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Minimally Invasive CO Monitoring Methods
Minimally invasive CO monitoring methods include arterial catheter–based pulse wave analysis and the esophageal
Doppler (table 1).1

Minimally Invasive Pulse Wave Analysis
CO can be estimated by pulse wave analysis, i.e., by
mathematically analyzing the shape and characteristics
of the arterial pressure waveform.7–9 Minimally invasive
pulse wave analysis systems analyze an arterial pressure
waveform recorded with an arterial catheter (most systems
are optimized to analyze radial arterial pressure waveforms).
In contrast to externally calibrated invasive pulse wave
analysis systems that use a reference indicator dilution method
to calibrate CO estimations (e.g., VolumeView [Edwards
Lifesciences, USA]; PiCCO [Pulsion Medical Systems,

Germany]; LiDCOplus [LiDCO, United Kingdom]),7 minimally invasive pulse wave analysis only requires an arterial
catheter and uses the waveform characteristics, as well as
biometric and demographic data, to estimate stroke volume.
Different minimally invasive pulse wave analysis methods
use different physiologic assumptions and apply different
mathematical models to estimate stroke volume.7,9,10
The FloTrac system (Edwards Lifesciences) empirically
estimates stroke volume using a proprietary hemodynamic
database from pulse pressure and vascular tone, with the
latter estimated from mean arterial pressure and numerous arterial pressure waveform features.9 The ProAQT/
Pulsioflex system (Pulsion) derives stroke volume from the
area of the systolic portion of the arterial pressure waveform
and uses patient data to internally calibrate stroke volume
estimations and account for compliance of the aorta. The
LiDCOrapid system (LiDCO) estimates stroke volume
using pulse power analysis and a nomogram including age,
weight, height, body surface area, and aortic volume. The
Argos CO monitor (Retia Medical, USA) uses so-called
multibeat analysis to estimate CO after analyzing the arterial pressure waveform over periods of several heart beats
and scaling CO estimations to biometric data.11–14 The
MostCare system (Vygon, France) uses the pressure recording analytical method; it analyzes the systolic and diastolic
part of the arterial pressure waveform with a frequency of
1,000 Hz and estimates CO considering the arterial impedance and the impact of reflected pulse waves on the forward
traveling pulse wave.15,16
The main advantage of pulse wave analysis is that CO
can be estimated continuously with rapid response time.
Continuous CO monitoring is considered the optimal way
to monitor the response to fluid responsiveness tests, such as
a fluid challenge maneuver17 or a passive leg raising test.18 In
addition, pulse wave analysis allows for the determination of
dynamic variables of cardiac preload (i.e., pulse pressure variation and stroke volume variation19,20) that allow predicting
fluid responsiveness. Minimally invasive pulse wave analysis
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ardiac output (CO) is a main determinant of oxygen delivery. Maintenance of adequate CO is thus a
mainstay of hemodynamic management in perioperative
and intensive care medicine. Methods to measure CO can
be classified as invasive, minimally invasive, or noninvasive
methods (fig. 1).1 While invasive indicator dilution methods (i.e., pulmonary artery and transpulmonary thermodilution) remain the clinical reference methods for CO
measurement,2 numerous minimally invasive and noninvasive methods to estimate CO have been proposed in recent
years.1,3–5 Understanding the principles of these systems and
their limitations is crucial to be able to select the appropriate method for the individual patient and clinical setting.6 In
this article, we describe minimally invasive and noninvasive
CO monitoring technologies available in clinical practice
and we discuss how to evaluate these systems objectively.
After reading the article, readers will understand how these
new monitoring systems work and how to evaluate their
measurement performance.
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can thus be used for perioperative goal-directed hemodynamic
therapy21 and to track CO changes during functional tests of
fluid responsiveness in critically ill patients.1,5 Because the arterial pressure waveform characteristics are not only influenced
by stroke volume, but also by numerous cardiovascular variables, the estimation of stroke volume using pulse wave analysis relies on theoretical assumptions and the measurement
performance—in terms of trueness and precision of agreement22,23—compared to invasive reference methods can be
impaired under certain clinical circumstances. The measurement performance of invasive pulse wave analysis essentially
depends on arterial pressure waveform quality. To ensure an
impeccable waveform quality, the damping properties of the
measurement system need to be optimal.24 Rapid changes in
vasomotor tone make CO estimations using minimally invasive pulse wave analysis less reliable. Minimally invasive pulse
wave analysis shows good agreement with indicator dilution
reference methods in general critically ill and (cardiac) surgical
patients, but not in patients with liver disease or liver surgery
and septic patients.25 In particular, pulse wave analysis devices
may struggle to adapt to changes in vascular tone induced by
vasopressors.26 Stroke volume can theoretically be estimated
beat-by-beat using pulse wave analysis in patients with cardiac
arrhythmias, but pulse pressure variation and stroke volume
variation cannot be used in patients with arrhythmia.

