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a b s t r a c t

Aim: Induced mild hypothermia after cardiac arrest interferes with clinical assessment of the cardio-
vascular status of patients. In this situation, non-invasive cardiac output measurement could be useful.
Unfortunately, arterial pulse contour is altered by temperature, and the performance of devices using
arterial blood pressure contour analysis to derive cardiac output may be insufficient.
Methods: Mild hypothermia (32–34 ◦C) was induced in eight patients after out-of-hospital cardiac arrest
and successful resuscitation. Cardiac output (CO) was measured simultaneously by continuous thermodi-
lution using a pulmonary artery catheter and a cardiac output monitor (Vigilance II, Edwards Lifesciences)
and by pulse contour analysis using an arterial line and the Vigileo monitor (Edwards Lifesciences) dur-
ing both normothermia (>36 ◦C) and hypothermia. Continuous CO from both monitors was compared
(Bland–Altman) and concordance of changes measured in consecutive 8-min intervals was measured.
Results: Mean cardiac output was 3.9 ± 1.2 l/min during hypothermia and 6.1 ± 2.6 l/min during normo-
thermia (p < 0.001). During hypothermia (normothermia), bias was 0.23 (0.77) l/min, precision (1 SD) was
0.6 (0.72) l/min, and the limits of agreement were −1.06 to 1.51 (−0.64 to 2.18) l/min, corresponding to a

percentage error of ±34% (±24%). Concordance of directional CO changes >10% was 53.9% in hypothermia
and 51.4% in normothermia.
Conclusion: Induced hypothermia was not associated with increased bias or limits of agreement for the
comparison of Vigileo and continuous thermodilution, but percentage error was high during normoth-
ermia and increased further during hypothermia. Less than 50% of clinically relevant CO changes during

rdant
hypothermia were conco

. Introduction

Induced mild hypothermia is now regarded as standard therapy
n patients resuscitated from out-of-hospital cardiac arrest, and is
ecommended in comatose patients suffering from in-hospital car-
iac arrest [1]. In these patients, adequate tissue oxygen delivery

s crucial. However, when hypothermia is applied, clinical signs of

ypoperfusion such as cold, clammy skin and delayed capillary refill
re not reliable.

Pulse contour analysis for cardiac output estimation is a
apidly evolving technology, mainly due to its ease of use

� A Spanish translated version of the abstract of this article appears as an Appendix
n the final online version at doi:10.1016/j.resuscitation.2010.12.015.
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E-mail addresses: matthias.haenggi@insel.ch (M. Haenggi),
aniel.barthelmes@gmx.ch (D. Barthelmes), hanno.ulmer@i-med.ac.at (H. Ulmer),

ukka.takala@insel.ch (J. Takala), stephan.jakob@insel.ch (S.M. Jakob).

300-9572/$ – see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.resuscitation.2010.12.015
.
© 2011 Elsevier Ireland Ltd. All rights reserved.

and the relative non-invasiveness of the method [2]. The
basic principle of cardiac output (CO) measurement by pulse
contour analysis is the proportional relationship of stroke vol-
ume and arterial pulsatility [3]. The differences between the
various devices available are mainly related to different cal-
ibration methods. The latest development is non-calibrating
devices that use nomograms based on age, weight/height and
gender [4].

During hypothermia, vasoconstriction alters pulse contour [5].
Measurements of cardiac output with pulse contour might be inac-
curate in this situation, but studies are lacking. In a literature search,
only a case report was retrieved, in which calibration failure in a
PiCCO device was reported [6].

The aim of this study was to describe the performance of a

device using pulse contour analysis without calibration during
hypothermia and to compare it with conventional thermodilution.
We hypothesized that differences between spontaneous changes
in cardiac output measured by thermodilution and pulse contour
analysis increase during hypothermia.
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. Methods

Patients were included after successful resuscitation from
ut-of-hospital cardiac arrest if they were assigned to induced
herapeutic hypothermia by the attending intensivist, and if they
ad a pulmonary artery catheter in place, as judged necessary by
he attending intensivist and cardiologist. Exclusion criteria were
ither (1) presence of an intraarterial balloon pump or (2) unsta-
le hemodynamics despite fluid resuscitation and use of vasoactive
rugs, with expected death within the next 24 h.

