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’ Introduction

Hemodynamic optimization is a complex task requiring, among
other things, monitoring of arterial and venous pressures, urine output,
acid-base balance, and oxygen content/delivery. These parameters,
however, reflect the overall circulatory state and not the basic physiologic
determinants of cardiac output (CO), which include preload, afterload,
and contractility. To help determining these basic physiologic determi-
nants, the pulmonary artery catheter (PAC) has been used by clinicians for
almost 4 decades where it became the mainstay of patient monitoring in
the operating room and in the intensive care unit (ICU) setting. It
provides direct information on pressure variables such as pulmonary
artery pressure, pulmonary artery occlusion pressure, and central venous
pressure. It can also provide flow-related data such as CO and mixed
venous oxygen saturation. Despite its extensive use, the clinical value of
data obtained from pulmonary artery catheters remains unproven.1

Therefore, an alternative approach to the PAC monitoring has been
proposed—the functional hemodynamic monitoring. This approach
focuses on the effects of positive pressure ventilation on left ventricular
(LV) output; positive pressure ventilation induces phasic changes in LV
stroke volume through similar cyclic changes in venous return. This is a
‘‘normal’’ phenomenon for all patients ventilated with positive pressure
ventilation, and can be advantageous in situations of hypovolemia.
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These cyclic changes can be used to predict fluid responsiveness as
it has been shown that hypovolemic patients—those who are on the
ascending limb of the Frank-Starling curve—are very sensitive to these
changes. To date, several functional parameters have been described
and used clinically to assess fluid responsiveness. These parameters
include the systolic pressure variation, the pulse pressure variation
(PPV), and the stroke volume variation (SVV) and are utilized clinically
by currently available invasive monitors. They are considered the
standard of care in the assessment of fluid responsiveness.

The PiCCO monitor (Fig. 1) uses the dynamic parameters to predict
fluid responsiveness. In addition, it has other hemodynamic indices that
are very useful in understanding the individual patient physiological
state:
1. Fluid responsiveness: PPV and SVV
2. CO measurement

a. Transpulmonary thermodilution
b. Pulse contour analysis

3. Extravascular lung water index (EVLWI): a good surrogate assess-
ment of pulmonary edema

4. Global end-diastolic volume index (GEDI): a volumetric preload
assessment

5. Cardiac function index: a calculated index of cardiac function

Figure 1. The newly designed PiCCO2 monitor is a user-friendly touch screen monitor.
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Thus, the PiCCO monitor is an ‘‘all inclusive’’ alternative to current
hemodynamic monitors and is very important in the management of
hemodynamically unstable patients in the operating room or ICU.

’ Fluid Responsiveness

In the assessment and management of critically ill patients, the actual
hemodynamic monitoring questions are physiological in their language
but need to be practical and concrete in their application. Perhaps the
most frequent hemodynamic question when managing patients in the
operating room or ICU is: Will CO increase with volume loading?

Data from numerous studies have documented repeatedly that
neither right atrial pressure or pulmonary artery occlusion pressure
predict well the subsequent response of the subject to an intravascular
fluid challenge.2–10 Furthermore, measures of absolute LV volumes are
only slightly better at predicting preload responsiveness.7,10–13 In
contrast, the dynamic parameters have been shown to be very useful
in discriminating between patients who respond to fluid therapy from
those who do not.5,14–16

Physiological Rationale of the Dynamic Parameters

Positive pressure ventilation is associated with simultaneous but
different effects on the left and right sides of the heart. A positive pressure
breath results in increased intrathoracic pressure, which in turn leads to
increased LV filling of blood due to compression of the pulmonary venous
system. The end result is an acute increase in LV stroke volume.
Simultaneously, however, the increased intrathoracic pressure causes a
decrease in venous return to the right side of the heart due to compression
of the inferior vena cava. During exhalation there is a decrease in stroke
volume; the heart is relatively ‘‘empty’’—the pulmonary veins have been
‘‘squeezed’’ during the positive pressure breath and the right ventricle is
relatively ‘‘empty’’ due to decreased venous return as above. This is a
‘‘normal’’ physiology during positive pressure ventilation (Figs. 2, 3).

As the left ventricle is more sensitive to preload changes when it is on
the ascending limb, or steep portion of the Frank-Starling curve, these
variations have been used clinically to assess preload status and predict
fluid responsiveness in deeply sedated patients under positive pressure
ventilation. Among the dynamic parameters described above, the
PiCCO monitor calculates and displays only the PPV and SVV.

PPV

The PPV extends the concept of cyclic variations in LV stroke
volume during positive pressure ventilation (Fig. 4). The arterial
pulse pressure—the difference between the systolic and the diastolic
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pressure—is directly proportional to stroke volume and inversely
related to arterial compliance.17 It is calculated as:

PPV ¼ ðPPmax � rmPPminÞ=mean� 100

An index of 13% discriminates between fluid responders (increase
in CO >15% from baseline) from nonresponders (increase in CO
<15% from baseline). In addition to patients following coronary artery
bypass surgery,18 PPV was found to predict the effect of volume

Figure 2. Schematic diagram showing the increase in stroke volume and pulse pressure during a
positive pressure breath.

