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In the past decade, technological advances have catalyzed

the development of (advanced) hemodynamic monitoring

devices from invasive towards less invasive methods.

Almost every month a new device appears on the market

claiming to measure or estimate hemodynamic variables in

a minimal or non-invasive fashion. These devices allow

clinicians to broaden the scope beyond traditional pressure-

based hemodynamic monitoring and by now, flow(-related)

variables such as cardiac output (CO) can be assessed this

way in almost all patients in the anesthetic or critical care

setting. Hopefully, these technological advancements prove

advantageous in terms of patient outcome in the (near)

future. However, an accurate and precise estimation of the

assumed-to-be-measured hemodynamic variable is an

absolute prerequisite before such new devices can be

clinically implemented, or even before outcome-related

studies can be performed. Additionally, given the (hemo-

dynamic) heterogeneity of various patient populations (e.g.

patients with septic shock versus patients with cardiogenic

shock), both accuracy and precision should be investigated

in the relevant patient population(s). Therefore, researchers

all over the world are stimulated to perform comparison

studies in which new devices, software versions or sensor

revisions are compared with their clinical reference meth-

ods or ‘‘gold standards’’, and journals are overflooded with

manuscripts on such evaluation studies.

The basis for statistical reporting for such studies was

set almost 30 years ago by Bland and Altman in their land-

mark paper [1], in which they introduced their famous

‘‘Bland–Altman plot’’. In this (scatter)plot, agreement

between two measurement methods is assessed by plotting

the mean of the measurements against the difference of the

measurements and it allows the calculation of the limits of

agreement (LOA; 1.96 9 SD of the bias) as a measure of

reproducibility. As such, the Bland–Altman plot appreciates

two important aspects: it assesses method agreement based

on the ‘‘closeness’’ of individual data points and it does not

require the definition of a gold standard, i.e. it assumes no

fixed ‘‘true’’ value. Since its introduction, the Bland–Altman

plot (initially developed for comparing CO measurements)

has become the minimal standard for statistical reporting of

method comparison studies in general [2].

While the Bland–Altman plot remains highly popular, it

bears some important limitations that are especially rele-

vant for CO method agreement studies. At first, the plot

only provides an estimation of agreement in the light of a

linear relationship between the two measurement methods,

and it does not take the magnitude of these observations

into consideration, while this is highly important as a

‘‘closer’’ agreement is required for a CO value of 1.5 L/min

compared to a CO of 3.5 L/min. To overcome this issue,

Critchley and Critchley [3] introduced percentage errors

(calculated as the LOA divided by the mean of the mea-

surements) to compensate agreement for the magnitude of

measurement. In CO agreement studies, the calculation of

percentage errors is well adopted and there is general

consensus for accepting new CO measurement methods if

these devices meet the so-called Critchley criteria, which

means that the percentage error is below 30 %.

As all clinicians will be aware of, CO is not a static

variable and changes continuously secondary to complex
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physiologic regulatory mechanisms. As such, the use of the

original Bland–Altman plot alone in CO method agreement

studies is further reduced by the fact that it requires inde-

pendency of all data points, which is obviously not the case

in most CO method agreement studies as multiple mea-

sures per subject are obtained. In such a case, the LOA can

be estimated too narrow and to correct for this issue, two

techniques—the ‘‘Myles adaptation’’ [4] and the adaptation

by Bland and Altman themselves [5]—are available. While

these adaptations improve the analysis of method agree-

ment and while ‘‘polar plots’’ and ‘‘4-quadrant plots’’ have

recently emerged as new statistical tools for evaluating

trending ability [6], one important aspect concerning data

variability remains untouched. In this issue of the Journal

of Clinical Monitoring and Computing, Hapfelmeier et al.

[7], add an important chapter to the statistics of CO method

agreement studies as they dismantle the factors that affect

the agreement and redefine the statistical term ‘‘precision’’.

The authors elegantly explain that every method—both the

reference and the investigated method—has a precision of

method (POM), defined as the ‘‘certainty of a method about

its estimates of a true value’’. The precision of agreement

(POA), i.e. the standard deviation of the observed bias, is

composed of the POM of both methods but this issue is

infrequently handled in most method comparison studies.

In fact, most CO agreement studies are designed to provide

only one measurement value per ‘‘true’’ value, also if in

time, measurements are repeated. As such, these studies

seem to provide ‘‘repeated measures’’, but in fact they do

not—according to the authors—as there is only one mea-

surement value per single true value and hence, they do not

allow calculation of true precision as the POM cannot be

calculated. Therefore, an estimation of ‘‘precision’’ is

provided that can be statistically incorrect, according to the

authors, and they suggest that per individual true value

multiple data points should be obtained for allowing the

calculation of the POM of the reference technique. The

same group previously emphasized this issue, because the

Critchley criteria are based on an assumed precision of the

reference technique of 20 %, a value that is likely to differ

between measurement methods and during various clinical

situations [8].

Therefore, the authors are to be congratulated on their

sound elucidation of the statistical background of CO

method agreement studies and the review emphasizes some

very important aspects of data variability that are infre-

quently taken into account. Nevertheless, as also suggested

previously [9], calculating the POM of the reference

technique under clinical circumstances—which requires

multiple CO measurements per individual time point—is

clinically not very feasible. Hence, especially for CO

agreement studies where the true value varies continuously

due to intrinsic physiologic factors and medical-based

interventions, a straightforward statistical analysis remains

complex. Nevertheless, whilst calculating the precision of

the reference method is not very feasible in CO agreement

studies, we suggest that all future studies follow the

‘‘guide’’ set by Hapfelmeier and co-workers and comply

with their recommendations. As such, at least unity

between studies can be increased which allows a more

sound meta-comparison of all CO method agreement

studies and the ongoing discussion [10–12] on whether or

not new CO monitoring devices can or should be imple-

mented clinically, can be funded on more sound and

appropriate statistical analyses.
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