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Invasive Right Ventricular Pressure-Volume 
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and Practical Recommendations
Michael I. Brener , MD; Amirali Masoumi, MD; Vivian G. Ng, MD; Khodr Tello , MD; Marcelo B. Bastos , MD;  
William K. Cornwell III ,  MD, MSCS; Steven Hsu , MD; Ryan J. Tedford , MD; Philipp Lurz , MD, PhD;  
Karl-Philipp Rommel , MD; Karl-Patrik Kresoja , MD; Sherif F. Nagueh , MD; Manreet K. Kanwar , MD;  
Navin K. Kapur , MD; Gurumurthy Hiremath , MD; Mohammad Sarraf, MD; Antoon J.M. Van Den Enden, MD;  
Nicolas M. Van Mieghem , MD, PhD; Paul M. Heerdt, MD, PhD; Rebecca T. Hahn , MD; Susheel K. Kodali, MD;  
Gabriel T. Sayer , MD; Nir Uriel , MD, MS; Daniel Burkhoff , MD, PhD

ABSTRACT: Right ventricular pressure-volume (PV) analysis characterizes ventricular systolic and diastolic properties 
independent of loading conditions like volume status and afterload. While long-considered the gold-standard method for 
quantifying myocardial chamber performance, it was traditionally only performed in highly specialized research settings. With 
recent advances in catheter technology and more sophisticated approaches to analyze PV data, it is now more commonly 
used in a variety of clinical and research settings. Herein, we review the basic techniques for PV loop measurement, analysis, 
and interpretation with the aim of providing readers with a deeper understanding of the strengths and limitations of PV 
analysis. In the second half of the review, we detail key scenarios in which right ventricular PV analysis has influenced our 
understanding of clinically relevant topics and where the technique can be applied to resolve additional areas of uncertainty. 
All told, PV analysis has an important role in advancing our understanding of right ventricular physiology and its contribution 
to cardiovascular function in health and disease.
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Right ventricular (RV) function is a major determinant 
of morbidity and mortality for a variety of cardiovas-
cular diseases.1 Despite its importance, RV function 

is challenging to characterize and quantify. Two-dimen-
sional imaging modalities like echocardiography struggle 
to negotiate the ventricle’s irregular position in the chest 
and its asymmetrical geometry. As a result, 2-dimen-
sional-based echocardiographic measurements like 
tricuspid annular systolic plane excursion and RV free 
wall longitudinal strain only characterize contractile func-
tion in a single direction or from a particular aspect of 
the ventricle. More sophisticated modalities like cardiac 
magnetic resonance (CMR) and 3-dimensional echo-
cardiographic imaging, while able to overcome some of 

these limitations, provide predominantly volume-centric 
descriptions of RV function. Invasive assessments like 
right heart catheterization (RHC) are also limited in that 
they provide a pressure-centric perspective of RV func-
tion. Furthermore, all of these metrics of RV function—
whether derived from imaging modalities or RHC—are 
subject to the influence of loading conditions.

Pressure-volume (PV) analysis addresses these short-
comings by combining simultaneous measurements 
of pressure and volume to generate load-independent 
measures of systolic and diastolic chamber properties, 
and is considered the gold-standard method for charac-
terizing ventricular systolic and diastolic function, as well 
as ventricular-vascular interactions (Figure 1).2 Moreover, 
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it is able to capture the dynamic changes in these rela-
tionships throughout the cardiac cycle in a way that pump 
function curves, which relate mean ventricular pressure to 
stroke volume (SV), cannot.3 Recent advances in catheter 
technology and analysis of PV data have made the tech-
nique more accessible and easier to perform. While these 
techniques have been widely applied to understanding left 
ventricular (LV) mechanics in health and disease, they have 
only recently been applied in the RV with greater frequency. 
Herein, we review the basic principles underlying RV PV 
analysis, as well as appropriate clinical and research-
related applications that can advance our understanding 
of RV function and RV-pulmonary artery (PA) interactions.

METHODS USED TO 
MEASURE RV PV LOOPS
PV analysis is performed with a specialized high-fidelity 
conductance catheter. While multiple catheter designs 
exist, currently, only CD Leycom (Hengelo, the Nether-
lands) manufactures a conductance catheter for clinical 
PV analysis that can be used in either the RV or LV. The 
principles of operation have been detailed previously4 
and are illustrated in Figure 2. The catheter terminates 

with a pig-tail loop. Two sizes are produced: a 7F version 
that is inserted over a wire via Seldinger technique and 
a 4F version without a lumen. The catheter features a 
solid-state pressure sensor in the middle of an array of 
twelve equally spaced electrodes at its tip (3 versions of 
the conductance catheter are produced with electrodes 
spaced either 8, 10, or 12 mm apart). A high frequency 
alternating electrical current of known amplitude passing 
between the most proximal and most distal electrodes 
sets up an electric field within the RV. Voltage drops 
measured between successive pairs of electrodes are 
inversely proportional to the cross-sectional RV area at 
the level of each electrode; segmental volumes are esti-
mated by the product of that cross-sectional area and 
the known, fixed distance between electrodes. Total ven-
tricular volume is then calculated by summation of the 
segmental volumes of each electrode pair resting within 
the RV chamber.

