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Abstract: Pulmonary artery catheterization is a diagnostic procedure in which a catheter is inserted through a
central vein and advanced toward the pulmonary artery to measure right atrial, right ventricular, and pulmonary
artery pressures, estimate cardiac output, identify intracardiac shunts, and measure pulmonary vascular resis-
tance. Hemodynamic measurements can provide a better understanding of the pathophysiology of heart failure
and pulmonary hypertension, but their proper assessment and optimal use can be challenging due to differences
in techniques that can lead to differences in conclusions and therapeutic management strategies. In this review,
we will discuss right heart catheterization and its role in clinical practice (e.g., shunt evaluation, management of
cardiogenic shock) and summarize important concerns related to measurement and interpretation.
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Introduction

Patients with cardiovascular diseases frequent-
ly have complex comorbidity, and it may be dif-
ficult to determine the primary cause of their
symptoms. Routine clinical assessment often
leads to working diagnosis that should have
implications regarding pathophysiologic chang-
es and expected compensatory responses. It
may be difficult to determine whether more
detailed evaluation is warranted or useful. Pul-
monary artery catheterization provides a well-
established method to evaluate the hemody-
namic and volume status of patients.

Pulmonary artery catheterization (Swan-Ganz
or right heart catheterization [RHC]) is an inva-
sive hemodynamic procedure that can provide
direct measurement of pressures, can take
blood samples from the right heart and pulmo-
nary artery, and can calculate cardiac output
(CO). The initial use of RHC began in the 1920s
when a resident named Werner Forssmann per-

formed the first RHC on a human by inserting a
urethral catheter into his right atrium through
the left antecubital vein [1]. This technique
became safer and simpler with the Swan-Ganz
catheter, which was developed in the 1970s
with the idea that bedside cardiovascular func-
tion assessment after acute myocardial infarc-
tion might improve outcomes [2]. The Swan-
Ganz catheter was widely used in critical care
units until the late 1980s, but significant
improvements in the diagnostic power and
availability of noninvasive cardiac imaging,
especially with echocardiography, and reports
of complications in critically ill patients during
catheterization [3] led to a decline in its use in
the late 1990s and early 2000s.

Despite being in use for more than 50 years,
the role of RHC remains uncertain, but there
has been a recent increase in use after the pre-
vious downward trend [4]. Current guidelines
and scientific statements provide limited rec-
ommendations regarding RHC [5]; the only
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class IA indication listed in any society guide-
lines for RHC is during the evaluation of patients
for cardiac transplantation [6]. It is the gold
standard for the diagnosis of pulmonary arteri-
al hypertension and intracardiac shunts [7, 8].
This review will discuss its role in clinical prac-
tice and important factors relevant to study
performance and interpretation.

Role in clinical practice

During routine clinical practice, physicians,
especially cardiologists and pulmonary/critical
care physicians, often struggle with decisions
about the best way to obtain hemodynamic
data. During the RHC procedure, blood sample
collection, measurement of pressures, and
wave form analysis can be done. The typical
pressure curves and values assessed during
RHC in various physiological states are illustrat-
ed in Figure 1. This procedure is usually per-
formed to assess filling pressures and cardiac
output when the hemodynamic status is not
apparent from physical examination in order to
establish a more exact diagnosis and charac-
terize the hemodynamic severity, when res-
ponse to therapy is not consistent with physical
examination or is suboptimal, or when other
miscellaneous indications are present (Table
1). The interpretation of this information is criti-
cal in the diagnosis and management of multi-
ple pulmonary and cardiovascular disorders
[6].

The RHC procedure is usually a low risk proce-
dure, but complications can occur and can be
fatal. These can occur during venous access
and include pseudoaneurysm of the common
femoral vein, perforation of the right innomi-
nate vein, deep venous thrombosis, carotid
artery injury, arteriovenous fistula formation,
perforation of the left internal mammary artery,
and right lymphatic duct injury. They also occur
during catheter placement, which can cause
rupture of cardiac chambers, rupture of the pul-
monary artery, cardiac arrhythmias, and cathe-
ter fracture with distal embolization. These
complications occur more frequently when the
procedure is done at the bedside for hemody-
namic monitoring without image guidance;
consequently, ultrasound guidance may help
to reduce venous access-related complica-
tions, and fluoroscopy can reduce catheteriza-
tion-related complications [9].
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To improve outcomes in patients with RHC
requires careful interpretation of the hemody-
namic parameters derived from the procedure,
integration of these parameters into the overall
clinical presentation, and the development of
management plans based on this information.
In addition, repeated measurements with at-
tention to expected changes based on the
ongoing management strategy are essential.

