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Purpose of review

To discuss the role of the invasive monitoring techniques pulmonary artery catheter (PAC) and
transpulmonary thermodilution (TPD) for cardiopulmonary monitoring in the critically ill patient.

Recent findings

Characterization of the nature of hemodynamic alterations and hemodynamic optimization can be
achieved both with PAC and TPD. Some recent trials suggest that volumetric measurements may be
preferred in conditions with preserved left ventricular systolic function, whereas pressure measurements
should be preferred in patients with altered left ventricular systolic function. Extravascular lung water is
strongly associated with outcome and may be used to reflect the impact of fluid management strategies.
The time response of this measurement needs still to be better defined.

Summary

This review highlights that PAC and TPD have an important role in cardiopulmonary monitoring of critically
ill patients. Both techniques can be used efficiently to diagnose the nature of circulatory or respiratory
failure and to monitor the effects of therapies. The choice of the technique should be guided by the
patient’s condition and the need for additional measurements rather than based on physician’s preferences.
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INTRODUCTION

Circulatory failure, or shock, is a life-threatening
condition that can arise from multiple disease
processes. Shock is associated with mortality rates
around 50% [1,2], but these are markedly influenced
by the disease process leading to shock. It is associ-
ated with tissue hypoperfusion and cellular dysfunc-
tion, leading to organ dysfunction. It requires
prompt therapy, aiming at not only controlling its
source but also supporting the hemodynamics. The
place of hemodynamic monitoring is still debated,
even though frequently used. Hemodynamic
monitoring helps to identify the type of shock
and guiding therapeutic interventions. Invasive
techniques such as pulmonary artery catheter
(PAC) and transpulmonary thermodilution (TPD)
provide important information in these severely
ill patients. Another important indication for hemo-
dynamic evaluation with invasive techniques is the
cardiopulmonary evaluation of the patient with
respiratory failure. In this article, we will review
the recent evidence discussing the use of invasive
hemodynamic techniques in the cardiopulmonary
iams & Wilkins. Unautho
evaluation of the critically ill patient with circula-
tory or respiratory failure.
WHAT ARE MEASURING INVASIVE
HEMODYNAMIC DEVICES?

The PAC measures cardiac output (CO), pulmonary
artery pressure (PAP), pulmonary artery occluded
pressure (PAOP) and right atrial pressure (RAP).
TPD measures CO, global end-diastolic volume
(GEDV), global ejection fraction (GEF), extravascu-
lar lung water (EVLW) and pulmonary vascular
permeability (PVP). Two techniques are available
for TPD: the PiCCO system (Pulsion, Munich,
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KEY POINTS

� Pulmonary artery catheter and transpulmonary
thermodilution are useful to diagnose the type of
circulatory or respiratory failure and can help to
monitor the effects of therapies.

� In patients with altered ejection fraction, intravascular
pressures better reflect preload than volumes.

� In patients with normal ejection fraction, intravascular
volumes better reflect preload than pressures.

� Extravascular lung water and permeability index are
independently associated with the outcome.
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Germany) and the EV1000 (Edwards Lifesciences,
Irvine, California, USA). The formulas used by
the two devices to compute CO are quite similar,
but markedly differ for the computation of derived
variables.

Measurements of CO by thermodilution and by
the PiCCO system have been validated for a long
time. In the pediatric setting, fewer data are avail-
able. In a pediatric model of hemorrhagic shock,
PAC and TPD similarly tracked the changes in CO
during bleeding and resuscitation [3]. In adults also,
some technical information, important for routine
and investigational use, was published recently. The
number of injections required for calibration and
derived measurements were evaluated in 91 hemo-
dynamically stable patients [4]. At least three injec-
tions should be performed, which allows precision
to drop below 10% for CO as well as GEDV and
EVLW. Hypothermia may affect this reliability, as
signal-to-noise ratio may decrease. In 88 postcardiac
arrest patients, the least significant change for CO,
GEDV, EVLW and PVP were 7.8, 8.5, 7.8 and 12.1%,
respectively, without differences between hypother-
mic and nonhypothermic conditions [5]. Two other
trials demonstrated that continuous renal replace-
ment therapy does not impact the CO measure-
ments by TPD [6,7]. Finally, a trial in 30 patients
undergoing elective mitral valve repair showed that
mitral regurgitation has minimal impact on the
agreement between the CO obtained by PAC or by
TPD [8].