RV PV LOOP MEASUREMENT TECHNIQUE
RV PV loop measurements are traditionally obtained from 
either a right internal jugular or common femoral venous 
approach, depending on investigator preference. Maneu-
vering the conductance catheter into the RV apex from 
a femoral approach may be challenging under certain 
circumstances, but a frontrunning wire loop in the right 
atrium, a long sheath, and use of a steerable sheath can 
help overcome most difficulties.5 The 7F catheter is gen-
erally preferred because the over-the-wire technique 
maximizes the chances of successfully manipulating the 
catheter into the RV apex. Unique scenarios, for example, 
patients with LV assist devices (LVADs) on anticoagula-
tion, may warrant use of the smaller 4F catheter. Insertion 
of a sheath that is at least 1F size larger than the con-
ductance catheter allows operators to use the sheath’s 
side port for blood draws and infusions. While a standard 
exchange-length 0.025-inch J-tipped guidewire usually 
suffices for routine insertion, escalation to a stiffer guide-
wire (ie, Platinum Plus 0.025-inch guidewire, Boston Sci-
entific, Marlborough, MA) may be necessary to facilitate 
appropriate placement of the catheter. All catheter manip-
ulations should be performed under fluoroscopic guid-
ance, and studies in patients with a recently implanted 
pacemaker or defibrillator lead should be avoided.

PV loops should be analyzed at end expiration to 
minimize the contribution of intrathoracic pressure to 
RV pressure measurements (Figure S1). Accordingly, it 
is important to record clips that include a minimum of 2 
respiratory cycles to be able to clearly identify loops at 
end expiration. For patients who are intubated, PV loops 
may be acquired during a breath-hold maneuver to mini-
mize variance in hemodynamics that occur throughout 
the respiratory cycle. Furthermore, data segments should 
be free of extra-systoles or other arrhythmias since 

Nonstandard Abbreviations and Acronyms

Ced  end-diastolic volume measure-
ments from the conductance 
catheter

Ces  end-systolic volume measurements 
from the conductance catheter

CMR cardiac magnetic resonance
Ea effective arterial elastance
EDPVR end-diastolic PV relationship
Ees end-systolic elastance
EF ejection fraction
ESPVR end-systolic PV relationship
HF heart failure
HFpEF  heart failure with preserved ejec-

tion fraction
LV left ventricle
LVAD LV assist device
PA pulmonary artery
PAH pulmonary arterial hypertension
Pes end-systolic pressure
PV pressure-volume
RHC right heart catheterization
RV right ventricle
SV stroke volume
TR tricuspid regurgitation
Ved end-diastolic ventricular volume
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they are not representative of the chamber’s mechani-
cal state and may interfere with interpretation of the PV 
loop.6 The conductance catheter must be occasionally 
retracted off the RV wall to quell arrhythmias. In patients 
with atrial fibrillation, beats with similar R-R intervals are 
preferred for analysis. Finally, it should be noted that the 
conductance catheter may tether the tricuspid valve and 
introduce tricuspid regurgitation (TR), especially when 
additional catheters (ie, Swan-Ganz catheter) are also 
crossing the valve. This phenomenon can be detected 

on the PV loop by exaggerated volume loss during the 
isovolumetric relaxation phase and can be resolved by 
either manipulating the catheter or attempting an alter-
native approach to enter the RV (ie, switch from femoral 
to internal jugular venous access).

CONDUCTION CATHETER CALIBRATION
The raw time varying signal provided by the conduc-
tance catheter, that is, the conductance signal, C(t), is 

