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Objective: Pulse contour cardiac output (PCCO) analysis is a
technique for continuous cardiac output (CO) monitoring through an
arterial catheter after calibration by transpulmonary thermodilution
(TPTD). Studies in adults show good correlation with pulmonary
artery thermodilution (PATD) CO. Data are limited in children and
patients with hemodynamic instability. The objective was to deter-
mine whether TPTD CO and PCCO analysis correlate with PATD GO in
a piglet model of severe hemorrhagic shock. Mixed venous oxygen
saturation (SVo,) was also compared with PATD CO.

Design: Prospective animal study.

Setting: University animal research laboratory.

Subjects: Domesticated piglets, 24-37 kg.

Interventions: Hemorrhagic shock was created by graded hem-
orrhage in anesthetized piglets. Hemorrhage was initiated to achieve
mean arterial pressure plateaus of 60, 50, 40, 30, and 20 mm Hg.

Measurements and Main Results: CO was measured by PATD
and simultaneously with two femoral artery PCCO catheters. At
each mean arterial pressure plateau, one PCCO catheter was
recalibrated by TPTD; the other catheter was not recalibrated

during hemorrhage. TPTD GO, PCCO measurements from each
catheter, and S\_Io2 were compared with PATD CO at each mean
arterial pressure level. TPTD CO and recalibrated PCCO showed
excellent correlation (©* = .96 and .97) and small bias (+0.11 and
+0.14 L/min), respectively, compared with PATD. Without reca-
libration, PCCO measurements were not accurate during rapid
hemorrhage (7 = .22). SVo, decline did not correlate as well with
PATD CO ( = .69).

Conclusions: TPTD CO and recalibrated PCCO analysis corre-
late well with PATD CO in this severe hemorrhagic shock model.
The mean difference is small (<0.15 L/min) and is not clinically
significant. With rapid changes in blood pressure or intravascular
volume, PCCO is not accurate unless recalibrated by TPTD CO.
SVo, did not correlate well with CO in this model. (Crit Care Med
2008; 36:1189-1195)

Kev Worbs: cardiac output; shock; hemorrhagic; monitoring;
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oal-directed hemodynamic
therapy is believed to reduce
morbidity and mortality in
critically ill adult surgical,
emergency department (ED), and inten-

*See also p. 1377.
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sive care unit patients (1-4). Studies in
children with septic shock have also dem-
onstrated that early and aggressive fluid
resuscitation, as well as therapies specif-
ically directed at improving cardiac out-
put (CO) and oxygen delivery, is associ-
ated with improved survival (5-7).

The use of CO as an end point for
resuscitation remains a matter of debate.
The pulmonary artery catheter (PAC) has
been the clinical gold standard for CO
measurement, but concerns regarding
safety, efficacy, and cost have been raised
(8-10). Use of the PAC has been limited
in the pediatric intensive care and ED
settings due to safety concerns and prac-
tical difficulties. Thus, critically ill chil-
dren and ED patients are frequently man-
aged without objective measures of CO.

Pulse contour cardiac output (PCCO)
analysis is a newer technique that pro-
vides continuous CO measurement through
an arterial catheter. Based on a modifica-
tion of the Wesseling algorithm, PCCO
analysis calculates beat-to-beat CO using
a complex formula that incorporates the

area under the systolic time curve and
aortic impedance (11). Aortic impedance
is derived from a single CO determination
by the transpulmonary thermodilution
(TPTD) method. This involves injecting
saline through any central venous cathe-
ter and calculating thermodilution CO at
the thermistor-tipped PCCO arterial
catheter with a modified Stewart-Hamil-
ton equation. After calibration by TPTD
CO, PCCO analysis provides continuous
CO measurement based on the arterial
pressure waveform alone (11). TPTD may
itself be used as an independent measure
of CO, as it has been shown to correlate
closely with other objective CO measures
and has a much lower coefficient of vari-
ation than CO derived from the PAC
(5.3% vs. 10% to 20%) (12). TPTD is in
fact regarded by some as the new gold
standard for CO determination in chil-
dren (12).

Multiple studies in adult surgical in-
tensive care units have shown excellent
agreement between pulmonary artery
thermodilution (PATD) CO and PCCO
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(11, 13, 14), but few data exist for PCCO
use in children. The effects of small pa-
tient size, extremely high heart rates, and
abrupt changes in blood pressure on the
accuracy and precision of PCCO analysis
remain unclear. Of particular interest is
the dependence of PCCO analysis on the
TPTD determination of aortic impedance,
which may be affected by the greater
compliance of the child’s aorta. It is un-
clear whether frequent recalibration by
TPTD CO is necessary during dramatic
hemodynamic variations in these pa-
tients.

