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EDITORIALS

Academic assessment of arterial pulse contour analysis:
missing the forest for the trees?
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In this issue of the British Journal of Anaesthesiology, Montenij and
colleagues” provide a thoughtful review of analytic methods for
comparing cardiac output measurement methods, with focus
on arterial pulse contour analysis methods that are intended to
measure cardiac output. This review is a welcome addition to
the literature, as such comparative investigations are common-
place, and often without optimal rigor.

Atthe same time, I hold a concern about another deficiency in
pulse contour investigations. Despite 414 ‘pulse contour’ AND
‘cardiac output’ articles currently indexed by PubMed, a century
of academic reports describing various pulse contour methods”
and decades of commercial sales, it remains uncertain whether
pulse contour methods provide more sensitive and specific indi-
cators about circulatory decompensation than routine use of
blood pressure (bp) and heart rate monitoring —let alone whether
such technology leads to improved patient outcomes. It can be
argued that conducting future studies that continue to merely
compare one cardiac output measurement technique against
another, risks missing the forest for the trees.

To be sure, management of the tenuous patient — stable but
with minimal physiological reserve, and with a high risk of de-
compensation, as might occur after haematemesis from esopha-
geal varices, or during an invasive procedure - is a challenge. The
vigilant clinician monitors tenuous patients carefully, to respond
to any deterioration while avoiding unnecessary and excessive
intervention. A conundrum may occur when the/arterial bp drifts
down, which might indicate deterioration, such as new, danger-
ous blood losses. Yet as often as not, this is relatively benign, a

lessening of vasoconstriction as the patient becomes more re-
laxed as a result of medication or time. The vigilant clinician
must distinguish between these two very different physiological
circumstances, and the stakes are high. Accordingly, there has
been interest in techniques for non-invasive monitoring cardiac
output, such as pulse contour analysis, as cardiac outputis a car-
dinal metric of circulatory adequacy and, as the dividend of the
bp-to—central venous pressure gradient, also yields total periph-
eral resistance (TPR), a measure of vasoconstriction.?

If pulse contour analysis for measuring cardiac output is truly
reliable, then it should be uniformly used as the standard-of-care
for tenuous patients. If the technique is inaccurate, then it is only
anillusion that the patient’s cardiac output and vascular tone are
being carefully monitored, unreliable information that gives
a false — and possibly dangerous - sense of security when
managing tenuous patients.

The rationale behind pulse contour analysis

For a masterly treatment of the principles underlying pulse con-
tour analysis, one may consult the textbook ‘McDonald’s Blood
Flow in Arteries’.* The vast majority of pulse contour methods
estimate volumetric flow in the aortic root, which equals cardiac
output. As a matter of basic physics, note that it is not the pres-
sure wave but the pressure gradient that impels fluid to flow in
blood vessels. In other words, it is the difference of pressures in
a segment of artery, upstream vs downstream, that accelerates/
decelerates the pulsatile blood within that segment. It is simply
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impossible to compute flow with only one pressure wave: com-
puting the gradient cannot be done precisely without a second
pressure measurement. Most pulse contour methods address
this conundrum by relying on probabilistic relationships between
the upstream pressure wave and the downstream pressure
wave. For instance, one method of calculating flow would be to
assume that the downstream pressure waveform is similar to
the upstream pressure, aside from a small time delay. From
this assumption, pressure gradients can be estimated and flow
computed.

The first challenge for pulse contour analysis is that the
downstream waveform is not, in fact, the same shape as the up-
stream waveform, because the entire pressure waveform is
not wholly moving downstream. Instead, there is a primary
wave moving downstream, while there are smaller pressure
waves that move upstream: reflected pressure waves from distal
vascular junctures that travel in the retrograde direction. These
reflected waves increase the amplitude of an arterial waveform,
but they actually create retrograde pressure gradients that
decelerate the blood and retard flow. Larger bp waveforms do
not always correspond to greater forward flow! This is one funda-
mental challenge to pulse contour analysis, and different pulse
contour methods use different techniques, usually statistical
corrections based on either patient characteristics or some prop-
erty of the shape of the bp waveform, to try to circumvent this
complication.

There is a second challenge. While the gradient of pressure
determines the magnitude of acceleration/deceleration, it is the
diameter of the yessel that dictates the actual yolume of blood.
Pulse contour methods must use some technique to address
this complication, such as a calibration of volume against an-
other reference, or relying on probabilistic relationships between
age and gender and the likely size and pulsatile compliance of the
arterial vessel.

There is also a third major analytic challenge. It is only within
the aortic root that flow equals cardiac output, whereas the arter-
ial waveform is usually measured somewhere in the periphery.
Pulse contour methods must use some technique to estimate
flow in the proximal aorta using a pressure waveform measured
in the periphery. Again, a common approach is to use probabilis-
tic relationships between those waveforms. (One approach is to
use a generalized transfer function, which is a mathematical
manipulation based entirely on probabilistic relationships
between peripheral and central waveforms®).

