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Less invasive or even completely non-invasive haemodynamic
monitoring technologies have evolved during the last decades.
Even established, invasive devices such as the pulmonary artery

stroke volume catheter and transpulmonary thermodilution have still an
pulmonary arterial, transpulmonary ther- evidence-based place in the perioperative setting, albeit only in
modilution special patient populations. Accumulating evidence suggests to
pulse contour analysis use continuous haemodynamic monitoring, especially flow-based

variables such as stroke volume or cardiac output to prevent
occult hypoperfusion and, consequently, decrease morbidity and
mortality perioperatively. However, there is still a substantial gap
between evidence provided by randomised trials and the imple-
mentation of haemodynamic monitoring in daily clinical routine.
Given the fact that perioperative morbidity and mortality are
higher than anticipated and anaesthesiologists are in charge to
deal with this problem, the recent advances in minimally invasive
and non-invasive monitoring technologies may facilitate more
widespread use in the operating theatre, as in addition to costs, the
degree of invasiveness of any monitoring tool determines the
frequency of its application, at least perioperatively. This review
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covers the currently available invasive, non-invasive and mini-
mally invasive techniques and devices and addresses their in-
dications and limitations.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Monitoring haemodynamic variables perioperatively or on the intensive care unit (ICU) is one of the
present-day essential skills of an anaesthetist and intensive care physician. This article focuses on
frequently used monitoring options and aims to optimise the benefits for clinical practice through the
presentation of indications and limitations of the different techniques. Herein, we present minimally
and non-invasive monitoring techniques (calibrated and uncalibrated pulse contour analysis, pulse
wave transit time (PWTT) analysis and oesophageal Doppler method (ODM)) and invasive procedures
(pulmonary arterial and transpulmonary thermodilution (TPTD)). As the focus is placed on continuous
haemodynamic monitoring, discontinuous methods such as echocardiography are not covered.

Methodological remarks

New devices for CO measurement are introduced into the market with ever-increasing frequency.
The manufacturers claim that these devices are ‘easy to use’, ‘plug-and-play’ and ‘reliable’ and offer
significant savings due to beneficial effects on both morbidity and costs.

The clinician is left with the question whether these devices indeed are accurate and precise, i.e. if
the mean difference (=bias) between the new device and the chosen clinical gold standard comparator
(mostly thermodilution) and the precision of the new method (1 standard deviation [SD] above and
below the bias) are acceptable. At present, method comparison studies mostly are performed using
Bland-Altman statistics, which offer a graphical representation of bias and the limits of agreement
(LOA, which are linked to the precision of the method by the equation 1.96-precision = limits of
agreement, representing an area where 95% of all values are expected to lie) [1].

However, Bland-Altman statistics calculates only the intervals of agreements, but it does not say
whether those limits are clinically acceptable or not. Whether the bias and LOAs are indeed ‘acceptable’
must be defined by the clinician, based on methodological considerations, clinical requirements and a
cost-benefit analysis. In this regard, Critchley and coworkers proposed the use of the percentage error
(PE), which is calculated by LOA divided by the mean value of the reference method multiplied by 100
(%) [2,3]. Based on an arbitrarily chosen mean CO of 5 L min~! and Pythagorean analysis, if both
methods have a coefficient of variation (CV) not exceeding 20%, then the resulting PE is below 30%. In
other words, if method comparison yields a PE of <30% compared to an accepted reference standard,
the new technique would be judged ‘interchangeable’ with the reference standard and therefore
considered clinically acceptable. While this concept is intuitive and relatively easy to apply, it has been
criticised mainly for two reasons [4,5]: first, the larger the CO, the larger becomes the absolute error
(e.g. 30% of 5 L min~! versus 30% of 8 L min~!); second, the CV of neither the test method nor the
reference method is normally reported in method comparison studies. If the reference method is
imprecise, a PE >30% may be calculated even though the test method is both accurate and precise.
However, as thermodilution has been shown to have a CV below 20% in carefully controlled studies,
this is not a big problem in clinical research [6].

