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Abstract Background: Lithium
dilution cardiac output by LiD-
COTMplus (LiDCO, Cambridge, UK)
is a validated methodology for mea-
suring cardiac output. It is used to
calibrate a pulse pressure analysis
algorithm (PulseCO) for the continu-
ous measurement of subsequent
changes in this variable. The vari-
ability of measurements, or precision,
within patients of lithium dilution
cardiac output has not previously
been described. Material and meth-
ods: Thirty-five hemodynamically
stable patients in intensive care, with
no significant variability in heart rate,
mean arterial pressure or central
venous pressure, were recruited.
Fifty-three determinations of cardiac
output were made, each using four
lithium dilution measurement curves
performed consecutively within a
maximum period of 10 min. The
coefficient of variation of the mea-
surements was determined and used
to derive the least significant change
in cardiac output that this technique

could reliably detect. Results: For a
single measurement, the coefficient of
variation was 8%. This equates to the
technique being able to detect a
change (least significant change)
between two measurements of 24%.
Averaging two lithium dilution mea-
surements improved the coefficient of
variation to 6% with a least signifi-
cant change of 17%. Using the
average of three curves reduced the
coefficient of variation to 5% with a
least significant change of 14%.
Conclusions: To achieve a good
precision with this technique, three
lithium dilution measurements should
be averaged. This will allow changes
in cardiac output of more than 14% to
be reliably detected. The understand-
ing of the precision of this technique
allows the user to know when a real
change has happened to their patient.

Keywords Cardiovascular
monitoring � Statistics � Methodology

Introduction

Cardiac output measurement is one of the most widely
used observations made in the intensive care unit (ICU).
There is a commonly held belief that early manipulation of
hemodynamic variables can improve the outcome of
patients [1, 2]. One of the first devices available to mea-
sure cardiac output at the bedside was intermittent
thermodilution (ITD) using the pulmonary artery catheter

(PAC) [3]; however, more recently, a number of less
invasive measurement systems have been introduced,
which avoid some of the complications associated with
pulmonary artery catheterization [4]. Less invasive devi-
ces using technologies such as pulse pressure or pulse
contour analysis are now widely used [5]. A patented
algorithm allows these devices to analyze the arterial
pressure waveform and extrapolate this pressure trace
to changes in stroke volume and therefore cardiac output.
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To accurately convert a pressure trace to a volume or flow-
based variable, it is necessary to understand the arterial
compliance. Unfortunately, the relationship between
pressure and compliance is nonlinear, which has led to
most companies marketing devices for this purpose to
recommend an independent method of calibration. This
calibration technique allows a pressure waveform to be
accurately transformed into a volume-based measurement.
It is vital, however, that this calibration is both accurate
and precise, i.e. reliable. Accuracy describes how close to
the actual value the measurements are. Precision refers to
how close the repeated measurements of the same variable
are to each other. A measurement can be accurate and
precise (measurements are very close to each other and
very close to the actual value), accurate and imprecise (i.e.
measurements are close to the actual value but far from
each other), inaccurate and precise (i.e. measurements are
very close to each other but far from the actual value) and
inaccurate and imprecise (i.e. measurements are basically
randomly spread). This article investigates the precision of
the lithium dilution technique.

LiDCOTMplus (LiDCO, Cambridge, UK) uses an
algorithm (PulseCO) based on the physics of conservation
of mass and energy [6]. This is calibrated with a lithium
dilution technique for independently measuring cardiac
output. Although the lithium dilution cardiac output
method of measurement is validated against arterial flow
probes in animals and ITD from the PAC in humans [7,
8], there is little data that describe the precision of the
technique or the number of measurements that need to be
utilized to generate a level of precision that would be
deemed to be acceptable to improve the reliability of the
continuous algorithm and to be usefully used in routine
clinical practice. Preliminary data was presented at a
meeting in Bruxelles ISICEM conference in 2007 [9].

Materials and methods

This study was performed on the General Adult Intensive
Care Unit of St George’s Hospital, London, following
approval of the study protocol by the Local Research and
Ethics Committee. Over a 30-day period, all patients
receiving cardiac output monitoring with LiDCOTMplus
system for routine clinical indications were recruited.
Inclusion criteria included the following: age greater than
18 years, weight more than 40 kg and the presence of
both a central venous catheter and radial arterial line in
situ. Exclusion criteria included the lack of consent from a
patient, significant arrhythmias (bigemini or trigemini
arrhythmias), new onset of atrial fibrillation or atrial
fibrillation with uncontrolled ventricular response (i.e.
HR [ 100 bpm) and/or cardiovascular instability or the
use of an interaortic counter-pulsation balloon pump.
Four lithium dilution curves were performed according to

the manufacturer’s recommendations in the shortest pos-
sible time (B10 min) by skilled investigators with
experience of in excess of two hundred lithium dilution
calibrations (MC, DD and AR). This technique comprised
a rapid injection of 0.3 mmol of lithium through a central
venous catheter following the reaching of a steady state of
serum lithium levels. The change in lithium levels were
detected by blood being drawn out of the radial artery
catheter over a specific lithium-selective sensor. Cardiac
output was then measured from analysis of these lithium
dilution curves utilizing a method of integrating the
changes in lithium levels over time.