The EV1000 system has been more recently
introduced. It has been initially validated in experi-
mental conditions [9]. In pigs, GEDV and EVLW
were adequately measured with EV1000 and PiCCO
systems [close correlation (r2¼0.79 and 0.97),
minimal bias (�11 and �5 ml) and limited percent-
age errors (14 and 15%)]. Validation of the system
was also reported in the clinical setting. In a pro-
spective, multicenter, observational study, the two
Copyright © Lippincott Williams & Wilkins. Unau
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systems were compared in 72 critically ill patients
[10]. During a 72-h observation period, 443 sets
of thermodilution measurements were obtained.
There was an excellent correlation between the
two systems for CO, GEDV and EVLW (r2¼0.981,
0.926 and 0.971, respectively) and minimal bias,
resulting in a low percentage error (9.7, 11.5 and
12.2%). Changes in CO, GEDV and EVLW were
tracked with a high concordance between the two
systems. On the basis of these two studies, the two
systems seem to perform similarly.
HOW TO DIFFERENTIATE THE TYPE OF
SHOCK?

There are four types of shock: hypovolemic, cardio-
genic, obstructive and distributive [11]. Whereas
distributive shock is usually characterized by high
CO and vasodilation, the other types of shock are
associated with low CO and vasoconstriction. In
hypovolemic shock, pressures and volumes are
typically low, whereas these are increased in cardio-
genic shock. Obstructive shock is associated with
increased PAP and dilated right-sided cavities,
compressing left heart cavities. Tamponade, usually
comprised into cardiogenic shock, is associated with
compression of all cavities, and thus elevated press-
ures but small volumes.

Diagnosis with PAC is relatively easy (Fig. 1).
Distributive shock is usually characterized by high
CO and mixed-venous O2 saturation (SvO2), with
filling pressure in the normal to low range. In hypo-
volemic shock, CO, SvO2 and all pressures are
typically low. In cardiogenic shock, CO and SvO2

are low, whereas PAOP and RAP are high. Obstruc-
tive shock is associated with low CO and SvO2, and
increased PAP and RAP, with a RAP which exceeds
PAOP. Tamponade is associated with pulsus para-
doxus, low CO and SvO2, together with equally
elevated RAP, PAOP and diastolic PAP.

With TPD, the diagnosis is also easy except for
obstructive shock (Fig. 2). Distributive shock is
usually characterized by high CO and central venous
O2 saturation (ScvO2), with GEDV in the normal to
low range. In hypovolemic shock, CO, ScvO2 and
GEDV are typically low. In cardiogenic shock, CO
and ScvO2 are low, whereas GEDV is high. Obstruc-
tive shock is associated with low CO and ScvO2, and
increased GEDV. Without echocardiographic assess-
ment, this shock cannot be distinguished from
cardiogenic shock. Tamponade is associated with
pulsus paradoxus, low CO, low GEDV and ScvO2.

There is often an overlap between these.
Myocardial depression is often observed in distrib-
utive shock, hypovolemia may occur in cardiogenic
shock. Accordingly, hemodynamic support of
thorized reproduction of this article is prohibited.
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FIGURE 1. Characterization of the hemodynamic alterations
in patients with circulatory failure using PAC. This algorithm
allows to identify the different types of shock and to
characterize the main process implicated in circulatory
failure. LV, left ventricle; PAC, pulmonary artery catheter;
PAOP, pulmonary artery occluded pressure; PAP, pulmonary
artery pressure; RAP, right atrial pressure; RV, right ventricle.

Cardiopulmonary monitoring
circulatory shock should not be focused on one
single intervention, but rather intervene on the
different alterations. Priority for therapy should be
given to the most relevant alteration.