Another issue is the correct determination of changes in CO. From a clinical point of view, absolute
CO values are much less informative than CO changes during therapeutic interventions [7]. In this
regard, several statistical methods have been proposed, with the four—quadrant plot (concordance
analysis) currently being the most popular [8]. Concordance is defined as the agreement of the di-
rection of change obtained from paired measurements of both the test and the reference method. This
agreement is graphically displayed by plotting the CO change of the test method against the CO change
of the reference technique on a four-quadrant scatter plot. The concordance rate is then calculated as
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the percentage of the number of data points lying in the upper right and the lower left quadrant of the
scatter plot divided by the total number of data points. As data scattered around the centre of the plot
represent only small and probably random changes of CO, an exclusion zone of (mostly) + 15% change
in CO is defined and values in this zone are excluded from analysis. According to the recommendations
recently proposed by Critchley et al., a clinically acceptable concordance to assume interchangeability
is given with a concordance rate >90%—95% [9]. Additionally, this method has been criticised because
the percentage magnitude of CO changes is not represented in the graph and that the chosen per-
centage changes defining the exclusion zone (e.g. 5% versus 10% versus 15%) and the percentage values
indicating an acceptable trend following characteristics are chosen arbitrarily [10]. Recently, a
refinement of the four—quadrant plot has been proposed using an error grid that assigns each area of
the plot an importance based on the therapeutic consequences of erroneous readings on clinical
management [8].

Despite the limitations cited above, for the purpose of this review, we define interchangeability of
methods by a PE <30% for absolute CO values and a concordance rate >90% for trend following char-
acteristics, as these numbers are reported in the majority of studies and therefore allow for at least
approximately comparing the performance of different devices.

Invasive techniques (pulmonary and transpulmonary thermodilution)
Thermodilution: advantages and limitations

At present, thermodilution (either pulmonary arterial or transpulmonary) is still widely accepted as
the clinical ‘gold’ standard for CO measurement [11].

The main advantage of the technique is its relative intuitive and easy-to-understand physiological
rationale. The technique allows for an instantaneous calculation of flow in an individual patient at a
distinct time point, integrating all influencing factors and confounders (e.g. myocardial contractility,
characteristics of the vasculature and ventilatory settings) at that very moment. Therefore, thermo-
dilution is very often used as the reference technique in method comparison studies, and accuracy and
precision of a new method are judged according to its performance against thermodilution. The main
disadvantages are the relatively time-consuming setup and the invasiveness, which make it a less
favourable alternative for perioperative CO measurement. It has been criticised that thermodilution is
not interchangeable with a true experimental gold standard such as transit time ultrasound due to PE
exceeding the 30% limit in both experimental and clinical studies [12,13]. However, if instrument-
related systematic errors, random errors induced by operator dependency (including inappropriate
or inconsistent injectate temperature, varying volume of the injectate and speed/regularity of injec-
tion) and errors introduced by the inherent physiological variability in the patient studied are carefully
controlled, the precision of pulmonary artery thermodilution may be just below 20% and therefore in
the range suggested by Critchley and coworkers in their model yielding the PE threshold of 30% [6,14].

Transpulmonary thermodilution

TPTD was developed in Germany at the end of the past century and is quite popular particularly in
the German-speaking countries. Presently, it is marketed by Getinge/Maquet (PiCCO;; Pulsion Medical
Systems, Feldkirchen, Germany) and by Edwards (VolumeView; Edwards LifeSciences, Irvine,
USA) [15].

Principle of function

For CO measurement by TPTD, a cold indicator (ice-cold saline) is injected in a central venous line.
The path of the indicator as it travels through the circulation, however, is not detected by a probe
positioned in the pulmonary circulation (as with pulmonary artery thermodilution) but after passage
of the pulmonary circulation by a detector placed in the femoral artery (“transpulmonary”) [16]. The
commercially available systems combine TPTD (CO and intrathoracic and pulmonary volumes
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intermittently) with pulse contour analysis (CO continuously in real time). For the pulse contour-
derived CO, the same limitations outlined in the chapter on devices using minimal/non-invasive
pulse contour analysis are applied. The main difference is that the pulse contour in both the PiCCO,
and the VolumeView device is calibrated by the intermittently performed TPTD. This enables updated
and reliable values even during rapidly changing respective high and low vascular resistance, at least if
calibration is performed repeatedly during these periods of haemodynamic instability [17].