Role in shunt evaluation

The term “shunt” refers to an abnormal con-
nection that allows blood to flow from one side
of the cardiac circulation to the other. Right
heart catheterization is considered the gold
standard for shunt detection by measuring the
intracardiac pressures and obtaining blood
samples [7]. During RHC, blood samples can be
drawn from various sites in the heart to mea-
sure blood oxygen levels. In addition to the
diagnosis of shunts (either interatrial or inter-
ventricular), these samples can confirm that
the wedge pressure is accurate (wedge satura-
tion) and can measure mixed venous oxyhemo-
globin saturation in patients with shock. The
disadvantage of collecting blood samples dur-
ing RHC to detect shunts is the poor sensitivity
to detect small shunts, but the majority of
hemodynamically significant cardiac shunts are
identified [10].

Role in cardiogenic shock management

Right heart catheterization use is increasing,
and studies reporting its benefit in cardiogenic
shock (CS) management are also increasing.
Observational data suggest that RHC guided
management may improve survival in patients
with CS [11-13]. Current guidelines and scien-
tific statements suggest RHC use in the man-
agement of cardiogenic shock patients unre-
sponsive to initial therapy or when there is
diagnostic or therapeutic uncertainty [14]. The
early use of RHC has been associated with a
decreased incidence of acute kidney injury,
length of stay, and readmission rates but has
conflicting results on the survival in patients
with CS [15, 16]. In subgroup analyses in
patients with acute myocardial infarction com-
plicated by CS, the early use of RHC was asso-
ciated with reduced mortality [17]. However,
there is a lack of randomized controlled trials
evaluating the use of RHC in CS, and more
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Figure 1. Typical pressure curves and values assessed during right heart catheterization within the physiological states.
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Table 1. Indications of right heart catheterization

Indications Example

By discretion of clinician based on clinical 1. Assess filling pressures and cardiac output when it is not apparent from physical examination.
scenarios and physical exam 2. When response to therapy is not consistent with physical examination.

Miscellaneous indications Cardiogenic shock with or without mechanical circulatory device in place.
Assessment of pulmonary hypertension, and response to vasodilator therapy.
Intracardiac left-to-right shunt quantification.

Evaluation for cardiac transplantation.

Surveillance status post-cardiac transplant.

N oA WN P

Post cardiac transplant with new or worsening symptoms suggestive of graft rejection.
Pre- and post-implantation assessment of left ventricular assist devices.

Table 2. Direct and indirect measurements during right heart catheterization

Measurements during right heart catheterization Formula Normal Range
Direct measurements
Right atrial pressure (RAP) 0-6 mmHg
Right ventricular systolic pressure (RVSP) 15-25 mmHg
Right ventricular diastolic pressure (RVDP) 8-15 mmHg
Pulmonary artery systolic pressure (PASP) 15-25 mmHg
Pulmonary artery diastolic pressure (PADP) 8-15 mmHg
Pulmonary capillary wedge pressure (PCWP) 6-12 mmHg
Indirect Measurements Formula
Cardiac output (CO) (per Fick) [125 x BSA]/[Hb x 1.36 x (Sa0,-Sv0,)] 4.0-8.0 L/min
Cardiac power output (MAP x CO)/451 > 0.6
Mean pulmonary artery pressure (mPAP) [PASP+(2 x PADP)]/3 10-20 mmHg
Trans-pulmonary pressure gradient (TPG) MPAP-PCWP <13 mmHg
Diastolic pulmonary gradient (DPG) PADP-PCWP <7 mmHg
Cardiac index (Cl) CO/BSA 2.5-4.0 L (min*m2)
Stroke volume (SV) CO/HR x 1000 60-100 ml/beat
Stroke volume index (SVI) Cl/HR x 1000 33-47 ml (m?*beat)

Systemic vascular resistance (SVR)
Systemic vascular resistance index (SVRI)
Pulmonary vascular resistance (PVR)
Pulmonary vascular resistance index (PVRI)
Pulmonary artery pulsatibility index (PAPI)

80 x (MAP-RAP)/CO
80 x (MAP-RAP)/CI

800-1200 dynessec/cm®
1970-2390 dynessec/cm3/m?
(mPAP-PCWP)/CO <3Wu
80 x (MPAP-PCWP)/CI 255-285 dynessec/cm®/m?
(PASP-PADP)/RAP >0.9

Sa0, should be acquired by arterial blood gas measurement. Sv0, should be acquired by mixed venous gas from pulmonary artery catheter.

BSA: body surface area; WU: Wood units.

research is needed to analyze the safety and
benefit from routine RHC in these patients.

To understand CS, it is essential to understand
the pressures measured during an RHC. Direct
and indirect measurements can be taken from
a correctly placed right heart catheter; Table 2
lists each of these measurements and their
respective normal values. The direct measure-
ments are made in the right heart and the
pulmonary artery: (1) Right-sided intracardiac
pressure (right atrial mean pressure, right ven-
tricle systolic and diastolic pressure), and (2)
Pulmonary artery pressures (pulmonary artery
systolic pressure, pulmonary artery diastolic
pressure, mean pulmonary artery pressure).
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The indirect measurement is pulmonary capil-
lary wedge pressure (PCWP), which provides
an estimate of left atrial pressure, which is a
surrogate for left ventricular end-diastolic
pressure.