Figure 1. Basic elements of the right ventricular (RV) pressure-volume (PV) diagram.
The PV diagram summarizes hemodynamic changes during 1 cardiac cycle, which is divided into 4 phases: ventricular filling, isovolumic 
contraction, ejection, and isovolumic relaxation (A). The width of the loop represents ventricular stroke volume (SV), and the peak pressure 
is RV or pulmonary artery systolic pressure (sPAP). Two fundamental relationships create boundaries for the PV loop: the end-systolic PV 
relationship, which describes ventricular contractile properties, and the end-diastolic PV relationship (EDPVR), which describes ventricular 
diastolic function (B). End-systolic PV relationship (ESPVR) is reasonably linear and connects the ESPV coordinate with the volume-axis 
intercept (V0) or the unstressed blood volume of the ventricle. The PV loop is also a valuable platform to relate vascular properties. Afterload 
can be characterized by effective arterial elastance, which is a lumped parameter (Ea-Total) reflecting the influence of downstream pressure (ie, 
pulmonary capillary wedge pressure, PCWP) and intrinsic properties of the pulmonary vasculature (Ea-Pulm). Ea-Pulm is reflected by the slope of the 
line connecting the ESPV coordinate with (Ved, PCWP), while Ea-Total connects the end-systolic coordinates and the V0 at end-diastolic volume 
(Ved, 0).2 Relating systolic function, summarized by the slope of ESPVR (also known as end-systolic elastance, Ees), to Ea is the foundation of 
a concept called RV-pulmonary arterial (PA) coupling (C). Finally, myocardial energetics can also be inferred from the PV diagram. The space 
within the loop is stroke work (SW), and the potential space bound within the ESPVR and EDPVR but outside the loop is the potential energy 
(PE). The sum of SW and PE is PV area (PVA), which is linearly related to myocardial oxygen consumption (D).
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proportional to absolute RV volume over time. A gain 
factor (α) and an offset factor (Vp, called the parallel 
conductance offset) are required to convert this signal 
into absolute volume. There are different techniques for 
obtaining these calibration factors. α is typically calcu-
lated by dividing the SV measured from other modalities 
by the difference between end-systolic and end-diastolic 
volume measurements from the conductance cath-
eter (Ced−Ces) such that α=SV/(Ced−Ces).

7 SV is typi-
cally determined from RHC (ie, thermodilution or fick 
determination of cardiac output divided by heart rate) 
or from an imaging modality. One method for determin-
ing Vp involves a rapid, 10 mL intravenous injection of 
hypertonic saline (5%–10% NaCl) upstream from the 
conductance catheter (eg, through the sheath side port). 
Hypertonic saline changes the conductivity of blood and, 
despite a constant time course of volume change during 

the cardiac cycle, the recorded C(t) signal increases 
progressively until returning to baseline as the hyper-
tonic saline is cleared (Figure S2). Baan et al8 outlined a 
method where the parallel conductance offset is deter-
mined by the intersection between the line of identity 
with a regression line derived when catheter-derived 
end-systolic pressure is plotted against end-diastolic 
pressure.8 However, the slope of the regression line, and 
therefore, the location where the regression line inter-
sects with the line of identity, is subject to error when 
derived from only a few PV loops recorded under the 
influence of hypertonic saline. These limitations, as well 
as the implications of administering a salt load in patients 
with ventricular dysfunction, can be bypassed entirely by 
an alternative approach to determining Vp, which relies 
on an imaging modality, typically either CMR (which has 
the advantage of accurate volumetric assessment) or 

Figure 2. Conductance volumetry for pressure-volume analysis in the right ventricle.
The catheter estimates ventricular volumes through the principle of conductance volumetry. Volumes from segments 1 through 6 in this case are 
used to calculate overall ventricular volume because the loop in segment 7 is not counterclockwise, indicating that the electrode is extraventricular.
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3-dimensional echocardiography (which has the advan-
tage of being able to be performed in real-time as the 
PV loops are recorded) to obtain end-diastolic ventricular 
volume (Ved). After adjusting the conductance signal by 
the gain factor, Vp is simply determined by subtraction: 
Vp=α∙Ced−Ved. These gain factors are sensitive to con-
ductance catheter position and the number of segments 
included in the estimation of total RV volume (discussed 
further below). Accordingly, new values of calibration fac-
tors are required each time the conductance catheter is 
moved and this should be considered when designing 
experiments where measurements required for repeated 
calibrations are not feasible.

PV LOOP ANALYSIS
The first step in the analysis involves choosing which of 
the available 7 segments to include in the determination 
of total ventricular volume. Recall that the conductance 
catheter produces segmental PV loops from each adja-
cent pair of electrodes, and these segmental volumes 
are summated to produce the overall ventricular volume. 
However, depending on the size of the RV and the posi-
tion of the catheter, some segments may not reside in 
the RV chamber. Segments outside the RV can be readily 
identified by irregularly shaped segmental loops, espe-
cially those which progress over time in a clockwise 
direction (volume increases during systole) instead of the 
normal counterclockwise direction (volume decreases 
during systole; Figure 2). Abnormally shaped segmen-
tal loops may also be observed, reflecting contact with 
the ventricular wall, papillary apparatus, or the modera-
tor band. These segments should be excluded, and it is 
critical that the same segments are used throughout the 
analysis of multiple loops measured over time.

