








exceeds LV pressure, to the end of diastole, when
LV pressure exceeds PCWP, measured in seconds/
beat.
The formula incorporates a constant to account

for the loss of velocity due to friction, which was
calculated based on the difference between the esti-
mated and observed valve areas in the original
study by Gorlin and Gorlin.40 Catheter-based mea-
surements can lead to an overestimation of valve
area by up to 50%, due to a delay in the transmis-
sion of LA pressure through the pulmonary vascu-
lature.41 Furthermore, accurate wedge tracings may
be difficult to obtain in patients with significant PH
or right heart dilation. Direct measurement of LA
pressure via trans-septal puncture obviates these
problems, but greatly adds to the procedural risk.
PH significantly increases perioperative morbid-

ity and mortality in patients undergoing mitral
valve surgery.42 Right heart catheter measurements
may therefore enable a more individualised assess-
ment of operative risk, thus helping informed dis-
cussion between patient and clinician.

Mitral regurgitation (MR) can be assessed during
a left ventriculogram, with semiquantitative scoring
tools used to determine severity. Care should be
taken to avoid getting the catheter caught in the
mitral valve apparatus, which may accentuate the
degree of MR. Large v-waves on the PCWP trace
are most commonly due to MR (figure 4), although
the differential diagnoses includes atrial septal
defects and LV volume overload. A v-wave greater
than twice the mean PCWP suggests severe MR,
although this is neither a particularly sensitive or
specific finding.43

Pulmonary and tricuspid stenosis
Valve area calculation using the Gorlin formula has
not been validated for the assessment of tricuspid
or pulmonary stenosis. Tricuspid stenosis can be
assessed using simultaneous RA and RV pressure
recordings (figure 5). Pulmonary stenosis is typic-
ally measured by catheter pull-back from the MPA
into the RV, although simultaneous recordings can

Figure 3 Pressure traces taken from
a patient with pulmonary arterial
hypertension. Trace A shows very high
pulmonary artery pressure (mean
75 mm Hg). Trace B shows the normal
pulmonary capillary wedge pressure,
confirming that the elevated
pulmonary pressures are due to
precapillary pulmonary vascular
disease. Note that the wedge pressure
is under-damped with marked artefact.

Figure 4 Simultaneous left ventricular (LV) and pulmonary capillary wedge (PCW) traces in a patient with atrial fibrillation and significant mitral
regurgitation are shown. Large v-waves are clearly demonstrated on the wedge pressure trace (v), with high LV end-diastolic pressure.
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be obtained through the placement of catheters in
both the PA and RV.

CONSTRICTIVE PERICARDITIS
The hallmark feature of constrictive pericarditis is
diastolic pressure equalisation in all chambers of
the heart. This is due to the global inhibition of
diastolic filling from a fibrous, non-compliant peri-
cardial sac.
A classic finding in constriction is a

dip-and-plateau pattern in the RV pressure wave-
form, also known as the square root sign. The dip
reflects the unimpaired early diastolic filling of the
ventricles, coupled with high LA and RA pressures
at the moment the mitral and tricuspid valves
open. However, the ventricles then fill rapidly and
suddenly meet the constraints of a rigid pericar-
dium—the pressure in the ventricles thus reaches a
plateau (figure 6).
The traditional haemodynamic criteria used in

diagnosing constrictive pericarditis are shown in
box 2. A retrospective review of published data
found that the predictive accuracy of each individ-
ual measure ranged from 70% to 85%, whereas the
positive predictive value if all three criteria are ful-
filled is >90%.44

Treatment with high-dose diuretics prior to cath-
eterisation may result in low filling pressures and
therefore lead to the incorrect exclusion of a diag-
nosis of constriction. Conversely, low filling pres-
sures due to hypovolaemia, in the absence of
constriction, may lead to apparent pressure equal-
isation and a false-positive result. A fluid challenge
can help in improving diagnostic power in both
situations.45

RESTRICTIVE CARDIOMYOPATHY
The pressure changes in restrictive cardiomyopathy
can resemble those of constrictive pericarditis,
although the LV diastolic pressure is usually appre-
ciably higher than the right in restrictive

cardiomyopathy. Diastolic pressure may, however,
be coincidentally nearly identical in both ventricles.
The dip-and-plateau pattern is often seen in restric-
tion, but with the diastolic constraint in due to
impaired ventricular relaxation rather than pericar-
dial constraint.