The indicator dilution yields a curve displaying the appearance of the cold indicator over time. The
Stewart—Hamilton equation enables CO calculation based on this indicator dilution curve. CO deter-
mination by pulmonary artery thermodilution is still considered the clinical gold standard, especially
in the English-speaking countries. Pulmonary artery thermodilution is based on injecting an indicator
(usually ice-cold saline) in the distal port of a pulmonary artery catheter (PAC) [11]. The travel of the
indicator through the right heart is then detected using a thermistor at the tip of the catheter. The
resulting thermodilution curve is analysed using an equation proposed by Stewart and Hamilton,
yielding the integral under the curve and thus representing CO. As a rule of thumb, a small area under
the curve is associated with a high CO, while the converse holds true for a large area. TPTD is based on
the same principle, but indicator detection is accomplished using a thermistor in the femoral artery
after travelling through all cardiac chambers and the descending aorta. Thus, CO obtained by TPTD
represents a systemic CO, while pulmonary artery thermodilution technically speaking represents only
right heart CO. As the basic principle is very similar, it is not surprising that both techniques yield
comparable values. Numerous studies have shown a very good agreement between these two
methods, and they are considered interchangeable [18]. TPTD accuracy is only slightly distorted by
heart valve pathologies [19,20]. During very hypodynamic periods, however, displayed values are often
unreliable.

TPTD-based goal-directed algorithms

Despite widespread use of TPTD in the German-speaking countries, only few studies deal with
TPTD-guided algorithms compared with ‘standard of care’, reporting mixed results. Two trials enrolling
patients undergoing cardiac surgery (one with a historic control group and the other, randomised and
controlled) showed a reduced vasopressor use and a shorter ICU stay in patients treated according to
the TPTD-based algorithm [21,22], while this could not be confirmed by in patients on the ICU and in
major abdominal surgery [23,24] — albeit with a completely different algorithm. This emphasises that
the algorithm used is of paramount importance regarding the efficacy of TPTD-based variables. In
addition, incorporating several variables derived from both TPTD and pulse contour analysis (including
the dynamic variables of fluid responsiveness pulse pressure variation (PPV) and stroke volume
variation (SVV)) in an algorithm adds to complexity and hampers application in daily clinical routine.

Limitations
It has been shown that TPTD values are reliable even during veno-venous haemofiltration [25];
during extracorporeal membrane oxygenation (ECMO), however, TPTD does not work anymore.
TPTD is a widespread and established monitoring technology. Accuracy is comparable with that of
the clinical gold standard pulmonary artery thermodilution. TPTD-driven algorithms may improve
patients’ outcome but are not routinely used in clinical practice.

Pulmonary arterial thermodilution

This section presents a short and concise overview regarding pulmonary arterial thermodilution, as
this technique is covered in a separate chapter in this Best Practice issue. Still a PAC is widely used
during cardiac surgery procedures and during a highly major surgery (e.g. for liver transplantation)
[26].

Cardiac output may be obtained using a PAC either by bolus thermodilution (see chapter on
transpulmonary thermodilution) or semi-continuously by randomly applied thermal energy generated
by a heating filament built in the distal end of the catheter [27]. While bolus thermodilution is still
considered as the clinical ‘gold’ standard for CO determination, semi-continuous CO determination
shows a larger PE than the reference technique bolus thermodilution [28].
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Following an observational study published in 1996 by Connors and co-workers and reporting an
excess mortality of patients equipped with a PAC, the use of this device was increasingly questioned
and criticised [29]. Quite recently published meta-analyses, however, suggest that the PAC, if imple-
mented as part of a goal-directed therapeutic approach aiming at an optimised oxygen delivery, may
decrease morbidity and mortality in critically ill patients [30,31]. Consequently, the PAC is still rec-
ommended by the most recent version of the interdisciplinary S3 guideline on the intensive care of
patients following cardiac surgery [32]. Therefore, the PAC is still a valuable tool for haemodynamic
monitoring, also in the perioperative setting.

Minimally invasive monitoring (calibrated and uncalibrated pulse contour analysis,
oesophageal Doppler)

In the past few years, there was a remarkable trend with regard to perioperative haemodynamic
monitoring in favour of less invasive techniques. These less invasive techniques are thought to enable a
better tailoring of fluids, inotropes and vasopressors to the individual patient needs by providing flow-
based variables such as stroke volume and cardiac output continuously in real time. Regardless of
performing haemodynamic monitoring, in addition to preservation of myocardial contractility and
afterload, one of the major goals should be to adjust the volume status of the patient close to ‘nor-
movolemia’ to avoid both occult hypoperfusion and hypervolemia [33]. In this regard, cardiac output is
the major determinant influencing oxygen supply in addition to haemoglobin and arterial oxygen
content (Fig. 1).

None of the available minimally invasive techniques is able to measure stroke volume (SV) and CO
directly; they can provide only an indirect estimation of these variables. If we list the key features of an
ideal monitoring device, such a device should have the following features:

e Easy to use

e Readily available

e Cause no complications

Reliable and yield reproducible values
Non-invasive

Investigator independent

Easy to interpret

At present, these features are not completely met by the minimally invasive monitoring techniques
available for daily clinical routine.