The institutional hypothermia protocol comprised start of
ypothermia in the ambulance, and hypothermia was maintained
t 33 ◦C for 12 h. Afterwards, controlled rewarming was started at
rate of 0.5 ◦C/h. All patients received continuous infusion of seda-

ives (propofol or midzolam) and opioids (fentanyl), targeted to
BIS Index of 40–60, and atracurium to prevent shivering dur-

ng hypothermia and rewarming. After normothermia was reached,
he sedation and atracurium were discontinued and a neurologic
ssessment was performed.

The need for informed consent was waived by the local ethics
ommittee due to the observational character of the study: the
ulse contour analysis device we used (Vigileo® /Flow-Trac®; soft-
are version 1.07; Edwards Lifesciences, Saint-Prex, Switzerland)
oes not require the placement of additional catheters, and the
edside team assigned to the patient was blinded to the variables
easured by the device (cardiac output and stroke volume vari-

bility [SVV]). Continuous cardiac output (CCO) was measured by
pulmonary artery catheter and displayed by a Vigilance II® mon-

tor (Edwards Lifesciences, Saint-Prex, Switzerland), as is routine
ractice in this intensive care unit (ICU). Vigileo® and Vigilance

I® monitors were connected via the RS-232 interface to a laptop,
here a custom-made data logger simultaneously stored cardiac

utput measurements from both devices as displayed on the mon-
tor screens. Measurements were started after the patient arrived
n the ICU and standard monitoring and resuscitation measures

ere successfully installed. For analysis, two sets of data from each
atient were used: hypothermia period (recorded at a temper-
ture between 33 ◦C and 34 ◦C) and normothermia period (after
ewarming, at 36–38 ◦C). The two data sets had the same length
f recording. The CCO obtained by the Vigilance II has a response
ime to changes in the cardiac output of 7–10 min [7,8]. Thus
he recorded data were reduced offline to means of 8-min inter-
als and the Vigileo II data were shifted 8 min behind the ones
ecorded with the Vigileo device, using IGOR Pro 6.03 (WaveMet-
ics Inc., Lake Oswego, OR, USA). Data were analyzed and reported
ith the methods proposed by Bland and Altman (with correction

or repeated measurements, as the original report compared only
ne dataset per person, and thus changes in the variance within
he repeated measurements have to be accounted for) [9–11] and
y Critchley and Critchley [12]. Accordingly, mean cardiac output
as defined as the mean of simultaneously recorded cardiac out-
ut measurements by the two devices (corrected for the delay of
he response time of 8 min), bias as the difference between the

easurements obtained by the two devices, precision as one stan-
ard deviation (SD) of bias, limits of agreement as bias ±1.96 SD,
nd percentage error as ±2 SD divided by mean cardiac output.
tandard parametric tests for comparisons of mean and propor-
ions were used as appropriate with PASW Statistics 18 (SPSS Inc.,
hicago, IL, USA). Significance was considered with a two-sided
< 0.05.

Magnitude and directions of blood flow changes between two

onsecutive intervals were compared between the devices. Because
mall changes will occur at random, with a high number of data
he mean change of both CO measures will be zero. We therefore
efined a clinically relevant difference between two consecutive
easurements in blood flow arbitrarily as 10%.
on 82 (2011) 423–426