Esophageal Doppler
The esophageal Doppler method (CardioQ-ODM; Deltex
Medical, United Kingdom) can be used to estimate blood
flow in the descending aorta using the blood velocity time
integral and the aortic cross-sectional area.27 From the blood
flow in the descending aorta, CO can be inferred assuming
a constant distribution of blood flow between the upper
and lower parts of the arterial system. While the esophageal
Doppler method allows estimating CO continuously and
in real time, the main limitations include that the method
922

is operator-dependent, prone to motion artifacts, and not
easily used in awake and alert patients; in addition, there are
inherent limitations to the basic underlying assumptions. First,
the assumption of a constant distribution of arterial blood
flow between the upper and lower parts of the body does
not hold in all pathophysiologic circumstances. Second, the
estimation of blood flow depends on the correct estimation
of the diameter of the aorta and—because the cross-sectional
area is dependent on the square of the radius—even slight
errors in the estimation of the aortic diameter can result
in erroneous estimations of blood flow. Esophageal Doppler
monitoring can be used in patients having surgery to guide
hemodynamic and fluid therapy, and to monitor short term
CO changes in sedated critically ill patients.1,5

Noninvasive CO Monitoring Methods
Methods for noninvasive CO estimation include noninvasive pulse wave analysis (using noninvasive sensors for arterial pressure waveform recording), pulse wave transit time,
and thoracic electrical bioimpedance and bioreactance
(table 1).1,4,28–30

Noninvasive Pulse Wave Analysis
Based on the same principles as with invasive pulse wave
analysis, CO can be estimated from a noninvasively recorded
arterial pressure waveform.3–5,30 Several sensors for noninvasive
pulse wave analysis are available. The two main technologies
for noninvasive pulse wave analysis are the finger cuff method
(also known as vascular unloading technique or volume
clamp method) and automated radial artery applanation
tonometry.3–5,30,31
The finger cuff method is based on a physical measurement principle that was first described in the 1970s.32
Using an inflatable high-frequently adjusting finger cuff
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Fig. 1. Cardiac output monitoring methods.

Cardiac Output Monitoring

Table 1. Minimally Invasive and Noninvasive Cardiac Output Monitoring
Method

Device Name

Minimally invasive cardiac output monitoring methods
Minimally invasive pulse wave analysis
FloTrac (Edwards Lifesciences)
ProAQT/Pulsioflex (Pulsion)
LiDCOrapid (LiDCO)
Argos cardiac output monitor
(Retia Medical)
MostCare UP (Vygon)
CardioQ-ODM (Deltex Medical)

• Invasive
• Estimation of stroke volume relies on theoretical assumptions
• Measurement performance essentially depends on blood pressure waveform quality
• Rapid changes in vasomotor tone make cardiac output estimations less
reliable (e.g., patients with liver disease or liver surgery and septic patients)
• Invasive
• Operator-dependent
• Prone to motion artifacts, not easily usable in awake and alert patients
• Assumption of constant distribution of arterial blood flow between the
upper and lower parts of the body does not hold in all pathophysiologic
circumstances
• Estimation of blood flow depends on the correct estimation of the diameter
of the aorta
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Esophageal Doppler