With direct pressure, mixed venous oxyhemo-
globin saturation (MVO,), and CO measure-
ments, various hemodynamics ratios and indi-
ces can be calculated, which help the clinician
characterize the current hemodynamic status
and cardiopulmonary function and usually diag-
nose clinical disorders in the patient. For ex-
ample, patients can have more than one disor-
der, and hemodynamic measurements can
help determine which component has the
greatest effect on the patient’s clinical status.

Am J Cardiovasc Dis 2023;13(3):122-137
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Table 3. Classic types of shock assessment by right heart catheter-
ization

PCWP co SVR MVO,
Hypovolemic Decreased Decreased Increased Decreased
Distributive Decreased Increased Decreased Increased
Cardiogenic Increased Decreased Increased Decreased

PCWP: pulmonary capillary wedge pressure; CO: cardiac output; SVR: systemic vascu-
lar resistance; MVO,,: mixed venous gas.

Table 4. Type of pulmonary hypertension assessed by comparing pul-
monary capillary wedge pressure and pulmonary vascular resistance

PCWP > 15 mmHg PCWP < 15 mmHg

PVR >3 Combined PH or longstanding PH group Il PH group |
PVR <3 PH group Il Consider high flow state

PCWP: pulmonary capillary wedge pressure; PVR: pulmonary vascular resistance;
PH: pulmonary hypertension. Pulmonary hypertension group | represents pulmonary

and management [21]. For
example, Pelayo et al. used
right heart catheterization
to determine the hemody-
namic status of 127 pati-
ents with hepatorenal syn-
drome. Seventy-nine pati-
ents had elevated right atri-
al pressures (> 10 mmHg)
and 79 patients had elevat-
ed wedge pressures (> 15
mmHg) [22]. Patients with
elevated wedge pressures
were managed with diuret-
ics and had significant re-
ductions in creatinine lev-
els. Praktiknjo et al. evalu-
ated the association bet-

arterial hypertensive caused by a primary disease of the pulmonary arterial vascula-
ture. Pulmonary hypertension group Il represents an elevation of pulmonary arterial

vasculature pressure due to left heart disease.

In CS or hypovolemic shock, systemic vascular
resistance is increased as a compensatory
response; this information combined with the
interpretation of PCWP, CO, and mixed venous
oxygen saturation (MVO,) can determine the
type of shock (Table 3). In the presence of pul-
monary hypertension (mean pulmonary artery
pressure [MPA] > 20), the use of PCWP and
pulmonary vascular resistance help define the
World Health Organization Pulmonary Hyper-
tension Groups (Table 4). The correlation of Cl
and PCWP with the clinical presentation (Table
5) and with the acute response to pharmaco-
logical therapy provide the foundation for mod-
ern patient management. These indices and
ratios can predict ventricular dysfunction and
outcomes. A PAPI ratio, defined as the [systolic
pulmonary artery pressure - diastolic pulmo-
nary artery pressure]/right atrial pressure, <
0.9 predicts right ventricular failure and in-
creased in-hospital mortality in patients with
inferior myocardial infarctions [18]; A PAPI <
1.85 predicts right ventricular failure in pa-
tients with left ventricular assist devices [19]. A
cardiac power output (defined as [MAP x
C0]/451) < 0.6 predicts in-hospital mortality in
patients with cardiogenic shock [20].

Role in other complex clinical disorders

Patients with advanced cirrhosis, hepatorenal
syndrome, and recent liver transplantation fre-
quently have an abnormal hemodynamic status
which is relevant to the clinical presentation
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ween hemodynamic param-
eters, such as cardiac in-
dex, and outcomes in pa-
tients with acute on chronic
liver failure. Patients with a hyperdynamic sta-
tus had the highest risk for poor outcomes [23].

Patients with acute kidney injury who require
acute renal replacement therapy often have
hemodynamic instability [24]. Understanding
the pathophysiologic mechanisms in these
patients will require hemodynamic studies.
Dourvis et al. did a systematic review to iden-
tify interventions to prevent hemodynamic sta-
bility during renal replacement therapy in criti-
cally ill patients [25]. This analysis suggested
a change in the dialysate sodium and individu-
alized ultrafiltration rates may reduce the risk
of hemodynamic instability during renal repla-
cement therapy.

Patients with acute hepatic diseases, especial-
ly hepatic renal syndrome, and patients with
acute kidney injury requiring renal replacement
therapy often have alterations in their cardio-
vascular status and volume status. Right heart
catheterization can provide important informa-
tion needed for the management of these
patients. A more in-depth discussion of these
clinical syndromes is beyond the scope of this
particular review.