Figure 3. A photo of an arterial waveform tracing depicting normal variation in stroke volume
and blood pressure during positive pressure ventilation.
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expansion on CO also in septic shock hypotensive patient5 and acute
lung injury.19

SVV

SVV is determined by analysis of the continuous arterial pulse
contour. This method uses the area under the systolic portion of the
arterial pressure curve for beat-to-beat determination of stroke volume (in
relative values) and their variation over the respiratory cycle. Its feasibility
and appropriateness in estimating cardiac preload and volume responsive-
ness has been reported in several clinical trials (Fig. 5).14,20–22

Similarly to the PPV, it is calculated as:

SSV ¼ ðSVmax � SVminÞ=mean times100

Figure 4. Schematic diagram showing the variation in pulse pressure during one mechanical breath.
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An SVV of 10% is considered as a cutoff discriminating between
fluid responders and nonresponders; if SVV is less than 10% CO
will not increase in response to volume loading and thus may be avoi-
ded as a therapeutic challenge. SVV is now accepted as an index
of fluid responsiveness and was validated in ventilated postcardiac
patients,21,23,24 in the operating room during neurosurgery20 and in
septic shock patients.14

Limitations of the Dynamic Parameters

1. Need for positive pressure ventilation: The respiratory variation in
stroke volume and arterial pressure has been validated as a predictor
of fluid responsiveness only in mechanically ventilated patients. This
limits the use of these parameters only to ventilated patients in the
operating room and ICU.

2. Need for paralysis or heavy sedation: The dynamic parameters have
been validated only in patients who are paralyzed or heavily sedated,
provided there is no patient initiation of the ventilator. As such, they
can be used to analyze fluid responsiveness only in these circum-
stances. In case where the patient is either initiating the ventilator or
breathing spontaneously thorough an endotracheal tube, one cannot
use the dynamic parameters to assess fluid responsiveness. This may
limit the clinical usefulness of arterial pressure variation in the ICU
where current practice guidelines recommend to lower the level of
sedation.25,26 As a result of these guidelines, many patients today are
ventilated with minimal respiratory support and breathe sponta-
neously.

3. Cardiac rhythm: The beat-to-beat variation in stroke volume may
no longer reflect the effects of mechanically ventilation in patients
with arrhythmias. This is mostly true in patients with atrial
fibrillation. Although significant cardiac ectopy will interfere with
the continuous and automatic monitoring of dynamic parameters, it
is still appropriate to analyze the arterial pressure curve in patients
with few extrasystoles, provided that the rhythm is regular during at
least one respiratory cycle.

Figure 5. Schematic diagram showing the variation in stroke volume during one mechanical breath.
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4. Atherosclerosis: Systolic and pulse pressures depend not only on
stroke volume, but also on arterial compliance.17 Thus, PPV could
vary from one patient to another according to the arterial
compliance. Therefore, if arterial compliance is low (eg, patients
with significant peripheral vascular disease), this can be translated to
large changes in arterial pressure despite small changes in stroke
volume. Conversely, if arterial compliance is high (eg, young patients
without vascular disease), small changes in arterial pressure could
be seen despite large changes in stroke volume.

5. Variation in pleural pressure: Changes in pleural pressure can affect
the dynamic parameters by either falsely decreasing or increasing the
variations.
A. Small variations: During positive pressure ventilation, small

variations in pleural pressure can be seen when small tidal
volumes are used27 (eg, 6 mL/kg) or when chest compliance is
increased. Theoretically, if the pleural pressure generated during
positive pressure ventilation is not high enough to affect venous
return, this may affect the dynamic parameters and ability to
discriminate between fluid responders and nonresponders.
Indeed, SVV has been found to be a reliable predictor of fluid
responsiveness only in patients with a tidal volume ranging
between 8 and 15 mL/kg.5,23,28,29 In this regard, caution should be
exercised before concluding that a patient will not respond to a
fluid challenge because no variation in blood pressure is observed
if the tidal volume is low or increased chest compliance.

B. Large variations: Conversely, large variations in pleural pressure
can be seen when large tidal volumes are used or when chest
compliance is low. It has been shown that increasing tidal
volume29,30 or reducing chest compliance31,32 leads to increases
in stroke volume and blood pressure variations. Similarly,
decreasing chest compliance also affect stroke volume and blood
pressure variation as recently shown that opening the chest by
sternotomy decreased stroke volume and increased cardiac
preload.33 Thus, by inducing a rightward shift on the Frank-
Starling curve, the decrease in chest compliance decreased the
sensitivity of the heart to fluid challenge.

6. Technical
A. Similar to any invasive pressure monitoring, the arterial pressure

curve obtained from the fluid-filled catheter is subjected to
technical problems (eg, kinks, air bubbles, clots, excessive tubing
length, tube compliance), which could affect the dynamic response
of the monitoring system.34

B. The site of arterial pressure monitoring can also affect the
observed pressures. The recognized fact of pulse amplification
from aortic root to the peripheral circulation characterized by
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increase in systolic pressure and slight decrease in diastolic
pressure in healthy individual35 is untrue in patients with sepsis36

or postcardiopulmonary bypass.37 In these patients, lower systolic
pressures have been documented in peripheral arteries. To
overcome this problem, the PiCCO catheter is placed in central
artery; brachial, axillary, or femoral arteries.

