care patients. Acta Paediatr 1996; 85: 336−338.

46. Zollner C, Briegel J, Kilger E, Haller M: Retrospective analysis of trans-
pulmonary and pulmonary arterial measurement of cardiac output in 
ARDS patients. Anaesthesist 1998; 47: 912−917.

47. Zollner C, Haller M, Weis M et al.: Beat-to-beat measurement of cardiac 
output by intravascular pulse contour analysis: a prospective criterion 
standard study in patients after cardiac surgery. J Cardiothorac Vasc 
Anesth 2000; 14: 125−129.

48. Sakka SG, Ruhl CC, Pfeiffer UJ et al.: Assessment of cardiac preload and 
extravascular lung water by single transpulmonary thermodilution. 
Intensive Care Med 2000; 26: 180−187.

49. Haller M, Zollner C, Briegel J, Forst H: Evaluation of a new continuous 
thermodilution cardiac output monitor in critically ill patients: a pro-
spective criterion standard study. Crit Care Med 1995; 23: 860−866.

50. Hadian M, Kim HK, Severyn DA, Pinsky MR: Cross-comparison of cardiac 
output trending accuracy of LiDCO, PiCCO, FloTrac and pulmonary 
artery catheters. Crit Care 2010; 14: R212. doi: 10.1186/cc9335.

51. Hofkens PJ, Verrijcken A, Merveille K et al.: Common pitfalls and tips and 
tricks to get the most out of your transpulmonary thermodilution 
device: results of a survey and state-of-the-art review. Anaesthesiol 
Intensive Ther 2015; 47: 89−116. doi: 10.5603/AIT.a2014.0068.

52. Reuter DA, Felbinger TW, Moerstedt K et al.: Intrathoracic blood volume 
index measured by thermodilution for preload monitoring after cardiac 
surgery. J Cardiothorac Vasc Anesth 2002; 16: 191−195.

53. Michard F, Alaya S, Zarka V, Bahloul M, Richard C, Teboul JL: Global end-
-diastolic volume as an indicator of cardiac preload in patients with 
septic shock. Chest 2003; 124: 1900−1908.

54. Cordemans C, Palmers P, Van Craenenbroeck A et al.: Prognostic value of 
capillary leak index, intra-abdominal and abdominal perfusion pres-
sure, extravascular lung water on outcome in mechanically ventilated 
patients. Intensive Care Med 2010; 36 (Suppl 2): S228.

55. Cordemans C, De Laet I, Van Regenmortel N et al.: Aiming for a negative 
fluid balance in patients with acute lung injury and increased intra-abdo-
minal pressure: a pilot study looking at the effects of PAL-treatment. Ann 
Intensive Care 2012; 2 (Suppl 1): S15. doi: 10.1186/2110-5820-2-S1-S15.

56. Davey-Quinn A, Gedney JA, Whiteley SM, Bellamy MC: Extravascular lung 
water and acute respiratory distress syndrome — oxygenation and 
outcome. Anaesth Intensive Care 1999; 27: 357−362.

57. Eisenberg PR, Hansbrough JR, Anderson D, Schuster DP: A prospective 
study of lung water measurements during patient management in 
an intensive care unit. Am Rev Respir Dis 1987; 136: 662−668.

58. Mitchell JP, Schuller D, Calandrino FS, Schuster DP: Improved outcome 
based on fluid management in critically ill patients requiring pulmonary 
artery catheterization. Am Rev Respir Dis 1992; 145: 990−998.

59. Michard F, Teboul JL: Usefulness of transpulmonary thermodilution to 
predict fluid responsiveness in humans with septic shock. Intensive 
Care Med 2001; 27 (Suppl 2): 148.

60. Kiefer N, Hofer CK, Marx G et al.: Clinical validation of a new thermo-
dilution system for the assessment of cardiac output and volumetric 
parameters. Crit Care 2012; 16: R98. doi: 10.1186/cc11366.