Pressure waveform by RHC and association
with myocardial pathology

Right atrial tracings

During normal conditions, there are three posi-
tive components and two negative deflections

Am J Cardiovasc Dis 2023;13(3):122-137
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Table 5. Correlation between hemodynamics and bedside assessment

Pulmonary Capillary Wedge Pressure
< 15 mmHg > 15 mmHg
Congestion & hypoperfusion (warm and dry) Congestion & no hypoperfusion (Warm and wet)
No congestion and hypoperfusion (cold and dry) Congestion & hypoperfusion (cold and wet)

Cardiac Index
> 2.2 L/min/m?
< 2.2 L/min/m?
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Figure 2. Right heart catheterization normal and abnormal pressure waveforms. A. Right atrium waveforms. “a”
wave: contraction in atrial systole; “x” descent: fall in right atrial pressure (atrial diastole); “c” wave: closure of tri-
cuspid valve; “v” wave: ventricular systole and passive atrial filling in atrial diastole; “y” descent: fall in right atrial
pressure following opening of the tricuspid valve and the passive filling of the right ventricle. B. Tricuspid regurgita-
tion. Characterized by tall “v” waves due to regurgitation of blood to the right atrium during ventricular systole. C.
Atrio-ventricular dISSOCIatIOI’I Represented by cannon (or giant) a waves that are present due to atrial contraction
against a closed tricuspid valve. D. Cardiac tamponade. Characterized by the loss or flat “y” descent. E. Constrictive
pericarditis or restrictive cardiomyopathy. Reflected by prominent “x” and “y” descent. F. Atnalfibrillation Character-
ized due to the loss of “a” wave. G. Right ventricular waveforms. “a” wave contraction in atrial systole correlated
with bump in right ventricular tracing; sys: systolic pressure and edp: represent the end diastolic pressure. H. Pul-
monary artery waveforms. Dicrotic notch (D) represents the closure of the pulmonic valve; sys: systolic pressure
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and edp: represent the end diastolic pressure. I. Pulmonary capillary wedge waveforms. “a” wave: atrial systole; “x

descent: atrial diastole; “c” wave: closure of mitral valve (usually not seen);

atrial filling; and “y” descent: atrial emptying.

in the right atrial pressure wave (Figure 2A):
the “a” wave reflects atrial contraction, the “c”
wave represents the closure of the tricuspid
valve, the “v” wave reflects the ventricular con-
traction, and the “y” wave demonstrates the
fall in right atrial pressure following the opening
of the tricuspid valve and the initiation of the
right ventricular filling. Abnormalities that can
be suspected based on right atrial waves are

shown in Figure 2B-F, and include tricuspid
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“y

v” wave: ventricular systole and passive

regurgitation (the presence of tall “v” waves)
(Figure 2B), atrio-ventricular dissociation (the
presence of giant “a” waves due to simultane-
ous contraction of the atria and the ventricle
with a closed tricuspid valve) (Figure 2C), car-
diac tamponade (the loss of “y” descent due to
absence of rapid outflow from the right atrium
to the right ventricle) (Figure 2D), restrictive

cardiomyopathy (an exaggerated “x” and “y
descent due to rapid right ventricular filling)

Am J Cardiovasc Dis 2023;13(3):122-137
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(Figure 2E), and atrial fibrillation (the loss of ‘@’
wave) (Figure 2F).

Right ventricular tracings

The peak ventricular systolic pressure and the
right ventricular diastolic pressure are the only
two pressures typically measured from the
right ventricular waveform. Ventricular systole
is seen in the waveform as the prominent up-
stroke, and diastole is represented by a more
gradual upstroke during the filling phase fol-
lowed by the atrial contraction (“a” wave that is
seen also in the right atrial tracing) (Figure 2G).

Pulmonary artery tracing

The pulmonary artery waveform comes from
the fast flow of blood into the pulmonary artery
from the right ventricle during right ventricular
systole. As right ventricular ejection ends, the
pressure in the pulmonary artery falls and the
pulmonic valve closes, resulting in an incisura
or dicrotic notch on the downslope of the pres-
sure tracing. Pressure in the pulmonary artery
continues to fall gradually and reaches the end-
diastolic pulmonary artery pressure (Figure
2H).

Pulmonary capillary wedge tracings

The PCWP waveform reflects the left atrial wave
but is lower and delayed due to transmission
through the capillary vessels. These waveforms
are similar in morphology to those of the right
atrial waveforms, but the pressures are higher.