All lithium dilution curves were visually inspected to
ensure that they conformed to an expected shape. When
the device warned that a curve did not conform to a
standard indicator dilution shape, it was rejected and
wherever possible another lithium dilution measurement
was performed. During the measurement process, all
other interventions including changes to mechanical
ventilation or cardiovascular therapy were withheld. A
steady state was a necessary requirement before any
measurement, i.e., all curves were performed within a 10-
min period and the study was aborted if there was a
change in either measured heart rate or blood pressure of
more than 5% during the study period.

Statistical analysis

All data are described as means (SD), when were nor-
mally distributed, and medians (IQR) when were not
normally distributed. The coefficient of variation (CV) for
each independent set of cardiac output measurements was
estimated according to the principles set out by Bland and
Altman [8]. As the standard deviation (SD) of a single
lithium dilution measurement is proportional to the
magnitude of cardiac output, a log transformation was
used prior to calculation of CV. Every lithium dilution
measurement was defined as CO1, CO2, CO3 and CO4,
and following log transformation, they were relabeled as
LogCO1, LogCO2, LogCO3 and LogCO4. From this, the
SD of the logarithmic transformation was calculated. The
SD for LogCO1, LogCO2, LogCO3 and LogCO4 was then
antilog-transformed to obtain the CV for each set of
measurements. The mean of the CVs obtained from each
study was then calculated.

While the SD is expected to be the same for every
number of replicates (n), the standard error (SE) decreases
with the number of replicates according to an exponential
decay related to the number of measurements:

SE ¼ SD=
p

n

The CV for a series of replicates is given as follows:
CV = SD/mean CO. The SE decreases together with the
increase of the number. When SE is used instead of SD, it
means that the variation can be classified as coefficient of
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error (CE), where CE = SE/mean CO. Using this rela-
tionship, the CE for n number of replicates was
calculated. It is clear that there is a relationship between
CE and CV as CE = CV/Hn, with CE = CV when
n = 1. Precision defined as 95% confidence is 2 SD. In
terms of percentage, precision is 2 CV for single mea-
surements and is 2 CE for averaged measurements.

To study the ability of a monitor to detect changes in
cardiac output, it was necessary to understand how the CE
of the technique affected the likelihood of detecting any
given change with 95% probability. This variable is
known as the least significant change (LSC), and it allows
the user of the technology to understand for a measured
change, if a real change has actually happened, or whether
the measured change was just the result of a low precision
in the measurement technique. This relationship was
explored using the following equation [10]:

Least significant change in cardiac output

¼ CE� 1:96�p2

To assess the clinical utility of the device, we decided
a priori that a LSC of 15% was the minimum that could be
accepted for effective clinical practice. Factors relating to
changes in the CE were explored by first identifying
variables that were related to CV by either linear
regression analysis for continuous variables or by non-
parametric tests for discrete variables. Any factor that had
a probability of less than 0.1 was then entered into a
backward stepping multiple regression model. This was
used to identify any factors that were significantly and
independently related to the CV.

Results

Patient characteristics

Thirty-five patients were enrolled into the study, of whom
11 (31.5%) were male. Eleven (31.5%) of the 35 patients
needed cardiac output monitoring due to an emergency
deterioration in their clinical status, whereas 24 (68.5%)
had cardiac output monitoring instituted as part of their
routine postoperative clinical course. Seventeen (48.6%)
of the 35 patients needed vasopressor support in terms of
a norepinephrine infusion. Twenty-five patients were not
ventilated. The median heart rate was 87 (75, 105) beats/
min, mean arterial pressure 84 (72, 99) mmHg and cen-
tral venous pressure 14 (8, 17) mmHg. The mean
hemoglobin concentration was 10.3 (1.4 g/dl).

Bolus lithium dilution cardiac output

Cardiac output measurements: a total number of 53
studies (197 curves) were made from 35 patients (Fig. 1).