61. Bendjelid K, Giraud R, Siegenthaler N, Michard F: Validation of a new 
transpulmonary thermodilution system to assess global end-diastolic 
volume and extra-vascular lung water. Crit Care 2010; 14: R209. doi: 
10.1186/cc9332.

62. Jonas MM, Tanser SJ: Lithium dilution measurement of cardiac output 
and arterial pulse waveform analysis: an indicator dilution calibrated 
beat-by-beat system for continuous estimation of cardiac output. Curr 
Opin Crit Care 2002; 8: 257−261.

63. Reuter DA, Felbinger TW, Schmidt C et al.: Stroke volume variations for 
assessment of cardiac responsiveness to volume loading in mecha-
nically ventilated patients after cardiac surgery. Intensive Care Med 
2002; 28: 392−398.

64. Michard F, Boussat S, Chemla D et al.: Relation between respiratory 
changes in arterial pulse pressure and fluid responsiveness in septic 
patients with acute circulatory failure. Am J Respir Crit Care Med 2000; 
162: 134−138.

65. Vincent JL, Rhodes A, Perel A et al.: Clinical review: Update on hemody-
namic monitoring — a consensus of 16. Crit Care 2011; 15: 229. doi: 
10.1186/cc10291.

66. Galstyan G, Bychinin M, Alexanyan M, Gorodetsky V: Comparison of 
cardiac output and blood volumes in intrathoracic compartments 
measured by ultrasound dilution and transpulmonary thermo-
dilution methods. Intensive Care Med. 2010; 36: 2140−2144. doi: 
10.1007/s00134-010-2003-5.

67. Tsutsui M, Matsuoka N, Ikeda T, Sanjo Y, Kazama T: Comparison of a new 
cardiac output ultrasound dilution method with thermodilution tech-
nique in adult patients under general anesthesia. J Cardiothorac Vasc 
Anesth 2009; 23: 835−840. doi: 10.1053/j.jvca.2009.03.007.

68. Floh AA, La Rotta G, Wermelt JZ, Bastero-Minon P, Sivarajan VB, Humpl T:  
Validation of a new method based on ultrasound velocity dilution to 
measure cardiac output in paediatric patients. Intensive Care Med 2013; 
39: 926−933. doi: 10.1007/s00134-013-2848-5.

69. Saxena R, Durward A, Puppala NK, Murdoch IA, Tibby SM: Pressure re-
cording analytical method for measuring cardiac output in critically 
ill children: a validation study. Br J Anaesth 2013; 110: 425−431. doi: 
10.1093/bja/aes420.

70. Cisternas AF, Martin-Flores M, Gleed RD: Continuous minimally invasive 
cardiac output monitoring with the COstatus in a neonatal swine model: 
recalibration is necessary during vasoconstriction and vasodilation. 
Paediatr Anaesth 2015; 25: 852−859. doi: 10.1111/pan.12679.

71. Frazin L, Talano JV, Stephanides L, Loeb HS, Kopel L, Gunnar RM: Esopha-
geal echocardiography. Circulation 1976; 54: 102−108.

72. Hanrath P, Kremer P, Langenstein BA, Matsumoto M, Bleifeld W: Transe-
sophageal echocardiography. A new method for dynamic ventricle 
function analysis. Dtsch Med Wochenschr 1981; 106: 523−525.

73. Seward JB, Khandheria BK, Freeman WK et al.: Multiplane transesopha-
geal echocardiography: image orientation, examination technique, 
anatomic correlations, and clinical applications. Mayo Clin Proc 1993; 
68: 523−551.

74. American Society of A, Society of Cardiovascular Anesthesiologists 
Task Force on Transesophageal E. Practice guidelines for perioperative 
transesophageal echocardiography. An updated report by the Ame-
rican Society of Anesthesiologists and the Society of Cardiovascular 
Anesthesiologists Task Force on Transesophageal Echocardiography. 
Anesthesiology 2010; 112: 1084−1096.



