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6.1  Pulmonary Artery Catheter 
and Pulmonary Artery 
Thermodilution

A pulmonary artery catheter (PAC), also known 
as Swan-Ganz catheter, named after the 
American cardiologists Swan and Ganz, who 
introduced it into clinical practice in 1970 [1], 
provides the clinician with right-sided pres-
sures and related parameters as well as mixed 
venous saturation. It is a useful monitoring 
device in situations, in which the knowledge of 
cardiac output (CO), pulmonary artery pressure 
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(PAP), pulmonary artery occlusion pressure 
(PAOP), and oxygenation parameters is needed. 
It is the only device offering the possibility to 
assess and monitor right ventricular function 
and corresponding PAP continuously [2]. To 
date, cardiac output measurement using pulmo-
nary artery thermodilution (PATD) is still con-
sidered the gold standard for bedside CO 
monitoring.

6.2  Background of Pulmonary 
Artery Thermodilution

In a structurally normal heart (without any intra-
cardiac recirculation or shunting), blood flow 
through the right ventricular outflow tract 
(RVOT) is equal to a time-averaged CO of the left 
ventricle, commonly referred to as the cardiac 
output. Techniques to measure this blood flow are 
based on measuring the dilution of a known 
quantity of an indicator substance by the passing 
blood flow. The method most commonly used in 
clinical practice is thermodilution, which was 
first described by Branthwaite and Bradley in 
1968 [3].

For PATD and CO monitoring using a PAC, 
a defined bolus of cool fluid is injected through 
a lumen at the central venous site. While the 
fluid bolus is then carried with the bloodstream 
through the right heart and into the pulmonary 
arteries, it mixes with the blood and is there-
fore diluted. Thus, the bolus gets warmer, 
whereas the blood temperature drops. This 
drop in temperature is recorded with a thermis-
tor close to the tip of the catheter. With this 
blood temperature curve over time, the specific 
heat capacity and specific gravity of both blood 
and injectate as well as the volume of the injec-
tate, the blood flow through RVOT and hence 
CO can be determined using the Stewart-
Hamilton equation.

In addition to this bolus method, continuous 
cardiac output measurement is possible using 
modified catheters equipped with thermal fila-
ments. These thermal elements generate heat 
pulses that are used for thermodilution similar to 
the cold bolus principle.

6.3  Derived and Calculated 
Hemodynamic Variables

PATD does not only provide the clinician with 
CO; additional variables can be derived or calcu-
lated from the measured parameters (Table 6.1).

6.3.1  Vascular Resistances

Physiologically, resistances are altered for circu-
latory regulation and for demand-based distribu-
tion of the blood into certain organs. Only the 
right heart catheterization enables the clinician to 
determine both systemic and pulmonary vascular 
resistances. In clinical practice, systemic vascular 
resistance (SVR) can help to differentiate between 
the various forms of shock, especially between 
hypotension with vasoconstriction or vasodilata-
tion. Therefore, SVR can be a tool to guide ther-
apy with vasopressors and/or inotropes.

Pulmonary vascular resistance (PVR) is the 
ratio of transpulmonary pressure gradient to pul-
monary blood flow. Despite numerous attempts 
to quantify PAP and vascular resistance with less 
invasive means such as echocardiography or 
computed tomography imaging, none of them 
has proven accurate enough. Thus, right heart 
catheterization remains the method of choice to 
determine those parameters [4].

PVR itself or indexed to body surface area (BSA) 
as pulmonary vascular resistance index (PVRI) is 
used for diagnosis and guidance of treatment of pul-
monary hypertension, for assessment of suitability 
for closure of atrial and ventricular septal defects 
[5], and for candidacy for cardiac transplantation 
[6]. In intensive care settings, PVR(I) commonly 
serves as a surrogate for right ventricular afterload, 
therefore guiding vasopressor and inotropic ther-
apy of right ventricular dysfunction and failure [7].