The crux of the matter

There is indeed a physical causal relationship between the arter-
ial pressure waveform and cardiac output. However, taking the
three analytic challenges together, it is also clear than quantify-
ing cardiac output from pulse contour analysis must rely on prob-
abilistic relationships (e.g. the likely relationship between the
central and peripheral arterial waveform; the likely relationship
between the patient’s age, gender, etc. and the size and compli-
ance of the patient’s aorta; or the likely relationship between the
upstream and downstream pressure waves that determine the
flow-determining pressure gradient). These ‘likely relationships’
are purely probabilistic; they are observed in the majority of
cases, but not all cases. Conceptually, it is no different from
relying on a patient’s weight to estimate her height: a reasonable
estimate can be made for many individuals, but there is likely a
subset for whom the relationship will be invalid. Which means
that the estimated cardiac output by pulse contour may be accur-
ate, except when it isn't.

This doesn't invalidate pulse contour analysis. We clinicians
are accustomed to relying on probabilistic relationships when we
assess our patients’ haemodynamics. When mean arterial pres-
sure (MAP) is falling, we know that it typically represents failing
circulation. Or when the patient has a large pulse pressure, we
assume that the patient probably has a large stroke volume. Yet
sometimes these probabilistic relationships are invalid (e.g. pa-
tients with low MAP who are not in shock but are merely vasodi-
lated). It is because our routine measures, such as MAP and pulse
pressure, can be clinically ambiguous that we seek superior, less
ambiguous non-invasive measures.

Returning to pulse contour analysis: the motivation to incorp-
orate this technology into our practice is because we know that
routine bp is not always reliable in assessing circulatory state.
Yet pulse contour cardiac output also relies on a set of probabil-
istic relationships that may be invalid for some subset of clinical
situations. Is pulse contour analysis superior to routine vital
signs monitoring? Or does it provide false reassurance by con-
tinuously displaying a cardiac output estimate that is not always
reliable? Is it indeed superior to routine monitoring? In my
opinion, after more than several decades, this question is not
answered.

Open questions within the literature

The academic literature regarding pulse contour analysis is
dominated by method comparison studies (i.e. comparing car-
diac output from pulse contour analysis vs a reference method).
Method comparison studies do not answer the following ques-
tion: ‘should I use technology X for patient Y.’ The emphasis
on ‘95% confidence intervals’ can mask serious problems that
can occur under certain circumstances: pulse contour method,
overly reliant on probabilistic relationships, might yield wildly
and systematically inaccurate cardiac output in a subset of pa-
tients with atypical physical or physiological properties. Focus
on the majority of cases who, by definition, fall within the 95%
confidence interval, and treating errors as if they are just ‘ran-
dom’, means that major failures of these techniques are treated
as nothing more than ‘outliers’ (i.e. unpredictable statistical
flukes).

Yet it is very possible that pulse contour analysis fails in a
predictable way under predictable conditions (and those condi-
tions may or may not be commonplace in any given published
study). It would be valuable to determine if there are patients in
whom pulse contour analysis predictably fails so that we may
learn the most about the technologies’ true capabilities and
pitfalls. Consider pulse oximetry, by analogy: we know not to
rely on pulse oximetry if there are haemoglobinopathies or
after methylene blue, and we know it is less reliable given
poor skin perfusion or bright ambient lights. We must focus on
defining any non-random sources of error for each and every
investigational cardiac output method that we hope to use on
patients.

Method comparison studies’ are only a rudimentary way of
assessing pulse contour analysis. Other essential questions
include, how frequently does clinical management change
when guided by pulse contour analysis rather than routine mon-
itoring, and are overall prospective outcomes improved? Or, can
pulse contour analysis predict the patient’s future physiological
state better than routine methods involving bp and heart rate
alone? (A useful schema for diagnostic test assessment includes
technical efficacy, diagnostic accuracy efficacy, diagnostic think-
ing efficacy, therapeutic efficacy, clinical outcome efficacy, and
societal efficacy®).
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There are a relatively small number of published prospective
outcomes trials involving pulse contour analysis for cardiac out-
put monitoring. Of those outcomes trials, many are suboptimal,
comparing management using pulse contour analysis vs ad hoc
care. Ad hoc care, in which there are no explicit expectations in
how the control group is managed, is often inferior to any rigor-
ous protocol. Consider that the bispectral index monitor (for
anaesthesia monitoring’) and the continuous fiber optic central
venous oximetry monitor (for sepsis resuscitation®) were both
associated with significantly superior outcomes than ad hoc
care. However, when those technologies were later compared
against alternative monitoring methodologies, neither novel
technology was found to be superior.® °

A second problem with many outcomes trials involving pulse
contour analysis is that they use a bundle of technologies from the
vendor, such as pulse contour cardiac output and stroke volume
variation metrics for predicting volume responsiveness. Certain-
ly, if using a bundle of technologies can be shown to improve
patient outcomes, that finding is noteworthy and may be
practice-changing. However, study designs involving bundles
do not reveal which technologies within the bundle are reliable
and which are not.

Overall, there exist a rather limited number of studies investi-
gating whether or not patients experience superior outcomes
using pulse contour analysis monitoring of cardiac output, and
not nearly enough is known about a technology that has been
sold and used in patient care for decades. Searching the Cochrane
Library, there is only one meta-analysis involving pulse contour
analysis (which concluded ‘an absence of evidence that fluid
optimization strategies improve outcomes for participants
undergoing surgery for [proximal femur fracture’ and ‘length of
hospital stay may be improved, but lack of good quality data
leaves uncertainty’).’* Additional outcomes investigations, in-
cluding replication of successful pilot studies without industry-
sponsorship, should be encouraged for anyone interested in the
academic assessment of pulse contour methods.

