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Abstract—The right ventricle (RV) is a pulsatile pump, the
efficiency of which depends on proper hemodynamic cou-
pling with the compliant pulmonary circulation. The RV and
pulmonary circulation exhibit structural and functional
differences with the more extensively investigated left ventri-
cle (LV) and systemic circulation. In light of these differ-
ences, metrics of LV function and efficiency of coupling to
the systemic circulation cannot be used without modification
to characterize RV function and efficiency of coupling to the
pulmonary circulation. In this article, we review RV phys-
iology and mechanics, established and novel methods for
measuring RV function and hemodynamic coupling, and
findings from application of these methods to RV function
and coupling changes with pulmonary hypertension. We
especially focus on non-invasive measurements, as these may
represent the future for clinical monitoring of disease
progression and the effect of drug therapies.

Keywords—Ventricular—vascular coupling, Right ventricular
dysfunction, Mechanical efficiency, Metabolic efficiency,
Pulmonary circulation, Pulmonary hypertension.

INTRODUCTION

The structure and physiology of the right ventricle
(RV) are well-matched to the distinctive features of the
pulmonary circulation. While the left ventricle (LV)
and the systemic circulation serve the entire body, the
RV and pulmonary circulation serve only the lung. The
pulmonary circulation has shorter arteries and veins,
more distensible large arteries and a larger number of
peripheral arteries than the systemic circulation.” As a
result, the pulmonary circulation exhibits low resistance
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and high compliance, which respectively maintain
mean and pulse pressure lower than in the systemic
circulation. The resistance and compliance of the pul-
monary vasculature contribute to the right ventricular
afterload, which comprises the steady and unsteady
loads that oppose the ejection of blood during ven-
tricular systole. The RV afterload is lower than the LV
afterload, both in terms of mean and pulsatile loads.”®
Ideally, the systolic function of each ventricle dynam-
ically adapts to the afterload, a concept called ““ven-
tricular—vascular coupling”.®”

Efficient right ventricular—pulmonary vascular cou-
pling is thought to maintain cardiac output (CO) while
maximizing the mechanical efficiency of the RV. Many
cardiopulmonary diseases, such as pulmonary arterial
hypertension (PAH) compromise RV function, in
particular its ability to increase contractility sufficiently
to preserve efficient coupling with the diseased pul-
monary vasculature. In patients with chronic cardio-
pulmonary disease, life expectancy and quality of life
could be dramatically improved by therapeutic
approaches aimed at preserving or restoring RV
function and efficiency of coupling with the pulmonary
vasculature. On the one hand, development of effective
treatment strategies relies on a better understanding of
the mechanisms of RV dysfunction. On the other hand,
selection of the best therapy for each patient may
require frequent monitoring of RV function, ideally in
a non-invasive fashion.

One challenge for biomedical engineers is to develop
better, non-invasive methods for measuring RV func-
tion and efficiency of hemodynamic coupling, which is
the subject of this review. In the first part (“‘Physiology
and Mechanics of the RV” section), we examine how
the RV works, the emphasis being on the key differ-
ences between the left and RVs. In the second part
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(“Methods for Measuring RV Function” section), we
review established and novel methods for measuring
RV function and right ventricular—pulmonary vascular
coupling efficiency. In the third part (““‘RV Dysfunction
in Pulmonary Hypertension™ section), we provide
examples of how these methods can be used to inves-
tigate RV dysfunction and failure in particular due to
pulmonary vascular disease.

PHYSIOLOGY AND MECHANICS OF THE RV

The RV is not the LV

Historically, the RV has been paid less attention
than the LV. The lower pressures it must generate
make it less prone to dysfunction and valvular diseases.
However, progression of RV dysfunction to failure
occurs in a number of diseases, including pulmonary
hypertension, and is frequently fatal. When in the last
decades awareness increased about the importance of
the pathophysiology of the RV and the pulmonary
circulation, it appeared convenient to adopt methods
and metrics already established for the LV and sys-
temic hypertension. However, despite the obvious
similarities between the left and the right sides of the
heart, some remarkable differences exist, and these
differences can make the use of LV-based metrics
impractical in the RV or the results questionable.