In theory, any state which increase venocapacitance and decrease
return of blood to the heart (eg, anesthetics and venodilators) may
affect the dynamic parameters; decrease return of blood to the heart
will lead to increase in the dynamic parameters which will lead to a state
of fluid responsiveness. This is not an artifact, but rather a ‘‘true’’ state
whereby a fluid bolus will result in increased CO. However, this does
not mean that fluid bolus is needed. In general, after answering the
question ‘‘will cardiac output increase with volume loading?’’ one has to
decide if fluid therapy is needed. The fact that a patient is fluid
responsive should not translate automatically to administration of
fluids. Fluid therapy should be given only if the patient is fluid
responsive and there is evidence of hypoperfusion (eg, low urine
output, tachycardia, hypotension, increased lactate, etc.). As an
example, all healthy individuals operate on the ascending limb of the
Frank-Starling curve and are fluid responsive, yet do not require fluid
bolus or therapy to maintain adequate perfusion.

’ CO

The PiCCO monitor measures CO by 2 ways: the transpulmonary
themodilution method and the pulse contour analysis.

Transpulmonary Thermodilution

The indicator-dilution techniques for measurement of CO was
introduced at the end of the 19th century by Stewart38 who first used
these techniques to measure the volume of blood in the heart and
lungs. Stewart’s model was developed and extended by Hamilton and
his colleagues39 who emphasized the use of mean circulation time to
determine the volume of a vascular bed. The consequence of Stewart
and Hamilton work was the establishment of the fundamental
relationship of volume, flow, and circulation time.40

Volume¼ flow�mean circulation time

The validity of this method of measurement of flow depends on
the assumption that the dye is distributed throughout a ‘‘central’’
pool of blood as it passes from the vein into the right heart chambers,
the lungs, and the left heart and out into the arterial system of vessels.
The validity and accuracy of the method for determining rates of flow
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in mechanical systems and the CO in animals and human participants
have been later determined.39,41

A simple explanation of this elaborate work goes as follows: when
an exogenous substance (an ‘‘indicator’’) is injected into the vascular
space it is quickly diluted by flowing blood. Just how quickly or slowly
this dilution takes place is a function of the magnitude of flow. If flow
between these 2 points is high, then the concentration of the injected
substance (eg, ‘‘cold’’) will be diluted quickly. At the downstream
detection point, then, the concentration-time curve will change
relatively little. Conversely, if flow is low, the concentration of the
substance at the detection site will not be diluted as much and
temperature change will build and fall less quickly.

With the PiCCO technology the indicator (15 to 20 mL of cold
saline) is injected into the circulation at a central vein. The
concentration of the thermodilution indicator is measured at some
other point downstream from the injection site using a 4 or 5 Fr
thermistor-tipped catheter. The catheter should be placed in a central
artery—either the femoral, brachial, or axillary arteries (the PiCCO
monitor cannot use a radial arterial line due to the inaccuracy of a
peripheral arterial waveform as described later under complications).
Any in situ central venous catheter can be used, including a femoral
one. If the arterial catheter is in a femoral position and a femoral
central catheter is planned—it should be placed in the contralateral
side to prevent the ‘‘cross talk’’ phenomenon.42 Thus, when
measuring CO using the PiCCO monitor, a thermodilution bolus
passes through the right side of the heart (right atrium and ventricle),
the lungs, the left side of the heart (left atrium and ventricle), and the
aorta and smaller artery, depend where the catheter is placed (eg,
axillary, brachial, or femoral).

Comparison with the PAC thermodilution technique:
1. The temperature-time curves obtained during transpulmonary

thermodilution measurements are broader and lower in magni-
tude than when obtained via a PAC (Fig. 6), which makes them
more vulnerable to errors caused by baseline drift and miscorrec-
tions for indicator recirculation. In contrast, and for the same
reason, the transpulmonary method is less vulnerable to errors
caused by respiratory variation in blood temperature. The greater
sensitivity to baseline drift can be minimized in part by using
a larger injectate volume of ice-cold saline (the recommen-
ded volume is 15 to 20 mL rather than the 10 mL of room
temperature saline often used for thermodilution measurements
via a PAC.43

2. As with any thermodilution technique, intracardiac shunts and
valvular insufficiencies may affect absolute CO values. In left
to right shunts, recirculation of the indicator splays out the
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thermodilution curve and CO is underestimated. Conversely, right
to left shunts result in overestimation due to premature delivery
of the indicator. The direction and magnitude of the error
introduced by valvular regurgitation is more difficult to predict,
and will depend on several factors including the site and severity
of the regurgitation and the actual CO. These conditions may less
likely to affect the temperature time curve as detected by the
transpulmonary measurements of CO.43 However, caution should
be taken in interpreting the transpulmonary CO measurement
of patients with significant tricuspid regurgitation (moderate to
severe), as it may still lead to inaccurate measurement. In such
circumstances, a reasonable alternative approach would be to
measure the actual CO ‘‘going forward’’ by the pulse contour
analysis (see below), or by echocardiography.