U n

The “a” wave reflects the left atrial systole, the

“nn

¢” wave is the closure of the mitral valve (but it

“uyn

is not usually seen), the “x” wave represents
the atrial diastole, the “v” wave corresponds to
ventricular systole and the passive filling of left
atrial, and the “y” descent reflects the ventricu-
lar diastole (Figure 2I). Any condition that rais-
es left ventricular end diastolic pressure in-
creases the PCWP pressure; examples include
mitral stenosis, left ventricular systolic and dia-
stolic dysfunction, volume overload, and myo-
cardial infarction with decreased left ventricu-

lar compliance.
Performance and interpretation

Right heart catheterization should be consid-
ered the gold standard for diagnosing cardio-
pulmonary conditions based on hemodynamic
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measurements. However, RHC may not be con-
sidered the gold standard in certain situations
for several reasons; these include differences
in technique that lead to variability in the mea-
surement of different parameters and disagree-
ments over the interpretation of RHC parame-
ter. How, then, can a RHC provide the best
approach for the evaluation of cardiopulmonary
disorders? First, the procedure must be per-
formed the same way every time since varia-
tions in measurement techniques affect the
hemodynamic assessment and disease cla-
ssification [26]. Poor technique can introduce
avoidable sources of error. Second, clinicians
must decide what the data should represent,
identify areas of continued uncertainty, and
consider additional studies. When there is
unresolved uncertainty, consultation with other
experienced clinicians may clarify the situa-
tion.

To perform the test consistently, the most
important considerations are the preparation
before the test, set-up, performance, and qual-
ity control.

Preparation for the test and set up

Informed consent must be given by the patient
and must describe all possible complications.
The most common complications are hemato-
mas in the access site, vagal reactions, pneu-
mothoraces, and arrhythmias [9]. Fasting prior
to the procedure should be avoided because it
may lead to volume depletion, thus making
venous access more difficult [27]. The patient
must be supine, the transducers must be set at
zero, leveled in the middle of the chest (at the
level of the middle left atrium) [28], and lines
and manifolds should be flushed to remove
bubbles that can cause pressure damping.

Performance

The choice of the vascular access site depends
on operator experience, the presence of cardi-
ac devices and in-dwelling catheters, and the
possible need for left heart catheterization
(LHC) at the same time. In case RHC is the only
procedure planned, the preferred access is
either the internal jugular or antecubital vein,
but in case an LHC is done concurrently, the
RHC can be done on the same vascular site
used for the LHC, but instead of accessing the

Am J Cardiovasc Dis 2023;13(3):122-137
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Correctly Damped

Figure 3. Quality control, damping of pressure tracings.

artery, the vein should be accessed, either fem-
oral, radial, or antecubital.

The procedure is performed under local an-
esthesia in the selected vascular access; no
sedation is preferred, because anesthetics
affect cardiac contractibility and vascular re-
sistance. All pressure tracings must be accom-
panied by a simultaneous electrocardiographic
tracing used for timing and analysis of wave-
forms. Recordings should be taken while the
patient is breathing spontaneously without
breath holding since this will cause Valsalva
physiology and will affect the reliability of the
results due to increased intrathoracic pressure.
Both talking or coughing may make the mea-
surement unreliable.

Most operators use the average of at least
three measurements cardiovascular pressures,
oxygen saturations, and CO to determine the
final results from the study.

Quality control

Before reaching a conclusion, the possibility of
the damping of pressure tracing must be evalu-
ated (Figure 3) [29]. Figure 3A shows an exam-
ple of an optimal PCWP with preserved dicrotic
(see line 5) notch but minimal systolic and dia-
stolic ringing artifact. In case it is over-damped
(Figure 3B) the characteristic dicrotic notch is
not seen. The most likely explanation is that
the catheter tip is on the atrial or ventricular
wall or there is introduction of foreign material,
such as a blood clot. The catheter must then
be flushed. Another scenario occurs when the
pressure waveforms are under-damped (Figure
3C), also known as catheter ringing. In this situ-
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Over-damped

Under-damped

ation, a dense material, such as blood or con-
trast, can be used to flush the catheter with
careful attention not to overdamp the signal
[30].

Pulmonary capillary wedge pressure definition

The PCWP is one of the most important hemo-
dynamic measurements obtained during an
RHC. The definition of PCWP is not clear; it
could mean either a surrogate for LVEDP or the
average pressure the pulmonary vasculature
“senses” when the intrathoracic pressure is
near atmospheric or the sum of the passive
pressures to which the pulmonary vasculature
is exposed. Classically, it is defined as a surro-
gate of LVEDP. To be reliable and as close as
possible to the real LVEDP, an uninterrupted
fluid column between the catheter tip and the
left atrium must occur at a specific moment of
the cardiac cycle and the respiratory cycle, i.e.,
at the end of diastole (or the end of the “a”
wave) and the end of expiration [31]. Moreover,
catheter position in West’s lung zone 3 is nec-
essary. This zone is defined as the zone in
which alveolar pressure is lower than the pul-
monary arterial and pulmonary venous pres-
sure (base of the lung), allowing pressure trans-
mission directly from the left atrium to the
wedged catheter tip. When patients are in the
supine position, most of the lung is in zone 3. In
addition, because blood preferentially flows to
that area, the catheter tip of a balloon flotation
catheter usually ends in zone 3 during its
placement.