In this study, we evaluated the use of
PCCO analysis in a piglet model of severe
hemorrhagic shock simulating rapid de-
cline in blood pressure, marked intravas-
cular volume loss, and extreme tachycar-
dia in pediatric patients. Our primary
objective was to determine the accuracy
of TPTD CO and PCCO compared with
PATD CO and to assess the need for reca-
librating the PCCO system in the setting
of rapid hemodynamic changes. Mixed
venous oxygen saturation (SVo,), a com-
monly used surrogate of CO, was also
compared with PATD CO in this hemor-
rhagic shock model.

METHODS

This study was approved by the Institu-
tional Animal Care and Use Committee at the
University of North Carolina. All procedures
were conducted in accordance with guidelines
established by the National Institutes of
Health.

Preparation. Ten domesticated piglets
from a single provider source aged 2-4
months and weighing 24-37 kg were fasted
for 12 hrs before the experiment but had free
access to water. Animals were anesthetized
with intramuscular ketamine 500 mg followed
by inhalational 5% isoflurane via a snout mask
with 100% oxygen via an anesthesia apparatus
(SAV 2500 and CDS 1000, Surgivet, Waulke-
sha, WI). After endotracheal intubation, inha-
lational isoflurane was titrated between 2%
and 4% during instrumentation to maintain
adequate anesthesia. Palpebral reflexes, man-
dibular muscle tone, movement, motor re-
sponse to graded painful stimulus, and heart
rate were used to assess the depth of anesthe-
sia. Oxygen was administered to maintain Pao,
>100 mm Hg (13.3 kPa), and minute ventila-
tion was adjusted to maintain Paco, at approx-
imately 4045 torr (5.3-6.0 kPa). An orogas-
tric tube was used to decompress the stomach.
Electrocardiogram and end-tidal CO, were
continuously monitored (Propaq 106, Proto-
col Systems, Beaverton, OR). After instrumen-
tation, isoflurane was decreased to 1% 5 mins
before hemorrhage and maintained through-
out the remainder of the experiment.
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Instrumentation. An 8-Fr oximetric pul-
monary artery thermodilution catheter (Ab-
bott Critical Care Systems, Chicago, IL) was
positioned in a pulmonary artery via the right
external jugular vein. This oximetric PAC was
connected to a thermodilution CO device
(Baxter Explorer, Edwards Lifesciences LLC,
Irvine, CA). This device was calibrated to allow
for continuous SVo, monitoring and set up for
thermodilution CO measurements using 5-mL
injections of room-temperature normal saline.
A series of three PATD CO measurements were
made at baseline. A micromanometer-tipped
catheter (Millar Instruments, Houston, TX)
was positioned in the aortic arch via the left
brachial artery for continuous monitoring of
mean arterial pressure (MAP). Both femoral
arteries were cannulated with 4-Fr thermodi-
lution PCCO catheters (Pulsiocath, Pulsion
Medical Systems AG, Munich, Germany).
These PCCO catheters were each connected to
separate monitoring devices (PiCCO-Plus
Monitor v4.1.2, Pulsion Medical Systems AG,
Miinchen, Germany) for comparison of con-
tinuous CO readings. The monitoring device
contains all instrumentation required for
TPTD CO and PCCO. A series of three TPTD
CO measurements, each using 10 mL of iced
normal saline (<8°C) injected via the proxi-
mal port of the PAC, was performed to simul-
taneously calibrate the two PCCO catheters at
baseline. One catheter was then randomly
chosen for TPTD recalibration during the ex-
perimental protocol. All hemodynamic data
were recorded into a computer-based data ac-
quisition system (Polyview Data Acquisition
and Analysis System, Astromed, West War-
wick, RI). An 8-Fr sheath introducer (Arrow
International, Reading, PA) was inserted in the
femoral vein and attached to a roller pump for
rapid blood withdrawal.

