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A common research question in perioperative haemodynamics
research concerns the assessment of whether a new measure-
ment device can replace an existing device (often referred to as
method comparison studies). Typically, a new measurement
method is being comparedwith an established referencemethod
(unfortunately often referred to as the ‘gold standard’). In a recent
issue of the journal, Biais and colleagues1 reported the compari-
son of two cardiac output measurement devices, one based on
pulse wave transit time (i.e. the new devices) and the other one
based on transthoracic echocardiography (i.e. the reference
method ‘gold standard’). The study concluded that devices were
not interchangeable and that the new device cannot guide
haemodynamic interventions in critically ill patients. Their con-
clusion was based on observing percentage errors exceeding the
limits of 30%, suggested by Critchley and Critchley.2

Disagreement is not necessarily an error
In order to understand method comparison studies, several
terms need to be clearly defined to avoid misinterpretation
when evaluating and comparing a new device to the reference
device. Accuracy refers to the closeness of a measurement from
the new device to the reference device (often referred to as bias),
whereas precision refers to the reproducibility or repeatability of
a set of measurements. A perfect device would produce both ac-
curate and precise measurements. However as true cardiac out-
put is unknown, evaluating accuracy tends to reflect the
accuracy of a new device against the reference method, which
may or may not be accurate. In contrast, evaluating precision
does not require the true cardiac output value and can be ad-
equately evaluated in the majority of the studies. Percentage
error refers to the observed differences in measurements

obtained from the two devices being compared, but under the as-
sumption of a well-calibrated reference device. However, an im-
portant issue for cardiac output measurement is that observed
differences can be attributed to either the new device, or the ref-
erence device or indeed both, as some degree of measurement
error of cardiac output is likely in either device. Consequently,
the term ‘agreement’ is probably more appropriate as the inten-
tion is to compare two devices both affected by errors in their
measurement of the true cardiac output.

In an attempt to move away from the misleading correlation
coefficient, Bland and Altman highlighted the importance of cor-
rectly assessing measurement agreement and introduced their
popular graphical method (known as the Bland-Altman plot).3

The Bland-Altman method involves plotting the difference (x-
axis) betweenmeasurements from the two devices for each indi-
vidual against their average (y-axis). Any relationship between
themeasurement error and an estimate of the true value (average
of the two measurements) can therefore be examined. If the dif-
ference between the two devices is sufficiently small not to cause
problems in clinical interpretation (within the 95% limits of
agreement), then the new device can be considered either as a
candidate to replace the current device or be used interchange-
ably. However, the main limitation of this method is that the ob-
served disagreement (i.e. the difference between the two
measurements) is assumed to be in the new device. The conse-
quence is the method could be conservative and likely to reject
any newdevicewhen the reference device is not precisely and ac-
curately measuring the true value. An alternative to the Bland-
Altman method that attempted to quantify acceptable limits of
agreement between two measurement devices has been pro-
posed.2 Using an error-gram, Critchley and colleagues derived
the relationship between the accuracy of reference device and
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the limits of agreement between the two devices. They recom-
mended that limits of agreement of up to 30% be accepted, and
Biais and colleagues referred to this approach to help in the inter-
pretation of their results. However, the 30% limits of agreement
are only appropriate if the precision of the new device is within
20% of the reference device. As highlighted by Critchley, the
choice of 30% was based on clinical judgement from more than
15 yr ago,4 and it would be interesting to re-examine this, and ob-
serve whether this remains today, or whether more (or less) pre-
cise measurements can be used. In most of the studies using
averaged thermodilutions as the reference device, there is a
greater risk of rejecting the new device because the ‘reference’
method was not as accurate as it should have been (e.g. not aver-
aged thermodilution, alternative method used as reference).
Consequently, a fair evaluation of a new device should also in-
clude an evaluation of the reference device, particularly when
the true value the device is attempting to capture cannot bemea-
sured, such as cardiac output. The evaluation should include re-
peated measurements on individuals, as this enables an
assessment of agreement between the two devices and an evalu-
ation of each device has with itself to assess repeatability.5