Discrepancies between LVEDP and PCWP exist
and frequently occur in conditions, such as
atrial fibrillation, tachycardia, mitral valve dis-

Am J Cardiovasc Dis 2023;13(3):122-137
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ease, and pulmonary venous compression,
that cause large “v” waves [32]. In patients who
have any of those conditions, and the PCWP
is possibly unreliable based on the clinical
assessment, direct LVEDP should be mea-
sured. If the PCWP is elevated but the accuracy
is in question, oxygen saturation should be
determined on a sample of blood aspirated
from the catheter in the wedge position. If the
PCWP oxygen saturation is < 90%, the catheter
should be repositioned or direct LVEDP mea-
surement can be considered [33].

Viray et al. studied the accuracy of PCWP pres-
sures by obtaining blood samples for satura-
tion during right heart catheterization after the
catheter was put in the wedge position [33].
PCWP was determined using fluoroscopy and
identifying the typical hemodynamic waveform.
However, in 55 cases out of 110, the saturation
of the blood did not reflect the pulmonary artery
capillary. With 2 additional attempts, an occlu-
sive saturation was obtained in 91% of sub-
jects. Twenty-nine patients with a repositioned
pulmonary artery catheter had a lower wedge
pressure than on the initial pulmonary artery
wedge pressure (20+6 versus 25+7 mmHg).
This led to significant increases in pulmonary
vascular resistance and to reclassification of
the category of pulmonary hypertension. There-
fore, this study indicates that seemingly well-
positioned pulmonary artery catheters are not
necessarily in the wedge position when sam-
ples are taken to measure O, saturation. This
can lead to repositioning and different he-
modynamic profiles. Consequently, technique
remains extremely important during this proce-
dure.

Cardiac output measurements

The gold standard for CO measurements is the
direct Fick [34, 35], but this requires measuring
the oxygen uptake (VO,), and few catheteriza-
tion laboratories do this on a routine basis.
Thus, the two most commonly used methods
are the thermodilution technique and the indi-
rect Fick, but each of these methods can have
measurement errors. In the thermodilution
technique, the CO is measured using a ther-
mal registering device that measures changes
in temperature distal to proximal injection of
saline with known temperature and volume.
The results can be inaccurate in cases with
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intracardiac shunts or tricuspid regurgitation
[35-38], but the results are as reliable as direct
Fick in cases with low CO and severe tricuspid
regurgitation [35]. In the indirect Fick, the oxy-
gen consumption is estimated, and the calcula-
tion assumes a fixed basal oxygen consump-
tion. This may lead to errors in patients with
pulmonary hypertension, heart failure, abnor-
mal body habitus, or a critically ill state [39-42].
Accurate measurement of CO is essential for
the diagnosis, management, and prediction of
prognosis in different cardiopulmonary diseas-
es, but discrepancies in CO estimates between
each method described are common and can
significantly affect diagnosis and outcome pre-
dictions in patients with pulmonary arterial
hypertension [43]. Opotowsky et al. reported
that the cardiac index measured by thermodilu-
tion predicts 90-day mortality better than the
cardiac index measured by modified Fick [44],
suggesting that thermodilution should be fa-
vored over indirect Fick in clinical practice.

Vasodilator responsiveness assessment

There are two clear indications for this test.
First, cardiac transplant candidates with pul-
monary hemodynamics suggesting vascular
remodeling and unacceptable pulmonary vas-
cular resistance at rest (defined by a PASP > 50
mmHg, and either PVR > 3 or transpulmonary
gradient is > 15 while maintaining systolic arte-
rial pressure [SAP] > 85 mmHg) should have a
vasodilator test [42, 44]. Patients who under-
went nitroprusside infusion testing and had a
PVR < 2.5 WU with a stable systemic SAP > 85
mmHg had a 3-month mortality rate post heart
transplantation of 3.8%. In contrast, patients
with PVR > 2.5 WU after nitroprusside infusion
or with PVR < 2.5 WU associated with SAP < 85
mmHg had a 3-month mortality rate of 40.6%
and 27.5%, respectively [45]. Second, vascular
responsiveness in patients with pulmonary
artery hypertension, either with idiopathic or
heritable or drug-induced or anorexigenic etiol-
ogy, helps predict responses to calcium chan-
nel blockers and usually predicts a better prog-
nosis [8]. A positive response is defined as a
decrease in mPAP > 10 mmHg to an absolute
value of £ 40 mmHg, and an unchanged or
increased CO [46, 47]. Due to an increased risk
of pulmonary edema, vasoreactivity testing is
contraindicated in patients with known WHO
Pulmonary Hypertension Group 2, significant
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left ventricular failure, severe hypertension,
and possible pulmonary veno-occlusive dis-
ease [48].

Low pulmonary capillary wedge pressure: fluid
challenge vs exercise test

Patients with PCWP in the normal range and
suspected heart failure based on clinical evalu-
ation and noninvasive tests (applicable mainly
in patients with HFpEF, brought to the catheter-
ization laboratory to determine if they have pul-
monary arterial hypertension or left heart dis-
ease) often require more tests.

