
Introduction

The pulmonary extravascular thermal volume has been
used in numerous clinical and experimental studies as a
measure of extravascular lung water (EVLW). EVLW
is a marker for the severity of lung injury, the knowledge
of which may improve the outcome in some critically ill
patients by guiding the volume therapy [1]. In vivo,
EVLW is commonly measured with a combined ther-
mo-dye dilution technique, but the indocyanine green
(ICG) used for this technique is relatively expensive.

Therefore, the accuracy of EVLW estimation by single
thermodilution with a lung water monitor (Pulsion
Cold Z-021) was studied. In addition, the intrathoracic
blood volume (ITBV), which is an indicator of the circu-
lating blood volume [2], was also compared with the sin-
gle thermodilution versus the thermo-dye dilution tech-
nique.
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Abstract Objective: The accuracy
of single thermodilution was as-
sessed in measuring extravascular
lung water (EVLW) and intratho-
racic blood volume (ITBV).
Design: Single thermodilution (ST)
was prospectively compared with
thermo-dye dilution (TD) in 13 me-
chanically ventilated pigs using the
Pulsion Cold Z-021 monitor.
Interventions: Lung injury was in-
duced with oleic acid injection.
Results: EVLWITD increased from
4.3 ± 1.4 to 11.3 ± 4.5 ml/kg
(p = 0.0014) and ITBVTD decreased
from 581 ± 66 to 540 ± 85 ml
(p = 0.039) after induction of lung
injury. EVLWST was systematically
overestimated (0.5±1 ml/kg) and
ITBVST was slightly underestimated
(15±20 ml) when calculated auto-
matically by the Pulsion Cold Z-
021 monitor. This bias could be re-
moved by adjusting two coefficients
needed for the computation of
ITBVST and EVLWST so that the fol-

lowing regression equations were
obtained: EVLWIST = 0.98 ×
EVLWITD + 0.27 (r = 0.94, p < 10±6)
and ITBVST = 1.0 × ITBVTD + 0
(r = 0.87, p < 10±6).
Conclusions: Single thermodilution
allows estimation of ITBV and
EVLW values with reasonable
accuracy and therefore provides
useful information about the cardiac
preload and the severity of lung
injury. However, automatic
calculation of EVLWIST and ITBVST
using the Pulsion Cold Z-021 might
be biased. Therefore, researchers
and clinicians should validate single
thermodilution for the given
settings, before employing this
method to estimate EVLW and
ITBV.

Key words Extravascular lung
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Material and methods

Anesthesia

After approval of the local Animal Ethics Committee, 13 healthy
pigs (weight 30 ± 4 kg) were premedicated with 40 mg azaperonum
(Janssen, Belgium), then anesthesia was induced with atropine
(0.04 mg/kg), tiletamin/zolazepam (6 mg/kg, Reading, Carros,
France) and xylazin (2.2 mg/kg, Bayer, Leverkusen, Germany) im,
followed by a constant infusion of 400 mg/h clomethiazole (Astra,
Södertälje, Sweden), 150 mg/h fentanyl and 2.5 mg/h pancuronium
for muscle relaxation. The animals were tracheotomized and me-
chanically ventilated. Ringer-acetate (1000 ml) was infused before
baseline measurements, thereafter fluid replacement aimed at a
stable systemic arterial blood pressure ( ~ 30 ml × kg × h±1 after in-
duction of lung injury).

An 18-gauge catheter and a thermistor-tipped fiberoptic cathe-
ter (Pulsiocath 4F FT PV 2024, Pulsion Medical System, Munich,
Germany) were inserted via the carotid artery and advanced into
the descending aorta for measurements of cardiac output (CO),
EVLW and ITBV. A Swan Ganz catheter was introduced via the
right external jugular vein. Blood gas samples were analyzed with
ABL 300 and OSM 3 Hemoximeter (Radiometer, Copenhagen
Denmark). Transpulmonary CO, ITBV and EVLW were deter-
mined in triplicate by injecting 8 ml ice-cooled indocyanine green
(ICG) (ICG-Pulsion, Pulsion Medical System, Munich, Germany;
1 mg/ml) or by injecting 8 ml ice-cooled saline.

Study protocol

Baseline values were obtained after a 30-min stabilization period,
after which lung injury was induced with oleic acid (0.1 ml/kg,
Apoteksbolaget, Göterborg, Sweden) injected via a central venous
catheter. Measurements were repeated 120 min after the induction
of lung injury.

