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Real-Time Pulmonary Artery Thermodilution for the Continuous

Measurement of Cardiac Output
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Objective: Continuous measurement of cardiac output

CCO) is of great importance in the critically ill. However,

ulmonary artery thermodilution has been questioned for

ossible complications associated with right heart catheter-

zation. Furthermore, measurements are delayed in the con-

inuous mode during rapid hemodynamic changes. A new

ulmonary artery catheter CCO device (Aortech, Bellshill,

cotland) enabling real-time update of cardiac output was

ompared with 2 different, less-invasive methods of CCO

etermination, esophageal Doppler and pulse contour anal-

sis.

Design: Prospective, observational study.

Setting: University hospital, single institution.

Participants: Patients scheduled for elective coronary ar-

ery bypass grafting (CABG).

Interventions: None.
ejection fraction �50%) scheduled for elective cardiac surgery (cor-

o
v
e
s

c
l
a
M
d
s
T
t
w
S
j
w
t
n
e
t
u

a
p
s
i

M
C

A

p
C
b

ournal of Cardiothoracic and Vascular Anesthesia, Vol 18, No 2 (April), 20
Measurements and Main Results: CCO measurements were

nalyzed using a Bland-Altman plot. Bias between CCO and

ulse contour cardiac output (PCCO), and Doppler-derived

ardiac output (UCCO) was (mean � 1 SD) �0.71 � 1 L/min

ersus �0.15 � 1.09 L/min, and between UCCO and PCCO

0.58 � 1.06 L/min. Bias was not significantly different

mong methods, nor were comparative values before and

fter cardiopulmonary bypass (p > 0.05).

Conclusions: Agreement between the CCO method and

oth less-invasive measurements was clinically acceptable.

here were no adverse events associated with the use of

ither device.

2004 Elsevier Inc. All rights reserved.

EY WORDS: continuous cardiac output, esophageal Dopp-

er, pulmonary artery catheter, pulse contour analysis
HE MEASUREMENT of cardiac output (CO) is a para-
meter often used to assess the hemodynamic status and

fficacy of therapy in critically ill patients.1 In past decades,
ntermittent bolus thermodilution cardiac output (ICO) with ice
old saline via a pulmonary artery catheter (PAC) was the gold
tandard for the calculation of cardiac output according to the
ick principle in the clinical setting.2 Over the years, interest in
ontinuous monitoring of cardiac output (CCO) increased be-
ause the assessment of changes in the hemodynamic status of
atients over time can facilitate adequate therapy. As a result,
mong other devices, PACs with integrated heating filaments
ere developed. Intermittently, this filament heats the blood up

o 4°C over baseline temperature and an attached computer
alculates the resulting cardiac output.3 However, the heating
lament-based CCO measurements show a lack of agreement
ith ICO during rapid hemodynamic changes because of the

ime constant of the calculation algorithm.3,4

Recently, the value of PACs has been questioned. In a large
tudy the PAC was found to increase mortality, hospital stay,
nd costs.5 Ramsey et al6 also found that PAC measurements
ad no impact on clinical decision making. Therefore, alterna-
ive measurement methods have been developed that are less
nvasive and/or allow the real-time calculation of CO.

A new PAC with an alternative calculation principle was
ompared with pulse contour analysis and ultrasound-based
easurements for the continuous measurement of CO. In pre-

ious studies, good-to-excellent agreement of the methods un-
er investigation was shown with the gold standard of pulmo-
ary arterial bolus thermodilution.7-25 Therefore, the authors
id not use pulmonary arterial thermodilution as the reference
or these measurements, but instead compared the continuous
ethods with each other in the setting of a cardiac surgical unit.

METHODS

After approval of the institutional review board committee and after
ritten informed consent, 10 American Society of Anesthesiologists
hysical status IV patients with impaired left ventricular function
nary artery bypass grafting) were enrolled in the study. Patients with
alvular heart disease, intracardiac shunts, or peripheral vascular dis-
ase, as well as emergency cases, were excluded. Only patients with
inus rhythm in the preoperative electrocardiogram were included.