3. The assumption (in the Stewart-Hamilton model) that there is no
unaccounted loss of thermal indicator is more likely to be an error
during transpulmonary measurements of CO in the presence of
extrapulmonary ‘‘sinks’’ for the thermal indicator (such as peri-
cardial or pleural effusions).44

These differences between PAC and transpulmonary thermodilution
CO measurements do not seem to have clinical significance; a high
degree of correlation between the 2 thermodilution CO technique has
been established in multiple experimental and clinical settings including
cardiac surgery patients, intensive care patients, septic patients, and
burn victims.45–48

Figure 6. Comparison between the transpulmonary thermodilution curve and the pulmonary
artery catheter (PAC) thermodilution curve. The transpulmonary thermodilution curve is broader
and lower in magnitude than when obtained via a PAC, but the area under the curve is similar.
Dashed arrow indicates central venous injection point of cold injectate. Full arrow indicates detection
point downstream in a large artery.
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Pulse Contour Analysis

The theory behind using the arterial pulse waveform to measure CO
dates back to 1899 where Otto Frank developed a model describing
the loads faced by the heart when pumping against the pulmonary or
systemic circulation and the relationship between the arterial blood
pressure and flow in the systemic and pulmonary arteries (Windkessel
model). It was Frank’s goal to be able to calculate CO from arterial pulse
pressure.49

In 1904, Erlanger and Hooker hypothesized that CO was propor-
tional to arterial pulse pressure. It was only in the last several years,
however, that the technology to accurately measure CO with the arterial
waveform has become available. The limiting factor in this process was
the realization that some other method was needed to calibrate the
system to accurately measure CO using the pulse waveform. In addition,
the compliance of the arterial tree was a major obstacle to the accurate
measurement of CO because it was determined that the compliance
of the arterial tree is nonlinear; when a volume of blood is introduced
into the vasculature at higher pressures, the compliance decreases more
rapidly than when the same volume of blood is introduced at a lower
pressure.49

The principle of pulse contour analysis is based on the physiological
relationship between stroke volume and the area under the systolic
portion of the aortic pressure waveform on a beat-to-beat basis.50

Pulse Contour Algorithm

The basic algorithm for the determination of CO from pulse-
contour was developed by Wesseling and co-workers in 1974.51–53

According to this algorithm, LV stroke volume is computed by dividing
the measured area under the systolic portion of the arterial pressure
waveform by the aortic impedance. A subsequent multiplication by the
heart rate yields pulse-contour CO. To adjust for aortic impedance,
which differs from patient to patient, the PiCCO monitor uses the
thermodilution measurement of CO for the calibration of the system.54

The calculation is as follows: CO¼ heartrate�Asys=Zao
where Zao = SVpc/SVtd
Asys, area under systolic pressure waveform; Zao, aortic impedance;

SVpc, uncalibrated stroke volume based on pulse-contour; and SVtd,
stroke volume by thermodilution.

PiCCO’s new pulse-contour algorithm is a more sophisticated
formula that analyzes the actual shape of the pressure waveform in
addition to the area under the systolic portion of the pressure wave.54 In
addition, the software takes into account the individual aortic compli-
ance and systemic vascular resistance. An explanation to these conside-
rations is that during the systole phase of a heartbeat, blood is ejected
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into the aorta. Simultaneously, blood flows out of the aorta into the
peripheral vascular system. However, during the ejection phase the sum
of all blood flowing into the aorta is larger than the blood volume
entering the peripheral vascular system. Thus, the volume of the aorta
increases. In the subsequent diastole, most of the remaining blood will
empty into the peripheral vasculature and coronaries. This behavior is
dependent on the ability of the aorta to expand and contract in response
to ejected volumes (Fig. 7). The volume change and subsequent
pressure change is described as the compliance function of the aorta.
The relationship between blood flow out of the aorta and pressure
measured at the end of the aorta (femoral artery or other large artery) is
determined by the compliance function. The compliance function can
therefore be characterized by measuring blood pressure and blood flow
(CO) simultaneously. Transpulmonary thermodilution CO determined
simultaneously with continuous arterial pressure measurement is utilized
to calibrate the pulse contour analysis to each individual patient’s aortic
compliance function (Fig. 8). For the continuous calculation of pulse
contour CO the a calibration factor (cal) determined by thermodilution
CO measurement and the heart rate, as well as the integrated values for
the area under the systolic part of the pressure curve [P(t)/SVR], the
aortic compliance [C(p)] and the shape of the pressure curve represented
by change of pressure over change of time (dP/dt) (Fig. 8).

This method of CO measurement has been studied extensively and
validated in a variety of patient populations.45,46,54–57 Although there is
a bias between the measurements of the pulmonary thermodilution
technique and pulse contour analysis of – 0.71 L/min58 to 0.22 L/m/m2,59

bias and precision are clinically acceptable. Concerns that the use of
pulse-contour analysis for continuous CO monitoring during profound
changes in hemodynamic status might become unreliable were raised by
some investigators.60,61 Interestingly, several other authors have been
unable to confirm this problem.45,59,62,63 In addition, it has been shown
recently that the PiCCO pulse-contour new algorithm is reliable and
accurate during hemodynamic instability54 and is currently accepted as
a continuous CO measurement.64,65

’ EVLW

Pulmonary edema is a common finding in many critically ill patients.
The pathophysiological mechanism leading to pulmonary edema is
accumulation of fluid in the interstitial and alveolar space in the lungs,
a phenomenon termed extravascular lung water. 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 volume of fluid
therapy.66,67 The ability to measure EVLW at the bedside to allow for
direction in fluid management is of immense significance. The
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measurement of EVLW using intravascular indicator-dilution techniques
was proposed by Chinard in 1954.68 Radioactively labeled indicators were
used—iodinated albumin for the intravascular space, and tritiated water
for the total intravascular and extravascular water space. Several
descriptions of EVLW measurement using these indicators were reported
during the subsequent 15 years, but results were disappointing.69