Describing ventricular systolic and diastolic properties 
is among the key objectives of PV analysis, and this can 
be achieved by characterizing the end-systolic and end-
diastolic PV relationships (ESPVR and EDPVR, respec-
tively). The ESPVR is generally considered to be linear 
and characterized by a slope (end-systolic elastance, Ees) 
and a volume-axis intercept (V0). The EDPVR is nonlin-
ear and has been characterized by different equations 
incorporating multiple parameters. These relationships 
can be assessed in 2 ways. The first method, referred to 
as the multibeat method, connects ventricular pressure 
and volume coordinates at end-systole and end-diastole 
from a family of PV loops recorded under different load-
ing conditions (Figure 3A).9 This technique is limited by 
the need to perform maneuvers that alter loading condi-
tions, such as the Valsalva maneuver, external abdomi-
nal compression, or balloon occlusion of the inferior 
vena cava, which may have secondary effects on sym-
pathetic tone and contractile function. For example, the 
Valsalva maneuver increases sympathetic tone during 
phase IIB of the maneuver, which may artificially increase 

ventricular contractility and confound PV measurements. 
Furthermore, this method and other noninvasive methods 
like external abdominal compression require substantial 
patient cooperation and may not be feasible in all cir-
cumstances. Balloon occlusion is advantageous since it 
does not lead to any changes in sympathetic tone and is, 
therefore, our preferred method. However, balloon occlu-
sion requires additional venous access, which may not be 
possible in certain clinical scenarios (eg, during surgical 
procedures and anatomic constraints) or compatible with 
all protocols (eg, those requiring lower extremity exer-
cise). Finally, while these preload reducing maneuvers 
allow for accurate characterization of the ESPVR, they 
do not describe the exponential portion of the EDPVR, 
which occurs at larger volumes. As such, preload reduc-
ing maneuvers perform better at describing the portion 
of the EDPVR at lower volumes and pressures.

To overcome these technical challenges, single-beat 
methods for estimating both ESPVR and EDPVR have 
been described and validated.10,11 Initially developed 
for the LV, single-beat estimation of the ESPVR most 
commonly entails prediction of the maximal pressure 
that would have been achieved if ventricular contrac-
tion remained isovolumic (Pmax; Figure 3B). Sunagawa 
et al12 established a method for fitting an equation to 
the isovolumic portions of the LV pressure-time curve to 
derive a value for Pmax. When combined with end-systolic 
pressure (Pes) and measurement of SV, this method pro-
vides an estimate of the slope of the ESPVR expressed 
as Ees in mm Hg/mL and calculated as (Pmax−Pes)/SV. 
Brimioulle et al13 have validated a single-beat estima-
tion of ESPVR using Pmax from invasive PV data, but 
extrapolating Pmax from the more readily available RV 
pressure-time tracings is more challenging in the RV 
than in the LV because the beginning and end of the 
isovolumic periods are less well defined. Accordingly, 
methods have been described to improve identification 
of these discrete time points during the cardiac cycle 
and, thus, provide less variable predictions of Pmax. For 
example, taking the second derivative squared of the RV 
pressure signal identifies 4 peaks that can be used to 
mark the beginning and end of the isovolumic periods 
(contraction=EDP to Pi and relaxation=Pes to end-sys-
tole; Figure 3C). This method has been validated not only 
under normal conditions, where end-systolic pressure is 
significantly lower than peak RV pressure when ejection 
is prolonged, but also when pulmonary hypertension is 
present, end-systolic pressure and peak RV pressure are 
similar, and ejection time is shortened, similar to what is 
observed in the LV (Figure 3D). The challenges associ-
ated with this Pmax-based method can also be obviated 
with an alternative method for estimating the slope of 
the ESPVR, which was proposed by Senzaki et al,14 
whereby V0 is estimated and the ESPVR is determined 
by the line connecting the end-systolic coordinate (Ves 
and Pes) with volume-axis intercept (Figure 3E). While 
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this method has been compared with noninvasively con-
structed PV loops using CMR and RHC data in patients 
with pulmonary hypertension,15 it has not been directly 

validated against RV PV loops obtained using the con-
ductance method.

Aided by recent efforts to standardize the prediction 
of Pmax and definition of Pes, simultaneous single-beat 
estimations of RV Ees and effective arterial elastance (Ea) 
have also become widely used to characterize RV-PA 
coupling.16–18 Using these refinements, Richter et al19 
reported that in a clinical population with pulmonary 
arterial hypertension (PAH), single-beat quantification 
of RV-PA coupling accurately reflected RV-PA coupling 
measured using the multibeat method.