Practical Advice
Particularly with poor contractile function, 
cardiac output is strongly dependent on 
afterload. Thus, when treating low cardiac 
output, information on afterload given by 
vascular resistances is important.
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6.3.2  Stroke Work Index

Stroke work can be used for the evaluation of con-
tractility. For better interindividual comparability, 
stroke work is often indexed to body surface area, 
resulting in stroke work index (SWI). Stroke work 
calculation is done separately for each ventricle as 
pressure-volume- work, neglecting kinetic work. 
It represents the area bound by corresponding 
pressure-volume loops.

Left ventricular stroke work index (LVSWI) 
will decrease in the case of heart failure and usu-
ally increase in response to treatment with inotro-
pes. However, LVSWI only represents the area 
within the pressure-volume loop, but not its posi-
tion on the axes. Several factors can simultane-
ously influence the left ventricular performance. 
Changes in preload, ventricular compliance, and 

function can displace the pressure-volume-loops 
and the area between the slopes. Inferences about 
the cause of altered function cannot be made, and 
LVSWI as a single parameter should not be used 
to guide therapy. However, it can provide infor-
mation on left ventricular systolic function, espe-
cially in cases where left ventricular ejection 
fraction does not reliably represent cardiac perfor-
mance, e.g., in cases with mitral regurgitation [8].

Also, preoperative LVSWI has been found to 
be a significant predictor of outcome after mitral 
valve surgery for functional regurgitation in non- 
ischemic dilated cardiomyopathy: lower preop-
erative values of LVSWI are associated with 
worse outcome [9].

During the cardiac cycle, the right ventricle 
pumps an equal stroke volume as the left ventri-
cle, but at markedly lesser stroke work. A high 
right ventricular stroke work index (RVSWI) is 

Table 6.1 Pulmonary artery thermodilution: calculated and derived parameters

Parameter Description Calculation [standard values]
Cardiac index (CI) Cardiac output related to body surface 

area (BSA)
CI = CO/BSA
[2.5–4.5 L/min/m2]

Stroke volume (SV) Volume of blood pumped into the 
systemic circulation by the left 
ventricle per heartbeat

SV = CO/HR
[70–100 mL]

Stroke volume index 
(SVI)

SV referenced to BSA SVI = SV/BSA
[36–48 mL/m2]

Systemic vascular 
resistance (SVR)

Determinant of left-ventricular 
afterload and often used as a surrogate

SVR = ((MAP-CVP)/CO) × 80
[800–1500 dyn × s/cm5]

Systemic vascular 
resistance index 
(SVRI)

SVR related to BSA SVRI = ((MAP-CVP)/(CO × BSA)) × 80
[1600–2500 dyn × s/cm5/m2]

Pulmonary vascular 
resistance (PVR)

Resistance that blood must overcome 
to pass into the pulmonary vasculature

PVR = ((PAPmean–PAOP)/CO) × 80
[90–150 dyn s/cm5]

Pulmonary vascular 
resistance index 
(PVRI)

PVR related to BSA PVRI = (PAPmean–PAOP)/CO × BSA) × 80
[160–270 dyn × s/cm5/m2]

Stroke work index 
(SWI)

Work done by each ventricle to eject 
the stroke volume in relation to BSA

LVSWI = SVI × (MAP–PAOP) × 0.0136
[45–80 g m/m2]
RVSWI = SVI × (PAPmean-CVP) × 0.0136
[5–10 g·m/m2]

Right ventricular 
function index (RVFI)

Ratio of systolic pulmonary artery 
pressure to cardiac index

RVFI = PAPsys/CI
[risk factor of mortality in pulmonary arterial 
hypertension if >35 mmHg/L/min/m2]

Pulmonary arterial 
capacitance (CPA)

Quantifies stiffness of the pulmonary 
arteries

CPA = SV/(PAPsys–PAPdias) [mL/mmHg; no 
standard values]

CO cardiac output, CI cardiac index, BSA body surface area, SV stroke volume, HR heart rate, SVI stroke volume index, 
SVR systemic vascular resistance, SVRI systemic vascular resistance index, PVR pulmonary vascular resistance, PVRI 
pulmonary vascular resistance index, SWI stroke work index, LVSWI left ventricular stroke work index, RVSWI right 
ventricular stroke work index, RVFI right ventricular function index, CPA pulmonary arterial capacitance, MAP mean 
arterial pressure, CVP central venous pressure, PAPsys/mean/dias systolic/mean/diastolic pulmonary artery pressure, 
PAOP pulmonary artery occlusion pressure

6 Pulmonary Artery Thermodilution
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associated with worse kidney function in patients 
with heart failure with preserved ejection fraction 
[10]. In contrast, patients with low RVSWI show 
an increased risk for the need of a right ventricu-
lar assist device after left ventricular assist device 
implantation [11].