Figure 7. Characteristic compliance during heart phases. Upper part—heart in systolic phase.
Lower part—heart in diastolic phase.
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The Double Dye Technique

Gee and Stage70 were the first to report use of a thermal indicator
with indocyanine green dye as an intravascular volume indicator. In
anesthetized dogs, they injected the indicators into the pulmonary
artery, sampled in the aorta, and utilized transform functions to correct
mean transit times for the response times of the measuring systems. In
an unspecified number of dogs, they found that mean EVLW was
6.2 mL/kg body weight, which represented 87% of the gravimetrically
measured EVLW.69 These initial studies were followed by numerous
others, validated against the reference gravimetric method, even in
humans71–73 and yields EVLW measurements with a good reproduci-
bility.74 EVLW estimated by transpulmonary thermodilution has been
shown to correlate quite closely with EVLW assessed by the double-
indicator dilution technique.75,76 In animals, this method works also
quite well compared with the reference gravimetric method but with a
systematic bias due to different and species-dependent relationships
between GEDV and intrathoracic blood volume (ITBV).77–81

Transpulmonary Thermal Technique

The first use of a thermal indicator to detect water content of the
lungs, and the first indication that it would fully detect the actual water
content was reported by Pearce and Beazell.82 They injected a thermal

Figure 8. Top, A diagram showing the themodilution cardiac output measurement as a reference
for the continuous pulse contour cardiac output measurement. Bottom, The PiCCO monitor pulse
contour cardiac output analysis algorithm, which incorporates the aortic compliance, the area under
the systolic portion of the arterial waveform, a patient-specific calibration factor based on the
thermodilution measurement of cardiac output, and the shape of the pressure curve.
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bolus into the right atrium in 7 dogs, and detected it with a thermistor
advanced into the distal airways. Extravascular thermal volume
measured by this thermal technique averaged 8.3 mL/kg body weight.
The dilution methods are based on mathematical concepts and models
described in the 1950s,83,84 allowing the calculation of the volume of
distribution of an indicator injected into the circulation. On the basis of
these mathematical and experimental models, if an indicator is injected
into a system composed of several mixing chambers organized in series
and detected at the exit of the system (dilution curve), the product of the
flow passing through the system by the mean transit time of the indicator
gives the total volume of distribution between the site of injection and the
site of detection.38,84,85 This can also be seen mathematically from the
Stewart-Hamilton principle described above, whereas the relationship
between volume, flow and mean transit time is described as:

Volume¼Flow�mean circulation time

Figure 9. A diagram showing the volume in the chest and the derivation of the extravascular lung
water. CO indicates cardiac output; DStcold, down-slope time of cold injectate; EVLW, extravascular
lung water; GEDV, global end-diastolic volume; ITBV, intrathoracic blood volume; ITTV,
intrathoracic thermal volume; MTtcold, mean transit time of cold injectate; PTV, pulmonary thermal
volume.
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As water is a very good thermal conductor, with the thermal indicator
technique the volume of distribution will include not only the intravascular
but also the EVLW space (without any distinction between interstitial and
alveolar water). From the measurement of volume of distribution of the
thermal indicator, the EVLW—a surrogate marker for pulmonary edema
can be calculated using the formula as follows (Fig. 9):

Intrathoracic Thermal Volume

The intrathoracic thermal volume (ITTV) is the volume of
distribution of the thermal indicator, which includes the volume of the
heart (4 chambers) and lungs (intravascular volume, as well as interstitial
and alveolar volumes). It is calculated as:

ITTV = CO�MTtcold

whereas CO, cardiac output and MTtcold, mean transit time of cold
indicator.

Pulmonary Thermal Volume

Pulmonary thermal volume (PTV) is based on the work done by
Newman et al in the 1950s.84 In a mathematical experimental model
using bottles with different volumes arranged in series, Newman
showed that the down-slope shape of the dilutional thermal curve is
very important; the exponential down-slope time relates to the largest
chamber in a system. If using the thermodilution curve—the down-
slope time relates to the lungs, as the lungs represent the largest
chamber in the heart-lung volume system. The PTV includes the
intravascular, as well as the interstitium and alveoli volumes of the lungs.
It is calculated as:

PTV¼CO�DStcold

whereas CO, cardiac output and DStcold, down-slope time of cold
indicator.

GEDV

This is a volumetric preload index which includes the volume in the
4 chambers of the heart. It is calculated by subtracting the PTV from the
ITTV. Although not as good as the dynamic indices for predicting fluid
responsiveness, it may help in specific situations such as when a patient
with normal sinus rhythm converts to atrial fibrillation and with this
loosing the ability to follow the dynamic parameters.
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ITBV

The ITBV is the volume within the thoracic vasculature. It includes
blood in the 4 chambers of the heart and within the pulmonary
vasculature. This volume is closely related to GEDV as showed by Sakka
et al,75 and is calculated as:

ITBV¼ 1:25�GEDV

EVLW

The EVLW is the volume within the interstitium and the alveoli and is
a very good clinical surrogate marker of pulmonary edema. It is calculated
by subtracting the ITBV from the ITTV:

EVLW = ITTV– ITBV.