RESTRICTIVE CARDIOMYOPATHY VERSUS
CONSTRICTIVE PERICARDITIS
Differentiating between a restrictive cardiomyop-
athy and constrictive pericarditis may pose a diag-
nostic challenge. It is an important distinction to
make as constrictive pericarditis is potentially
curable by pericardiectomy. Comparison of the
relative merits of the available diagnostic tests is
limited by the lack of a gold standard investigation.
Studies are typically non-randomised, with retro-
spective data collection, and therefore prone to
bias.46 47 Simultaneous right and left heart cathe-
terisations are a common step on the diagnostic
pathway, the results of which should be interpreted
in conjunction with clinical, echocardiographic and
CT/MRI findings in order to reach a final diagnosis.
Diastolic pressure equalisation can also be seen in
restrictive cardiomyopathy, as well as severe dilated
cardiomyopathy, cardiac tamponade and advanced
pulmonary disease, and should not be used to diag-
nose constriction in isolation.
A novel diagnostic marker uses respiratory vari-

ability in LV and RV pressures to distinguish
between restrictive physiology and constrictive
physiology.48 The systolic area index measures the
ratio of the area under the RV and LV systolic pres-
sure curves in both inspiration and expiration.
During inspiration, systemic venous return increases
leading to an increase in RV volume. In constrictive
pericarditis, because of ventricular interdependence
(the total volume of the heart is constrained by the
pericardium), there is a consequent fall in LV
volume. Thus, there is an increase in the ratio
between RV and LV volume (and pressure-area

Figure 5 Simultaneous right ventricular (RV) and right atrial (RA) pressure traces from a patient with tricuspid stenosis due to carcinoid syndrome
are shown. The shaded area is the pressure gradient between the RA and RV in diastole. The mean gradient is approximately 8 mm Hg, indicating
severe tricuspid stenosis.
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curve during inspiration compared with expir-
ation). By contrast, in restrictive cardiomyopathy,
because there is much less ventricular interdepend-
ence, there is no significant change in the LV pres-
sure curve between inspiration and expiration, and
thus the systolic area index is normal. A value for
systolic area index greater than 1.1 has 97% sensi-
tivity in detecting constriction. The measure has
only been evaluated using high fidelity,
micromanometer-tipped catheters in a small,
selected patient group, and further studies are
required to evaluate its usefulness fully.

CARDIAC TRANSPLANTATION
RHC is a key investigation in the work-up of
patients being considered for cardiac transplant-
ation. Elevated PVR is associated with an increased
risk of post-transplantation RV failure, which leads
to significant morbidity and mortality in the early
post-transplant period.49 Any degree of PH is asso-
ciated with worse outcomes, and the International
Society for Heart and Lung Transplantation

considers a PVR >5 Wood units and transpulmon-
ary gradient >15 mm Hg as potential significant
contraindications to transplantation. A vasodilator
challenge is recommended when PA systolic pres-
sure is >50 mm Hg and PVR is >3 Wood units,
with a systolic blood pressure >85 mm Hg. It can
be performed using a number of vasoactive drugs,
including nitroglycerine, nitroprusside and inhaled
nitric oxide although the value of the challenge in
selecting patients for transplantation remains
unproven.3 If there is an inadequate response to an
acute vasodilator challenge, a further assessment
following a minimum of 24 h treatment with ino-
tropes and diuretics is recommended, in an attempt
to reduce PCWP, and consequently PVR. Reversible
PH is still associated with a higher risk of RV
failure in the donor heart following
transplantation.50

