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Transpulmonary thermodilution cardiac output measurement
is not affected by severe pulmonary oedema: a newborn
animal study
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Editor’s key points

† The effect of pulmonary
oedema on reliability of
transpulmonary
thermodilution cardiac
output measurement
was investigated.

† Cardiac output was
measured in newborn
lambs in the presence of
increased extravascular
lung water.

† Measurement of cardiac
output by
transpulmonary
thermodilution is not
affected by severe
pulmonary oedema in a
newborn lamb model.

Background. The transpulmonary thermodilution (TPTD) technique is widely used in clinical
practice for measuring cardiac output (CO). This study was designed to investigate the
influence of various levels of pulmonary oedema on the reliability of CO measurements
by the TPTD method.

Methods. In 11 newborn lambs pulmonary oedema was induced using a surfactant
washout technique. Serial CO measurements using TPTD (COTPTD) were performed at
various amounts of lung water. Simultaneously, CO was measured by an ultrasound flow
probe around the main pulmonary artery (COMPA) and used as the standard reference. CO
was divided by the body surface area to calculate cardiac index (CI). Data were analysed
using correlational statistics and Bland–Altman analysis.

Results. One lamb died prematurely. A total of 56 measurements in 10 lambs were analysed
with a median CIMPA of 2.95 (IQR 1.04) litre min21 m22. Mean percentage increase in
extravascular lung water (EVLW) between the start and the end of the study was 126.4%
(SD 40.4). Comparison of the two CO methods showed a mean bias CI of 20.16 litre min21

m22 (limits of agreement +0.73 litre min21 m22) and a percentage error of 23.8%.
Intraclass correlation coefficients were 0.91 (95% CI 0.81–0.95) for absolute agreement
and 0.92 (95% CI 0.87–0.95) for consistency. Acceptable agreement was confirmed by a
tolerability-agreement ratio of 0.39. The within-subject correlation between the amount of
EVLWI and the bias between the two methods was not significant (20.02; P¼0.91).

Conclusions. CO measurements by the transpulmonary thermodilution technique over a wide
range of CI values are not affected by the presence of high EVLWI. The slight underestimation
of the CO is independent of the amount of pulmonary oedema.
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thermodilution
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Cardiac output (CO) is measured reliably in newborn animals
and children using the transpulmonary thermodilution
(TPTD) technique.1 2 Furthermore, this technology can be
used at the bedside to measure cardiac volumes and to
quantify the amount of pulmonary oedema, expressed as
extravascular lung water (EVLW).3 – 5 However, both in
adults and in children, the TPTD method slightly overesti-
mates the true CO value.6 – 8 Loss of indicator because of
the longer distance of the thermal indicator traversing the
heart, lungs, and great vessels is suggested as an explan-
ation of the difference in the CO when comparing pulmonary

artery with (transpulmonary) femoral artery thermodilution.
In addition, there may be other factors that negatively influ-
ence the reliability of the TPTD technique. These include indi-
cator loss because of low blood flow or the presence of a
left-to-right shunt.9 – 11 However, the effect of pulmonary
oedema on the reliability of CO measurements is unclear.
Theoretically, an increased loss of indicator in the presence
of a high amount of pulmonary oedema may occur
because a thermal indicator diffuses much more easily
through water than through air. Consequently, more heat
will be lost into the surrounding tissues. Only a few studies
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in adults analysed the dependency of CO measurements on
the amount of lung oedema.9 12 13 However, as infants and
young children have a much higher EVLW indexed to body
weight (EVLWI) than adults, the impact of these increased
amounts of lung oedema may be more pronounced.14 – 16

Paediatric studies are, to our knowledge, not available. There-
fore, this newborn animal experiment was designed to inves-
tigate the influence of various levels of pulmonary oedema
on the reliability of CO measurements.

Methods
General

This experiment was performed in accordance with Dutch
legislation concerning guidelines for the care and use of
laboratory animals and was approved by the local ethics
committee on animal research of the Radboud University
Nijmegen Medical Centre (RUNMC Licence number RU-DEC
2010-034; CDL-project number 33078). Eleven lambs were
studied under general anaesthesia. Premedication consisted
of the i.m. administration of midazolam (0.2 mg kg21), keta-
mine (10 mg kg21), and i.v. administration of propofol (2 mg
kg21). General anaesthesia was maintained using inhalation
of isoflurane (1–1.5 vol%) and the continuous i.v. administra-
tion of sufentanyl (20 mg kg21 h21), midazolam (0.2 mg kg21