Limitation of the Dilution Method

Like any other modality, this technique has limitations and familiari-
zation with these limitations is important if one is to minimize misinter-
pretation and maximize patient benefit from data measured.

Vascular Obstruction The thermal indicator cannot equilibrate
within the extravascular water space if it is not delivered sufficiently
close to reach that space by conduction. Therefore, vascular obstruction
may cause errors in EVLW measurement.86,87 This explains the
observation during experimental obstruction of large pulmonary
arteries of a significant underestimation of EVLW.88 Despite this concern
of major pulmonary vessel obstruction (mostly due to pulmonary emboli),
in clinical practice clinicians are more concerned about pulmonary
vasculature micro-obstruction that may occur in patients with acute
respiratory distress syndrome (ARDS) [either due to microthrombi or
application of high levels of positive end expiratory pressure (PEEP)].
Underestimation of EVLW has been observed in experimental models
when vessels Z500mm in size are obstructed.87 This is not necessarily the
case when smaller vessels are embolized,89 which may be explained by the
high conduction speed of water for temperature, which is much greater
than the diffusion speed of small molecules,71 allowing thermal equilibra-
tion within embolized or underperfused regions from adjacent well-
perfused vessels.90

Effect of PEEP The effect of PEEP on EVLW measurement is still
controversial since the use of high levels of PEEP could potentially lead
to pulmonary vascular defect. This may explain the observation by some
experimental studies a decrease in EVLW measured by dilution techniques
during PEEP application.91 In contrast, PEEP may induce a redistribution
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of pulmonary blood flow toward previously excluded areas and hence
artificially ‘‘increase’’ EVLW by recruiting the lungs.87,92 It is important to
appreciate that in addition to potentially affecting measurement of EVLW
by dilution method, PEEP may also have an effect on the real amount of
EVLW; in case of elevated pulmonary capillary pressure due to LV dys-
function, the application of PEEP may decrease EVLW by decreasing
pulmonary capillary pressure.93,94 In contrast, PEEP may increase EVLW
by increasing central venous pressure leading to reduced lymph flow from
the lungs (and thus lymphatic congestion), and by increasing lung volume
leading to vascular congestion and edema.95 In summary, one must keep in
mind that PEEP may affect both the amount and the measurement of
EVLW by dilution methods. Finally, a recent study showed that despite
these concerns, compared with quantitative computed tomography scan (a
technique not affected by perfusion defects), dilution methods are very
accurate in assessment of EVLW in patients with ARDS ventilated with high
levels of PEEP (10 to 20 cm H2O).96

Focal Lung Injury In case of focal or regional pulmonary injury,
there is a theoretical concern that the redistribution of blood flow away
from injured areas may lead to an underestimation of EVLW, as been
described in models of unilateral smoke inhalation97 or during HCl
instillation.98–100 These experimental models are known to induce
heterogeneous lung injuries. In human beings, new data may suggest
that the redistribution of regional blood flow may not be as of a problem
as in animal models. The redistribution of pulmonary blood flow during
cardiogenic pulmonary edema or acute lung injury has been recently
studied. Using positron emission tomography scan to assess both
pulmonary perfusion and EVLW, it was well demonstrated101 that
hypoxic pulmonary vasoconstriction is severely blunted in this clinical
context, such that there is no appreciable perfusion redistribution away
from regions with edema. Therefore, in human beings with pulmonary
edema, it is unlikely that the accuracy of dilution techniques may be
affected by a redistribution phenomenon of pulmonary blood flow, as
corroborated by these recent findings.96

Lung Resection Lung resection affects the accuracy of transpul-
monary thermodilution. The estimation of EVLW by thermodilution
is based on the equation ITBV = 1.25�GEDV. This indicates a ratio
between GEDV and ITBV is consistently equals to 4:5. The difference
between ITBV and GEDV is the pulmonary blood volume and thus, any
decrease in pulmonary blood volume (eg, due to lung resection) may
affect the GEDV/ITBV ratio and hence the estimation of EVLW. As an
example, after pneumonectomy, the 50% reduction in pulmonary blood
volume is not taken into account by the equation above. This leads to
overestimation of the ITBV by approximately 10%. As EVLW is
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calculated as the difference between ITTV and ITBV (which is overesti-
mated), transpulmonary thermodilution underestimates EVLW after
lung resection.

Clinical Utilization of EVLW Measurements

Prognostic Value Eisenberg et al67 were the first to establish a link
between the level of EVLW and mortality. More recently Sakka et al102

retrospectively analyzed 373 critically ill patients in whom EVLW was
assessed by the double-indicator dilution technique. In their study,
nonsurvivors had significantly higher EVLW values than survivors, the
mortality rate being approximately 65% in patients with EVLW
>15 mL/kg and 33% in patients with EVLW<10 mL/kg. On ICU
admission, EVLW as a single variable was found to be as accurate as the
multivariable Acute Physiology and Chronic Health Evaluation II score
for outcome prediction. EVLW may be useful to predict short-term
outcomes in a given patient such as the clinical behavior during
mechanical ventilation. In addition, EVLV may guide invasive ventila-
tion management as shown by Zeravik et al.103,104 In their studies they
showed that high-frequency ventilation is much more efficient in
patients with an elevated EVLW (>15 mL/kg), whereas in contrast, pres-
sure support ventilation is better tolerated in patients with subnormal or
normal EVLW (<11 mL/kg). In theory, estimating EVLW may also be use-
ful to predict weaning failure from mechanical ventilation or to diagnose
LV dysfunction after transfer from mechanical ventilation to spontaneous
breathing, although this is only a theoretical advantage, which has not
been studied yet.