The single-beat method for estimating the EDPVR is 
somewhat simpler, requiring only measurement of end-
diastolic and pressure coordinates (Ved, Ped; Figure 3F).20 
Based upon the observation that when normalized to 
volume, the shape of the EDPVR stays constant, this 
method has been validated using ex vivo and in vivo LV 
PV data (12).

CLINICAL APPLICATIONS FOR RV PV 
ANALYSIS
With improved catheter technology and easier signal pro-
cessing, RV PV analysis is being performed with increased 
regularity in several clinical scenarios (Figure 4). In these 
scenarios, patients typically undergo noninvasive evalua-
tions of RV function with multiple different modalities (ie, 
echocardiography and cross-sectional imaging) which 
yield conflicting conclusions or are incongruent with their 
symptomatology. PV analysis can help resolve the uncer-
tainty created by these noninvasive studies by quanti-
fying RV systolic and diastolic function and the nature 
of ventricular-vascular interactions with measures like 
the RV-PA coupling ratio. Additionally, PV analysis can 
be used in clinical contexts where characterizing imme-
diate changes in RV function during an intervention is 
useful (ie, LVAD speed optimization test or transcatheter 
edge-to-edge tricuspid repair). Below, we review some 
of these applications and illustrate how RV PV analysis 
can provide a comprehensive picture of RV performance 
which is ultimately clinically relevant and impactful for 
diagnosis, management, and prognostication.

Resting and Exertional RV Function in the 
Healthy Heart
Cornwell et al21 performed the first-in-human RV PV 
analysis in healthy subjects during rest and exercise in an 
upright position. In so doing, they demonstrated the feasi-
bility of PV loop acquisition during upright cycle ergome-
try. PV loops from these healthy individuals displayed the 
classic domed shape and illustrate how RV end-systolic 
pressure decays nearly to end-diastolic pressure during 
exercise and, unlike LV physiology, that ejection proceeds 
well past end-systole. The loops illustrate that the healthy 

Figure 3. Multi- and single-beat methods and notable 
limitations for estimating end-systolic pressure-volume 
relationships (ESPVR).
The ESPVR can be modeled with 2 different methods: the multibeat 
method (A), which plots ESPVR by connecting serial end-systolic 
PV coordinates, or the single-beat method, which extrapolates 
either the maximal isovolumic pressure (Pmax; B) or the volume-axis 
intercept (V0). Pmax is represented by the peak of a curve fitted to 
discrete points during the cardiac cycle from the right ventricular 
(RV) pressure waveform. Determination of these time points can 
be standardized by taking the second derivative of RV pressure 
squared (hatched line). With this method, the up interval for Pmax 
prediction extends from end-diastolic pressure (EDP) to the first 
major inflection point (Pi), and the down interval from end-systolic 
pressure (Pes) to the estimated end of isovolumic relaxation. This 
method is validated in patients with normal RV pressures (C) and 
pulmonary hypertension (pHTN; D). Alternatively, determination of V0 
can be used with the single-beat method (E). Finally, the single-beat 
method for determining the EDPV relationship (EDPVR) relies on the 
end-diastolic coordinate (Ved, Ped; F).
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RV is a highly compliant chamber with a large contractile 
reserve; indices of contractility increase by 3- to 4-fold 
from rest to peak exercise (Figure S3).22 RV-PA coupling 
(indexed by the ratio between Ees and Ea)

23 was also 
maintained throughout the spectrum of exercise intensity 
as Ees increased in step with the rise of Ea.

24

Pulmonary Hypertension
The ability to simultaneously describe ventricular and 
vascular properties makes PV analysis a valuable tool 

to characterize the hemodynamic consequences of 
pulmonary hypertension. For example, in World Health 
Organization Group I PAH, where RV function strongly 
influences prognosis, PV analysis is helpful in identify-
ing early stages of RV systolic dysfunction that would 
otherwise go unrecognized by traditional imaging and 
hemodynamics modalities. RV diastolic stiffness, when 
assessed by properties of the EDPVR, is also associ-
ated with disease progression in patients with PAH.25 
The PV loop in PAH, where PA pressures approach sys-
temic pressures, morphs and can take on a distinctive, 

Figure 4. Summary of clinical applications for right ventricular (RV) pressure-volume analysis.
RV pressure-volume analysis can help characterize RV physiology in a variety of conditions and clinical settings. HFpEF indicates heart failure 
preserved ejection fraction; HFrEF, heart failure reduced ejection fraction; LVAD, left ventricular assist device; and TAVR, transcatheter aortic 
valve replacement.
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notched, or trapezoidal shape (Figure 5).26 Specifically 
in this setting, Hsu27 also demonstrated that RV-PA 
coupling, assessed by the ratio of Ees to Ea, identified 
occult RV dysfunction with greater sensitivity than tradi-
tional measures. More than just an academic construct, 
catheter-derived Ees/Ea predicted clinical worsening 
in patients with PAH better than existing measures 
like RV ejection fraction (EF), suggesting that such 
measurements can add value to current standards of 
practice.28 In addition, Tedford et al29 found that Ees/Ea 
identified RV dysfunction which was not even detected 
during RHC.29 At a mechanistic level, derangements in 
RV Ees correlate with intrinsic RV myocyte dysfunction, 
providing a plausible explanation for the association 
with adverse outcomes.30