In those situations, before proceeding with
advanced strategies, it is important to run a
quality check to determine if the transducer is
at the correct level, if the morphology of the
waves (not underdamped or overdamped) is
normal, and if the pressure bag is still inflated.
If there is no quality failure, provocative maneu-
vers are suggested, because PCWP may be
falsely normal or misleading due to several
causes, such as diuretic use, HF on optimal
medical therapy, or measurement during a fast-
ing state [27]. Two maneuvers are well de-
scribed--the exercise test and the fluid chal-
lenge. The technique, advantages, disadvan-
tages, and interpretation of these two tests are
discussed below.

Exercise during right heart catheterization:
Exercise is a physiologic and clinically relevant
stress on the cardiopulmonary system. Exercise
RHC provides a chance to identify a different
hemodynamic phenotype that reflects abnor-
mal pulmonary vascular and/or cardiac func-
tion that may not be evident in the resting
patient. The exercise provocative maneuvers
may help distinguish between exercise-induc-
ed pulmonary artery hypertension versus occult
WHO Pulmonary Hypertension Group 2 second-
ary to HFpEF. Exercise protocols vary signifi-
cantly among catheterization labs but should
be standardized in each lab, e.g., supine or
upright cycle, ergometer, abduction and adduc-
tion movement of the upper limbs while holding
weight. Dynamic exercise using stationary cycle
ergometers with electronic brakes mounted on
the catheterization lab table is recommended
[49], and changes in heart rate compared to
baseline or up to exhaustion are used to mea-
sure workload [49, 50]. Both peak and immedi-
ate (first couple of seconds) post-exercise mea-
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surements provide the most valuable infor-
mation, and vascular pressures rapidly recover
after exercise [51].

The advantages of exercise testing include
assessment of pressure during real world exer-
tion and a more complete physiologic assess-
ment when combined with metabolic cart mea-
surements. The disadvantage is that the me-
asurement of exercise hemodynamics is not
possible in all laboratories; it is not clear how
“real world” supine cycle ergometry is in a fast-
ing patient, sitting in a bed with cables in the
catheterization laboratory, and there is no defi-
nition for normal response. It is also not clear
what type and how much exercise should be
done, and it may be difficult to interpret pres-
sure changes in some patients with wide swings
in intrathoracic pressures [28, 49, 52]. During
exercise, the PCWP increases with the increase
in CO. In healthy adults, the slope of this rela-
tionship does not exceed 2 mmHg/L/minute
[53, 54]. Hemodynamic criteria supporting the
diagnosis of exercise-induced PAH include
mPAP > 30 mmHg with total pulmonary vascu-
lar resistance > 3 Wood Units (WU) at maximal
exercise, especially if the peak CO is less than
10 L/min [55]. Occult HFpEF is defined as a
PCWP, which is > 25 mmHg at peak physical
activity. The wedge pressure may increase early
and then decrease during exercise, and this is a
normal response [56]. Moreover, it has been
shown that 30% of patients older than 60 years
can have an abnormal response even without
left heart disease [57].

Fluid challenge during right heart catheteriza-
tion: The physiology underlying fluid challenge
tests consists of measuring an increase in
pressure after volume loading, which increases
both venous return to the heart and LVEDP, and
can unmask HFpEF in patients with decreased
LV compliance. The diagnostic relevance of a
fluid challenge depends on the amount of fluid,
the infusion rate, and the cutoff values [58]. A
consensus exists regarding both the protocol
for fluid challenge and the interpretation of the
results [59]. The advantages of the fluid chal-
lenge test are that it is less technically complex
and does not need specialized equipment com-
pared to the exercise procedure, and there is
an established definition for an abnormal test,
which is defined as an increase of PCWP to
more than 18 mmHg following the administra-
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tion of 500 mL saline over 5 minutes. This is
considered abnormal and indicative of LV dys-
function [60], compared to healthy individuals,
who maintain a PCWP < 15 mmHg after the
rapid saline infusion [61, 62]. Unlike exercise, a
fluid bolus had a minimal effect on heart rate
and blood pressure. The disadvantage of the
test is that it is less physiologic than exercise
testing and gives less insight into the patient’s
hemodynamic status.

Chronic pulmonary artery pressure measure-
ments

Abraham et al. analyzed the use of the Car-
dioMEMS Heart Sensor in the management of
patients with class Ill heart failure [63]. This is
a small sensor placed directly into a pulmonary
artery and provides a daily report of pulmonary
artery pressures to help guide medical man-
agement. Between September 2007 and Oc-
tober 2009, 550 patients were randomly
assigned it into either a treatment group or
control group. The baseline pulmonary artery
mean pressures were approximately 29 mmHg,
and the cardiac index was approximately 2.13
L/min/m?2. Daily hemodynamic information was
transferred to the treatment center and used
for patient management. The rate of hospi-
talization for heart failure was significantly
reduced in the treatment group; the hazard
ratio was 0.67 (95% CI 0.55-0.80, P < 0.001).
When the study was transition to the open
access phase, hemodynamic information was
made available on the control group, and this
group also had a significant reduction in hospi-
talization. This study suggests that having infor-
mation about pulmonary artery pressures can
support clinical management decisions, even
in non-hospitalized patients.