Closing remarks

The current landscape is a generally poor understanding of pulse
contour analysis products’ clinical value. Searching the Pulsion.
com website,"” I cannot find any detailed explanation for their
pulse contour analysis algorithm that addresses the analytic
challenges that were discussed above. The FloTrac website'” is
similarly vague, merely stating broadly that: ‘Cardiac output
is correlated with the variance between systolic and diastolic
pressure. Real-time analysis of waveform characteristics is also
integrated, compensating for changes in vascular physiology
affecting the pressure waveform.’ Retia Medical offers a different
approach to pulse contour analysis, seeking to estimate the rate
at which blood drains from the arterial tree by looking at the ar-
terial pressure over long time intervals (rather than estimating
volume of each systole)** but their website does not provide sub-
stantial detail, either.” We clinicians would never treat patients
with pharmacologic agents with active ingredients so poorly
described and understood.

There is insufficient published evidence that pulse contour
methods, which offer cardiac output estimates based on a set
of probabilistic assumptions, are safe, or that they offer signifi-
cant advantage over careful monitoring using routine haemo-
dynamic parameters. Nor is it clear which commercially sold
methods are superior to the others. There is generally weak
understanding about the specific conditions under which each
method is reliable vs erroneous. The fact that pulse contour

analysis generally correlates well with cardiac output references
measurements (as demonstrated by many cardiac output meth-
od comparison studies) is not, to me, adequately encouraging,
because changes in MAP also generally correlate well with
changes in cardiac output.'® Therefore, correlation with cardiac
output is not in-and-of-itself evidence that pulse contour ana-
lysis is better than routine use of bp and heart rate monitoring.

The promise of pulse contour analysis is clear: there is a
wealth of information within the waveform, and it seems reason-
able that rigorous analysis should yield superior information for
decision-making than rudimentary metrics such as systolic bp
and MAP. In the near future, one hopes that these open questions
can be addressed with trials that unambiguously affirm the
clinical value of pulse contour analysis for patient management,
while clinicians will use the technologies with a deep under-
standing of its underlying principles and the evidence that it is
useful for a given clinical application.
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Cardiovascular homeostasis is a complex and beautiful interplay
between the functional differences between various vascular cir-
cuits in the body and their tissue’s metabolic demand, the phys-
ical nature of the endothelial barrier to fluid flux, the circulating
blood volume, and reflex-mediated autonomic tone. When at
rest, as occurs during anaesthesia, basal metabolic demand is
both constant and low. Thus, impairments in autoregulation or
sudden decreases in blood volume, as may happen during sur-
gery, are thankfully less detrimental to tissue wellness than
might otherwise be the case under conditions of metabolic
stress. However, such physiologic reserve though comforting to
the anaesthetist and forgiving to the patient, has clearly defined
limits. Anaesthesia by its nature decreases central nervous sys-
tem activity and by default, impairs autonomic responsiveness
and at high enough concentrations impairs vascular tone and
cardiac contractility. These concepts form the basis for anaes-
thetic selection in specific patient groups. But mostly all these
considerations have focused on the left ventricle (LV) and arterial
tone, ignoring venous return by simply placating it with in-
creased fluid resuscitation, vasopressor infusion and/or de-
creased concentration of anaesthesia if the patient becomes
hypodynamic.

However, the circulation is much more interactive in its com-
ponents defining cardiac output than those described by left ven-
tricular preload and contractility and arterial pressure and
arterial vasomotor tone. Fundamental principles of cardiovascu-
lar physiology, as originally described by Guyton and colleagues®
more than 50 yr ago,” identified venous return as the primary de-
terminant of cardiac output and that LV function is remarkably
insensitive in defining this level of flow, only the required back-
pressures needed for that flow. We collectively argued these
points relative to cardiopulmonary bypass surgery in a physio-
logic commentary.” Until recently, just knowing that venous re-
turn was the primary determinant of cardiac output did little to

help the bedside clinician manage complex and changing surgical
patients. One understood that mean circulatory filling pressure
(Pmcf) was the best surrogate for effective circulating blood vol-
ume, but its measure and its own determinants were difficult to
ascertain at the bedside and nearly impossible to measure repeat-
edly over time. The effective circulating blood volume represents a
balancing act between total circulating blood volume, blood flow
distribution amongst various organs with varying degrees of cap-
acitance and unstressed volume, and the resistance to venous re-
turn (RVR), which has more of a conductance determinant to its
value that actual physical resistive.®> Importantly, multiple lines
of investigation have led to the development of several methods
to quantify Pmcf at the bedside using only arterial pressure, cen-
tral venous pressure (CVP), and cardiac output. A detailed review
of these various techniques is found elsewhere.* However, pres-
ently three techniques are readily available and can be used for
the bedside assessment of venous return.