Heart Failure With Preserved Ejection Fraction
Heart failure with preserved ejection fraction (HFpEF) 
has now outpaced HF with reduced EF as the lead-
ing cause of HF.31 HFpEF is associated with a poor 
prognosis, especially in patients with concurrent RV 
dysfunction, which occurs in up to half of all HFpEF 
cases.32,33 PV analysis may help resolve some of the 
significant knowledge gaps that remain regarding 
the underlying pathophysiology of HFpEF and the 
RV’s contribution to the pathophysiology in many 

well-recognized HFpEF populations. PV analysis may 
also facilitate deeper understanding of the different 
HFpEF phenotypes and predict response to various 
treatments.

To this end, Rommel et al34 performed the first-in-
human RV PV analysis in patients with HFpEF. Patients 
with HFpEF had preserved RV systolic function with Ees 
values that were higher than in healthy controls but dem-
onstrated severe impairments in diastolic function such 
as increased load-independent RV stiffness and impaired 
active relaxation, akin to what has been previously docu-
mented in the LV of patients with HFpEF (Figure S4). 
These abnormalities were even more pronounced with 
stress and handgrip exercise, where the RV was unable 
to increase SV and augment cardiac output.

A more recent study pairing PV analysis with CMR 
suggested more wide-ranging abnormalities in the right 
heart in patients with HFpEF and implicated an abnor-
mal interplay between the right atrium and RV (ie, RA-RV 
coupling) as an important contributor to the pathophysi-
ology of HFpEF.35 This observation may be a hallmark of 
early adaptations to HFpEF physiology in the RA-RV-
PA circuit which eventually progresses over time and 
evolves into the combined systolic and diastolic RV dys-
function observed in later stages of HFpEF.36 Consider-
ing the prevalence of HFpEF and the many unanswered 
questions regarding the pathophysiology, PV analysis is 

Figure 5. Changes in the right ventricular (RV) pressure-volume (PV) loop contour in patients with versus without pulmonary 
hypertension.
Characteristic triangular (A), quadratic (B), trapezoid (C), and notched (D) RV PV loop morphologies, which are associated with varying 
differentials between pulmonary artery (PA) beginning systolic pressure (BSP) and end-systolic pressure (ESP). Adapted from Richter et al26 
with permission. Copyright ©2021, The American Physiological Society.
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primed to play an important role in future studies seeking 
to further characterize the hemodynamic perturbations 
associated with HFpEF, the determinants of disease 
progression, and response to different therapies.

Durable Mechanical Circulatory Support
RV function influences symptoms, quality of life, and 
prognosis for patients with end-stage HF supported by 
a LVAD. While invasive evaluations of RV function (ie, 
RHC-guided hemodynamic-echocardiographic speed 
optimization tests) may optimize LVAD performance,37 
our understanding, at a mechanistic level, of the nature 
of RV dysfunction post-LVAD implantation is limited. A 
recently published study applying RV PV analysis to LVAD 
recipients demonstrated that even patients with echo-
cardiographically normal appearing RVs had only mod-
est inotropic reserve during exercise and experienced 
dramatically increased LV filling pressures.38 Another 
analysis demonstrated changes in systolic and diastolic 
function with increasing LVAD speed, lending credence 
to the theory that at least in some patients, LV unloading 
may contribute to RV dysfunction due to interventricular 
interactions (Figure 6).39 In this study, 3 different patterns 
of interventricular interaction were observed as a func-
tion of LVAD speed: cases with changes in RV diastolic 
function only, changes in RV diastolic and systolic func-
tion, and cases without any changes in the RV PV loop 
with increased LVAD speed. The RV became more com-
pliant with increased LVAD speed, indicating favorable 
effects on diastolic function, while contractility tended 
to decline, suggesting unfavorable effects on systolic 
function. The balance between these opposing forces is 
patient specific and further work is required to determine 
the prevalence of these different RV responses to LV 
unloading and their clinical implications.