LV assist device (LVAD) implantation in patients
with secondary PH frequently leads to significant
reductions in TPG and PVR within 1 month of
implantation, and is therefore used as a bridge to
candidacy for transplantation.51 Right heart failure
is a commonly encountered complication following
LVAD implantation. Retrospective studies have
found that a lower preoperative RV stroke work
index (<600 g/m2/beat) and mean PA pressure,
both indicators of impaired RV contractility, are
associated with a higher likelihood of RV failure
requiring mechanical support.52 53

RHC should be performed prior to transplant
listing and annually while the patient is actively

Box 2 Haemodynamic criteria for diagnosing constrictive pericarditis

▸ Elevated right and left heart end-diastolic pressures equal within 5 mm Hg
▸ Mean right atrial pressure >15 mm Hg
▸ Right ventricular end-diastolic pressure greater than one-third of right

ventricular systolic pressure

Figure 6 Simultaneous left ventricular (LV) and right ventricular (RV) pressures taken from a patient with constrictive pericarditis are shown. Note
the classical dip and plateau, or square root sign in diastole (SR), and equalisation of LV and RV end-diastolic pressures to within 5 mm Hg (star).
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listed, or every 3–6 months in those with reversible
PH or deteriorating symptoms.3

CONGENITAL HEART DISEASE
Widespread availability and use of echocardiog-
raphy, cardiac CTand MRI means that cardiac cath-
eterisation is rarely required for the diagnosis of
congenital cardiac abnormalities. The 2010 ESC
guidelines for the management of grown-up con-
genital heart disease state that continuing indica-
tions for cardiac catheterisation include assessment
of PVR, LV and RV diastolic function, pressure gra-
dients and shunt quantification when non-invasive
evaluation leaves uncertainty.54 Standard assump-
tions used in RHC measurements, such as oxygen
consumption and pulmonary and systemic blood
flow may not be valid in complex cardiac lesions,
such as cyanotic heart disease and multi-level
shunts and should therefore be undertaken at spe-
cialist centres by physicians experienced in their
interpretation. A complete review of the role of
RHC in congenital heart disease is beyond the
scope of this article.

MYOCARDIAL BIOPSY
RHC provides an access route for endomyocardial
biopsy, which was first performed using cardiac
bioptomes in 1962 by Konno and Sakakbira.55 It is
an important surveillance tool following cardiac
transplantation to look for both cell-mediated and
antibody-mediated rejection. It remains the gold
standard investigation for diagnosing myocarditis
and a range of infiltrative/storage disorders, includ-
ing sarcoidosis and amyloidosis.56 The procedure
itself carries a risk of serious complications and
should be performed when the findings are likely

to have important implications for prognosis and
management.
The 2007 Joint American Heart Association,

American College of Cardiology and ESC guide-
lines on the role of endomyocardial biopsy provide
an expert consensus opinion on its usefulness in 14
clinical scenarios (table 2).56 The strongest recom-
mendations are given for acute heart failure with
haemodynamic compromise, and subacute heart
failure with conduction system disease and/or ven-
tricular arrhythmias. In both scenarios, it is import-
ant to differentiate between lymphocytic
myocarditis due to a distinct viral illness, which
carries a favourable prognosis, and conditions such
as giant cell myocarditis (GCM), which has a mean
transplant-free survival of less than 4 months.57

A confirmed diagnosis will influence decision-
making regarding mechanical circulatory support
and cardiac transplantation. Patients with GCM
and virus-negative myocarditis may respond to
immunosuppressant therapy.58 59

Major complications of endomyocardial biopsy
are predominantly due to cardiac perforation or
arrhythmias. The risk of perforation is lower with
fluoroscopic versus echocardiographic guidance.
Complication rates from single-centre series range
from <1% to 4%. A retrospective study of 3048
procedures performed at a high-volume centre (>50
cases/year/operator) found a perforation rate of
0.08% and risk of bradycardia requiring pacing
of 0.04%, with no deaths.60 A further disadvantage
of cardiac biopsy is its low yield, particularly in the
presence of focal disease processes such as tumours
or infiltrative disorders. Echocardiography-guided
biopsy may be useful in these situations, and will
also enable the operator to guide the bioptome