3. Results

The eight patients included in the study had a median age
of 68 years (range 54–85 years). Half of the patients sur-
vived to hospital discharge with intact neurological functions.
Demographic data of the patients are presented in Table 1. Mea-
surement recording lasted between 5.75 h and 12.5 h per patient
per period, corresponding to 790 8-min intervals for compari-
son (see Fig. 1). Mean cardiac output was 3.9 ± 1.2 l/min during
hypothermia and 6.1 ± 2.6 l/min during normothermia (p < 0.001).
During hypothermia, bias was 0.23 l/min, precision 0.66 l/min, and
the limits of agreement were −1.06 to 1.51 l/min. During nor-
mothermia, bias was 0.77 l/min, precision 0.72 l/min, and limits
of agreement were −0.64 to 2.18 l/min (Fig. 1). The percentage
error was 34% during hypothermia and 24% during normother-
mia.

Changes between two consecutive means of 8-min recordings
went in opposite directions in 49.5% of epochs during hypother-
mia and in 50% of normothermia epochs (n.s.). Changes with
a magnitude of >10% occurred 76 times during hypothermia
(19.5%) and 72 times during normothermia (18.5%, n.s.). Discor-
dant direction of changes >10% occurred in 41 of 76 episodes
(53.9%, 10.5% of all episodes) during hypothermia and in 37 of 72
episodes (51.4%, 9.5% of all episodes) during normothermia (n.s.)
(Fig. 2).

4. Discussion

Induced hypothermia after cardiac arrest increased neither bias
nor precision for the comparison between continuous thermodilu-
tion and pulse contour analysis without calibration. Nevertheless,
because of the higher mean cardiac output in patients in the
normothermia period, the percentage error increased during
hypothermia, and exceeded the proposed acceptable limit of ±30%
[12]. As expected, opposite short-term trends of CO were evenly
distributed, but clinically relevant large changes of CO occurred
rarely. Unfortunately, if large alterations occurred, the Vigileo
device often could not track that change.

The bias and precision obtained in our study are in line with
published comparisons between the same methods in normo-
thermic patients [13–17]. Despite different characteristics of pulse
pressure contour during normothermia and hypothermia, the algo-
rithm in the tested device performed equally well under the two
conditions. The basic principle of CO measurement by pulse con-
tour analysis is the proportionality of stroke volume and arterial
pulsatility. Thus, with alterations of the pulse contour, induced,
for example, by changes in the vascular tone, intravascular vol-
ume, aortic valve alteration, or introduction of an intra-aortic
balloon pump, the proportionality factor has to be recalibrated, or
in the case of the Vigileo, recalculated. The proportionality con-
stant of the Vigileo device is calculated on the basis of patient
weight, height, age, mean arterial pressure, skewness, and kurto-
sis, but the exact calculation method is proprietary information.[3]
CO data obtained with the Vigileo device are less reliable in sit-
uations with altered pulse contour waveforms—for example, as
induced by vasoconstriction [18–22]. High flow/low resistance
states as in septic shock [18] or liver failure [19] seem to be par-
ticularly difficult for the Vigileo system to handle. CO is regularly
underestimated in these situations, and the sloping relationship
between increasing bias at higher CO demonstrated by Biancofiore

et al. [19] can also be seen here, especially in the normother-
mia group (Fig. 1). The systemic inflammatory response syndrome
(SIRS) following global ischemia-reperfusion, as in out-of-hospital
cardiac arrest (OHCA), seems to be well counterbalanced by the
increase of systemic vascular resistance through hypothermia, as
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Table 1
Demographic and basic data of the patients.

Pat # Sex Age (y) Outcome SAPS LOS ICU (h) LOS hosp (h) Time to target (h) Treatment in cath lab prior to ICU Dobutamine Niprusside