In 15 studies, only three curves were acquired rather than
four. All data points were then suitable for analysis.
Twenty-three of the measurements (43%) were made
while patients were receiving a norepinephrine infusion.
The median value of 53 averages of cardiac output was
5.6 (4.6, 7.2) l/min. The median of the SDs of the four
measurements in each subject was 0.5 l/min and the CV
was 8.3%.

Precision of lithium dilution cardiac output

With a single measurement, a mean CV of 8% (±4%)
was observed. If the mean of three lithium dilution
curves was used, the CE was reduced to 5%. If it was
desired to measure cardiac output with a precision of
±10%, then at least three averaged curves are necessary
(Fig. 2).

In clinical practice, it is often more useful to detect
a change in cardiac output from a baseline. For this, it
is necessary to understand how the precision of a
monitor influences its ability to detect change. This can
be expressed as the LSC. The LSC is the minimum
change that needs to be detected by a device to rec-
ognize a real change. In practice, the more precise the
monitor is, the smaller the LSC is. Our a priori criteria
were achieving a LSC change of less than 15%. Fig-
ure 3 demonstrates the number of measurements that
must be obtained with the lithium dilution system to
detect with 95% certainty that a change in cardiac
output from a baseline has occurred. It can be seen
that, to have a LSC lower than 15% (14%) change,
three averaged lithium dilution curves would need to be
undertaken. Two curves would only allow a change in
cardiac output of greater than 17% to be trusted.

Fig. 1 Distribution of the replicates of each cardiac output
measurement, ordered by the average of the replicates
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Averaging four would allow changes in cardiac output
as small as 11.8% to be trusted.

Variables influencing the precision of lithium dilution
cardiac output

Univariate factors significantly associated with the CV of
the lithium dilution system included weight (r2 = 0.12,
P = 0.03) and the hemoglobin concentration (r2 = 0.20,
P = 0.008; Tables 1, 2). There were no significant rela-
tionships found for the diagnostic category, height, age,
gender, heart rate, mean arterial pressure, central venous
pressure or the plasma sodium concentration. A multiple
regression model was constructed to determine multivar-
iate independent factors that influenced the CV. The only
significant independent factor found that influenced the
CV was the hemoglobin concentration with an increase in

the CV of 1.6 times for every increase in hemoglobin of
1 g/dl (see Tables 3–5 in additional ESM material).

Discussion

This study demonstrates that at least three lithium dilution
measurements should be performed for the technique to
have sufficient precision to be used to calibrate an inde-
pendent form of cardiac output measurement or to detect
significant changes in cardiac output during clinical
practice. This is the first report of the intrapatient vari-
ability of a transpulmonary cardiac output measurement
technique. In theory, transpulmonary techniques [11, 12]
should be more precise than pulmonary thermodilution,
because they are less affected by the respiratory cycle.
Investigators have previously explored methods of mini-
mizing the error of the ITD technique [11–19]. However,
it is unclear as to whether the same principles hold true
with a transpulmonary methodology.

The lithium dilution technique [20] has previously
been validated in a variety of different clinical scenarios
against ITD with a good level of agreement between the
two techniques [7, 21–23]. Validation studies on agree-
ment between two techniques, however, do not provide
useful information about the precision of either individual
method. When using ITD determination of cardiac output,
it is known that the average of three to four measurement
curves represents the best compromise between precision
and practicality, allowing the clinician to confidently
accept a change detected by the monitor as real [18]. If a
monitoring device or technique is highly precise, it will be
able to detect small changes in a variable but if it is
imprecise it will only detect much larger changes. Nilsson
demonstrated that the ITD is a very precise tool and that
an average of four ITD curves allows the clinician to
detect changes in cardiac output of more than 7%. When
using less invasive devices, we may be willing to accept
lower levels of precision but this must be understood by
the clinician to avoid arriving at inappropriate conclu-
sions. This concept is especially important when one
technique is used to calibrate another. In pulse power

Fig. 2 Relationship between the precision of the lithium dilution
technique and the number of replicates used to calculate the average

Fig. 3 Relationship between the least significant change (LSC) for
the lithium dilution technique and the number of replicates used to
calculate the average

Table 1 Patients’ characteristics

Male:female 1:1.27
Age, years, mean (SD) 63 (16)
Weight, kg, mean (SD) 68 (14)
Height, cm, mean (SD) 165 (8)

Reasons for monitoring Number of patients (N)

Postoperative (elective) 24
Postoperative (emergency) 4
Sepsis 4
Cardiac failure 3
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algorithms, the calibration is vital to have an accurate
starting point to convert changes in arterial pressure to
changes in arterial volume. Recalibration is usually rec-
ommended when major hemodynamic changes occur;
therefore, knowing how precise this process is means that
it is possible to better understand the changes between
two calibrations and how precise the calibration technique
must be before the accuracy of the whole system is
impaired.