It is now recognized that echocardiographic
evaluation should be used in most cases [12]. Never-
theless, invasive techniques keep their diagnostic
interest, especially when changes might have
opyright © Lippincott Williams & Wilkins. Unautho
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FIGURE 2. Characterization of the hemodynamic alterations
in patients with circulatory failure using TPD. This algorithm
allows to identify the different types of shock and to
characterize the main process implicated in circulatory
failure. GEDV, global end-diastolic volume; LV, left ventricle;
RV, right ventricle; SVV, stroke volume variation; TPD,
transpulmonary thermodilution.
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occurred since the initial evaluation. It is possible
to categorize the patients into the different shock
categories based either on measurements of CO and
pressures with PAC (Fig. 1) or on CO and volumes
with TPD (Fig. 2). This has been recently confirmed
against echocardiography. In trauma patients, PAC
adequately identified patients with moderate-to-
severe myocardial dysfunction [13

&

]. In another trial
involving 29 trauma patients, CO from PAC and
echocardiography were significantly related and
agreed with moderate strength [14].

In order to define target values of volumetric
measurements for therapies, it is important to deter-
mine the values of these variables in the target
populations. The proposed normal values for GEDV
(680–800 ml/m2) and EVLW (3–7 ml/kg) are based
on measurements in critically ill patients without
major hemodynamic or respiratory problems. These
values may fail to represent values observed in more
severely ill, but nevertheless hemodynamically
stable, patients. The usual values observed in
high-risk surgical and septic patients were reported
in a meta-analysis included 64 studies measuring
GEDV and EVLW in 1925 patients [15]. GEDV was
higher in septic than in high-risk surgical patients
[788 (762–816) vs. 694 ml/m2 (678–711), P<0.001].
EVLW was also higher in septic than in surgical
patients [11.0 (9.1–13.0) vs. 7.2 ml/kg (6.9–7.6),
P¼0.001]. These data suggest that different thera-
peutic targets should be used in high-risk surgical
patients and in septic patients.
USE OF INVASIVE HEMODYNAMIC
TECHNIQUES IN GUIDING THERAPY IN
SHOCK

Optimization of fluid therapy is a topic of intense
research. Cardiac filling volumes and pressures are
often used to guide fluid administration. The
relative value of cardiac filling volume and pressures
for predicting fluid responsiveness was evaluated
in 32 patients after cardiovascular surgery [16

&&

].
Regardless of the ejection fraction, baseline CVP
was lower in responding events. PAOP was more
useful than GEDV for predicting fluid responsive-
ness when ejection fraction was low, but when
ejection fraction is near normal, GEDV is more
useful than PAOP.

Similar results were observed in 40 patients with
complex valvular surgery [17

&

]. Goal-directed
therapy was applied either by PAC or by TPD. The
TPD group received more fluids, which was associ-
ated with a decrease in the duration of mechanical
ventilation by 5.2 h compared with the PAC group
(P<0.05). Unfortunately, the hemodynamic goals
were not identical, as CO was targeted with PAC and
rized reproduction of this article is prohibited.
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oxygen delivery (DO2) with TPD, so that a higher
DO2 was reached in the TPD group.

In patients with severe sepsis, PAC can also be
used for goal-directed therapy. In a before/after
study including 2� 70 patients, the introduction
of a PAC-based protocol was associated with a sig-
nificantly higher positive fluid balance in compari-
son with controls at day 1 (6 vs. 4 l, P<0.001), but a
lower cumulative fluid balance after 7 days (9 vs.
13 l, P¼0.001), whereas maximum norepinephrine
dose was significantly higher in the PAC group [18].
More importantly, PAC-based protocol was associ-
ated with a significant reduction in ventilator and
ICU days.