Pitfalls

Noninvasive cardiac output monitoring methods
Noninvasive pulse
wave analysis

Finger cuff method

CNAP (CNSystems)
• Same general limitations as minimally invasive pulse wave analysis
ClearSight (Edwards Lifesciences) • Limited in patients with peripheral vasoconstriction, impaired finger perfusion, and severe peripheral edema
Radial artery applanation T-Line (Shanshi International
• Same general limitations as minimally invasive pulse wave analysis
tonometry
Medical Group)
DMP Life (DAEYOMEDI)
• Prone to motion artifacts
Pulse wave transit time
esCCO (Nihon Kohden)
• Does not work when patients have cardiac arrhythmias or rapid changes in
vascular tone
Thoracic bioimpedance Thoracic bioimpedance BioZ (Cardiodynamics)
• Prone to motion artifacts and electrical interference
CSM3000 (Cheers Sails Medical) • Limited in patients with arrhythmias and mechanical ventilation
and bioreactance
ICG (Philips Medical Systems)
• Erroneous stroke volume estimations in patients with obesity, pleural
ICON (Osypka Cardiotronic)
effusion, and pulmonary edema
NCCOM (Bomed Medical)
NICOMON (Larsen and Toubro)
Physioflow (Manatec Biomedical)
Thoracic bioreactance
NICOM (Cheetah Medical)
Starling (Cheetah Medical)

that houses an infrared light source and light detector the
blood volume in the finger is kept constant.4,5,30,31 The
blood pressure waveform is calculated from the changes in
finger cuff pressure that are needed to keep finger blood
volume constant. Changes in cardiovascular dynamics influence the point of “unloaded volume” that constitutes the
state of optimal measurement conditions (zero transmural
pressure). Therefore, measurement systems using the finger
cuff technology check and account for arterial compliance
and resistance using proprietary algorithms.33–35
The two main commercially available systems—the
ClearSight system (Edwards Lifesciences) and the CNAP
system (CNSystems Medizintechnik, Austria)—use different approaches to transfer the blood pressure signal obtained
with the finger cuff to a brachial blood pressure signal;30 the
ClearSight system adjusts for height differences between the
level of the right atrium and the finger and the CNAP system
is calibrated to oscillometric upper-arm cuff measurements.
Another method for noninvasive pulse wave analysis is
automated radial artery applanation tonometry.4,5,30,31,36 It
uses a single sensor (T-Line system; Shanshi Medical, China;
Saugel et al.

formerly, Tensys Medical, USA) or arrays of multiple sensors
(DMP-Life; DAEYOMEDI, South Korea) placed over the
radial artery;36,37 the sensor compresses the radial artery until
the transmural pressure across the arterial wall is zero and the
blood pressure measurement can be performed at the optimal applanation position (i.e., the point of maximal pulse
pressure).30,36 Similar to finger cuff technologies, the radial
artery blood pressure signal recorded using applanation
tonometry needs to be scaled to match brachial pressure.36
The finger cuff technology and automated radial artery
applanation tonometry allow for the estimation of CO and
assessment of dynamic cardiac preload variables using pulse
wave analysis without the need for arterial cannulation.The
general limitations discussed previously for invasive pulse
wave analysis also apply for noninvasive pulse wave analysis. In addition, both methods have technical limitations.
While the measurement performance of the finger cuff
technology is limited in patients with peripheral vasoconstriction, impaired finger perfusion, and severe peripheral
edema, automated radial artery applanation tonometry is
prone to motion artifacts. Both methods are currently not
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recommended for the use in high-risk surgical or critically
ill patients who are equipped with an arterial catheter anyway, but may become valuable tools for perioperative monitoring in surgical patients given that technical limitations
can be improved.1,5

Thoracic Bioimpedance and Bioreactance

Pulse Wave Transit Time
The pulse wave transit time is the time the pulse wave takes
to propagate from the heart to the peripheral arteries. The
pulse wave transit time can be used to estimate stroke volume
under the assumption that there is an inverse relationship
between the two.29 In clinical practice, the time between
the R-wave in the electrocardiogram and the pulse wave
in the periphery (measured using a pulse oximeter) reflects
the pulse wave transit time. A CO monitoring system based
on pulse wave transit time is the esCCO system (Nihon
Kohden, Japan). To estimate stroke volume, blood pressure
and biometric patient data are needed. Considering the
underlying measurement principle, it becomes clear that
924

pulse wave transit time–based CO estimation cannot work
when patients have cardiac arrhythmias or rapid changes in
vascular tone. Additionally, preliminary studies suggest the
esCCO technique is not ready for clinical use.38–40