Oxygen delivery DOz
DO2: CO x Hb x SaO2x 1,34

cardiac output

haemoglobin

oxygenation

organ function

central-venous oxygen saturation
lactate

VOz2: CO x Hb x (SaOz- SvO2) x 1,34

Oxygen consumption VO2

Fig. 1. Determinants of oxygen supply and demand.
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From the numerous present-day minimally invasive devices, we have chosen those that are widely
used in clinical routine. There is certainly softness with regard to categorisation of devices to the
different degrees of invasiveness, which will be addressed subsequently (Fig. 2).

Generally, pulmonary-arterial and thermodilution are considered as (maximal) invasive techniques.
With regard to minimally invasive haemodynamic techniques, several methods and devices are
currently available on the market, such as uncalibrated pulse contour analysis, pulse power analysis
and ODM. Completely non-invasive techniques are based either on the ‘Volume-Clamp’ method (which
generates values also by an uncalibrated pulse contour analysis), PWTT analysis or bioimpedance.

Pulse contour analysis: advantages and limitations

The majority of uncalibrated less invasive or non-invasive devices are based on pulse contour
analysis for calculation of CO and derived variables, even though proprietary labelling such as ‘pulse
power analysis’ may suggest an alternative or more sophisticated approach.

The main advantage of pulse contour analysis is the uncomplicated and easy-to-use setup, which
facilitates application in the OR environment. Calibration of the device with a reference technique is
not mandatory (albeit possible with certain devices), and the measurement starts right upon feeding in
biometric patient data such as gender, age, weight and height in the respective haemodynamic
monitor. The main limitation is that the basic assumption, namely, that calculation of CO is possible
using the shape (and specific changes of the shape) of the arterial pressure waveform may not be true
in several clinical situations. The Windkessel model applied for calculation of CO from the pressure
waveform is fitted to the conditions present in an individual patient applying a limited set of biometric
data. These data are used in the different algorithms to account for the patient's aortic properties,
including the aortic compliance, which, in turn, among other factors, yield Windkessel compliance and
its characteristic impedance [34]. It is well conceivable that the assumptions made by the applied
model are violated in individual patients, especially in clinical situations that have not or not suffi-
ciently be incorporated in method derivation. Further, biometric information has some influence on
waveform analysis, as manipulating these data may result in significant changes of the obtained CO [6].

haemodynamic
monitoring

MINIMAL=
INVASIVE

pulse wave analysis non-calibrated " :
: s - pulse wave analysis non-calibrated
using an arterial line

using ,volume-clamp-technology*

- transthoracic echocardiography
- bioimpedance and bioreaktance

partial COz2 rebreathing
oesophageal Doppler
- transoesophageal echocardiography

Fig. 2. Invasiveness of different monitoring techniques.
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It is therefore not surprising that recent meta-analyses investigating minimally and non-invasive de-
vices reported PEs well above 40% for each of the studied devices [35,36]. On the other hand, it has been
shown that meticulous experimental setup and the avoidance of commonly found confounders such as
haemodynamic instability significantly improve the performance of the new devices [6,37]. From a
clinical point of view, monitoring devices should be able to cope with these confounders, as moni-
toring, especially during haemodynamic instability, may be most beneficial to the patient.

FloTrac (Vigileo/EV 1000/hemosphere)

The underlying principle of uncalibrated pulse contour analysis is explained using the FloTrac™
system, which is marketed since 2005 by Edwards Lifesciences (Irvine, CA, USA).

CO is calculated by multiplying heart rate (HR) and SV according to the equation CO = HR - SV. The
Flotrac algorithm uses this equation in a modified version; CO = PF - (GAP - 7 ), where PF represents
pulse frequency, cAP the standard deviation of pulse pressure (PP) and ¥ the conversion factor Khi. HR
is substituted by pulse frequency (PF) to only consider heart beats generating a pulse wave (and
thereby tissue perfusion) in the calculation [38]. This is accomplished by counting the systolic peaks of
the pulse curve in 20 s intervals with a frequency of 100 Hz (generating 2.000 data points). Use of the
standard deviation AP instead of PP yields a variable that is more robust against short-term changes of
vascular tone and is therefore preferred for calculation.