In order to illustrate the impact of the reference device char-
acteristics on the evaluation of a new device, we carried out a set
of simulations, in which we compared an almost perfect device
(precision 4%, perfect accuracy), using a reference device with

different levels of precision in 150 pairs of measures (Fig. 1).
These simulations demonstrate that according to the level of pre-
cision of the reference device, a perfect device can be rejected ac-
cording to the 30% limits of agreement method proposed by
Critchley.2 Consequently, the choice of the reference method
plays a major role in the evaluation of a new device. To retain
an imprecise reference device would result in rejecting any pre-
cise new devices, and would eventually accept similarly impre-
cise devices.

The limit of acceptable agreement
Studies comparing cardiac output devices generally do not pre-
specify a clinically meaningful limit of acceptable agreement be-
fore any analyses are conducted.6 Clinical interpretation of de-
vice comparison studies is therefore often done post hoc, based
on the observed results, with no reference as to any acceptable
limit of agreement, and therefore inconsistently. Clearly this ap-
proach is flawed, because the width of the 95% limit of agree-
ments confidence interval is influenced by the sample size.
Many studies evaluating cardiac output measurement devices
are conducted on small sample sizes (e.g. less than 100 pairs of
independent measurements).6 Small sample sizes naturally
have a considerable impact on the robustness of the conclusions
about the possible interchangeability of the devices. Estimating
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Fig 1 Impact of evaluating a perfect cardiac output device according to the precision of the referencemethod. Simulation conducted on 150 pairs of measurements.
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the width of confidence interval for the 95% limit of agreement
should be calculated, before collecting any data and used to de-
termine the number of patients needed to get a clear and mean-
ingful assessment of the device comparison.

Missing data
Missing data is ubiquitous in medical research. In cardiac output
device evaluation, the existence of any missing values is rarely
reported, including whether there are technical concerns regard-
ing the measurement capability of the device. However, most of
the missing values observed in cardiac output measurement de-
vice evaluation, relate to the inability of one (or both) device to
produce a cardiac output value. The ability of the device to pro-
duce a measurement is crucial, if the device is to be considered
interchangeable with the current measurement device. Devices
able to produce unbiased measurement in 10% of the patients
and no measurement in the 90% other patients, should clearly
not be described as a perfect device.

The statistical methods used to describe the agreement be-
tween two devices do not account for this major consideration.
Consequently, it is useful to report these unsuccessful measure-
ments, possibly using a flow diagram (similar to the CONSORT
flow diagram), describing which devices fails (and frequency) to
estimate cardiac output and give reasons.

Measurement agreement studies are abundant during the
perioperative period. The vast majority of the studies focus on
the agreement between a new and reference device. Systematic
reviews have shown these studies are frequently poorly con-
ducted and often fail to report key information, to allow readers
to adequately judge whether there is sufficient evidence, to
suggest whether a new device can replace or be used inter-
changeably with the reference device.6 7 The choice, and the de-
scription, of the reference devices, including an assessment of its
repeatability is an important aspect to aid interpretation. An in-
appropriate reference device may falsely lead to rejecting a new
device by rejecting a new device, which is easy to use, accurate
and safe, based on the result of a flawed comparison with an in-
accurate or invasive reference device. The consequence of this is

the absence of any device in clinical practice, because the new
device is regarded as imprecise and the reference one as too in-
vasive. However, devicemeasurement comparison studies are a
necessary step in the evaluation of a new device; the goal of
perioperative measurements remains the detection of a clini-
cally abnormal condition requiring a treatment. We urge inves-
tigators to design their study by conducting appropriate sample
size calculations, pre-specifying clinically important limits of
agreements and conducting a detailed examination of both
measurement devices, including an assessment of repeatability
and reliability.
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