A very important randomized trial evaluated
PAC and TPD for the management of 120 critically
ill patients in shock, including 72 patients with
septic and 48 with nonseptic shock [19

&&

]. In both
groups, hemodynamic management was guided by
the algorithms for 72 h after enrollment. In the TPD
group, the upper limits for fluid resuscitation were
EVLW less than 10 ml/kg and GEDV less than
850 ml/m2. In the PAC group, a PAOP less than
18–20 mmHg was used. Primary outcomes were
ventilator-free days and length of stay in the inten-
sive care unit and the hospital. Overall, ventilator-
free days, length of stay, organ failures and 28-day
mortality were similar in both the monitoring
groups. Interestingly, in the nonseptic subgroup,
TPD was associated with more days on mechanical
ventilation and longer intensive care unit and hos-
pital length of stay than PAC (P¼0.001). This was
not observed in the septic shock subgroup. In both
conditions, TPD (vs. PAC) was associated with a
more positive fluid balance at 24 h. The main con-
clusion of this trial is that indeed globally hemody-
namic management guided by TPD and PAC yield
the same outcomes. The improved outcomes by PAC
in nonseptic group may be related to the higher
incidence of cardiac dysfunction in this group.
Indeed, when cardiac function is impaired, pressures
better predict the response to fluids than volumes
[16

&&

]. Of course, one cannot rule out that the
resuscitation protocol was not optimal in the TPD
group.

These variables may help to guide therapy. In
37 patients submitted to thoracic surgery requiring
one-lung ventilation, a protocol using a goal-
directed fluid therapy based on stroke volume vari-
ation (SVV) did not increase EVLW [20]. Another
word of caution should be mentioned for patients
with severe burn injury. Thirty adult burned
patients (25–60% BSA) received fluid resuscitation
either guided by the PiCCO or were resuscitated
using Parkland formula associated with traditional
monitoring parameters [21]. Fluid administration in
Copyright © Lippincott Williams & Wilkins. Unau
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the initial 72 h after burn injury was significantly
higher in the study group. Nevertheless, CO and
derived variables were lower, whereas tissue edema
was worse. This implies that either the resuscitative
algorithm was not optimal or that other factors
other than fluid responsiveness play a role in these
patients. This study indirectly emphasizes on the
importance of timing in fluid resuscitation [22

&&

].
USE OF INVASIVE HEMODYNAMIC
TECHNIQUES IN RESPIRATORY FAILURE

Both PAC and TPD can be used to discriminate
between hydrostatic and nonhydrostatic causes of
pulmonary edema. A PAOP greater than 18 mmHg
suggests hydrostatic pulmonary edema. With TPD,
EVLW of at least 10 ml/kg indicates edema, but not
the origin of the edema. However, the pulmonary
vascular permeability index, PVP, representing the
ratio between EVLW and GEDV, is indicative of non-
hydrostatic cause when elevated (above 2.5–3.0).

This was nicely illustrated in a multi-institu-
tional, observational study including 266 patients
with a PaO2/FiO2 ratio of 300 mmHg or less and
bilateral infiltration on chest radiography [23

&&

].
Patients were divided into the following three
categories of respiratory insufficiency: acute lung
injury (ALI)/acute respiratory distress syndrome
(ARDS) (n¼207), cardiogenic edema (n¼26) and
pleural effusion with atelectasis (n¼33). EVLW
was greater in ALI/ARDS and cardiogenic edema
patients than in those with pleural effusion with
atelectasis (18.5�6.8, 14.4�4.0 and 8.3�2.1,
respectively; P<0.01). PVP was higher in ALI/ARDS
patients than in those with cardiogenic edema or
pleural effusion with atelectasis (3.2�1.4, 2.0�0.8,
1.6�0.5; P<0.01). EVLW correlated with PVP, but
not PaO2/FiO2. A PVP value of 2.6–2.85 diagnosed
ARDS (specificity, 0.90–0.95) and a value less than
1.7 ruled out ARDS (specificity, 0.95). Finally, it
seems that EVLW can be used in septic patients to
identify patients at risk to develop ARDS 2–3 days
later [24