Diagnostic Value
1. Pulmonary edema: The diagnostic accuracy of auscultation and

radiography is poor, particularly in mechanically ventilated patients.
Auscultation—the first bedside step in clinical evaluation—can be
significantly altered by intrathoracic transmission of sounds origi-
nated from the mechanical ventilator. The accuracy of auscultation in
the diagnosis of alveolar-interstitial processes is only 55%.105 Bedside
chest radiograph quality is significantly reduced due to various
technical limitations (chest wall movement, supine position, anterior-
posterior approach, etc.), and its accuracy in diagnosing alveolar-
interstitial processes is slightly higher than auscultation—only
72%.105 In this regard, several studies have underlined the little
value of chest radiograph in detecting a small increase in EVLW and
the overall poor correlation between chest radiograph scores of
pulmonary edema and the real amount of EVLW.67,106 In contrast,
dilution methods can identify small increases in EVLW107 and
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therefore are useful in discriminating between pulmonary edema
and atelectasis.108,109

2. ARDS: It has been shown that a significant number (one-fourth to one-
third) of patients with acute lung injury or ARDS criteria have no
significant pulmonary edema.110–112 This is because the chest radio-
graph can be misleading, and the criterion used in the current
American-European criterion definition of ARDS showed high inter-
observer variability.113 In addition, arterial hypoxemia can be due to
other disease processes than pulmonary edema. Therefore, EVLW
measurement could be helpful to better characterize patients with
ARDS and identify those who may benefit from fluid restriction.114,115

3. Differentiating between high and low pressure pulmonary edema:
The ratio between EVLW and ITBV (EVLW/ITBV) may be helpful to
identify the mechanism responsible for pulmonary edema. In an
experimental model of pulmonary edema, the ratio of EVLW to
ITBV was found to be significantly greater in case of permeability
(oleic acid infusion) than in case of hydrostatic (atrial balloon infla-
tion) pulmonary edema.78 A recent study suggests that this ratio may
be useful to discriminate between patients with cardiogenic and
patients with permeability pulmonary edema, the diagnostic being
established on clinical and biological criteria.116

Therapeutic Value

Fluid Therapy Guidance Fluid management of patients with acute
lung injury or ARDS is a topic of ongoing controversy.117,118 Fluid
restriction—or ‘‘drying’’ of the lungs—may improve arterial oxygena-
tion and lung mechanics and accelerate weaning from mechanical
ventilation. However, the concern is that such a fluid-restrictive
approach may worsen or induce hemodynamic instability and may
even lead to organ failure.117 The literature, however, does not support
this concern; Mitchell et al66 showed that a fluid restriction/depletion
therapy based on the measurement of EVLW is able to decrease the
duration of mechanical ventilation and the length of stay in the ICU
compared with a strategy based on occlusion pressure measurement.
A second study by Eisenberg et al67 even found a benefit in terms of
mortality in using such an EVLW-based fluid-restrictive approach in a
small subgroup (n = 15) of patients with acute lung injury (defined by
the association of EVLW >7 mL/kg and occlusion pressure <18 mm
Hg). Despite the positive findings of these studies, one need to recognize
that they were done more than 17 years ago. Improvement in other
aspects of critical care medicine, they may not apply to current practices.
A current ongoing prospective, randomized multicenter fluid restriction
trial based on EVLW is expected to finish in 2010 (personal
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communication—Dr Charlie Phillips, Oregon Health Sciences Univer-
sity) and it would be interesting to observe if the positive findings of the
quoted 2 studies could be replicated in current critical care practices.
Finally, a subset of the ARDS-net trail—a large multicenter randomized
trial—showed that the so-called ‘‘conservative’’ strategy (fluid restric-
tion/depletion strategy) in patients with acute lung injury improves lung
function and shortens the duration of mechanical ventilation.119 This
finding emphasizes the potential usefulness of EVLW measurement to
titrate the ‘‘conservative’’ treatment on an individual basis.

Complications

The PiCCO monitor requires a central venous catheter and an
arterial catheter placed in a ‘‘large’’ artery (brachial, axillary, or femoral
arteries). A radial arterial line cannot be used due to site variability
waveform distortion.

Site-variable Waveform Distortion Distinction should be made
between central and peripheral arterial pressure; whereas central
pressure represents blood pressure in proximity of the heart, peripheral
pressure represents blood pressure obtained in smaller, distal arteries.
The relationship between central and peripheral arterial pressure can
be altered by vasoactive agents, anesthetics, core temperature, and
cardiopulmonary bypass.
1. Radial artery: The radial waveform is subject to inaccuracy inherent

to the distal location. Radial catheters may produce an attenuated
waveform with an exaggerated pulse pressure in states of hypovolemia
and vasoconstriction.120 Urzua et al121 prospectively studied the effects
of thermoregulatory vasoconstriction and concluded that the combina-
tion of more forceful cardiac ejection, stiffer arteries, and locally
increased arteriolar resistance produced marked radial waveform
distortion, artificially increasing peak systolic pressure. Finally, Dorman
et al36 studied the adequacy of radial pressure monitoring by using a
prospective observational study during high-dose vasopressor admin-
istration and concluded that radial pressure underestimated central
pressure and resulted in excessive vassopressor administration.