h21), ketamine (10 mg kg21 h21), and pancuronium (0.02 mg
kg21 h21) after a loading dose of 0.05 mg kg21. The depth of
anaesthesia was repeatedly assessed by painful stimuli and
clinical parameters such as heart rate, spontaneous ventila-
tion, and elevated arterial pressure. The depth of anaesthesia
was adjusted when necessary. During the experiment, con-
tinuous i.v. dextrose 10% 2 ml kg21 h21 was administered.
The lambs were intubated orotracheally using a 4–6 mm
(inner diameter) cuffed tracheal tube (Kruse, Marslev,
Denmark). The lungs were mechanically ventilated in a
pressure-controlled mode using tidal volumes of �10 ml
kg21 (Datex-Ohmeda anaesthesia machine) and an
inspiratory-to-expiratory ratio of 1:2. Normocapnia, guided by
capnography with the CO2SMO Plus Respiratory Profile
Monitor (Model 8100, Respironics, Pittsburgh, USA), was
achieved by adjusting the minute volume ventilation to main-
tain an end-tidal CO2 tension between 4.0 and 5.5 kPa.
Impaired oxygenation was treated by adjusting the positive
end expiratory pressure (PEEP) and the fraction of inspired
oxygen (FIO2

) to maintain the oxygen saturation .95%. A
servo-controlled heating mattress and an external heating
lamp were used to maintain core temperature between 38
and 408C. At the end of the experiment, the animals were
killed with an overdose of pentobarbital (150 mg kg21 i.v.).

Instrumentation

Immediately after induction of anaesthesia, a thermal-dye-
dilution probe (PV2023, Pulsion, Germany) equipped with a
thermistor for the detection of changes in blood temperature
and a fibreoptic probe to detect plasma levels of green dye
was inserted in the femoral artery. In the contralateral
femoral vein, a central venous catheter (5Fr, 2 lumen, 13

cm, Arrow, Germany) was inserted for the administration of
fluid and drugs. At the same site a femoral artery catheter
(20 Ga, single lumen, 12 cm, Arrow, Germany) was intro-
duced for arterial pressure monitoring and blood sampling.
All intravascular catheters were inserted by a surgical
cut-down technique. A left-sided thoracotomy was per-
formed and the remains of a native ductus arteriosus were
ligated. An ultrasound transit time perivascular flow probe
(10 or 12 mm) (PAX series, Transonic Systems, Ithaca, NY)
was placed around the main pulmonary artery to measure
reference CO (COMPA). The flow probe signal was checked
for zero flow values directly postmortem. Ultrasound transit
time flow probes use a two-way ultrasound technique. By
calculating the difference between transit times upstream
and downstream, the blood flow (QMPA) is measured. Care
was taken to avoid air within the flow probe by applying suf-
ficient quantities of acoustic gel. After the placement of the
flow probe, the thorax was closed. The animals were posi-
tioned either supine or lying on the right side throughout
the experiment.

Pulmonary oedema was induced using a surfactant
washout lavage model.17 In short, lambs underwent repetitive
saline lavages (10–35 ml kg21 lavage21 378C NaCl 0.9%) of the
lung in order to induce surfactant depletion and provoke acute
lung injury (ALI). Before the lavages the lambs were pre-
oxygenated using an FIO2 of 1.0. After the lavages, the
animals were stabilized for 30 min before measurements of
ventilatory and haemodynamic parameters and blood gases
were obtained. Between lavages the PEEP and minute
volume ventilation were increased to maintain oxygen satur-
ation and end-tidal CO2 within the normal range.

Transpulmonary thermodilution

Transpulmonary thermodilution CO (COTPTD) was measured
by rapid injection of 5 ml ice-cold saline (NaCl 0.9%) into
the femoral venous catheter. Changes in temperature were
detected by the thermistor connected to a COLD monitor
(Pulsion, Munich, Germany). The theoretical background of
measuring CO by analysis of the dilution curves and calcula-
tion using the Steward Hamilton equation is described else-
where.18 Besides CO, blood volumes and extravascular lung
water can be calculated from the measurement of the
mean transit time (Mts) and downslope time (Dst) of the di-
lution curves.5 19 Before a series of thermodilution measure-
ments, the central venous catheter was flushed with 1–2 ml
of ice-cold saline. Each thermodilution curve was visually
inspected for artifacts or signs of an inadequate measure-
ment. We used the mean value of three bolus injections of
5 ml of ice-cold (,108C) saline.