In contrast, SV is not measured directly but obtained from the product of cAP with the conversion
factor ¢ and is therefore estimated from the above-mentioned variables. The conversion factor serves
two objectives: First, it holds the dimension ml/mmHg; multiplying it with cAP, which is given in mmHg,
enables conversion to the unit ml. Second, % offers further information with regard to vascular resistance
and compliance, respectively, thereby modifying their influence on PP, which, in turn, is used for esti-
mation of SV. The conversion factor itself is calculated using a polynomic equation consisting of several
variables (according to the manufacturer) among others: PF, mean arterial pressure (MAP), cAP, body
surface area (BSA), compliance of the great vessels C(P) and skewness (}13ap) and kurtosis (14ap) of the
pressure curve. 7y is a mean value of a 60 s interval and therefore refreshed minute by minute. An
important prerequisite for a reliable, minimally invasive measurement of CO based on uncalibrated pulse
contour analysis is a high-quality arterial pressure curve, as its quality is essential for an accurate analysis.

In addition to the above explained formula, further factors are considered for CO calculation by the
FloTrac system. According to the manufacturer, the system is able to identify several circulatory states
based on an integrated databank and consequently adjusts the performed calculations. In this regard,
different software versions of the FloTrac algorithms exist; version 4.0 is marketed at present [39].

The FloTrac system has been assessed in several studies, which shows that the development of the
software program from versions 1 to 4 yielded at least partially an improvement with regard to the
interchangeability with thermodilution as the reference technique [39,40]. Particularly, the arrhythmia
detection has been improved with third-generation software. However, patients with high as well as
with low and rapidly changing systemic vascular resistance still are a challenge, also for the latest and
most sophisticated software version [41—45]. In such patients, haemodynamic monitoring based on
uncalibrated pulse contour is still not recommended. Two recent meta-analyses on the FloTrac-Vigileo-
system suggest that in patients with preserved systemic vascular resistance and a hypo- or normo-
dynamic circulation (which can be normally observed in patients undergoing elective surgery), both PE
and trending capabilities may be sufficient for use in daily clinical practice, while in critically ill patients
with low SVR and/or a hyperdynamic state, precision and trending are significantly worse [40,46].
Because of the principal shortcomings of uncalibrated systems, this pertains to all devices using un-
calibrated pulse contour algorithms [47—49].

ProAQT™ (Pulsioflex)

Another uncalibrated minimally invasive monitoring device based on pulse contour analysis is the
ProAQT-system (PULSION Medical Systems SE, Feldkirchen, Germany). The device offers continuous
estimation and trending of SV and CO. Further, dynamic variables of fluid responsiveness such as PPV
and SVV, the calculated systemic vascular resistance index and the cardiac power index as an indicator
of cardiac contractility are calculated. Additionally, calibration with a reference CO is possible.
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According to the manufacturer, the ProAQT-system uses the pulse contour algorithm originally
developed for the PiCCO device, and another proprietary algorithm for initial ‘calibration’ based on
patients' demographic data. One problem of this approach may be that the PiCCO device is intended for
use in the femoral artery, while the ProAQT is usually connected to a radial line. As the pulse contour
differs between the femoral and the radial site, disappointing results of a study comparing the ProAQT
with calibrated TPTD with the PiCCO, may be due to this inconsistency [50]. Currently, only few data
are available with regard to the validity of the ProAQT-derived variables. Monnet et al. analysed the
effects of fluid administration and the reduction or increase in norepinephrine dose in an ICU setting on
CO measured by ProAQT and FloTrac compared to TPTD [47]. They summarised that ProAQT and FloTrac
are not able to reliably estimate the absolute values of CO, but volume-induced changes and
norepinephrine-induced changes in CO were tracked reliably by both systems. The possibility to
autocalibrate the system did not improve its reliability. In a recently published bi-centre clinical study
regarding the accuracy of the ProAQT technology in patients who underwent cardiac surgery, the
device showed poor accuracy compared with TPTD regarding CO measurements [50]. However, the
authors reported an acceptable reliability for tracking changes in CO, especially after cardiopulmonary
bypass (concordance rate of 94%). Biais and colleagues found a large PE and a low concordance rate
(62%) between the ProAQT algorithm and continuous pulmonary artery thermodilution during liver
transplant surgery, and they attributed this result to the high impact of SVR on ProAQT readings [51]. To
date, there are no CO comparison studies for the ProAQT with a PE below 30%, regardless of the patient
population enrolled. In a trial applying a goal-directed therapy (GDT) protocol in a major abdominal
surgery with the ProAQT, however, patients in the intervention group had less postoperative com-
plications than those in the standard care group [52].