1 m 57 Survived 55 70.5 1092 14 PTCA/stent h n
2 m 53 Died 39 73.5 80 7.25 – h h/n
3 m 68 Died 68 90 95 2.5 PTCA /stent h/n –
4 f 78 Survived 68 60.25 924 8.75 – – h/n
5 m 65 Survived 66 34.5 152 7.75 PTCA /stent – h/n
6 f 84 Died 83 50 52 4.25 PTCA /stent h/n –
7 m 82 Survived 68 138.5 354 10.5 PTCA /stent h h/n
8 m 57 Died 79 100.5 102 2.5 – – h/n

h = hypothermia; n = normothermia; SAPS = Simplified Acute Physiology Score; LOS = length of stay; ICU = intensive care unit; PTCA = percutaneous transluminal coronary
angioplasty.
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ig. 1. Bland–Altman plot of cardiac output. The upper part represents data during
er patient). Bias and limits of agreement (±1.96 SD) do not differ between normot

one of our patients needed a vasopressive drug; on the con-
rary, some patients received the vasodilator niprusside (Table 1).

e hypothesized that differences between spontaneous changes
n cardiac output measured by thermodilution and pulse con-
our analysis increase during hypothermia. With our results, we
ould not confirm this hypothesis; rather, we demonstrated that
he calculated proportionality factor integrates the different wave-
orms of the pulse curve seen in hypothermic and normothermic
atients.

Using continuous instead of intermittent thermodilution car-
iac output measurement as a gold standard could be criticized.
ontinuous thermodilution was chosen since this is the routine
ethod in our unit and because it enables comparison of cardiac

utput trends over time between the two methods. This would not
ave been possible with intermittent thermodilution. The bias and
recision in this comparison are in the same range as those found

n the comparisons of CO derived by intermittent and continuous

hermodilution [23,24], and are even better than in comparisons of
O using esophageal Doppler vs. intermittent thermodilution [25]
r PiCCO [18,26]. Also, it should be acknowledged that the correla-
ion between intermittent and continuous thermodilution is strong
ver a broad temperature range [23,27].
othermia, the lower part during hypothermia. All 790 data pairs are shown (43–97
c and hypothermic conditions.

In our opinion, more problematic is the interpretation of the val-
ues, especially which limits are considered as clinically acceptable.
According to the literature, the percentage error of a new compara-
tor should be below ±30% [12], so our data demonstrate that the
performance of the new device in patients with induced hypother-
mia is worse than in normothermic patients. Another issue is
whether it is important to know the absolute value of cardiac output
or whether the trends are more informative. Here our data show
that CO trends measured with uncalibrated pulse contour analysis
often reflect values obtained with the thermodilution method, but,
far more importantly, the device failed to track clinically important
changes in CO in hypothermic patients in 50% of the cases. This is
not significantly worse than in normothermic patients, as long as
the low incidence of large changes of CO and the resulting insuffi-
cient power to detect a difference are taken in account. We cannot
recommend the use of the Vigileo with the tested software in the
specific clinical circumstance of patients successfully resuscitated

from cardiac arrest and treated with therapeutic hypothermia. Our
findings should not be extrapolated to other clinical situations in
which non-calibrating pulse-contour analysis is considered use-
ful, as in patients undergoing coronary artery bypass surgery [17],
trauma surgery [4] or liver transplantation [14].
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Fig. 2. Percentage changes in cardiac output between consecutive 8-min epochs.
The x-axis represents data derived from continuous thermodilution, the y-axis data
derived from pulse-contour analysis during the same period. Data points in green
rectangles represent trends in the same direction (concordant trends), data points
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. Conclusion

Induced hypothermia after cardiac arrest does not affect bias or
recision, but it does affect percentage error at a magnitude which

s clinically relevant for the comparison between uncalibrated pulse
ontour analysis using Flowtrac/Vigileo and continuous thermodi-
ution cardiac output measurement. Under both hypothermia and
ormothermia, small discordant changes in cardiac output mea-
ured by the two methods were frequent, and in the occurrences
f clinically important changes of cardiac output, Vigileo/Flowtrac
ould not track the change in more than 50% of the cases. Based on
ur findings in a small study population, we cannot recommend the
se of this device in patients with induced hypothermia. Whether
his remains true for other pulse-contour-based CO monitors has
o be shown.
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