Experimental Protocol. Figure 1 shows the
experimental protocol sequence. Baseline he-
modynamic and oximetric measurements

were taken before initiation of hemorrhage.
The animals then underwent femoral venous
catheter blood withdrawal at a rate of 2 mL/
kg/min over 5-min intervals to sequentially
drop the MAP by 10-mm Hg increments. The
rate of blood withdrawal was adjusted, if
needed, to yield approximately 5 mins of hem-
orrhage to reach each sequential MAP level.
Blood withdrawal was stopped temporarily to
yield plateaus in MAP at 60, 50, 40, 30, and 20
mm Hg. The MAP was held at the target MAP +
2 mm Hg for 5-8 mins while CO measure-
ments and SVo, readings were taken. At each
incremental MAP plateau, a series of three
PATD CO measures were taken followed by a
single TPTD CO measurement using one of
the two PCCO catheter systems. The same
PCCO system was used for the sequential reca-
librations (R-PCCO) at each incremental MAP
plateau. After baseline calibration, the other
PCCO (NR-PCCO) system was not recalibrated
for the remainder of the experiment. PATD
CO, TPTD CO, R-PCCO, NR-PCCO, SVo,, and
heart rate were recorded at each MAP level.

Data Analysis. Standard descriptive statis-
tics, including CO means and standard devia-
tions, were calculated for each method stud-
ied. Analysis of variance was used to compare
TPTD CO, R-PCCO, and NR-PCCO with PATD
CO. Regression analysis was used to correlate
PATD CO to TPTD CO, R-PCCO, and NR-PCCO
at each MAP level during hemorrhage. Loga-
rithmic regression was used to compare PATD
CO to SVo,. A p value <.05 was considered
significant.

Bland-Altman analysis was performed to
assess bias between the PATD CO and both
TPTD CO and R-PCCO. This statistical method
is used for comparing two measurement tech-
niques when neither can be considered a true
gold standard (15). Bias is defined as the mean
difference between two measurement tech-
niques and represents the amount by which
one technique over- or underestimates the

Prep. Baseline |HemorrhagePhase

PATD CO

TPTD CO

Calibration of
PCCO catheters

SvO,

TPTD CO
R-PCCO
NR-PCCO
SvO;

.

Figure 1. Experimental timeline. Following instrumentation, baseline measurements of cardiac output
(CO) were made by pulmonary artery thermodilution (PA7D) and transpulmonary thermodilution
(TPTD). Pulse-contour cardiac output (PCCO) catheters were calibrated by TPTD. Venous blood
withdrawal was then initiated to sequentially reduce mean arterial pressure (MAP) by 10-mm Hg
increments. Blood pressure was maintained at each mean arterial pressure plateau to perform PATD
CO and TPTD CO. These values were recorded, and the TPTD CO was used to recalibrate one of the
two PCCO catheters (R-PCCO). The other catheter was not recalibrated during hemorrhage (NVR-

PCCO).
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Figure 2. Cardiac output (CO) vs. mean arterial pressure (MAP). Top, pulmonary artery thermodi-
lution (PATD) CO and transpulmonary thermodilution (TPTD) CO; middle, PATD CO and reca-
librated PCCO (R-PCCO); bottormn, PATD CO and nonrecalibrated PCCO (NR-PCCO); data are mean * sD
(n = 10).
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other. Precision is calculated as the sp of the
differences between the two techniques. Upper
and lower limits of agreement were calculated
as the bias +1.96 sp.

RESULTS

Mean baseline CO was 4.0 L/min (*=1.3
L/min) by PATD and 4.13 L/min (*1.6
L/min) by TPTD and PCCO (p not signif-
icant). Total blood loss during the hem-
orrhage protocol averaged 40 mL/kg (+7
mL/kg) or approximately 50% of total
blood volume. Mean heart rates increased
from baseline of 107 (+32 beats/min) to a
maximum of 194 beats/min (+27 beats/
min) during the last stage of the protocol.
Initiation of hemorrhage until comple-
tion of the experimental protocol re-
quired approximately 1 hr.

Incremental blood withdrawal resulted
in a corresponding decline in MAP and CO
(Fig. 2). TPTD CO and R-PCCO readings
correlated closely with PATD CO at each
MAP level (p < .001) (Fig. 2, fop and mid-
dle). NR-PCCO readings overestimated
PATD CO with declining MAP by as much
as 100% (p < .001) (Fig. 2, bottom).

Linear regression analysis showed high
correlations for both TPTD CO and R-
PCCO (** = .97 and 7 = .96, respectively)
compared with PATD CO (Fig. 3, fop and
middle). The correlation between PATD CO
and NR-PCCO measurements was poor (* =
.22) (Fig. 3, bottom), and discordance be-
came greater as CO decreased.