Table 2 Recommendations for endomyocardial biopsy

Clinical scenario Recommendation

New-onset heart failure of <2 weeks duration associated with a normal-sized or dilated left ventricle (LV) and haemodynamic compromise I
New-onset heart failure of 2 weeks to 3 months duration associated with a dilated LV and new ventricular arrhythmias, second-degree or third-degree
heart block or failure to respond to usual care within 1–2 weeks

I

Heart failure of >3 months duration associated with a dilated LV and new ventricular arrhythmias, second-degree or third-degree heart block or failure
to respond to usual care within 1–2 weeks

II

Heart failure associated with a dilated cardiomyopathy of any duration associated with suspected allergic reaction and/or eosinophilia II
Heart failure associated with suspected anthracycline cardiomyopathy II
Heart failure associated with unexplained restrictive cardiomyopathy II
Suspected cardiac tumours II
Unexplained cardiomyopathy in children II
New-onset heart failure of 2 weeks to 3 months duration associated with a dilated LV, without new ventricular arrhythmias or second-degree or
third-degree heart block that responds to usual care within 1–2 weeks

IIb

Heart failure of 3 months duration associated with a dilated LV, without new ventricular arrhythmias or second-degree or third-degree heart block that
responds to usual care within 1–2 weeks

IIb

Heart failure associated with unexplained hypertrophic cardiomyopathy IIb
Suspected ARVD/C IIb
Unexplained ventricular arrhythmias IIb
Unexplained atrial fibrillation III

Table 2 is taken from the a scientific statement by the American Heart Association, American College of Cardiology, and European Society of Cardiology on the role of endomyocardial
biopsy in cardiovascular disease.50

Levels of evidence: I—evidence or general agreement that the procedure is beneficial, useful and effective; IIa—weight of evidence/opinion in favour of its usefulness/efficacy; IIb—
weight of evidence/opinion less well established; III—evidence or general agreement that a procedure is not effective or harmful.
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toward the septum, to reduce the risk of perfor-
ation. Cardiac MRI-guided biopsy may reduce the
risk of false-negative results.61

A 2011 consensus statement from the
Association of European Cardiovascular Pathology
and Society for Cardiovascular Pathology recom-
mend that endomyocardial biopsy should be per-
formed with the involvement of referral centres in
which the whole armamentarium of pathological
investigations are available. Pathologists should be
suitably trained in cardiac pathology and patho-
physiology, and correlations between the patho-
logical and clinical findings should be made as a
multidisciplinary team.56

FUTURE DIRECTIONS
Remote PA pressure measurement is now possible
using devices such as the CardioMEMs PA sensor
(St Jude Healthcare). The device is implanted into
a distal PA via RHC, and pressure measurements
are sent wirelessly to a remote monitor. The
CHAMPION study was a randomised controlled
trial to evaluate the role of PA pressure monitoring
to guide management of patients with advanced
chronic heart failure. There was a 37% reduction
in the primary end point of heart failure hospitali-
sations at a mean follow-up of 15.6 months. The
device was safe with a low rate of complications.62

It has received Food and Drug Administration
approval for use in patients with heart failure with
reduced EF, New York Heart Association III symp-
toms and a recent heart failure hospitalisation.

CONCLUSION
RHC retains an important place in the diagnosis
and management of a broad range of cardiovascu-
lar disorders. In practice, the diminishing use of
RHC makes it difficult for all trainees to become
fully proficient in their conduct and interpretation.
It is vital, however, that those with particular sub-
speciality interests, including advanced heart
failure, PH and congenital heart disease, receive
appropriate training from experienced operators, in
order to preserve the art of conducting a thorough,
accurate haemodynamic assessment.
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