500

Anaesthesiol Intensive Ther 2015, vol. 47, no 5, 487–500

75. Heidenreich PA, Stainback RF, Redberg RF, Schiller NB, Cohen NH, Foster 
E: Transesophageal echocardiography predicts mortality in critically 
ill patients with unexplained hypotension. J Am Coll Cardiol 1995; 
26: 152−158.

76. Jardin F, Valtier B, Beauchet A, Dubourg O, Bourdarias JP: Invasive mo-
nitoring combined with two-dimensional echocardiographic study in 
septic shock. Intensive Care Med 1994; 20: 550−554.

77. Reichert CL, Visser CA, Koolen JJ et al.: Transesophageal echocardiography 
in hypotensive patients after cardiac operations. Comparison with he-
modynamic parameters. J Thorac Cardiovasc Surg 1992; 104: 321−326.

78. Stoddard MF, Prince CR, Ammash N, Goad JL, Vogel RL: Pulsed Doppler 
transesophageal echocardiographic determination of cardiac output 
in human beings: comparison with thermodilution technique. Am 
Heart J 1993; 126: 956−962.

79. Feinberg MS, Hopkins WE, Davila-Roman VG, Barzilai B: Multiplane 
transesophageal echocardiographic doppler imaging accurately de-
termines cardiac output measurements in critically ill patients. Chest 
1995; 107: 769−773.

80. Dabaghi SF, Rokey R, Rivera JM, Saliba WI, Majid PA: Comparison of echo-
cardiographic assessment of cardiac hemodynamics in the intensive 
care unit with right-sided cardiac catheterization. Am J Cardiol 1995; 
76: 392−395.

81. Poelaert JI, Reichert CL, Koolen JJ, Everaert JA, Visser CA: Transesophageal 
Echo-doppler evaluation of the hemodynamic effects of positive-
-pressure ventilation after coronary artery surgery. J Cardiothorac Vasc 
Anesth 1992; 6: 438−443.

82. Sohn DW, Shin GJ, Oh JK et al.: Role of transesophageal echocardio-
graphy in hemodynamically unstable patients. Mayo Clin Proc 1995; 
70: 925−931.

83. Pearson AC: Noninvasive evaluation of the hemodynamically unstable 
patient: the advantages of seeing clearly. Mayo Clin Proc 1995; 70: 
1012−1014.

84. Pearson AC, Castello R, Labovitz AJ: Safety and utility of transesophageal echo-
cardiography in the critically ill patient. Am Heart J 1990; 119: 1083−1089.

85. Foster E, Schiller NB: The role of transesophageal echocardiography in 
critical care: UCSF experience. J Am Soc Echocardiogr 1992; 5: 368−374.

86. Poelaert JI, Trouerbach J, De Buyzere M, Everaert J, Colardyn FA: Evaluation 
of transesophageal echocardiography as a diagnostic and therapeutic 
aid in a critical care setting. Chest 1995; 107: 774−779.

87. Khoury AF, Afridi I, Quinones MA, Zoghbi WA: Transesophageal echo-
cardiography in critically ill patients: feasibility, safety, and impact on 
management. Am Heart J 1994; 127: 1363−1371.

88. Fletcher N, Geisen M, Meeran H, Spray D, Cecconi M: Initial clinical expe-
rience with a miniaturized transesophageal echocardiography probe 
in a cardiac intensive care unit. J Cardiothorac Vasc Anesth 2015; 29: 
582−587. doi: 10.1053/j.jvca.2014.09.016.

89. Cioccari L, Baur HR, Berger D, Wiegand J, Takala J, Merz TM: Hemo-
dynamic assessment of critically ill patients using a miniaturized 
transesophageal echocardiography probe. Crit Care 2013; 17: R121. 
doi: 10.1186/cc12793.

90. Side CD, Gosling RG: Non-surgical assessment of cardiac function. Nature 
1971; 232: 335−336.

91. Singer M, Bennett D: Pitfalls of pulmonary artery catheterization high-
lighted by Doppler ultrasound. Crit Care Med 1989; 17: 1060−1061.