Calculation of ITBV and EVLW

The mean transit time (MTt) of a suddenly injected indicator bolus
between the site of injection and the site of detection multiplied by
the CO equals the total volume marked by the indicator [3]. The

exponential downslope time (DSt) of the registered indicator
curve multiplied by the CO corresponds to the largest individual
volume marked by the indicator [4].With the thermo-dye (TD) di-
lution technique, ITBVTD and EVLWTD can thus be calculated as:

1. ITBVTD = CO ´ MTtICG, where MTtICG is the mean transit time
of indocyanine green

2. EVLWTD = (CO ´ MTtTherm) ± ITBVTD, where MTtTherm is the
mean thermal transit time

Using the single thermodilution (ST) technique CO × MTtTherm
equals the intrathoracic thermoaccessible volume (ITTV) and
CO × DStTherm is the pulmonary thermoaccessible volume
(PTV), where DStTherm is the exponential thermal downslope
time. ITBVST and EVLWST can consequently be estimated as:

3. ITBVST = a ´ (ITTV ± PTV) + b, where ªaº and ªbº are coeffici-
ents derived from linear regression analysis between EVLWTD
and (ITTV ± PTV)

4. EVLWST = ITTV ± ITBVST

All data are presented as the mean ± standard deviation. Regres-
sion analyses were made with the least squares method. Parame-
ters before and after the induction of lung injury were compared
using a Wilcoxon signed rank test, with p < 0.05 as the level of sig-
nificance.

Results

Oleic acid injection increased EVLWI (p = 0.0014), de-
creased ITBV slightly (p = 0.039) but did not affect CO
(Table 1).

ITBVTD and (ITTV ± PTV) demonstrated a signifi-
cant linear relationship with a coefficient of correlation
(r) of 0.87 ( p < 10±6), the regression equation being:
ITBVTD = 1.73 × (ITTV ± PTV) ±7.7. In Eq. 3 ªaº was
therefore substituted by 1.73 and ªbº by ±7.7, which dif-
fers from the values used by the Pulsion Cold Z-021 (hu-
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Baseline Lung injury

PaO2 [mmHg] 479 ± 63 98 ± 84

Hb [g/l] 84 ± 9 93 ± 9

Heart rate [bpm] 116 ± 26 129 ± 31

MAP [mmHg] 102 ± 15 87 ± 13

CVP [mmHg] 6 ± 2 9 ± 2

PAOP [mmHg] 6 ± 2 9 ± 3

PawMean [cmH2O] 5 ± 2 8 ± 2

COTD [l/min] 4.5 ± 1.0 (2.4 ± 1.5) 4.3 ± 1.0 (3.9 ± 2.8)

COST [l/min] 4.6 ± 1.1 (2.8 ± 1.4) 4.4 ± 0.8 (4.2 ± 2.5)

EVLWITD [ml/kg] 4.3 ± 1.4 (8.2 ± 5.0) 11.3 ± 4.5 (8.4 ± 9.0)

EVLWIST [ml/kg] 4.4 ± 2.2 (3.0 ± 3.0) 11.5 ± 4.6 (4.2 ± 2.5)

ITBVTD [ml] 581 ± 66 (3.3 ± 1.6) 540 ± 85 (4.6 ± 2.7)

ITBVST [ml] 583 ± 120 (4.0 ± 2.0) 534 ± 102 (5.7 ± 3.0)

Table 1 Hemodynamic para-
meters and extravascular lung
water. Numbers are given as
mean ± standard deviation.
For measurements performed
in triplicates the coefficient of
variation [%] is given in par-
entheses. (PAOP pulmonary
arterial occlusion pressure,
PawMean Mean airway pres-
sure, EVLWI extravascular
lung water index, ITBV intra-
thoracic blood volume, TD de-
termined by thermo-dye dilu-
tion, ST determined by single
thermodilution)



mans: a = 1.16, b = 86; pigs: a = 1.30, b = 0; [5]). Conse-
quently, ITBVST calculated with the coefficients of the
manufacturer (a = 1.30, b = 0) resulted in a slight under-
estimation (15±20 ml) as compared to thermo-dye dilu-
tion. Figure 1 shows ITBVTD and ITBVST calculated
with both sets of coefficients before and after oleic acid
injection [6]. EVLWIST was linearly correlated to EV-
LWITD (r = 0.94, p < 10±6) according to the equation:
EVLWIST = 0.98 × EVLWITD + 0.27. However, a bias of
0.5±1 ml/kg was found, if ªaº and ªbº were not correct-
ed for the present data set. Figure 2 shows EVLWI be-
fore and after the induction of lung injury. The differ-

ences of CO measurements between saline and ICG in-
jections were minimal (0.0 ± 0.1 l/min at baseline and
0.1 ± 0.2 l/min after the induction of lung injury).