Patients received 0.1 to 0.2 mg/kg of midazolam and 2 �g/kg of
lonidine, orally, 30 minutes before the induction of anesthesia. After
ocal anesthesia, a 5F introducer was inserted into the right femoral
rtery and a 4F thermodilution catheter (Pulsion Medical Systems,
unich, Germany) was placed and connected to the pressure trans-

ucer for continuous arterial pressure recording. Anesthesia was sub-
equently induced with propofol (2 mg/kg) and sufentanil (0.5 �g/kg).
racheal intubation was facilitated with rocuronium (0.6 mg/kg) and

he patient ventilated with an air/oxygen mixture (FIO2 0.5). Ventilation
as adjusted to a PetCO2 of 35 mmHg. A PAC (Aortech, Bellshill,
cotland) was inserted via an 8.5F introducer in the right internal

ugular vein and advanced under continuous pressure recording into the
edge position. A monitor (Aortech, Bellshill, Scotland) was attached

o the PAC and calibrated according to patient height and weight. This
ew system uses a thermistor in a small heating coil and measures the
nergy required to maintain the coil surface at 1°C differential above
he blood temperature. This mechanism of action enables a beat-to-beat
pdate of the CO for CCO measurement.
The arterial catheter was connected to a monitor for pulse contour

nalysis of CO (PCCO) (Pulsion Systems) and the resulting signal
rocessed for determination of hemodynamic variables (left ventricular
troke volume and derived parameters). To calibrate the system for the
ndividual vascular impedance, pulse contour analysis was performed
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186 BEIN ET AL
hile simultaneously injecting 10 mL of ice cold saline in the proximal
ort of the PAC and registration of the resulting arterial thermodilution
urve via the catheter in the femoral artery. The mean of three consec-
tive measurements randomly assigned to the respiratory cycle was
sed for calibration. The PCCO was not recalibrated during the surgical
rocedure.
An esophageal echo probe (Hemosonic, Arrows International, Ever-

tt, MA) was inserted nasally and advanced into the esophagus approx-
mately up to the sixth thoracic vertebra for measurement of ultrasound
oppler cardiac outputs (UCCOs). Depth of probe insertion in each
atient was chosen to obtain the best signal quality, and, therefore, the
osition may have varied in the individual patient. Two acoustic
ransducers are located at the tip of the flexible esophageal probe. The
cho signal was adjusted to the maximum signal height and the probe
ositioned until both the anterior and the posterior wall of the aorta
ere visible on the screen. The echo probe was readjusted if necessary

loss of the aortic wall detected by M-mode ultrasound).
Before and after cardiopulmonary bypass (CPB), 6 measurements

ere performed. Timing of data acquisition was assigned to 12 differ-
nt time points, which were defined as follows: (1) baseline after
nduction of anesthesia, (2) skin incision, (3) sternotomy, (4) start
arvesting of the mammary graft, (5) end harvesting of the mammary
raft, (6) before initiation of CPB, (7) directly after termination of CPB,
8) 15 minutes after termination of CPB, (9) start thoracic closure, (10)
nd of thoracic closure, (11) end of surgery, and (12) before discharge
o the intensive care unit. These time points were at least 15 minutes
part and were chosen to achieve a high within-subject variability in
ardiac output. CO was measured during stable hemodynamic condi-
ions. All coronary artery bypass grafting operations were performed
niformly using a standard CPB technique (pump flow rate of 2.5
/min/m2), with mild hypothermia (rectal temperature 32-33°C).
Statistical analysis was performed according to the method of Bland

nd Altman.7 Bias between methods was calculated as the mean dif-
erence (�SD) between CCO and PCCO, between CCO and UCCO,
nd between PCCO and UCCO. The limits of agreement were defined
s bias � 2 SD and as the range in which 95% of the differences
etween the methods were expected. Data points from each individual
ere averaged; resulting mean values were then compared for between-

ethod differences with analysis of variance for repeated measures e
ith Bonferroni correction. Bias before and after the cardiopulmonary
ypass was analyzed with paired student t test. Statistical significance
as assumed at a value of p � 0.05.