Other measurements

We measured invasive arterial pressure and central venous
pressure, continuous electrocardiogram, heart rate, arterial
oxygen saturation, end-tidal CO2, respiratory frequency,
tidal volume, airway pressures, and body core temperature.
During the thermodilution measurements, all other
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haemodynamic variables, including COMPA, were recorded
simultaneously with a 200-Hz sampling rate using a com-
puter system with special biomedical registration software
(Poly, Inspektor Research Systems, Amsterdam, The Nether-
lands). The exact time span of the dilution measurement
was marked in the registration system. The reference CO
was calculated using the mean value of COMPA measure-
ments over the same three periods as the mean value of
three consecutive TPTD measurements.

Protocol

After instrumentation, baseline measurements of CO (TPTD
and COMPA) respiratory and haemodynamic parameters and
blood gases were obtained. Repetitive saline lavage proce-
dures were performed in either one or two subsequent
sessions of 10–30 ml kg21, depending on the recovery of
the lambs during the procedure. After each lavage procedure,
a pause of 30 min was instituted for cardiorespiratory
stabilization, followed by repeated measurements of the
above-mentioned parameters. A blood transfusion was admi-
nistered if the haemoglobin (Hb) was ,3.5 mmol litre21. Dobu-
tamine or epinephrine was administered when indicated.

Statistical analysis

The CO values were indexed (CI) to body surface area (BSA).
The BSA of the lambs was calculated using the following
formula: BSA¼weight2/3×0.121.20 The statistical variability
in the CO during the measurement periods is expressed as
the coefficient of variance (CV). This is calculated by dividing
the standard deviation (SD) of the mean by the mean of the
COMPA results during each separate measurement period.
The results are expressed as percentages (¼100%×SD/
mean). We defined a CV of ≤5% as acceptable for reliable
COTPTD measurements. Intraclass correlation coefficients,
using the two-way mixed model, were calculated for consist-
ency and absolute agreement between the CO measurement
methods. In addition, data were analysed using the method
described by Bland and Altman.21 The difference between
the two methods (bias) was calculated by subtracting the
value of CIMPA from CITPTD. The bias was plotted against the
mean CI [(CITPTD+CIMPA)/2]. The limits of agreement (LOA)
were calculated by multiplying the SD of the bias by 1.96.
The percentage error was calculated using the following
formula: [(1.96×SD of the bias)/mean CIMPA]×100%, using
mean CIMPA as the reference.22 As the number of measure-
ments per animal varied, we corrected for the repeated mea-
surements.23 The strength of agreement was also calculated
by the agreement-tolerability-interval ratio, with acceptable
agreement defined as a ratio ,1.24 The tolerability interval
is estimated from the 95% range of the observed CI data.
The agreement interval is calculated from the range of the
LOA. Differences between the bias of low/high CI (,/≥3.0
litre min21 m22), lowest/highest quartile of EVLWI groups
and low/high (,/≥8 cm H2O) PEEP were analysed by the
Mann–Whitney test. Differences between the LOA were ana-
lysed by comparison of standard deviations test (F-test).

Differences between the start and final results of EVLWI,
PaO2 /FIO2 ratio, and PEEP were analysed by the Wilcoxon
signed-rank test. The percentage bias of the COTPTD com-
pared with the reference CO is calculated by (bias/mean
COMPA)×100%. Within-subject correlation statistics were
used in the comparison of PEEP, EWLWI, and PaO2

/FIO2
ratio

with the bias by analysis of covariance for repeated-
measurements.25 Calculations and data management were
performed using Excel for Windows. Statistical calculations
were performed with MedCalc (Med-Calc Software, Maria-
kerke, Belgium).

Results
One lamb died soon after the first lavage, before reliable CO
measurements could be performed. Ten lambs with an age
between 1 and 3 weeks and with a median weight of 8.8
kg [interquartile range (IQR) 2.8] were studied. The charac-
teristics of the lambs are shown in Table 1. The pulmonary
lavages and high ventilator pressures induced cardiorespira-
tory instability in all animals. We excluded four CO measure-
ments, each from a different lamb, because of CV.5%.

A total of 56 measurements were analysed with a median
COMPA of 1.63 (IQR 0.71) litre min21 and CIMPA of 2.95 (IQR
1.04) litre min21 m22. Intraclass correlation coefficients
were 0.91 (95% CI 0.81–0.95) for absolute agreement and
0.92 (95% CI 0.87–0.95) for consistency. Differences
between the two CO methods are shown in the Bland–
Altman plot (Fig. 1). The mean bias of the CI was 20.16
litre min21 m22 (LOA +0.73 litre min21 m22). The percent-
age error was 23.8%. Correction for unequal repeated mea-
surements per lamb revealed LOA in the same range
(+0.75 litre min21 m22) and a percentage error of 24.4%.
The tolerability interval was 1.7–5.4 litre min21 m22 and
the agreement-tolerability-interval ratio was 0.39.