The first approach uses an analogue estimate of Pmcf by as-
suming a constant proportion of compliance and resistances
within the arterial and venous circuit.” We recently validated
this breath-by-breath analogue approach in a canine model dur-
ing normal and endotoxic shock state.® Using this analogue ap-
proach Cecconi and colleagues’ examined the effect of fluid
boluses on Pmcf, the driving pressure for venous return (Pmcf-
CVP), and cardiac output in a large postoperative surgical patient
population. They showed that fluid loading universally increased
Pmcf, if only transiently, and unaltered RVR. However, for cardiac
output to increase the driving pressure for venous return also
needed to increase. Thus, if fluid loading did not increase cardiac
output, CVP increased, whereas in those whose cardiac output
increased CVP remained stable. The observation that volume
loading does not alter RVR has been known for more than
30 yr,® and is the basis for increases in CVP during fluid loading
being a ‘stopping rule’ for fluid infusion therapy.’
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Abstract

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

Key words: cardiac output; trends; validation studies

910C ‘€T AeIN uo 15on3 £q /310 s[ewmofpIoyxo elq//:duy woiy papeoumo(

Method comparison research aims to evaluate the validity of a
new monitor against an established reference technique, and is
of specific interest in cardiac output (CO) monitoring.’ * After es-
tablishing validity, other types of research are needed to evaluate
the extent to which new monitors alter haemodynamic manage-
ment, effects on patient outcome, and cost-effectiveness.
Method comparison studies face a number of methodological
challenges. A number of reviews have been published, most
of them discussing a component of the application of Bland-
Altman analysis in this setting.>”’ Despite these reviews, many

studies do not meet a number of fundamental principles.® ®
This may lead to incorrect conclusions and erroneous applica-
tions in clinical practice. This review therefore aims to provide
a complete overview of the methodological considerations in
method comparison studies concerning new CO monitors. Each
component of the study design, data analysis, or data interpret-
ation is followed by a recommendation. In addition, we focus on
evaluation of trending ability, which has become increasingly
important with the emergence of continuous systems.’ *° Cur-
rent methods to analyse trending ability have a number of

1 This Article is accompanied by Editorial Aew110.
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limitations.'* As an alternative, the concept of ‘clinical concord-
ance’ and a corresponding error grid method for evaluation of
trending ability from a clinical perspective is introduced. Finally,
the methodological issues are summarized, resulting in a step-
wise approach and checklist for CO method comparison re-
search. The use of this checklist could lead to a more complete
and homogeneous presentation of data, which may facilitate sys-
tematic reviews and meta-analyses in the future.

Bland-Altman analysis: concept

Each new CO monitor should be evaluated for its accuracy and
precision; accuracy refers to the ability to measure CO close to
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s
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(8] .
2 o bias
g_ X X
£ % x
x
x LOA~
(CO+CO, )2

its true value, whereas precision refers to the spread of repeated
measurements (Fig. 1a). Measurement of the ‘true’ CO is extreme-
ly difficult in clinical practice, and reference techniques can pro-
vide only an approximation.” ? This problem can be handled in
part using Bland-Altman analysis.'>"** This method evaluates
agreement between two measurement techniques, rather than
validating the experimental technique against a perfect refer-
ence. As a result, only conclusions about interchangeability be-
tween the experimental and reference technique can be drawn.
Bland-Altman analysis determines the bias, or mean difference
between the experimental and reference technique, as a measure
of accuracy.’®™** As a measure of precision, the 95% limits of
agreement (LOA) are used (Fig. 1B). The LOA are generally

Inaccurate
x
x
Inaccurate
8
Q LOA*
O x x* % x
i x bias
o x Xy X
x LOA-
0
(CO,+CO, )2
x
B 5 X LOA*
Q x
Q x x
g X )
@) bias
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0 X %
x
x LOA-
(CO,+CO, )2

Fig 1 Accuracy and precision and the relation with bias and the limits of agreement as determined with Bland-Altman analysis. (A) Accurate measurements are
close to the true value, irrespective of the spread of the measurements; in contrast, precise measurements are close to each other, irrespective of their deviation
from the true value. Valid cardiac output monitors are both accurate and precise. (8) In Bland-Altman plots, accurate cardiac output monitors show a bias
(continuous line) close to the line ‘x=0’, whereas precise monitors show limits of agreement close to the bias (dotted lines). COeyp, cardiac output of the
experimental technique; CO,.y, reference cardiac output; LOA*, upper limit of agreement; LOA™, lower limit of agreement.
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determined as:

LOA = (bias) * tyn_1 * (SD)

in which sp is the standard deviation of the differences, n the
sample size, and t,,_; the t-value corresponding to the de-
grees of freedom (n-1) and a type I error (o) of 0.05. The
LOA therefore represent the limits enclosing 95% of the differ-
ences. The bias and LOA can be depicted in a Bland-Altman
plot (Fig. 1B). The mean error or percentage error is calculated
as follows:

SD
Mean error (%) = 100% * ton_1 * (me(ain)CO)

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

Pitfalls in the application of Bland-Altman
analysis

Bland-Altman analysis has a number of important pitfalls, which
are discussed in the next sections, each followed by a recommen-
dation. These recommendations are summarized in a checklist
(Table 1).