Discussion

This study shows that single thermodilution allows a
reasonable estimate of EVLWI and ITBV. An injection
of cold saline alone can thus provide valuable informa-
tion about the cardiac preload and the severity of lung
injury.

Using single thermodilution, ITBV and EVLWI are
not obtained directly, but are derived from the measure-
ments of CO, ITTV and PTV using Eqs. 3 and 4, respec-
tively. The coefficients ªaº and ªbº in Eq 3 are comput-
ed using linear regression analysis between ITBVTD
and (ITTV-PTV) and affect the calculation of ITBVST
and EVLWST. For the present data ªaº and ªbº differed
markedly from the values used by the manufacturer of
the Pulsion Cold Z-021 [5]. Consequently, the Pulsion
Cold Z-021 overestimated EVLWIST (0.5±1 ml/kg) and
underestimated ITBVST (15±20 ml) systematically,
whereas no such bias occurred following correction of
ªaº and ªbº. Differences of ªaº and ªbº may be due to
different detection sites of the thermo-dye dilution
curves (e.g. descending aorta versus femoral artery), be-
cause this affects the thermoaccessible volume (ITTV)
between the site of injection and the site of detection.
In addition, the coefficients might not only vary among
different species [5] but possibly also among different
breeds of laboratory animals. Therefore, clinicians and
researchers should establish the values of the coeffi-
cients ªa and bº for the given settings before sole use
of the single thermodilution technique.

The precision of ITBVST and EVLWIST measure-
ments was acceptable considering a standard deviation
of ITBVTD±ITBVST = ± 56 ml (Fig.1) which is similar
to previously reported data [7], and of EVLWITD ± EV-
LWIST = ± 1.7 ml/kg. After oleic acid injection only the
scatter of ITBVTD ± ITBVST increased, but not that of
EVLWITD ± EVLWIST. This might be explained by the
difficulty in calculating MTtTherm accurately in cases of
large distribution volumes [8]. MTtTherm directly affects
the calculation of ITBVST, while EVLW is more or less
proportional to PTV (CO × DStTherm).

Ideally, thermodilution and thermo-dye dilution
should be compared simultaneously. In this study mea-
surements were done sequentially, but during stable
hemodynamic conditions. Since CO was always deter-
mined by thermodilution whether or not ICG was used,
differences of CO between the two sets of measurements
reflect changes of the hemodynamic state and random
noise, but are not related to the single thermodilution
or thermo-dye dilution technique. The CO differences
between the two sets of measurements averaged
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Fig.1 Intrathoracic blood volume before and after induction of
lung injury. Intrathoracic blood volume (ITBV) before (~, ~)
and after (U,k) induction of lung injury. The x-axis shows the
mean of ITBV measurements by single thermodilution and ther-
mo-dye dilution before and after induction of lung injury. The y-
axis shows the difference of ITBV between both methods. ~ and
U: calculation of ITBVST with coefficients ªaº and ªbº corrected
for the present data set. ~ and k: calculation of ITBVST with coef-
ficients ªaº and ªbº as determined by the manufacturer of the Pul-
sion Z-021. The mean ± 2SD are calculated for the solid symbols
(X, U). (TD measured by thermo-dye dilution, ST measured by sin-
gle thermodilution)

Fig.2 Extravascular lung water index before and after induction of
lung injury. The x-axis shows the mean of the extravascular lung
water index (EVLWI) before (X, D) and after (U, k) induction
of lung injury as assessed by single thermodilution and thermo-
dye dilution. For further explanations see Fig.1



1.5 ± 3.9 % and thus do not explain the differences of
EVLWI and ITBV observed between the two methods.

Use of indocyanine green makes the thermo-dye di-
lution technique relatively expensive and repeated mea-
surements performed in triplicate considerably increase
both the cost of hemodynamic monitoring of critically ill
patients as well as research. In conclusion, the single

thermodilution technique with the Pulsion Cold Z-021
provides additional information for estimating EVLWI
and ITBV for the same price as a standard hemodynam-
ic monitoring.
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