RESULTS

Ten patients (aged 56-78 years; 6 male, 4 female) were
nrolled in the study. A total of 113 PCCO, 107 UCCO, and
13 CCO measurements were analyzed. CO measurements
anged from 1.89 to 8.6 L/min for PCCO, 1.5 to 8.2 L/min for
CCO, and 2.4 to 5.7 L/min for CCO.
The Bland-Altman plot for CCO and PCCO is shown in

igure 1, for UCCO and CCO in Figure 2, and for PCCO and
CCO in Figure 3. Bias between CCO and PCCO was �0.71
/min (precision 1 L/min), between CCO and UCCO �0.15
/min (precision 1.09 L/min), and between UCCO and PCCO
0.58 L/min (precision 1.06 L/min). Linear regression analysis

f the CCO/PCCO and CCO/UCCO Bland-Altman plot yielded
negative slope representing an overestimation of low COs and
n underestimation of high COs compared with PCCO and
CCO (r2 � 0.48 and 0.27, respectively). Bias between meth-
ds showed no significant differences (p � 0.05, Fig 4). Com-
aring values before and after CPB, bias of UCCO, PCCO, and
CO measurements did not differ significantly (p � 0.05,
ig 5).
There were no adverse effects related to either the PCCO/

AC catheter or the echo probe.

DISCUSSION

Perioperative determination of cardiac output is of great
nterest in the critically ill. Since 1970, PAC thermodilution has
ecome the clinical “gold standard” in the field of anesthesia
nd intensive care. However, right heart catheterization for CO
onitoring has been questioned for various reasons. First, ICO

hows remarkable variance and has proved to be no real refer-
8,9

Fig 1. Bland-Altman plot be-

tween CCO and PCCO. The solid

line represents the mean dif-

ference (bias); the dotted line

represents the 2SD limits of

agreement.
nce method in comparison studies. Second, until recently,
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187ESOPHAGEAL DOPPLER VERSUS PCCO VERSUS PAC
here was no real CCO measurement by PA thermodilution.
he PAC with integrated heating filament was able to perform
emicontinuous determinations at best. The time constant of the
easurement algorithm led to a delayed time response in cases

f rapid hemodynamic changes.3,4

Unfortunately, there is no clear evidence in the literature for
he need for CO determinations. Treating patients with the goal
f augmenting CO has given inconsistent results with some
uthors reporting no improvement in survival rates and others
nding reduced mortality and duration of hospital stay.10,11

eviewing the current literature, it seems that at least in a
ubset of patients, measurement of CO is still indicated for
uiding adequate therapy.12 Because invasiveness of right heart
atheterization is under debate, alternative measurement meth-

Fig 2. Bland-Altman plot be-

ween CCO and UCCO. The solid

ine represents the mean difference

bias); the dotted represents the

SD limits of agreement.
ds were developed that are less invasive and/or allow the
eal-time calculation of CO. Impedance cardiography, partial
O2 rebreathing, esophageal Doppler, and pulse contour anal-
sis are newly developed or enhanced, each having specific
rawbacks and advantages.
Recently, a new PAC was introduced into clinical practice.

ias was found to be acceptable under clinical conditions
ompared with pulse contour and Doppler-derived values,
�0.71 � 1 L/min and �0.15 � 1.09 L/min, respectively), in
he present study.

Esophageal Doppler-derived CO measurements have given
nconsistent results in the literature. Initial studies showed
ignificant variability between Doppler-derived and thermodi-
ution measurements, and the technique was found to be clin-

Fig 3. Bland-Altman plot be-

tween UCCO and PCCO. The

solid line represents the mean

difference (bias); the dotted line

represents the 2SD limits of
agreement.
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188 BEIN ET AL
cally unacceptable because of operator dependency and the
requently necessary readjustment of the echo probe.13,14 In this
tudy, a newly developed echo probe (Hemosonic; Arrow In-
ernational) was used, offering the advantage of determining
he true aortic diameter by M-mode ultrasound, thus avoiding
rrors introduced by nomogram-derived calculations. Measure-
ents performed with this device are in good agreement with
A thermodilution CO in preliminary investigations.15 The
uthors confirmed good agreement of Doppler-derived mea-
urements with both CCO and PCCO. However, readjustment
f the echo probe was commonly necessary after CPB, al-
hough the same experienced investigator positioned the echo
robe. The authors cannot completely exclude the influence of

learning curve on these results. Lefrant et al16 found a
emarkable training effect using the device in intensive care
nit patients. The operator dependency remains a problem,
articularly in the case of readjustment. The echo probe mea-
ures aortic blood flow, which is closely correlated with CO (r