Normal distribution

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

Recommendation

Check the differences between the experimental and reference
technique for normality by combining a visual check and statis-
tical test.

Proportionality

The bias and LOA are meaningful estimates only if they are uni-
form over the range of measurements.'* If the difference between
the techniques increases with an increase in CO, the bias will be
overestimated in the low-CO range and underestimated in the
high-CO range. This effect is called proportional bias and can
be quantified by plotting a regression line in the Bland-Altman
plot. If the slope of this line differs significantly from zero,
proportional bias is present.'* *” Nonetheless, in small studies,
proportional bias cannot be ruled out because these studies
may lack the statistical power to demonstrate this significant
difference. Regression analysis should therefore be accompanied

Table 1 A stepwise approach and checklist to the design, data analysis, and data interpretation of cardiac output method comparison
studies. CI, confidence interval; CO, cardiac output; LOA, limits of agreement; 4Q, four-quadrant; TDCO, thermodilution cardiac output;

TPCO, transpulmonary thermodilution cardiac output

Study phase Topic Checklist item
Design Measurement Create a protocol for the timing and recording of CO measurements, considering haemodynamic
protocol fluctuations, dependence of paired measurements, and the response time of (continuous)
systems

Criteria for
agreement
Sample size

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

Consider a sample size calculation (suggested method in Supplementary Appendix B or method

by Bland),”" or assess the appropriate sample size based on historical data

Reference
technique

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

Data analysis ~ Normal distribution Check whether the differences are normally distributed by combining a visual check and

statistical test

Interpretation

Data analysis

Bland-Altman
analysis

Reference precision
Response time

Trending ability

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

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

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

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

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

If applicable, consider the clinical concordance method as an alternative or addition to 4Q and
polar analysis
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by a visual check of the Bland-Altman plot. The spread of the
differences may also be non-uniform over the range of CO mea-
surements. This proportional spread can be identified visually
in the Bland-Altman plot as a change in the scatter of the
differences. In addition, the absolute values of the residuals as
obtained with linear regression can be plotted against the
mean CO.' If the bias or LOA are non-uniform, transformation
of the data or regression analysis can be applied to prevent
under- and overestimation in specific measurement ranges;** */
however, this limits the interpretation of the study results.

If the bias or LOA are uniform over the range of measure-
ments, the difference between two systems is relatively larger
in the lower range in comparison with the higher range. A uni-
form bias of 0.6 litre min™" represents a 20% mean deviation if
CO is 3.0 litre min~, but a 10% deviation if CO is 6.0 litre min™.
In contrast, if the bias or LOA are non-uniform, this percentage
deviation may be constant. A non-uniform bias of 0.3 litre min~*
at 3.0 litre min~? and of 0.6 litre min~? at 6.0 litre min~? represents
a constant 10% deviation. Measurement error may therefore be
constant in an absolute (e.g. 0.3 litre min~") or relative (e.g. 10%)
sense.

Recommendation

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

Paired measurements

Many studies use multiple measurements in the same subject.
Bland-Altman analysis without correction for paired measure-
ments may underestimate the sp of the differences, leading to
falsely narrow LOA and confidence intervals (Cls).” ® * ** As illu-
strated by Hamilton and Lewis,” this effect increases with a small
number of subjects, large number of measurements per subject,
and little within-subject variance in comparison to between-
subject variance. This emphasizes the need for correction for
paired measurements in studies investigating continuous CO
monitoring devices in the absence of major haemodynamic
changes. Consecutive measurements will tend to correlate, redu-
cing the within-subject variance. In contrast, major haemo-
dynamic changes may increase the within-subject variance to
an extent that measurements become independent.'® We there-
fore suggest determining the autocorrelation of repeated mea-
surements first. If this autocorrelation is not negligible, a
correction for the use of paired measurements should be applied.
Two methods are available for this purpose.® ** Bland and
Altman' provide a method to determine the LOA from the with-
in-subject variances of the experimental and reference methods
and the variance of the differences between the within-subject
means. Alternatively, Myles and Cui® use the average of repeated
measurements and use a random effects model to correct for the
reduction in variation that occurs by using this average. In add-
ition to these statistical approaches, it is advisable to separate
consecutive measurements in time, especially in the absence of
major haemodynamic fluctuations. In this way, substantial cor-
relation between consecutive measurements can be prevented.

Recommendation

A correction for the use of paired measurements should be
applied unless both autocorrelation and clinical circumstances
indicate that the measurements are independent. In the timing
of consecutive measurements, the measurement protocol

should consider the presence or absence of haemodynamic
fluctuations.

Confidence intervals

Investigators should not forget to calculate 95% ClIs for the bias,
LOA and mean error, because they represent an estimation of
their ‘true’ counterparts in a target population.” ** At first sight,
bias and LOA in a study may seem clinically acceptable. If, how-
ever, the corresponding CIs are wide, considerable differences
between two systems can still be present in the target population.
To illustrate this, we reconstructed the CIs of the bias, upper
and lower LOA, and mean error in a number of studies (Supple-
mentary Appendix A). Considering the CIs in the data analysis
would probably lead to different conclusions in some studies.
The CI of the bias should not be confused with the LOA." The
CI of the bias indicates the limits for the bias in the target popula-
tion, whereas the LOA refer to the spread of the differences in a spe-
cific study. The CI of the bias is calculated as biasztm,l*SD/\/n,
and decreases with increasing sample size. Being a measure of
spread, the LOA do not decrease by increasing the sample size.