Finally, Bland-Altman analysis com-
paring PATD CO with both TPTD CO and
R-PCCO demonstrated close agreement
between the two methods over the wide
range of CO values obtained, with a mean
bias of 0.14 * 2 sp 0.47 L/min and 0.11 =
2 C 0.45 L/min, respectively (Fig. 4).

Mixed Venous Oxygen Saturation.
Logarithmic regression analysis showed a
significant correlation between PATD CO
and SVo, (r* = .69) (Fig. 5).

DISCUSSION

This study demonstrates both the util-
ity and limitations of TPTD and PCCO in
the setting of rapidly changing hemody-
namics due to acute hemorrhagic shock.
Despite smaller patient size, extremely
high heart rates, and substantial changes
in MAP, intravascular volume, and CO,
both TPTD CO and recalibrated PCCO
correlated very closely with the clinical
gold standard of PATD CO. TPTD CO and
R-PCCO consistently overestimated the
PATD CO by <0.15 L/min, which is well
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Figure 3. Linear regression of cardiac output (CO) measurement techniques. Top, transpulmonary
thermodilution (TPTD) CO vs. pulmonary artery thermodilution (PATD) CO; middle, recalibrated
PCCO (R-PCCO) vs. PATD CO; bottom, nonrecalibrated PCCO (NVR-PCCO) vs. PATD CO.
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less than the 15% variation considered
clinically acceptable when comparing
consecutive PATD CO determinations
(16). The single sb of approximately 0.24
L/min also represents clinically acceptable
variation. In this model we observed less
variation for TPTD CO and R-PCCO, with
narrower mean bias and smaller sp, than
shown in adult clinical studies comparing
PCCO analysis to PATD CO (11, 13, 14).

No previous studies have examined
PCCO under the extreme conditions of
hemorrhagic shock. This study demon-
strated that rapid blood loss with a sub-
stantial (>20%) drop in MAP can result
in markedly inaccurate PCCO readings
unless recalibration with TPTD CO is per-
formed. Clinically, the frequency re-
quired to yield accurate PCCO readings
would vary on an individual patient basis,
although sudden changes in excess of
20% may be a reasonable threshold for
recalibration. In extremely unstable cases,
we have confirmed that TPTD CO can be
used independently to guide therapy. It is
important to note that newer versions of
PCCO analysis software (PiCCO-Plus ver-
sion 5.01, Pulsion Medical Systems AG,
Munich, Germany) have attempted to
correct this problem and could obviate
the need for recalibration during major
hemodynamic changes.

Clinical Significance of Cardiac Out-
put Monitoring. Diminished CO with in-
adequate tissue oxygen delivery increases
mortality (2, 7, 17), and survivors of crit-
ical illness tend to have higher CO and
oxygen delivery (18). Therapies directed
at improving CO and oxygen delivery im-
prove outcomes in a variety of clinical
situations (1, 2, 4, 6, 7).

PATD has long been the standard
technique for measuring CO in adults.
However, multiple studies suggest in-
creased morbidity, mortality, and cost as-
sociated with PAC use (8-10, 19, 20).
PAC use is, in part, operator dependent,
and operator error may account for some
of the increased adverse events (21). In
children, the literature suggests that
PACs substantially increase the risk of
thrombosis and infection when compared
with standard central venous catheters
(22). Arrhythmias, knot formation, and
pulmonary artery rupture are other po-
tential complications. PAC insertion and
maintenance can also be time consuming
and technically difficult. Because of these
technical and safety concerns, PACs are
uncommon in pediatric intensive care
and are rarely used in the ED.

Crit Care Med 2008 Vol. 36, No. 4
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Figure 4. Bland-Altman analysis. 7op, transpulmonary thermodilution (7P7D) cardiac output (CO) vs. pulmo-
nary artery thermodilution (PATD) CO; botfom, recalibrated pulse-contour analysis CO (R-PCCO) vs. PATD CO.
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Figure 5. Linear regression analysis of mixed venous oxygen saturation (SV0,) vs. pulmonary artery

thermodilution (PATD) cardiac output (CO).
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Clinical Significance of Pulse Contour
Analysis. PCCO analysis was originally de-
scribed in 1974, but it has only recently
been refined and validated for clinical use
(11). Several studies in adult cardiovascular
surgical intensive care units have found
excellent agreement between PCCO
analysis and PATD CO (11, 13, 14). Stud-
ies of TPTD CO, the calibration technique
for PCCO, have also revealed good correla-
tion with both Fick and PATD CO in chil-
dren (23, 24).