Thoracic bioimpedance and bioreactance estimate CO
using thoracic electrodes that record the amplitude and
frequency of alternating current applied across the chest.4,28,29
Alternating current has both an amplitude and frequency
component, and the resistance to alternating current
(known as “impedance”) has both a frequency and phase
component. Changes in blood volume in the intrathoracic
compartment (mainly induced by changes in aortic blood
volume) induce changes in the electrical impedance of
the thorax, which can be used to estimate the volume of
electrically conducting blood moving in and out of the
chest (stroke volume).4,28–30 Bioimpedance measures changes
in amplitude, and bioreactance measures phase shifts.
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Fig. 2. Five steps for evaluating method comparison studies for cardiac output monitors.

Cardiac Output Monitoring

Objective Evaluation of CO Monitoring Systems
Evolution of the Field
CO method comparison studies differ from studies measuring other (hemodynamic) variables in several respects. CO
is a highly dynamic variable that changes rapidly from one
heartbeat to another within a wide normal range (in contrast to, for example, many laboratory variables that change
slowly or arterial pressure that is closely regulated within
narrow normal ranges). Additionally, numerous methods to
measure CO have been developed over time, with changes
in reference standards as well as statistical methods, making
comparisons between devices complicated (fig. 2).
Original studies on CO monitoring devices were performed in animals and used invasive reference standards (electromagnetic flowmeters), and data were analyzed using linear
regression.41 Over time, as the measurement performance
of thermodilution methods (intermittent pulmonary artery
thermodilution or transpulmonary thermodilution) was
increasingly accepted, clinicians began using it as the “gold
standard” for CO monitoring, when in fact it is really a “clinical” standard, not a laboratory or “reference” standard.41 Some
recent studies have used the aortic flow probe as the gold
standard to assess new CO monitors, but these studies were
conducted in very specific settings such as pediatric cardiac
surgery.42,43 Additionally, increased appreciation of the shortcomings of linear regression (primarily the impact of outliers44), combined with the development of the Bland–Altman
analysis technique led to a change in the presentation of comparison data. The Bland–Altman analysis has its own shortcomings, e.g., dependence on a wide range of tested values
(two devices tested over a narrow range of values might be
misconstrued as producing “acceptable” agreement despite
having no mathematical correlation whatsoever44), and should
be used in conjunction with, not instead of, linear regression.

What Should Readers Look for in a Method Comparison
Study on CO Monitoring to Fairly Assess the Technology?
High quality CO method comparison studies share several
features: they utilize a reliable standard/reference method
Saugel et al.

(either a laboratory reference standard such as a flowmeter
or a clinical reference standard, i.e., intermittent pulmonary artery thermodilution or transpulmonary thermodilution), they test over a wide range of values and conditions,
they analyze the data using a combination of statistical
approaches, and they are adequately powered.44
The method agreement is generally examined through
a version of Bland–Altman analysis that allows multiple
measurements per subject.45 Therefore, the agreement is
visualized by a plot of the differences of two paired measurements, each made by one of the investigated methods,
against the average of the paired measurements. There are
three related statistics to assess agreement. First, the mean
of the observed differences (often called bias) serves as a
measure of a systematic deviation. Second, a 95% prediction interval of the differences, referred to as the 95% limits
of agreement, describes the deviation of methods on the
measurement level that has to be expected for most, that is
about 95% of the measurements. Importantly, computation
of the limits of agreement only takes the sample size into
account if a t-distribution is assumed for the differences
of measurements.44 Third, the so-called percentage error
expresses the deviation of methods in terms of a percentage
of the average level of measurements. It is therefore computed from the one-sided width of the limits of agreement
divided by the average CO. This statistic is used for a very
general classification of agreement and for comparison
across different studies as it is unit-free.
All of these statistics are estimated from a limited sample of observations and it has been recommended to provide the respective 95% CI to demonstrate the precision of
estimation.46–49 The mean of the differences and limits of
agreement are assumed to be constant across the range of
the observed CO values and Bland–Altman analysis can be
used to explore deviations of the data distribution from this
assumption. Transformation of the data, e.g., a log-transformation, and use of regression models have been proposed to
estimate nonconstant bias in such a case.45
With multiple measurements per subject, there are
two sources of variance that contribute to the assessment
of agreement by limits of agreement and the percentage
error. One of them is the between-subjects variance, which
is often referred to as a random between-subjects effect,
a method–subject interaction or the trueness. The further
one is the within-subjects variance, which is often called
the random error or precision of a method.45,50–52 As better
or worse agreement results from these components, it has
been recommended to present them both.47,48,50,52 A related
argument is that even a very well performing new method
can hardly agree with a standard method if the latter is
very imprecise.45,50 This problem translates to the percentage error which could indicate poor agreement, potentially leading to the rejection of a new method, although
the disagreement may be caused by the imprecision of the
standard method. Comparisons of the percentage error to
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Commercially available systems for thoracic bioimpedance
include BioZ (Cardiodynamics, USA), CSM3000 (Cheers
Sails Medical, China), ICG (Philips Medical Systems, USA),
ICON (Osypka Cardiotronic, Germany), NCCOM (Bomed
Medical, USA), Niccomo (Medis, Germany), NICOMON
(Larsen and Toubro, India), and Physioflow (Manatec
Biomedical, France). The NICOM and Starling systems
(both Cheetah Medical, USA) are available for bioreactance.
Both techniques present some practical limitations at the
bedside. Limitations include motion artifacts, electrical
interference, arrhythmias, and mechanical ventilation and
erroneous stroke volume estimations in patients with obesity,
pleural effusion, and pulmonary edema.4,28–30
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on this metric may be misled if the range of CO tested is
inadequate.44