Recommendation
The bias, LOA, and mean error should always be accompanied by
their 95% Cls.

Agreement

Bland-Altman analysis does not provide definitive answers in
terms of P-values. The acceptable level of agreement between
a new and a reference CO technique is a matter of clinical
judgment. A bias of 0.5 litre min~" and LOA of +1.0 litre min™*
may be acceptable for patients undergoing surgery with major
haemodynamic disturbances, but not for patients with heart fail-
ure undergoing cardiac surgery. Clinically acceptable boundaries
for bias and LOA or mean error should therefore always be de-
fined in advance, depending on the target patients in which the
new device is aimed to be used.’ To a certain extent, the desirable
level of agreement can be adjusted if the new device has clear
advantages over the reference technique in terms of safety,
handling in clinical practice, or costs.

Recommendation
Acceptable boundaries for the bias, LOA, and mean error should
be defined in advance.

Sample size calculations

The use of predefined criteria for Bland-Altman variables facili-
tates the decision-making process of accepting or rejecting new
CO monitors for clinical use. However, study results may have
the tendency to end up close to the predefined criteria, as these
criteria reflect the clinical context in which the study has been
performed. If the 95% CIs are wide, there is a substantial risk
that they include the predefined criteria, which hinders definite
conclusions. It is therefore advisable to consider the appropriate
sample size in advance. Sample size calculations for Bland-
Altman analysis can be considered controversial, because the
method is not a statistical test. Moreover, the variability of
(repeated) measurements with the new technique is unknown.
Despite this, we point to a number of methods to estimate the
appropriate sample size. First, the use of a desired maximal
width for the 95% CIs around the mean error enables sample
size calculations. This method was applied in a previous study
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by our group,” and is described in Supplementary Appendix B.
Similar to this approach, the width of the CIs around the upper
and lower LOA can be determined in terms of the sp, as described
by Bland.?* Third, sample sizes can be estimated based on histor-
ical data. We realize that these approaches can be debated, and
researchers are free to consider their use; however, we advise re-
flection on this topic in the design phase of method comparison
studies in order to reduce the risk of underpowering.

Recommendation
Sample size calculations may be considered to estimate the
appropriate number of subjects.

Reference precision

The LOA and mean error are influenced by the precision of
the reference technique.” ?” This is reflected in the formula by
Critchley and Critchley?” to derive the mean error from the preci-
sion of the experimental and reference techniques, or:

Mean error = +/([experimental precision]

+ [reference precision]?)

The use of imprecise reference techniques will therefore lead to
wide LOA and high mean error, independent of the precision of
the new device.® *? Intermittent thermodilution CO (TDCO) with
a pulmonary artery catheter is frequently used as reference tech-
nique. In many studies, the precision of TDCO is assumed to be
20%, and experimental precision should not exceed this 20% to
be interchangeable with TDCO. Consequently, the mean error
should not exceed 1/(202+20%)=28.3%, which is often rounded up
to 30%.%? The strict use of a 30% limit for the mean error will,
however, lead to erroneous conclusions if reference precision is
significantly smaller or larger than 20%. Precision of TDCO or
alternative techniques, such as transpulmonary thermodilution
(TPCO), may even be improved to 5%." >/ Both TDCO and
TPCO can therefore be considered valuable as a reference tech-
nique, if properly performed. Moreover, this emphasizes the
need for evaluation of reference precision in addition to experi-
mental precision. The sp of repeated measurements or ‘repeat-
ability’ can be used for this purpose.® ® Repeatability is defined
as 2xsD of repeated measurements (SDyep) divided by CO.* The
squared values of experimental and reference repeatability can
be added up as:

Combined repeatability = +/(Jexperimental repeatability)

+ [reference repeatability]?)

This ‘combined repeatability’ represents the maximal variation
in repeated experimental and reference measurements that
could explain the mean error. The mean error should therefore
not exceed this value for the techniques to be interchangeable.? ®

Recommendation

The TDCO and TPCO may be precise reference techniques, if
properly performed. Both experimental and reference repeatabil-
ity should be determined for proper interpretation of the LOA and
mean error.

Changes in cardiac output and response time

Changes in CO introduce variability in repeated measurements,
irrespective of precision (Fig. 2a). This does not affect the differ-
ence between experimental and reference CO if they are observed

at exactly the same moment in time (Fig. 28). In the case of differ-
ences in response time between experimental and reference
CO, however, a difference between the techniques will appear.
This has important consequences for studies evaluating continu-
ous devices during haemodynamic changes. These devices need
time to process changes in the underlying CO, in contrast to
intermittent reference techniques without measurement delay.
Discrepancy will therefore emerge during haemodynamic
changes, which fade out in time.”® The timing and recording of
measurements is therefore important, and postponing measure-
ments during acute haemodynamic changes should be consid-
ered.’® In acute settings, however, observations are directly
followed by therapeutic decisions. To be valid in this situation,
monitoring systems should display short response times.