0.89).17 This derived cardiac output was used in the study
alculations to facilitate between-method comparisons. There
re various other parameters derived from the aortic blood flow
eg, peak ejection velocity and left ventricular ejection time),
hich give additional information on left ventricular perfor-
ance and may help to guide optimal therapy.
Pulse contour analysis has gained widespread attention re-

ently. Arterial pulse pressure waveform analysis according to
he method by Wesseling consists of measuring the area under
he systolic portion of the arterial pulse wave from the end of
iastole to the end of the ejection phase.19 Numerous studies

Fig 4. Bias between methods (mean � standard error of the

ean).
ave shown good agreement with arterial and pulmonary arte-
ial thermodilution.20,21 Arterial cannulation is less invasive and
as proven to have no severe complications during its use over
longer period of time.18 Pulse contour enables a beat-to-beat

pdate of the instantaneous CO. Transpulmonary thermodilu-
ion also gives important information concerning the patient’s
olume status and left ventricular loading conditions (eg, in-
rathoracic blood volume, extravascular lung water). Some
uthors postulated an influence of changes in systemic vascular
esistance (eg, after vasopressor administration) on PCCO.21,22

n contrast, Della Rocca et al23 found no influence on the
ccuracy of PCCO even after substantial changes of SVR. The
uthors did not control for changes in the tone of the vascular bed
ecause the PCCO device was not recalibrated during the study.

In conclusion, by comparing a new CCO PAC and an esoph-
geal UCCO probe with PCCO for the continuous measure-
ent of CO in cardiac surgical patients, a clinically acceptable

greement was found between methods. However, judgment of
ias and precision is subjective and not yet standardized.
ritchley19 recommended that limits of agreement between
ethods should not exceed � 30%. Zöllner et al20 postulated

imits of agreement of � 0.5 L/min between methods and
ejected the interchangeability of continuous and intermittent
A thermodilution using IntelliCath (Baxter, Irvine, CA) and
pti-Q (Abbott Laboratories, Morgan Hill, CA) catheters. In a

ecently published study comparing PCCO and ICO, however,
he same authors found limits of agreement of �2.5 L/min to be
cceptable.21 When reviewing recently published large studies
omparing PCCO and ICO, bias varied between 0.003 and 0.31
/min.21-30 These studies, however, compared PCCO with ICO,
hereas the present study compared CCO with PCCO. Della
occa et al23 reported a bias of �0.03 L/min with limits of
greement of �1.78 to 1.72 L/min comparing PCCO versus
CO. With CCO, measurements show a tendency of underes-

imation of CO compared with ICO, possibly because of the
emperature shift in the PA after CPB.29 This may explain the
egative bias between CCO and both PCCO and UCCO be-
ause PCCO and UCCO measurements are not affected by
emperature. Comparison of CCO and PCCO, as well as CCO
nd UCCO, in the present study showed a negative slope of the
land-Altman plot. An overestimation of low CO was also

hown for the bolus thermodilution technique, probably caused

Fig 5. UCCO-PCCO, CCO-

PCCO, and CCO-UCCO bias (�

standard error of the mean) be-

fore and after cardiopulmonary

bypass. Dotted line represents
an ideal bias of zero.
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189ESOPHAGEAL DOPPLER VERSUS PCCO VERSUS PAC
y the cold saline bolus.31 During continuous measurement
ith the heating coil technique, temperature shifts in the PA

ommonly seen after CPB may have caused this error. This
ystematic deviation of the new CCO catheter has to be verified
n larger study populations.

Taking into account the recent discussion on the safety of
ACs, several alternatives exist when CO needs to be moni-
ored. The results of this study show that accuracy of CO t
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easurements is clinically acceptable for all methods. There-
ore, it seems unjustified to perform right-heart catheterization
imply for the determination of cardiac output. The less-inva-
ive esophageal probe and the PCCO system offer specific
dditional information concerning important parameters of the
ardiovascular system. Hence, the choice of the equipment for
O measurement should be made according to individual pa-
ient needs.
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