6.3.3  Right Ventricular Function 
Index (RVFI)

RVFI is a measure of load-adaptability, i.e., it can 
be used to evaluate the extent to which (elevated) 
PAP is associated with right ventricular function. A 
right ventricle, which can increase its contractility 
and therefore preserve its stroke volume in response 
to an increased afterload, should stay well compen-
sated—albeit at increased workload. In contrast, 
with right heart failure, a previously elevated PAP 
may decrease [12]. An increase in RVFI is then 
interpreted as a ventricular-vascular mismatch and 
is associated with poor survival in critically ill 
patients with severe pulmonary hypertension and 
in patients undergoing cardiac surgery [13, 14].

6.3.4  Capacitance

Capacitance quantifies the stiffness of the pulmo-
nary arteries. Pulmonary arterial stiffness plays 
an important role in right ventricular remodeling 
and therefore might be a target for altering right 
ventricular failure. It can also predict survival 
independently from resistance in heart failure 
with reduced or preserved ejection fraction as 
well as in idiopathic pulmonary arterial hyperten-
sion [15–17].

6.4  Step-by-Step Approach 
for Clinical Practice

6.4.1  Step 1. Indication

In critically ill patients, a PAC should be used if a 
hemodynamic situation raises a specific question 

that remains unanswered by clinical examination 
or less invasive methods. Possible indications are 
listed in Table 6.2, contraindications (Table 6.3) 
need to be considered to avoid harm to patients. 
Figure 6.1 may be a helpful approach in decision- 
making. Monitoring and treatment of right ven-
tricular dysfunction and pulmonary arterial 
hypertension remain the domain of the right heart 
catheterization and PATD [2].

Table 6.2 Indications for pulmonary artery catheters and 
thermodilution

Cardiogenic shock with
•  Right ventricular dysfunction/failure (e.g., 

myocardial infarction)
• Low cardiac output (CI < 1.2 L/min/m2)
• IABP-support
CO monitoring in patients with severe aortic or mitral 
wave regurgitation
In patients with specific questions, such as assessment of
• Pulmonary arterial pressure
• Pulmonary vascular resistance
• Right ventricular pressure
• Pulmonary artery occlusion pressure
• Pulmonary shunt-volumes/fractions
• Mixed venous oxygen saturation
For cardiac surgery in
• Patients with severe left ventricular dysfunction
• High-risk patients with complex procedures
•  Special procedures (e.g., LVAD-implantation, 

cardiac transplantation)

CO cardiac output, CI cardiac index, IABP intra-aortic 
balloon pump, LVAD left ventricular assist device

Table 6.3 Absolute and relative contraindications for 
pulmonary artery catheters and thermodilution

Absolute • Right-sided endocarditis
• Thrombus/tumor in RA or RV
•  Mechanical tricuspid or pulmonary 

valve replacement
•  Inexperienced intensivist regarding to 

measurements and data interpretation
Relative •  Bioprosthetic tricuspid or pulmonary 

valve replacement
•  Transvenous pacemaker, especially 

<7 days since implantation
• Left-bundle branch block
• Severe aortic valve stenosis

RA Right atrium, RV Right ventricle
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6.4.2  Step 2. Preparation 
and Obtaining Pulmonary 
Artery Occlusion Pressure

To achieve high-quality and reliable results, 
the preparation is equally essential as the per-
formance of the PATD itself. Therefore, check 

that all catheters are in place, connected to the 
monitor, zeroed to atmospheric pressure, and 
the specific waveforms (arterial, central 
venous, and pulmonary arterial) with reason-
able values are displayed. A so-called  
flush-test can be useful to check for damping. At 
this stage, performing a pulmonary artery occlu-
sion maneuver can help to verify the correct 
position of the PAC and determine PAOP (which 
is needed for later calculations) at the same 
time. For reliable calculation of PVR(I), the tip 
of the catheter needs to be located in West zone 
III, where pulmonary artery pressure and pul-
monary venous pressure are greater than alveo-
lar pressure, thus ensuring continuity in the fluid 
column between the left atrium and the catheter 
tip [18].