LiDCOrqpid

ThepLiDCOrapid monitoring system (LiDCO Group Ltd, London, UK) represents another approach of
beat-to-beat cardiac output determination, the pulse power analysis. The algorithm calculates a
nominal aortic volume from a nomogram, in which age, gender, height and other parameters are
considered. The obtained volume is multiplied by an exponential function, which, in turn, is modified
by arterial blood pressure and aortic compliance (derived from an internal reference). The pulse power
algorithm originally required calibration by lithium indicator dilution to determine the individual
vascular compliance. The lithium dilution-derived CO has been evaluated in different clinical and
experimental scenarios with ambiguous results [53—55]. The newly developed software program
(LiDCOrapid) uses a nomogram to assess the patient's specific aortic compliance. Therefore, a prior
lithium dilution calibration for the calculation of SV/CO and dynamic variables of fluid responsiveness
is not necessary. However, alternatively, an external calibration with a reference technique can still be
performed.

The LiDCOyapig requires only a standard arterial line. As generally no calibration is performed, the
above outlined limitations for uncalibrated or autocalibrated arterial pressure waveform analysis do
apply, such as rapid changes in vascular tone [56]. Our group has performed a study evaluating the
LiDCOrapid technology against TPTD in 42 patients undergoing cardiac surgery, in which CO determi-
nation by pulse power analysis was significantly influenced by MAP, yielding an unacceptable high bias
[57]. With regard to patients at higher surgical risk, Nordstrom et al. compared the LiDCOyapiq tech-
nology with an ODM in a setting of intraoperative SV optimisation in patients undergoing major
abdominal surgery [58]. They concluded that the LiDCOyapiq and the ODM cannot be used inter-
changeably and that LiDCOrapiq SVV and PPV add little value to a GDT protocol.

Although the LiDCOyqapig technology is principally comparable with the FloTrac/Vigileo-system,
there is less evidence regarding its accuracy and precision. It should be noted, however, that the
largest trial on GDT in major abdominal surgery performed so far used the LiDCO;,piq as its haemo-
dynamic monitor [59].

Oesophageal Doppler

The ODM measures blood flow in the descending part of the aorta. Using the pulsed-wave Doppler
principle, a velocity-time integral, the so-called ‘stroke distance’, is displayed. As a product of stroke
distance and the cross-sectional area of the aorta (based on empirical data), SV and CO can be
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calculated automatically. As approximately 30% of blood flow leaving the left ventricle supplies the
coronaries, the upper limbs and the brain, only 70% of the total CO can be measured in the descending
aorta (which is compensated for by the system). The basic principle of ODM-derived CO measurement
has been described in detail elsewhere [60,61]. As the obtained velocity-time waveform is highly
dependent on the correct position of the probe, the clinician often has to re-adjust the probe to keep
the angle of insonation as small as possible, i.e. to keep the accuracy of measurements as best as
possible. The higher the angle of insonation, the higher the degree of underestimating the real CO.
Anatomically, the descending aorta and the oesophagus run in parallel at the level where the oeso-
phageal probe should be positioned, causing an angle of insonation of approximately 45°, which has to
be considered for ODM-derived variables [60,62]. There are some data available regarding the rela-
tionship between learning curve and achieving high diagnostic quality. Lefrant et al. demonstrated that
a period of training involving no more than 12 patients is required to enable reliable CO measurements
using an ODM [63]. To address problems due to a lost Doppler signal, the manufacturer (Deltex Ltd.,
Chichester, Great Britain) has recently launched an enhanced monitor that enables Doppler-calibrated
pulse contour analysis (CardioQ-ODM-+). By using a research monitor incorporating nine different
pulse contour algorithms, our group and others found that the well-known Zander-Liljestrand algo-
rithm performed best [64,65]. This algorithm was subsequently mounted in the ODM+. Although it is a
less invasive approach of monitoring CO, the ODM has to be inserted blindly into the oesophagus in
sedated and most often in mechanically ventilated patients, and in general, the risk of harm to oeso-
phageal structures with potentially serious complications must be kept in mind [66].

There is increasing evidence that ODM-guided fluid optimisation will improve patients' outcome
[67—70]. Consequently, the British National Institute of Health and Clinical Excellence has adopted the
use of intraoperative oesophageal Doppler monitoring in the National Health Service (NHS) in patients
undergoing major or high-risk surgery or other surgical patients in whom the clinician would consider
using invasive haemodynamic monitoring [71]. However, a recent meta-analysis questioned the
beneficial effects of ODM-driven SV optimisation protocols on patients’ outcome [72]. The authors
concluded that ODM-guided fluid optimisation in colorectal surgery did not influence length of stay in
hospital or postoperative complications. Results favouring this approach were seen only in early
studies, whereas more recent trials did not show any beneficial effects [73].