Furthermore, PV analysis may also ultimately help 
address 2 critical, clinically relevant questions in patients 
with end-stage HF with reduced EF with durable mechan-
ical support: (1) what LVAD speed optimizes LV function, 
aortic valve opening while minimizing aortic insufficiency, 
septal position, and reduces mitral regurgitation and (2) 
which patients benefit from upfront RV mechanical cir-
culatory support at the time of LVAD implantation. The 
ongoing REVIVAL-VAD trial (Right Heart Catheterization 
and Pressure Volume Analysis in the Right Ventricle in 
Patients Before and After Left Ventricular Assist Device 
Implantation) aims to resolve these areas of uncertainty 
and will be an important proof-of-concept study for using 
PV analysis in a clinical context.

Valvular Heart Disease
Finally, the burgeoning field of transcatheter therapy 
for valvular heart disease presents a unique opportu-
nity to evaluate RV physiology with PV analysis. Despite 

satisfactory clinical outcomes in randomized controlled 
trials of interventions for aortic stenosis, there is broad 
variability in outcomes in real-world practice following 
technically successful transcatheter aortic valve replace-
ment and surgical aortic valve replacement, which may 
be explained by preprocedural and postprocedural RV 
dysfunction.40 To date, there is only one report describ-
ing RV PV loops in a patient with bicuspid aortic valve 
disease and severe aortic stenosis.5 The RV loops fea-
tured a prominent isovolumic contraction phase, similar 
to what is observed with LV PV loops, suggesting the 
presence of increased afterload in the pulmonary cir-
culation, akin to what has been described in conditions 
like PAH (Figure 7A). The LV PV loops during transcath-
eter aortic valve replacement deployment with a balloon 
expandable valve show signs of significant ventricular 
stunning following the period of rapid pacing and valve 
deployment and only partial recovery by the end of the 
procedure, raising concerns that a similar phenomenon 
may occur in the RV, where the capacity to recover may 
be even more limited.

Atrioventricular valve disease presents an even more 
interesting opportunity for RV PV analysis given the 
strong interaction between mitral regurgitation or TR and 
RV function. Prognosis for patients with primary mitral 
regurgitation, for example, is worse with concomitant 
RV dysfunction,41 and patients fare worse after trans-
catheter edge-to-edge repair if RV dysfunction persists 
postprocedure.42 Our group was the first to document 
changes to the RV PV loop in this setting.43 We showed 
that V-wave reduction and decreased left atrial pressure 
following transcatheter edge-to-edge repair resulted in a 
significant decline in RV Ea, implicating the role of down-
stream pressure in RV afterload (Figure 7B). Further 
research is required to characterize the RV PV loop in 
different forms of mitral regurgitation (ie, primary versus 
secondary) and how it responds to different interventions 
such as transcatheter edge-to-edge repair or transcath-
eter mitral valve replacement.

The tricuspid valve is arguably the most enigmatic of 
all heart valves. The surge of novel catheter-based tri-
cuspid valve repair techniques offers new perspectives 
for the treatment of severe TR.44 Timing of such TR inter-
vention and periprocedural evaluation of TR reduction 
maneuvers are critical to determine procedural success 
and predict short- and long-term clinical outcomes. As 
such, PV analysis can guide TR reduction treatment by 
monitoring RV contractility, loading, and RV-PA coupling 
preprocedure and postprocedure; benefits which are all 
the more relevant considering the well-established limi-
tations of echocardiographic assessments in the setting 
of severe TR.45 Figure 7C is a case-in-point illustration 
of how PV analysis clarifies the physiological effects of 
transcatheter edge-to-edge tricuspid repair. Ventricular 
unloading occurs with an acute reduction in end-diastolic 
volume as SV declines but is accompanied by an increase 
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in afterload as blood is diverted from the low-pressure 
atrial environment into the higher resistance environment 
of the PA. This increase in afterload may explain the clini-
cal deterioration observed in some patients, particularly 
those with advanced RV dysfunction, in response to 
transcatheter edge-to-edge tricuspid repair or other tri-
cuspid valve interventions.

PV ANALYSIS WITHOUT A CONDUCTANCE 
CATHETER
PV loop acquisition, as detailed in the sections above, 
is inherently invasive. Hence, there is substantial inter-
est in reconstructing PV loops using data obtained 
noninvasively or with routinely collected data from 

Figure 6. Changes in right ventricular properties with increasing left ventricular assist device speed.
Changes in systolic and diastolic function result in decreased contractile function and increased ventricular compliance, respectively. These 
changes were not reproduced uniformly in a series of 4 patients during a left ventricular assist device speed optimization test. Adapted from 
Brener et al39 with permission. Copyright ©2021, Elsevier.

D
ow

nloaded from
 http://ahajournals.org by on A

pril 24, 2023



Brener et al Invasive Right Ventricular Pressure-Volume Analysis

97Circ Heart Fail. 2022;15:e009101. DOI: 10.1161/CIRCHEARTFAILURE.121.009101 January 2022

standard-of-care procedures like RHC (Figure 8). This is 
particularly relevant in the context of well-described limi-
tations correlating conductance catheter measurements 
with echocardiographic surrogates (ie, r=0.356 for tri-
cuspid annular systolic plane excursion and RV Ees).