Separate analysis of the lower and higher CI measure-
ments showed comparable percentage errors 22% [CI,3.0
litre min21 m22; n¼28; mean bias 20.06 (LOA 0.51)
litre min21 m22] and 23% [CI≥3.0 litre min21 m22; n¼28;
mean bias 20.27 (LOA 0.85) litre min21 m22]. We subse-
quently determined the bias and level of agreement of the
CI measurements for different amounts of EVLWI and
showed a mean bias of 20.28 (LOA 0.57) litre min21 m22

and percentage error of 16.1% in the lowest quartile of
EVLWI vs 20.27 (LOA 0.33) litre min21 m22 and percentage
error of 21.8% in the highest quartile of EVLWI. Differences
in the bias and LOA were significant in the low/high CI
(P¼0.014 and P¼0.008) groups, but not in the low/high
EVLWI (P¼0.75 and P¼0.84) groups.

The initial median EVLWI was 16.0 ml kg21 (IQR 3.8),
which increased after multiple lung lavage procedures to a
final median EVLWI of 34.3 ml kg21 (IQR 9.1). The mean per-
centage increase of EVLWI between the start and the end of
the study was 126.4% (SD 40.4). The increment of EVLWI wor-
sened oxygenation. The median PaO2

/FIO2
ratio decreased

from 403 (IQR 173) to 73 (IQR 54). The median PEEP had
to be increased during the experiment from 5 cm H2O (IQR
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0) up to 16 cm H2O (IQR 10). The differences in these para-
meters between the start and final measurements were ana-
lysed by the Wilcoxon signed-rank test (all P¼0.02) and are
shown in Figure 2. The overall COTPTD measurements under-
estimated slightly the CO with 6%, increasing up to 7%
bias in the highest (.30 ml kg21) EVLWI values.

When we compared the bias and LOA between the two CO
measurements during low PEEP (n¼22) and high PEEP
(n¼32), these differences were not statistically significant
(P¼0.98 and P¼0.11). The within-subject correlations
between the amount of EVLWI, PaO2

/FIO2
ratio, or the PEEP

and the bias between the two CO measurement methods
were r¼20.02 (P¼0.91), r¼0.09 (P¼0.56) and r¼0.10
(P¼0.5), respectively, and are illustrated in Figure 3.

Discussion
In this newborn animal model, the TPTD method accurately
measured CO in the presence of severe pulmonary oedema
(increase more than 125%). The bias and LOA were small

and the percentage error around 24% is within the range
of acceptance.22 The high intraclass correlation coefficient
and the low (,0.5) agreement-tolerability-interval ratio,
taking the reference range of the observed data of the
study as tolerability interval into account, support the ac-
ceptable strength of agreement and imply the EVLWI to be
irrelevant in this study.24 The initial EVLWI values in our
paediatric animal model were higher than normal indexed
EVLW values known from adult studies, but in agreement
with the high EVLWI found in young children.14 – 16 26 Our
results show no important dependency of the bias between
the two CO methods and the amount of EVLW, but rather a
scatter of differences that need to be considered.

It has been estimated that with the TPTD method, up
to 9% of the thermal indicator may be lost during
passage through the pulmonary circulation.27 In critically ill
paediatric patients without pulmonary oedema, TPTD
overestimates the CO up to 4.4% compared with pulmonary
artery thermodilution.6 This is in agreement with adult
studies.6 – 10 28 Our results did not show overestimation of
the COTPTD. An explanation for this discrepancy could be
that, in contrast to others, we used an ultrasound flow
probe as reference method, which is not influenced by
other factors. Most human studies use pulmonary artery
thermodilution as the reference method, which is influenced
by the traversing distance of the indicator and the transient
effect of ice water on the heart rate.29 30

Only a few adult studies focus on the influence of pulmon-
ary oedema on the reliability of CO measurements using the
TPTD technique. A retrospective study in adult surgical inten-
sive care patients showed no dependency of the bias
between TPTD and pulmonary artery thermodilution CO
measurements on the amount of pulmonary oedema.12 In
this study, however, the amount of EVLWI was relatively
low (mean 9.1 ml kg21) compared with the much higher
EVLWI values in children. Another adult study in ARDS
patients with a high mean EVLWI of 20.2 ml kg21 showed
similar results.13 This may be explained by re-entry of the
lost cold thermal indicator into the flowing blood. An older