Non-invasive technologies (volume clamp technique, bioreactance, pulse wave transit time)
Finger cuff-based techniques

The finger cuff-based technologies such as ClearSight (Edwards Lifesciences, Irvine, USA) and CNAP
(CNAPTM Monitor 500, CNSystems Medizintechnik AG, Graz, Austria) are able to continuously deter-
mine non-invasive arterial blood pressure and CO by an inflatable cuff around the index and/or the
middle finger. This technology in principle is based on the ‘volume clamp method’ first introduced in
the early 1970s by Jan Penaz [ 74]. The basic principle of the ‘volume clamp method’ relies on ‘clamping’
the diameter of a finger artery by a dynamic counter-pressure inflation of the finger cuff, therefore
keeping the diameter of the artery constant. Consequently, the pressure effected on the finger by the
cuff corresponds to the pressure in the finger arteries, which can be registered and converted to central
arterial pressure [75,76]. The basic principle of calculating SV/CO in both systems is based on the pulse
contour method, which is described in detail above and elsewhere [77,78].

ClearSight (formerly known as Nexfin)

With regard to CO measurements, ClearSight technology has been developed on the basis of a large
human database including non-invasive and invasive arterial finger pressure tracings together with
thermodilution CO during cardiac surgery [79], passive head-up tilt in healthy subjects [80] and pa-
tients in shock [34]. Currently, a large pool of data is available dealing with the accuracy and precision
of ClearSight-derived flow variables, with inhomogeneous results. Our group studied 40 patients
undergoing elective coronary artery bypass grafting during the intraoperative period including a
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passive leg-raising manoeuvre and situations with changing systemic vascular resistance. In this study,
the ClearSight device proved to be a reliable technology for CO estimation during cardiac surgery [37].
Regarding the validation of the ClearSight device in the operating room (OR), our results have been
confirmed in 25 patients monitored with an ODM, yielding a strong correlation of ClearSight-CO with
CO measured by ODM [81]. Monnet et al. studied the ClearSight device in 45 haemodynamically un-
stable patients. The aim of this study was to evaluate whether the ClearSight device was able to
accurately track changes in CO due to a fluid challenge. Unfortunately, estimation of CO in septic shock
patients was not reliable, neither for absolute values of CO nor for tracking changes induced by volume
expansion [82]. These results have been confirmed in another study on post-cardiac surgery patients in
the ICU [83]. Comparably to minimally invasive devices such as the FloTrac-Vigileo, the ClearSight
device performs best in patients undergoing elective surgery. In a very well-controlled study in pa-
tients undergoing cardiac surgery, PE of ClearSight (compared to pulmonary artery thermodilution)
was below 30% during stable haemodynamics; performance during periods of haemodynamic insta-
bility, however, was unacceptable [6].

Several studies showed a fair ability of the ClearSight device in tracking changes in CO
[37,81,82,84—86]. Presently, the use of the ClearSight device may be most beneficial in the OR and the
PACU, especially in patients at intermediate risk who normally would not be equipped with a CO
monitoring device. However, the high price (comparably to a PAC) is currently counteracting this
reasonable approach. Quite recently, two studies demonstrated that haemodynamic optimisation
protocols using non-invasive devices are feasible and able to reduce postoperative complications
[87,88].

CNAP

Comparable to the ClearSight device, the CNAP system (CNSystems Medizintechnik AG, Graz,
Austria) offers the ability to continuously measure blood pressure, SV/CO and PPV/SVV. Data of the
ability of the CNAP device to estimate CO are scarce [78]. A proof-of-concept-study enrolling
approximately 38 patients in the ICU showed that this technology is feasible in critically ill patients
[78]. There was an acceptable agreement between CNAP-CO and TPTD if the CNAP device had been
calibrated with thermodilution; data produced from the autocalibrated algorithm (using demographic
data), however, were above the accepted PE. In a more recent study from the same group, similar
results were reported with a too large PE for autocalibrated values; trending characteristics, however,
were acceptable (concordance rate of 100%) [89].