&

].
Several trials investigated the impact of fluids on

EVLW. An old study showed that EVLW does not
increase acutely after fluid administration [25]. In 17
consecutive postoperative, mechanically ventilated
patients presenting with circulatory failure, fluids
were administered according to SVV measurements
[26]. During the first 12 h after fluid loading, CO
increased but EVLW did not increase. No correlation
was found between the amount of fluids adminis-
tered and the changes in EVLW. This implies that
either the protocol used was able to limit the
increase in hydrostatic pressures or that EVLW
measurements are not sensitive enough or that a
thorized reproduction of this article is prohibited.
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longer delay should be observed. Another team
found more encouraging results on the dynamic
aspect of EVLW [27]. In 62 patients with sepsis, fluid
administration resulted in an increase in EVLW by at
least 10% in 27 patients (44%). These patients had
similar hemodynamic variables compared to others,
but were characterized by lower albumin levels. Of
note, this was not detected by PVP at baseline. In
another trial including 63 critically ill patients, an
increase in EVLW greater than 10% was observed
in patients on the plateau of the Starling relation-
ship but was not related to baseline PVP, PAOP and
albumin levels [28

&

].
On the other hand, fluid retrieval does not

rapidly impact EVLW. Even though significant,
changes in EVLW during fluid retrieval were not
very large. In nine patients with acute renal failure
and hydrostatic or nonhydrostatic pulmonary
edema, GEDV and EVLW minimally decreased after
ultrafiltration of 3.6 l [29]. However, this effect may
take time to be detected. In a case–control series,
matching patients receiving a strategy of high PEEP,
albumin and fluid removal, EVLW decreased more
over 1 week in the interventional arm than in
historical control [30]. This was associated with a
decrease in days on mechanical ventilation and in
ICU length of stay. These promising results were
nevertheless limited by the nature of the control
group and should be confirmed in prospective
trials.

Several trials evaluated the prognostic value of
EVLW. In 200 patients with ARDS, the maximum
value of EVLW and maximum value of PVP were
significantly higher in nonsurvivors than in survi-
vors at day 28 [24�10 vs. 19�7 ml/kg, P<0.001,
and 4.4 (3.3–6.1) vs. 3.5 (2.8–4.4), P¼0.001,
respectively] [31

&&

]. These factors remained associ-
ated with outcome in multivariate analyses, in
addition to other factors such as positive end-expir-
atory pressure level, cumulative fluid balance and
PaO2/FiO2 ratio. This suggests that not only the
consequences (impairment of oxygenation), but
also the mechanisms and its severity (endothelial
dysfunction and capillary leak as reflected by per-
meability index) are important for the outcome in
ARDS. These observations are however limited by
the fact that the worst and mean values were eval-
uated, which are affected by the poor evolution of
the patient. The evolution of EVLW was evaluated in
123 critically ill patients, in whom achievement of a
negative fluid balance was attempted [32]. Decreases
in EVLW by more than 2 ml/kg were more fre-
quently observed in patients achieving a negative
fluid balance. These patients also had more venti-
lator-free days during the first week. Even though
the nature of the trial does not allow to define a
opyright © Lippincott Williams & Wilkins. Unautho
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causal mechanism, these results are in line with the
FACTT (Fluid and Catheter Treatment Trial) that
showed that fluid-restrictive strategy in ARDS
patients increased mechanical ventilation-free days
[33].

The relationship between EVLW and outcome
was also evaluated in 55 patients with septic
shock [34]. At day 1, EVLW and PVP did not differ
between survivors and nonsurvivors. However,
EVLW and PVP decreased in the survivors, but
remained elevated in the nonsurvivors so that
these differed at day 3. EVLW at day 3 remained
associated with outcome in multiple logistic
regression analysis. The authors also nicely showed
that indexing EVLW for actual or predicted body
weight did not affect the results.
CONCLUSION

Both PAC and TPD have an important place in
cardiopulmonary monitoring of the critically ill
patient. Both techniques can be used efficiently to
diagnose the nature of circulatory or respiratory
failure, and to monitor the effects of therapies. Each
of these techniques has limitations, and the choice
of the technique should be guided by the patient’s
condition (i.e. pulmonary hypertension, left ven-
tricular systolic and diastolic function, etc.) and
by the interest of specific measurements (such as
EVLW in given conditions) rather than based on
unit preferences.
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