Sample Size

Conclusions

Sample size estimation is rarely seen but is highly recommended for CO method comparison studies.54 Early work
on method comparison studies by Bland and Altman recommend construction of 95% CIs around the limits of
agreement, to ensure that the study is adequately powered.55
Unfortunately, the standard approach to setting CIs around
limits of agreements is not applicable in case of repeated measurements per subject. However, it has been suggested that
this limitation can be ignored under certain circumstances,
e.g., when the number of replicates is less than the number
of subjects.45 Sample sizes obtained through the aforementioned calculations can serve as a rough guide in such cases. A
more sophisticated framework, based on linear mixed-effects
regression models, focuses on the precision of the estimation
of the variance components that are used to compute the
limits of agreement, and therefore provides recommendations on two components of the sample size—the number of
subjects and the number of repeated measurements per subject. A recent publication motivates sample size calculation
by power analysis but is restricted to single measurements per
subject.56 A very general approach is to compute the sample
size through simulation studies. Historical data may also be
used to guide decisions on sample size.47

While the Swan–Ganz catheter remains the clinical standard
for CO monitoring, its use has declined and today, several
minimally invasive and noninvasive CO monitoring devices
are available. Knowing the basic measurement principles of
these new monitoring systems is important to understand their
inherent limitations regarding the measurement performance
and clinical applicability. In addition, as new CO monitoring
devices are being introduced, clinicians should understand the
basis of how to assess a new monitoring method against a
reference method in a method comparison study.

Methodology of CO Method Comparison Studies
Performing a CO method comparison study starts with
the study design and the sample size calculation. After data
acquisition, all data should be presented as a scatter plot.44
The Bland–Altman plot should then be drawn and explored
for a trend in the relation between observed differences and
the magnitude of measurements. Depending on this, a suitable method to compute the mean of the differences, limits
of agreenment, and respective 95% CIs should be chosen.
The results of this computation should be presented as plain
numbers and as lines or graphs within the Bland–Altman
plot, including CIs. The method used to perform the computations needs to be described. For example, it has to be
stated whether the original approach suggested by Bland
and Altman55 has been followed or if mixed-effects models
have been applied, whether a t-distribution or normal distribution has been assumed for the computation of the limits of agreement, etc. Use of formulas may facilitate this task
and avoids misunderstandings caused by definitions, terms,
and notations that are not uniquely specified.
Finally, all available methods describe statistical agreement rather than the effect of measurement differences on
clinical decision-making. Critchley et al. have suggested
that when using limits of agreement analysis, a percentage error of up to 30% is “acceptable,”57 but this must be
taken into clinical context and clinicians who rely purely
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supposedly universal thresholds (e.g., 30%) and comparisons
across studies can be misleading in such a case.51,53
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