2. Axillary artery: Axillary artery cannulation reflects central pressure and
provides more reliable waveform morphology than of peripheral
catheters; it more accurately reflects systolic blood pressure, and proxi-
mity to the aortic arch affords accurate pressure and waveform, even
during profound vasoconstriction. It may be used during extended
monitoring, owing to a large intraluminal bore. Van Beck et al122

concluded that the axillary artery was the most distal site in upper extre-
mity at which arterial pressure consistently and accurately estimated
central aortic pressure postcardiopulmonary bypass.

The PiCCO Monitor ’ 77

www.anesthesiaclinics.com



3. Femoral artery: Femoral cannulation affords access to central pressure,
a morphologically reliable waveform, and an accurate reflection of sys-
tolic blood pressure. It provides accurate estimation of central pressure
in hypovolemic, vasoconstricted, and central shunting states, with wave-
form changes less than those observed in radial artery during vasoco-
nstriction.121 Femoral systolic pressure exceeding radial systolic pressure
by more than 50 mm Hg has been described.36 Similar to axillary
cannulation, the large intravascular lumen of the femoral artery allows
for extended monitoring.123

This restriction raises concern among many clinicians. Although the
placement of a radial arterial catheter is perceived as safest, this notion is
not supported in the available literature published to date.

Radial Artery The radial artery is the most common site for arterial
cannulation for hemodynamic monitoring.36,124,125 In a clinical review
of complications and risk factors of peripheral arterial cannulation, Scheer
et al124 found that the most common complication from radial arterial
cannulation was temporary occlusion of the artery, the incidence of which
ranged from 1.5%126 to 35%.127 Although temporary occlusion of the
artery has no serious sequela, permanent occlusion can lead to devastating
outcome. Thankfully, this seems to be rare with mean incidence of
0.09%.124 This review included 19,617 arterial cannulations.

Another serious complication described in this review was pseudoa-
neurysm, with a reported mean incidence of 0.09%. Pseudoaneurysm
poses a risk for infection, sepsis, rupture,128–130 and formation of an
extracorporeal pseudoaneurysm.131 Radial catheterization was asso-
ciated with sepsis with mean incidence of 0.13%, whereas local infection
at the cannulation site was reported with mean incidence of 0.72%.
Other complications include abscess, cellulitis, paralysis of the median
nerve, suppurative thromboarteritis, air embolism, compartment syndro-
me, and carpal tunnel syndrome.124

Femoral Artery The review included 3899 femoral cannulations.
Temporary occlusion of the femoral artery was reported with a mean inci-
dence of 1.45%, and serious ischemic complications requiring extremity
amputation was reported with a mean incidence of 0.18%.132 Pseudoaneu-
rysm formation occurred with mean incidence of 0.3%, sepsis was obser-
ved with a mean incidence of 0.44% and local infection was reported with
a mean incidence of 0.78%. Bleeding (generally minor) was observed with
a mean incidence of 1.58%, and hematoma formation was observed with a
mean incidence of 6.1%.124

Axillary Artery In this review, the axillary artery was cannulated in a
total of 1989 reported cases. Serious complications included permanent
ischemic damage with a mean incidence of 0.20%, pseudoaneurysm
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formation with a mean incidence of 0.1%, and sepsis with a mean incidence
of 0.51%. Paresthesia of the hand due to pressure on the brachial nerve
plexus was also described.124

This systematic review concluded that ‘‘Incidence rates for major
complications such as permanent ischemic damage, sepsis and pseudo-
aneurysm formation are low and similar for the radial, femoral, and
axillary arteries. They occur in fewer than 1% of cases.’’124

These data suggest that radial artery cannulation is not safer than
axillary or femoral cannulation. Although the most commonly used
cannulation site, the radial artery should probably be used for shorter
period of time and in a state of relative hemodynamic stability. However,
when patients become hemodynamically unstable and for a longer
period (eg, a septic shock patient in the ICU), cannulation of the axillary
or femoral arteries may be beneficial. These arteries better reflect
central blood pressure, may decrease the amount of vasopressors
administered, and the catheter may last longer in comparison with
radial cannulation.

’ Conclusions

The PiCCO monitor is an ‘‘all inclusive’’ hemodynamic monitor. It
allows for assessment of fluid responsiveness using the well-established
dynamic parameters. The PPVand SVVare measured and presented on
the monitor and provides the clinician a continuous assessment of fluid
status.

CO is measured by 2 techniques; the transpulmonary thermodilu-
tion allows for intermittent CO measurement, and the pulse contour
analysis technique allows continuous CO measurement, using the
transpulmonary thermodilution measurement to calibrate the pulse
contour method for better accuracy.

Finally, the transpulmonary thermodilution curve is used to calculate
volumes in the thoracic cavity, the EVLW being one of the most important
ones. Management algorithm based on the EVLW—a surrogate marker for
pulmonary edema—may help clinicians in the management of fluid status
and may help improve outcome.
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