This study is similar to work by Nilsson et al. [18], in
which they found that averaging four intermittent pul-
monary thermodilution curves performed with iced saline
enabled the clinician to achieve an error of about 5% and
to detect changes in cardiac output of 7%. In clinical
practice, it is usual to use room temperature saline boluses
to perform ITD. This will inevitably lead to increased
error, secondary to a reduced signal-to-noise ratio, and
may increase the precision of the technique to as much as
20% (10% error) [24, 25]. If a less invasive technique for
monitoring cardiac output is to replace the ‘gold’ standard
ITD, it must have a level of precision at least similar to
the traditional methodology [26, 27]. Our results suggest
that the precision of a single lithium dilution curve for the
measurement of cardiac output is worse than the normally
accepted values for ITD. When two, three or four mea-
surements are averaged, the precision improves to be at
least as good as ITD and improves to a level whereby the
technique is precise enough to improve the confidence
and precision of an independent measurement technique.
At this level of precision, the technique is able to detect
small changes (less than 12%) in cardiac output, which
enables the device to be used for routine clinical prac-
tice—for instance, in the detection of change following a
fluid challenge.

The relevance of precision of this technique can be
seen in the following example. A cardiac output mea-
surement with a CV of 8% implies that, with 95%
confidence, our results will be in a ±17% range, i.e., a
cardiac output of 5 l/min could represent any value from
4.2 to 5.8 l/min. This may lead to overtreatment of some
patients and undertreatment of others. An average of two

lithium dilution curves improves the CE by 29%. It is
possible to construct a ‘‘5 l/min isocardiac output’’ graph
as seen in Fig. 4, where it is clear that increasing
the number of measurements that are averaged leads to
narrow confidence intervals.

This study identifies the hemoglobin concentration
as being the only independent factor that influences
the precision of lithium dilution cardiac output mea-
surement. Weight was also found to be a significant
variable on univariate analysis but not on the multiple
regression (Tables 3–5 in additional ESM material).
This may be because weight is not an independent
factor that determines precision, but may also relate to
the power of the study being insufficient to statistically
detect this as an issue. Lithium dilution measurement is
based on the Stewart–Hamilton equation. To utilize this
approach, it is assumed that lithium is only distributed
in the plasma, which is estimated with reference to the
hemoglobin concentration and by inference from the
haematocrit. Despite the demonstrated increase in var-
iability with increasing hemoglobin concentration being
small, it is statistically significant and should be taken
into consideration if very precise measurements are
required.

There are a number of limitations to this study. This
study was performed on a group of patients on the general
intensive care unit. It therefore deliberately did not
include children, patients following cardiac surgery or
neurosurgery or patients undergoing general anesthesia.
The results of this study, therefore, cannot be extrapo-
lated to these patient groups. The aims of the study were
to identify the CV for lithium dilution cardiac output
measurements. The fundamental hypothesis for this has
to be that any changes detected are from the technique
itself rather than from changes in the measured vari-
able—for instance, changing hemodynamic status of the
patient. To minimize this risk, we performed the four

Table 2 Linear regression analysis

Variables r2 P value

Weight 0.1233 0.0386*
Height 0.04538 0.2192
Age 0.03860 0.2580
Sodium 0.01972 0.4356
Hemoglobin 0.2040 0.0083*
Heart rate 0.001054 0.8554
MAP 0.001995 0.8020
CVP 0.03209 0.3349
CO 0.02460 0.3682

MAP mean arterial pressure, CVP central venous pressure, CO
cardiac output
* Statistically significant

Fig. 4 Relationship between the number of replicates used to
calculate the average and the confidence intervals (dotted lines) for
a hypothetical value of CO of 5L/min
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measurements in as short a time as possible (less than
10 min). We also only studied patients who were rela-
tively hemodynamically stable as defined by having
changes in heart rate and mean arterial pressure of less
than 5% for the study period. It is possible that, in less
cardiovascularly stable patients, the variability that we
detected may be significantly higher, making the tech-
nique less robust unless more measurements are used to
get the averaged value.

Conclusions

The precision of the lithium dilution technique to measure
cardiac output improves when averaging increasing
numbers of measurements. A good compromise between
acceptable levels of precision and clinical utility is the use
of three lithium dilution curves. This will enable a high
level of precision to be obtained, which will allow small
but significant changes in cardiac output to be detected.
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