Recommendation

The response time of (continuous) monitoring systems should be
taken into account, and the method of collecting and recording
CO measurements should be defined clearly. If necessary and
appropriate, measurements can be postponed.

Trending ability

An increasing number of studies focus on the ability to track
changes in CO, in addition to determining its absolute value.’ *°
Evaluation of the trend in CO might be helpful to evaluate the ef-
fects of interventions and is intuitive, because CO is continuously
changing as aresult of a variety of influences, such as respiration,
the autonomic nervous system, and changes in metabolic de-
mand.”* ° ?® The absolute value of CO is useful to consider in
the diagnostic work-up of critical care patients. A proper evalu-
ation of trending ability requires that changes in CO are induced
in a controlled set-up. Moreover, the timing of and recording
of measurements should be described clearly. Differences in
response time between the experimental and reference method
should be taken into account, and reference CO should be precise,
as described earlier.

Bland-Altman analysis, polar plot methodology,
and four-quadrant concordance

Although Bland-Altman analysis evaluates the accuracy and
precision of absolute CO readings, conclusions about trending
ability may be drawn intuitively. If absolute CO measurements
are precise, trending ability should be adequate, irrespective of
accuracy. Accuracy refers to the mean deviation between a new
CO monitor and true CO. This deviation will be fixed in highly
precise monitors and therefore irrelevant in tracking CO changes.
In imprecise monitors, the deviation from the underlying CO
is variable, which makes trending impossible. Theoretically,
precision can be used to determine which changes in CO will be
followed reliably. Precision of ACO is defined as 1/2 times the pre-
cision of a single CO measurement.” As a result, a CO measure-
ment device with a precision of 10% can reliably detect changes
in CO of >14.1% (1/2*10). On the contrary, precision of CO meas-
urement needs to be <7.1% (10/1/2) to detect a ACO of 10% reliably.

Two articles by Critchley and colleagues® *° review several
methods to evaluate trending ability, including four-quadrant
(4Q) concordance and polar plot methodology. The 4Q method
plots the change in experimental CO (ACOexp) against the change
in reference CO (ACO,cf).” The percentage of data points in which
ACOexp and ACOr.r change in the same direction is called 4Q con-
cordance. This represents a rather crude estimate of trending
ability and does not consider the magnitude of ACOeyp and ACOrer.
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Fig 2 The influence of changes in the underlying CO (a) and difference in response time between the experimental and reference technique (8). (o) Both variability in
the underlying CO and imprecision may lead to significant spread in repeated measurements. The left box indicates variability in five consecutive CO
measurements by a decrease in underlying CO, whereas imprecision in the measurement technique itself explains the variability in the measurements in the
right box. (B) Changes in underlying CO in time (continuous line) do not affect the differences between the experimental (open crosses) and reference (filled
crosses) CO measurements if the response time is nearly the same (left panel). If the experimental CO device responds slowly (dotted line, right panel), the
differences increase, resulting in wide LOA. CO, cardiac output; LOA, limits of agreement.

In contrast, the polar plot approach enables quantitative assess-
ment of trending ability, which is a major advantage.” '° None-
theless, a number of limitations need to be considered. First,
interpretation of the polar variables is not straightforward. The
translation of angular bias and radial LOA to clinical practice is
not intuitive. Second, the criteria for good trending ability were
validated, in a limited number of studies, against concordance
and the opinion on trending ability by the authors. As a result,
conclusions from polar plot analysis will have the tendency to
agree with other statistical methods applied in the past, which
limits the added value. Third, the criteria were determined
with TDCO as the reference technique. In the case of another
reference technique with different precision, the criteria should
be adjusted.” Fourth, both polar plot and 4Q methods use exclu-
sion zones to limit the influence of small changes in CO that may
introduce random noise; however, this reduces statistical power
and ignores potentially valuable information. The combination
of small increases in ACOeyp, (€.g. +1%) with small decreases in
ACOyes (€.8. —1%) or Vice versa may be considered good trending,
because these changes are both insignificant and unlikely to trig-
ger therapeutic actions. In 4Q and polar analysis, these data pairs
are excluded.

‘Clinical concordance’

Alternatively, it is possible to pass a clinical judgment on each
individual data pair. Each combination of ACOeyp and ACO,r is

designated as ‘good’ or ‘poor’ trending and depicted in a ‘clinical
concordance’ plot (Fig. 3a). The designations are based on criteria
from a clinical perspective. Changes in CO, in a patient are
divided into the following categories:

non-significant change (ACOyer +5% or less);

moderate increase or decrease (ACOyer £5-15%); or

large increase or decrease (ACOyer +15% or more).

Each corresponding ACOey, is assigned good trending if
ACOcxp changes in the same direction and falls into the same
category as ACOrs Depending on the clinical context, the
number of categories and their criteria can be adjusted. ‘Clinical
concordance’ can be defined simply as the percentage of ‘good
trending’ assignments. The percentage ‘poor trending’ assign-
ments directly informs the clinician about the risk for clinically
relevant, erroneous trending information. Moreover, comparing
the categories into which ACOey, and ACO, fall provides insight
into the extent to which ACOcy, and ACO,. (dis)agree. In analogy
with error grids used to validate new glucose measurement
devices, this (dis)agreement can be further divided from the
perspective of therapeutic consequences.”” An error grid can be
created to reflect the therapeutic consequences in specific
zones in the concordance plot (Fig. 38). The following zones can
be distinguished.