Table 1 Characteristics of the lambs

Lamb Weight (kg) Age (days) Total lavages
(ml kg21)

CO measurements
(n)

Mean COMPA (+++++SD)
(litre min21)

Mean CIMPA (+++++SD)
(litre min21 m22)

1 8.1 21 125 7 1.89 (0.13) 3.86 (0.27)

2 7.4 21 303 5 1.06 (0.29) 2.31 (0.63)

3 4.1 7 293 6 1.00 (0.09) 3.24 (0.29)

4 7.4 14 68 2 2.48 (0.81) 5.39 (1.77)

5 10.2 17 294 6 2.06 (0.49) 3.62 (0.86)

6 9.4 18 191 4 2.05 (0.14) 3.81 (0.26)

7 Died Excluded Excluded

8 8 15 420 8 1.01 (0.26) 2.08 (0.54)

9 9.9 16 242 3 1.61 (0.25) 2.89 (0.45)

10 11.5 19 184 7 1.82 (0.25) 2.95 (0.40)

11 12.3 22 98 8 1.61 (0.23) 2.50 (0.36)
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Fig 1 Bland–Altman plot comparing the cardiac index values by
the TPTD method (CITPTD) and the peri-vascular flow probe
around the main pulmonary artery (CIMPA).
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study found a decrease in thermal loss as EVLW accumulates
with a negative correlation between the bias and the EVLW.9

The measured values of EVLWI in this adult study ranged
from 1.9 up to 27.5 ml kg21. In our study, the EVLWI
values ranged from 12.8 up to 60.2 ml kg21. In agreement
with the latter study, our results also show a slight (6%)
underestimation of the mean COTPTD.

These findings suggest that in the presence of severe pul-
monary oedema, other factors compensate for the possible
loss of the thermal indicator. Factors governing the

temperature exchange between blood and interstitial fluid
are the velocity of diffusion of the cold indicator, the
surface area for exchange, the volume of the interstitial
fluid into which cold diffuses, and the flow of blood, which
determines the time during which temperature exchange
must occur.31 So, as a result of perfusion alterations
induced by pulmonary oedema, PEEP or both, the surface
area for exchange is reduced compensating thermal indica-
tor loss in oedematous lung tissue. However, our study
could not demonstrate an effect of PEEP on the bias
between CO measurements. Blood flow alteration is
another factor influencing the loss of thermal indicator.
High CO states may not allow sufficient time for equilibration
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Fig 3 Scatter plots of the bias of CI measurements by the TPTD
method (CITPTD) and the peri-vascular flow probe around the
main pulmonary artery (CIMPA) on the y-axis and EVLWI
(A) (within-subject r¼20.02), PaO2 /FIO2 ratio (B) (within-subject
r¼0.09) and PEEP (C) (within-subject r¼0.10) on the x-axis.
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with the extra vascular fluids and therefore less thermal indi-
cator may be lost.9 On the other hand, low CO values result in
more indicator loss at lower flow rates.32 33 This influence of
blood flow on bias is confirmed in our study comparing low
with high CO values. However, the error margin of the mea-
surements remains fractionally the same. The higher the CO,
the wider the LOA and vice versa, resulting in comparable
percentage errors at high and low CO values.

Limitations
Despite variable haemodynamic circumstances, we included
only measurements during stable blood flow. We corrected
for the unequal and repeated CO measurements per lamb.
The animals were either lying supine or on their right side,
which could influence the distribution of pulmonary
oedema, atelectases, and ventilation–perfusion mismatch
and may have influenced our measurements in the compari-
son between the animals. We had no clinical indication to
assume intracardiac shunting. We used a common model
to induce EVLW increment with well-described pathophysio-
logical and morphological characteristics.17 34 35 However,
this surfactant depletion model does not share all features
of ALI/ARDS in humans. Finally, the difference in normal
values of EVLWI between children and adults may not be
real but the result of a difference in age-related changes in
the ratio of lung weight to body weight ratio.36

Conclusions
Haemodynamic monitoring plays a crucial role in the treat-
ment of critically ill patients. In particular, patients with ca-
pillary leakage and ALI require tight fluid management
avoiding the risk of overzealous fluid administration while
maintaining sufficient intravascular volume status. The
transpulmonary thermodilution technique provides reliable
CO monitoring over a wide range of clinical conditions. Our
study shows that CO measurements are not affected by
severe pulmonary oedema in a newborn lamb model.
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