Practical Advice
Pulmonary artery catheterization and ther-
modilution should not routinely be used in 
patients with shock but should be consid-
ered in patients with refractory shock and 
in particular when right ventricular dys-
function is present or suspected.

Fig. 6.1 Indications for thermodilution [29, 30]. PATD 
pulmonary artery thermodilution, TPTD transpulmonary 
thermodilution, CO cardiac output, RV right ventricular, 

pulm. HT pulmonary hypertension, ARDS acute respira-
tory distress syndrome, CO cardiac output

Circulatory shock
(“hemodynamic instability”)

Clinical examination
+ Basic monitoring 

incl. arterial + Central venous catheter
+ Echocardiography 

Reassess hemodynamic status
with basic monitoring and

echocardiography

Choose therapy accordingly

Advanced hemodynamic assessment using cardiac output monitoring

to guide therapy and
to monitor response to vasopressors, inotropes, and fluids 

NO

NO

Continue clinical and basic
monitoring

Sufficient information
to guide therapy?

Persistent hemodynamic
instability?

RV dysfunction
pulm. HT

PATD TPTD (auto)calibrated
CO-monitoring

ARDS CO-guided
therapy

YES

YES
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Make sure that the proximal and distal therm-
istors are connected to the monitor and that the 
proximal thermistor is connected to the central 
venous port of the PAC. After verifying the set-
tings at the CO monitor (patient’s data, set injec-
tate type (commonly NaCl 0.9%), volume, and 
constants), prepare syringes with cooled solution 
respecting hygiene rules in order to avoid 
catheter- associated bloodstream infections. For 
the injectate volume, refer to the settings of the 
CO monitor. The colder and the larger the vol-
ume, the better the signal-to-noise ratio [19]. The 
highest reproducibility of CO measurements in 
critically ill patients was demonstrated with 
10-mL iced injectate, which also reflects the 
common clinical practice.

6.4.3  Step 3. Performing Pulmonary 
Artery Thermodilution

Due to a short indicator transit time from the 
injection site at the right atrium to the thermistor 
at the pulmonary artery, a single PATD measure-
ment is usually shorter than a respiratory cycle. 
The right ventricular output may vary due to 
cyclic changes in venous return and right ven-
tricular afterload during both spontaneous breath-
ing and mechanical ventilation. Thus, for 
performing PATD, certain aspects on the timing 
of the injections need to be considered: perform-
ing PATD at the same moment of the respiratory 
cycle should create reproducible values for sub-
sequent comparison. On the other hand, measure-
ments performed in that manner might still not 
represent the mean CO or even the relative phasic 
changes in the flow; therefore, pseudorandom-
ized injections at different positions at the respi-

ratory cycle could better reflect the current CO 
and better enable comparison [20].

In order to reduce errors and to average results, 
a series of injections should be performed. Clear 
recommendations on the number can not be 
given, but it seems that three injections, although 
clinically mostly performed, are insufficient with 
regard to accuracy and reproducibility [21, 22]. 
Injections need to be done as fast and smoothly 
as possible. The results of the individual mea-
surements should be within a 10% range. Reject 
aberrant measurements (outside the 10% range) 
and the sets with highest and lowest results. If 
necessary, repeat PATD.

6.4.4  Step 4. Calculation 
and Interpretation 
of Hemodynamic Variables

Analysis and interpretation should always take 
the patient’s context and the current clinical situ-
ation into account. In contemporary CO moni-
tors, calculations are performed automatically. 
With attention to typical reasons for erroneous 
results in PATD (Table 6.3), use all available find-
ings to guide therapy. Consider preexisting clini-
cal conditions and diseases as well as medication 
and functional or laboratory monitoring of organs 
that are most likely affected by cardiac dysfunc-
tion (i.e., the brain, kidneys, liver, and gut).