46 
To this end, over the last decade, CMR has been used 
to reconstruct elements of the PV loop and, in particu-
lar, estimate RV-PA coupling.47,48 While the ECG can be 
used to synchronize separately measured CMR derived 
volumes and RV pressure waveforms to reconstruct PV 
loops, the most accurate method requires simultaneous 
RHC and cine MRI, which is challenging to perform out-
side of research settings.49

More recently, Richter et al50 recently validated a 
method recreating RV PV loops by synchronizing volume-
time curves (V(t)) from 3-dimensional echocardiography 
and pressure-time curves (P(t)) generated by either 
directly measured RV pressure using a pressure wire in 
the ventricle or echocardiographic measurements of RV 

pressure aligned with specific events during the cardiac 
cycle (ie, pulmonic valve opening).50 This latter, echocar-
diography-based technique has been corroborated in 
the LV and performed acceptably against invasive RV 
PV loops.51 Echocardiography-based estimates of Ees 
and Ees/Ea coupling were highly correlated with conduc-
tance catheter-based measurements (ρ=0.8053 and 
0.8261, respectively), but this method did not perform 
particularly well in capturing energetic measurements 
like stroke work (Figure 1; the area within the PV loop). 
This technique relies on a reference pressure-time curve, 
constructed by averaging pressure tracings from multiple 
individuals and may only be valid for specific pathologies 
because the nature of RV pressure generation varies 
depending on the underlying disease and patient sub-
strate. The method also relies on excellent acoustic win-
dows to produce accurate volume-time curves, which 
may be particularly challenging in patients with a history 
of prior open-heart surgery (ie, LVAD recipients).

Figure 7. Right ventricular (RV) pressure-volume (PV) loops before and after transcatheter valvular intervention.
PV analysis demonstrates significant changes in RV physiology before and after transcatheter aortic valve replacement (TAVR; A), as well as 
transcatheter edge-to-edge repair (TEER) in the mitral (B) and tricuspid (TEETR; C) positions. Ea indicates effective arterial elastance; EDPVR, 
end-diastolic PV relationship; Ees, end-systolic elastance; and ESPVR, end-systolic PV relationship.
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Figure 8. Noninvasive derivation of right ventricular (RV) pressure-volume (PV) loops.
PV loops can be reconstructed without a conductance catheter by synchronizing a volume-time signal (V(t)) from 3-dimensional 
echocardiography with a pressure-time signal (P(t)). The pressure-time signal can be obtained with a pressure wire in the RV or noninvasively 
estimated from echocardiograms by measuring the RV systolic pressure from a tricuspid regurgitant jet. Adapted from Richter et al50 with 
permission. Copyright ©2021, Oxford University Press.
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Further work is needed to assess whether this 
framework can be replicated in larger cohorts (including 
patients without pulmonary hypertension), to build ref-
erence pressure-time and volume-time curve libraries, 
and to understand under what particular conditions the 
necessary assumptions for this technique to be applied 
are violated. Moreover, this method needs to outper-
form other noninvasive indices to justify routine use (ie, 
tricuspid annular systolic plane excursion/PA systolic 
pressure, a noninvasive surrogate of RV-PA coupling 
that is associated with outcomes in patients with mitral 
regurgitation,52 TR,53 and HF with reduced54 or pre-
served55 EF despite modest correlation with RV Ees/
Ea measured with a conductance catheter [r=0.71]46). 
These limitations notwithstanding, the potential of non-
invasive PV loop assessment is significant: by easing 
the barriers to data acquisition, noninvasive PV loops 
may become a fast, convenient way to monitor changes 
in ventricular function over time or in response to cer-
tain interventions.

CONCLUSIONS
PV analysis is a potent platform for describing RV physi-
ology in health and disease. Considered the gold-stan-
dard method for quantifying intrinsic chamber systolic 
and diastolic properties, it has a powerful role in diag-
nosis and prognostication in various RV disease states, 
especially as providers become more comfortable using 
conductance catheters and interest in invasive hemo-
dynamic assessment grows. Having highlighted all that 
can be gleaned from RV PV analysis based on invasive 
conductance catheter measurements, it is critical that 
investigators are aware of its limitations. The calibration 
technique is challenging, and analysis and interpretation 
of the loops still involves making certain assumptions or 
subjective decisions. Therefore, it is vitally important that 
PV loop acquisition and analysis be standardized, and 
investigators adopt uniform reporting practices as the 
technique is more widely adopted and incorporated into 
various research and clinical practices.
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