Recent studies evaluating outcomes in pa-
tients with cardiogenic shock managed with
right heart catheters

The studies analyzing outcomes in patients
with acute cardiac syndromes who had right
heart catheterization have largely been obser-
vational studies. For example, Rossello et al.
prospectively studied 129 patients admitted
into a cardiac intensive care unit between
December 2005 and May 2009 with cardio-
genic shock [64]. One group of patients (83
patients, 64%) had pulmonary artery catheters
inserted, and both the short-term and long-
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term mortality was reduced in these patients.
The adjusted hazard ratio for death in the PAC
group at 30 days compared to the non-PAC
group was 0.55 (95% confidence interval: 0.35-
0.86, P = 0.008); The estimated the number
needed to treat using these catheters to pre-
vent 1 death was 5 patients. Mortality benefit
was observed in patients with non-acute coro-
nary syndrome and shock and not in patients
with acute coronary syndrome and shock.
There were no deaths associated with pulmo-
nary artery catheter complications. This was
not a randomized control trial, but the clinical
characteristics of the patients in the 2 groups
were well matched. All decisions made in
patient management were at the discretion of
the treating physicians.

Garan et al. analyzed the use of pulmonary
artery catheters in patients with cardiogenic
shock at 8 tertiary care institutions between
2016 and 2019 [65]. Catheter use was charac-
terized as no PAC data, incomplete PAC data,
or complete PAC data prior to the initiation of
mechanical circulatory support. Complete PAC
data included pulmonary artery systolic pres-
sure, pulmonary artery diastolic pressure,
PCWP, pulmonary artery saturation, and right
atrial pressure. The mortality rate was signifi-
cantly lower in patients with complete assess-
ment. Elevated right atrial pressures were as-
sociated with increased mortality in patients
with both myocardial infarction and heart fail-
ure. An elevated wedge pressure was associat-
ed with increased mortality in patients with
heart failure. This study demonstrates that
complete hemodynamic characterization of
patients with cardiogenic shock can improve
outcomes with reduced mortality.

Ranka et al. analyzed the Nationwide Read-
missions Database for patients hospitalized
with cardiogenic shock between 2016 and
20417 [11]. This study included 236,156 hos-
pitalizations with cardiogenic shock; 25,840
patients underwent right heart catheterization.
These patients had more comorbidities but
had lower death rates and stroke rates than
patients who did not undergo catheterization.
The 30-day readmission rates and death on
readmission were also lower in this group. The
odds ratio for lower mortality was 0.69 (95%
confidence interval: 0.66-0.72). This study indi-
cates that patients with cardiogenic shock who
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undergo right heart catheterization have im-
proved outcomes. These results might suggest
that hemodynamic characterization and its
frequent monitoring improve clinical decision
making and increase the use of supportive
care, such as hemodialysis and mechanical
ventilation. Consequently, these patients are
likely sicker, and the hospital length of stay
was longer in patients undergoing right heart
catheterization.

Bertaina and colleagues did a systematic
review and meta-analysis of observational stu-
dies to determine the prognostic implications
of PAC monitoring in patients with cardiogenic
shock [66]. They identified 6 observational
studies which included 1,166,762 patients.
PAC were used in 33% of these patients. There
was a significant association between the pul-
monary artery catheter group and reductions
in short-term mortality in comparison to the
group that did not undergo catheterization.
After adjustment for confounders, the odds
ratio was 0.71 (95% Cl: 0.59-0.87, P < 0.01).
The rate of complications associated with
these catheters ranged from 5.0% to 9.9%.
Patients who underwent cardiac catheteriza-
tion were more likely to have mechanical circu-
latory support with an odds ratio of 1.60 (95%
Cl: 1.27-2.02, P < 0.02).

These studies demonstrate that the use of right
heart catheters can improve outcomes in pa-
tients with cardiogenic shock. Information col-
lected with these catheters help characterize
the patient’s hemodynamic status, and all the
parameters should be recorded for this analy-
sis. Early use of the catheter on admission may
help initiate more comprehensive and individu-
alized treatment and identify patients who are
going to need advanced hemodynamic mana-
gement.

Conclusion

Right heart catheterization should be consid-
ered the gold standard for the diagnosis of car-
diopulmonary disorders based on underlying
hemodynamic parameters. The correct inter-
pretation of these measurements is essential
in critical care and pulmonary medicine and
helps clinicians understand and manage car-
diopulmonary diseases with abnormal intra-
cardiac and pulmonary vascular pressures. The
principles reviewed in this article will help both
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the cardiologist and pulmonary medicine spe-
cialist deliver the best care and improve the
outcomes of these patients and will help all cli-
nicians understand advanced testing in their
patients.
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