Thoracic bioimpedance

Thoracic bioimpedance is a non-invasive method for CO measurement analysing the variations in
voltage in each beat in response to the application of a high-frequency, transthoracic current. The most
promising monitoring device in this field might be the NICOM device (Cheetah Medical Inc., Wil-
mington, Delaware, USA). In brief, this technology tracks the phase of the electrical current traversing
the chest. The underlying scientific phenomenon is that the higher the SV, the more significant these
phase shifts become. The underlying principle of thoracic bioimpedance is described in detail else-
where [90]. There are a lot of validation studies available showing in principle promising results
regarding accuracy and precision of NICOM-CO compared to TPTD and pulmonary artery thermodi-
lution, even in the presence of atrial and/or ventricular arrythmias [91—93]. However, a few studies
showed controversial results, especially in infants and neonates and in critically ill patients [94,95].

One main limitation of this technology seems to be the application in the OR, as electrocautery
interferes with the thoracic bioimpedance signal. Whenever electrocautery is used for more than 2/3 of
the time period, NICOM-CO is not displayed. To date, the clinical impact of this technology in daily
clinical routine is limited, and a widespread use of this technology in perioperative medicine seems
unlikely at present.

Pulse wave transit time (esCCO)

The esCCO technology (Nihon Kohden®, Tokyo, Japan) is a non-invasive haemodynamic monitoring
platform that requires an ECG signal and the plethysmographic wave [96]. As already described pre-
viously, one main approach for calculating CO is based on the information provided by PP:
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CO =SV x HR = (K x PP) x HR

[CO, cardiac output; SV, stroke volume; K, constant value; PP, pulse pressure; HR, heart rate].
The esCCO technology is based on the observation that the correlation between SV and the PWTT is
superior compared to the correlation between SV and PP [97], yielding the following formula:

CO =SV x HR =K x (& x PWTT + B) x HR = esCCO

[CO, cardiac output; SV, stroke volume; HR, heart rate; K, constant value; PWTT, pulse wave transit
time; o, B: experimental constant].

The PWTT is the sum of the pre-ejection period and the pulse wave arrival time from the ascending
aorta to the peripheral plethysmographic wave. PWTT is calculated from the interval between the R
wave of the ECG and the peripheral SpO2 pulse wave arrival when ECG and SpO2 are simultaneously
recorded. The initial need for external calibration has been replaced by the possibility to adjust
measurements to biometric data incorporated in the most recent software program [98].

Unfortunately, after a first multicentre validation study showing promising results [99] — albeit
with the esCCO calibrated with pulmonary artery thermodilution — further studies using the ‘auto-
calibrated’ algorithm based on patients’ biometric data failed to show acceptable agreement compared
with thermodilution or echocardiography, especially in critically ill patients; further, trending abilities
were not sufficient to guide adequate therapeutic decisions [100—102]. Consequently, this device is
currently not recommended.

In conclusion, monitoring devices provide values useful for the diagnosis of the underlying path-
ophysiology. Fig. 3 presents a matrix that displays the recommended haemodynamic monitoring
depending on the specific risks of the surgical procedure and the patient. Therapeutic decisions derived
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=
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Surgical risk estimate*

Fig. 3. Decision matrix presenting the recommended haemodynamic monitoring based on the risk of the specific surgical procedure
and the patient. *based on surgical risk estimation. ** based on different institutional standard operating procedures, i.e. ASA
physical status classification system, revised cardiac risk index, metabolic equivalent threshold (MET) etc. BP, blood pressure; CVP,
central venous line; CO, cardiac output; GDT, goal-directed therapy.
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from these values must first be assessed by an expert physician. In-depth knowledge of the advantages
and limitations of the monitoring devices used is required for proper use of these devices.

Practice points

e Recently introduced minimally invasive and non-invasive monitoring technologies provide
useful information regarding acute changes of the cardiocirculatory system.

e Calibrated monitoring technologies provide higher accuracy and precision with regard to
cardiac output determination compared with uncalibrated techniques.

e The higher the risk to the patient and the more complex the type of surgery performed, the
more advanced and invasive monitoring is both justified and needed.

e Monitoring per se will not improve patients' outcome, unless coupled to a defined treatment.

Research agenda

e The value of minimally invasive and non-invasive monitoring technologies, especially in
extreme patient populations such as octogenarians and the severely obese, as well as in
infants and neonates, should be further established.

e There is a need for multicentre, randomised, controlled trials in an appropriate number of
patients to investigate the impact of non-invasive-driven haemodynamic optimisation pro-
tocols in the perioperative setting of high-risk patients.
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