Technical and safety concerns associ-
ated with PACs make a less invasive al-
ternative for CO monitoring desirable,
particularly where CO monitoring is sel-
dom used, such as in the pediatric inten-
sive care unit or the ED. In children,
clinician estimation of CO correlates
poorly with objective measures of CO (25,
26). PCCO requires central venous and
arterial catheters, which are commonly
used in pediatric critical care and in the
ED. In both the pediatric intensive care
unit and ED, a simple and continuous
measure of CO could lead to earlier and
more precise diagnosis and treatment of
critically ill patients. After placement of
the PCCO arterial catheter and a central
venous catheter, TPTD and PCCO calibra-
tion can be readily performed by nursing
staff as needed and requires only a few
minutes. The thermistor-tipped arterial
catheter can be used as any standard ar-
terial cannula for blood pressure mea-
surement and blood sampling.

PCCO analysis offers the advantage of
continuous CO monitoring while elimi-
nating the need for intracardiac catheter-
ization. PCCO analysis also provides
other volumetric data that may be helpful
in targeting fluid therapy. Two of these
measures derived from TPTD, global end-
diastolic volume and intrathoracic blood
volume, have been shown in adults and
children to better predict volume respon-
siveness than pulmonary artery occlusion
pressure and central venous pressure
(27-30). The PCCO system also provides
continuous stroke volume variation,
which also may be superior to standard
measures of preload (31, 32).

Several disadvantages of the PCCO
analysis system include the risks of prox-
imal or central arterial catheterization
and the inability to measure pulmonary
artery pressure or pulmonary artery oc-
clusion pressure. Also, intracardiac shunts
diminish the accuracy of TPTD CO calibra-
tion, potentially limiting the utility of
PCCO analysis in patients with unrepaired
congenital heart disease.
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The need for TPTD CO recalibration
that we observed may be due to changes
in aortic impedance that occur during
rapid blood loss. It is unclear how neces-
sary recalibration might be in other pro-
found hemodynamic derangements, such
as cardiogenic shock, arrhythmias, or
septic shock. TPTD CO, the technique
used to calibrate PCCO analysis, is itself
an accurate measure of CO that can be
used independently. However, during pe-
riods of less rapid change in MAP
(<20%), the ability to quickly detect
changes in CO and promptly evaluate re-
sponse to therapy is a major advantage of
the PCCO technique.

We have also shown that while SVo,
correlates with PATD CO during hemor-
rhagic shock, this correlation is weaker
than for PCCO analysis. Furthermore,
changes in SVo, lag behind changes in
CO during hemorrhage. These findings
suggest that SVo, may be less sensitive to
early changes in global perfusion than
PCCO.

Limitations. We chose to compare
PCCO analysis with PATD CO, which is
the clinical gold standard for CO mea-
surement. It is not, however, a true gold
standard and is susceptible to variation
between measurements due to a variety
of factors, such as cardiorespiratory in-
teractions and correct catheter place-
ment. A more precise CO measurement
technique might yield different results.
We have also not studied the other valu-
able hemodynamic and volumetric data
that are obtained through the PCCO sys-
tem. A detailed analysis of the perfor-
mance of these variables would aid
greatly in understanding the clinical util-
ity of PCCO in critically ill children. The
results observed in this hemorrhagic
shock study may not be applicable to
other pathophysiological states, such as
disorders with associated myocardial dys-
function.

CONCLUSIONS

This study demonstrates that PCCO
analysis, when recalibrated by TPTD CO
during major hemorrhage and acute
changes in MAP, correlates extremely
well with PATD CO in a piglet model of
hemorrhagic shock. In the setting of
large (>20%) changes in blood pressure
and intravascular volume, PCCO readings
can be markedly inaccurate if not recali-
brated. TPTD CO and PCCO analysis are
both accurate alternatives to PATD CO,
especially in areas like the pediatric in-
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tensive care unit and the ED. Currently
available software modifications have ad-
dressed these issues and may reduce the
need for recalibration in critically ill chil-
dren.

SV0,, a commonly used surrogate of
CO, is less reliable in this model of hem-
orrhagic shock. Clinical studies of PCCO
analysis are warranted to determine the
safety and utility of this technique in the
pediatric critical care and ED settings.
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