Therapy goals should be defined and aimed at 
individually for every patient. Choose the ther-
apy in accordance to pharmacology and physiol-
ogy with the help of corresponding guidelines 
[23].

6.5  Risks and Limitations 
of Pulmonary Artery 
Thermodilution

As a result of the SUPPORT trial [24, 25], a high 
number of intensivists is reluctant to use the PAC 
in monitoring critically ill patients, most likely 
due to persistent doubts about its safety and its 
efficacy in guiding beneficial therapy. In addi-
tion, the PAC faces competition from supposedly 

Practical Advice
When the tip of the PAC is in West zone III, 
PAOP should be lower than diastolic pul-
monary artery pressure and should be 
altered less than 50% of changes in positive 
end-expiratory or plateau pressures during 
mechanical ventilation.

A. Zitzmann et al.
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less invasive hemodynamic monitoring devices 
such as transpulmonary thermodilution, pulse 
contour analysis, and echocardiography.

Like any other device, the PAC and therefore 
PATD have risks that need to be considered 
(Table  6.4). However, careful operation of the 
catheter will reduce them to a minimum. The 
PAC-specific risks (0.3% severe complications, 

0.1% attributable mortality) have been reported 
to be lower as the risks associated with trans-
esophageal echocardiography.

Specific conditions can lead to erroneous 
results (Table 6.5), but even with correctly deter-
mined variables, misinterpretation with potential 
consecutive inappropriate therapies is a well- 
known phenomenon [26].

For the so-called continuous CO monitoring 
PAC, it must be taken into account that it cannot 
be used for CO surveillance in rapidly changing 
hemodynamic situations. They have a certain 
delay in displaying CO (3–12 min) as the CO is 
averaged over several cardiac cycles [27].

6.6  Conclusion

PATD still is the gold standard for CO measure-
ment. The proper use requires a profound theo-
retical and clinical knowledge, not only about 
patients’ pre-existing conditions but also about 
the limitations, pitfalls, and difficulties in inter-
preting measurement results. For the experienced 
user, PAC/PATD provides a comprehensive view 
of the hemodynamic situation, which can help 
optimize global oxygen balance.

Table 6.4 Adverse events associated with pulmonary 
artery catheters and thermodilution

During catheter 
insertion/access

• Arterial puncture
• Pneumothorax
• Air embolism
• Nerve damage/neuropathy
•  Arrhythmias from minor 

dysrhythmias to VT or VF, 
RBBB

• Pulmonary artery rupture
•  Damage of valves (tricuspid, 

pulmonary)
With catheter 
long-term use

• Pulmonary artery rupture
• Pulmonary infarction
•  Catheter-associated 

bloodstream infections
•  Valvular or endocardial 

vegetations
•  Thrombus formation (vascular, 

mural)

VT ventricular tachycardia, VF ventricular fibrillation, 
RBBB right bundle branch block

Table 6.5 Sources of measurement errors and variability [28]

Overestimation of CO Inconsistent changes in CO Underestimation of CO
Loss of indicator (injectate volume 
or temperature)
•  Prior to injection (volume too 

small)
•  During injection (dissipation 

through intravascular catheter 
portions, catheter dead space)

•  After injection (conductive 
rewarming, diversion of indicator 
from normal itinerary, especially 
in right-to-left intracardiac 
shunts)

•  Significant tricuspid 
regurgitation

•  Irregular respiratory pattern
•  Concurrent IV infusions
•  Exogenous cooling/warming
• Extrasystolia
•  Uneven injection technique
•  Prolonged injection time
•  Transient lowering of heart rate 

during cold indicator injection

• Left-to-right intracardiac shunts
•  Hypoxic pulmonary 

vasoconstriction at the part of the 
pulmonary artery tree where the 
PAC resides, e.g., due to 
pneumothorax, pneumonia

CO cardiac output; IV intravenous, PAC pulmonary artery catheter
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Keynotes
• Pulmonary artery thermodilution (PATD) 

is a valuable tool to determine cardiac 
output and derived parameters in criti-
cally ill patients.

• Right ventricular failure and associated 
and contributing diseases in the critical 
care setting are the domain of PATD. In 
addition, derived parameters can help in 
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