92. Schober P, Loer SA, Schwarte LA: Transesophageal Doppler devices: 
A technical review. J Clin Monit Comput 2009; 23: 391−401. doi: 
10.1007/s10877-009-9204-x

93. Schober P, Loer SA, Schwarte LA: Perioperative hemodynamic monitoring 
with transesophageal Doppler technology. Anesth Analg 2009; 109: 
340−353. doi: 10.1213/ane.0b013e3181aa0af3.

94. Lefrant JY, Bruelle P, Aya AG et al.: Training is required to improve the 
reliability of esophageal Doppler to measure cardiac output in critically 
ill patients. Intensive Care Med 1998; 24: 347−352.

95. Gan TJ, Arrowsmith JE: The oesophageal Doppler monitor. BMJ 1997; 
315: 893−894.

96. Chaney JC, Derdak S: Minimally invasive hemodynamic monitoring 
for the intensivist: current and emerging technology. Crit Care Med 
2002; 30: 2338−2345.

97. Boulnois JL, Pechoux T: Non-invasive cardiac output monitoring by 
aortic blood flow measurement with the Dynemo 3000. J Clin Monit 
Comput 2000; 16: 127−140.

98. Singer M: Esophageal Doppler monitoring of aortic blood flow: beat- 
-by-beat cardiac output monitoring. Int Anesthesiol Clin 1993; 31: 
99−125.

99. Wallmeyer K, Wann LS, Sagar KB, Kalbfleisch J, Klopfenstein HS: The influ-
ence of preload and heart rate on Doppler echocardiographic indexes 
of left ventricular performance: comparison with invasive indexes in 
an experimental preparation. Circulation 1986; 74: 181−186.

100. Singer M, Allen MJ, Webb AR, Bennett ED: Effects of alterations in left 
ventricular filling, contractility, and systemic vascular resistance on 
the ascending aortic blood velocity waveform of normal subjects. Crit 
Care Med 1991; 19: 1138−1145.

101. Madan AK, UyBarreta VV, Aliabadi-Wahle S et al.: Esophageal Doppler 
ultrasound monitor versus pulmonary artery catheter in the hemody-
namic management of critically ill surgical patients. J Trauma 1999; 
46(4): 607−611.

102. Vallee F, Fourcade O, De Soyres O et al.: Stroke output variations calcu-
lated by esophageal Doppler is a reliable predictor of fluid response. 
Intensive Care Med 2005; 31: 1388−1393.

103. Singer M: The FTc is not an accurate marker of left ventricular preload. 
Intensive Care Med 2006; 32: 1089−1091. author reply 1091.

104. Lee JH, Kim JT, Yoon SZ et al.: Evaluation of corrected flow time in oeso-
phageal Doppler as a predictor of fluid responsiveness. Br J Anaesth 
2007; 99: 343−348.

105. Sinclair S, James S, Singer M: Intraoperative intravascular volume opti-
misation and length of hospital stay after repair of proximal femoral 
fracture: randomised controlled trial. BMJ 1997; 315: 909−912.

106. Mythen MG, Webb AR: Perioperative plasma volume expansion reduces 
the incidence of gut mucosal hypoperfusion during cardiac surgery. 
Arch Surg 1995; 130: 423−429.

107. McKendry M, McGloin H, Saberi D, Caudwell L, Brady AR, Singer M: Rando-
mised controlled trial assessing the impact of a nurse delivered, flow 
monitored protocol for optimisation of circulatory status after cardiac 
surgery. BMJ 2004; 329: 258.

108. Ghosh S, Arthur B, Klein AA: NICE guidance on CardioQ(TM) oesopha-
geal Doppler monitoring. Anaesthesia 2011; 66: 1081−1083. doi: 
10.1111/j.1365-2044.2011.06967.x.

Corresponding author:
Manu L.N.G. Malbrain, MD, PhD
ICU and High Care Burn Unit Director
ZNA Stuivenberg
Lange Beeldekensstraat 267
B-2060 Antwerpen 6, Belgium
e-mail: manu.malbrain@skynet.be

Received: 26.08.2015  
Accepted: 13.11.2015