(i)  ACOexp and ACOy.r change in the same direction and to the
same extent, reflecting the following situations (in analogy
with ‘clinical concordance’): (a) COexp and CO,er change
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Fig 3 Clinical concordance and error grid plots. (a) Clinical concordance
defines three categories (green squares), in which trending is ‘good’ from
a clinical perspective. Clinical concordance represents the percentage
of ACOeyp and ACO,r data pairs falling into these categories. (8) The
corresponding error grid uses multiple zones (rectangles in different
shades of green) to define the level of agreement between ACO.y, and
ACOyef data pairs from the perspective of therapeutic consequences. The
zones are based on the clinical concordance categories, and can be
created by extending the lines that surround the clinical concordance
squares. Zone 1 corresponds to the clinical concordance categories in
which COeyp and COyer change in the same direction and to the same
extent. This results in correct treatment decisions. In Zone 2, COeyp, and
COrer change in the same direction but not to the same extent, reflecting
insufficient or exaggerated treatment. In Zone 3, COeyp changes while
COyer is constant or vice versa, reflecting unnecessary or withheld
treatment. Zone 4 represents opposite changes in COexp and COper,
resulting in opposite treatment. ACOeyp, change in experimental cardiac
output; COyes, change in reference cardiac output.

<5%; (b) COexp and COre change between 5 and 15%; or (c)
COexp and COef change >15%. In this zone, correct treatment
decisions are made with the new technique.

(i) ACOexp and ACOrer change in the same direction but not to
the same extent, reflecting the following situations: (a)
COexp changes between 5 and 15% while CO,er changes
>15%; or (b) COexp changes >15% while CO.r changes be-
tween 5 and 15%. In this zone, treatment may be insufficient
(a) or exaggerated (b).

(iii) ACOexp changes while ACO,ef is constant or vice versa,
reflecting the following situations: (a) COexp, changes >5%
while CO,er is constant; or (b) COexp is constant while COrer
changes >5%. In this zone, unnecessary treatment may be
initiated (a) or necessary treatment may be withheld (b).

(iv) ACOeyxp and ACO,f change in opposite directions, reflecting
the following situations: (a) COexp increases >5% while
COrer decreases >5%; or (b) COeyp, decreases >5% while COyer
increases >5%. In this zone, opposite treatment may be
initiated.

The clinical concordance method provides a crude measure
of trending agreement (clinical concordance) in combination
with the therapeutic consequences of trending disagreements
(error grid). A worked example is provided in Supplementary
Appendix C. The suggested method uses all data pairs in the
data analysis, which is an important advantage. Moreover, the
extent to which ACOeyp and ACO,.r agree is addressed from a clin-
ical perspective, which enhances the interpretation and use in
clinical decision-making. The definitions for the clinical concord-
ance categories and zones in the error grid are, however, rather
subjective, and the use of different definitions might hinder com-
parison between studies in the future. Additional research is
therefore needed to validate this new approach against current
methods for trending analysis. Clinical concordance and error
grids are meant as an extension to current methods, such as 4Q
concordance and polar plot methodology, not as a substitute.

Recommendation
The clinical concordance method should be considered as an
alternative or addition to 4Q and polar analysis in the evaluation
of trending ability.

Discussion

The present review article describes the methodological chal-
lenges with the application of Bland-Altman and trending ana-
lysis in CO method comparison research. Moreover, the concept
of clinical concordance and a corresponding error grid method
is introduced to evaluate trending ability from a clinical per-
spective. Based on the items discussed, a stepwise approach
to the design and data analysis of CO method comparison re-
search can be created (Table 1). This approach may serve as a
checklist for new researchers in the field. In addition, it may
help clinicians to interpret the results from these studies in
their decisions to incorporate new CO monitoring techniques
in daily practice.

Although this review focuses on Bland-Altman and trending
analysis, the data analysis of method comparison studies
should not be restricted to these statistical methods. As in any
type of research, the data analysis should include a close look
at the raw data, considering outliers, haemodynamic circum-
stances, and patient characteristics. The scatterplot depicting
experimental against reference CO should be evaluated, to-
gether with the range of CO measurements, effects in regions
with high- or low-CO states, and effects in subgroups of pa-
tients. This is important because the performance of CO moni-
tors may differ considerably depending on (patho)physiological
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conditions in the patient.” > Moreover, method comparison re-
search represents only the initial part of the validation process
of new CO monitors.’® Besides technical efficacy, the ultimate
goal of any newly developed monitor is to improve patient out-
come and to be cost-effective. Method comparison studies
should therefore anticipate application in clinical practice.
This was an important reason to point to the use of predefined
criteria defined within a desired, future clinical context. In add-
ition, clinical concordance was introduced as a clinically intui-
tive method for trending ability, in which the level of (dis)
agreement is translated to therapeutic consequences. Research-
ers should challenge themselves to embed the clinical context
into their studies, both for a better understanding of the results
and in order to facilitate the implementation of new technology
in daily care.
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