The RV is a crescent-shaped chamber that wraps
around the LV. The complex shape makes estimation
of volumes and surface areas challenging. The RV free
wall is thinner than the LV free wall as a consequence
of the lower ventricular pressures (Laplace’s law). The
crescent shape and the thin wall make the RV ventricle
more compliant than the LV.>* Additional differences
in physiological and pathological ventricular response
to afterload may derive from the coarser pattern of
apical trabeculation in the RV* (Fig. 1).

Furthermore, RV pressure changes correlate with
RV volume changes over the cardiac cycle differently
than LV pressure changes correlate with LV volume
changes. Pressure—volume (PV) loops are convenient
representations of these correlations and have been used
extensively to evaluate ventricular contractility, arterial
afterload and ventricular—vascular coupling in the
RV, 143046489299 The term contractility (or, equiva-
lently, inotropy) has been used in the literature to
loosely indicate either a property of isolated muscle cells
(myocardial contractility) or a state of the whole organ
(ventricular contractility).® Since ventricular contrac-
tility can be measured in vivo, in this review we will refer
to ventricular contractility, unless otherwise specified.
In the PV plane, the PV loop is confined between two
curves: the end-systolic pressure—volume relation-
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ship (ESPVR) and end-diastolic pressure-volume
relationship (EDPVR). The ESPVR is approximately a
straight line in a range of physiological conditions. The
slope of the ESPVR is the end-systolic eclastance, a
measure of RV contractility. The EDPVR is tangent to
the PV loop at its end-diastolic point and is a measure of

“apical trabeculations
“lof right ventricle
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ithinighE coronary-artery Tricuspid valve (Inlet)

R

Fine apical trabeculations’ $8 8 RPN
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FIGURE 1. Comparison of the apical trabeculation patterns
in the RV (top) and the LV (bottom). Reprinted from Anderson
and Ho* with permission from Elsevier.

systolic ejection
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relaxation contraction
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FIGURE 2. Sketch of the PV loop in the RV (blue) and LV
(red). The pressure variation in the RV is much lower, whereas
the two ventricles pump the same SV. The dashed lines are
the ESPVR and EDPVR for the RV PV loop.
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ventricular compliance at maximum filling. Example
PV loops are sketched in Fig. 2.

The end-systolic pressure (ESP) in the LV is
approximately six times higher than in the RV. Nev-
ertheless, the two ventricles pump the same stroke
volume (SV). In the following, acronyms of ventricular
volumes and pressures will refer to the RV, unless
otherwise specified. In the LV, the four stages of the
heart cycle (systolic ejection, isovolumic relaxation,
diastolic filling, isovolumic contraction) are easily dis-
cernible, because the shape of the PV loop is approx-
imately rectangular. In contrast, in the RV the
isovolumic stages, and in particular the isovolumic
relaxation, are not well-defined and the RV PV loops
are trapezoidal or triangular in shape.'®®> The non-
rectangular shape makes it more difficult to identify
the end-systolic point, which results in a higher degree
of uncertainty in the estimation of the slope of the PV
relationship at end systole, as compared to the LV.

As a consequence of these structural and functional
differences between the RV and the LV, established
knowledge on the LV response to pathological
increases in pressure or volume cannot be directly
translated to the RV. In addition, these differences
warrant caution in applying results from the LV to the
study of the RV.

Mechanisms of RV Function Autoregulation

An important similarity between the ventricles is
that each can regulate its contraction in response to
variations in afterload and preload, although not
entirely independently. In the myocardium, muscle
fibers are stretched during diastole. The term preload
indicates the load imposed on the fiber by the end of
diastole and is proportional to the maximum elonga-
tion of myocardial fibers. During systole, myocardial
fibers contract against an increasing load, due to the
rise in ventricular pressure. The additional load
imposed on myocardial fibers by the pressure increase
during contraction is called afterload. The contracting
fibers develop a tension that depends on the initial
length of the fibers and on the inotropic state of the
myocardium. Figure 3 illustrates the length—tension
diagram for myocardial fibers. Each curve represents
the length—tension dependence for a given inotropic
state. If the initial length of the fibers is increased
(moving from point A to B), a greater tension is gen-
erated and the fibers contract at a faster rate. There-
fore, as a result of an increase in preload at constant
heart rate, myocardial fibers shorten to a greater
extent. The diagram in Fig. 3 shows that the tension of
the myocardial fibers can also change independently of
fiber initial length. Length-independent changes in
fiber tension represent changes in the inotropic state of

the myocardium. If myocardial inotropy is increased
(from point B to C in Fig. 3), the length—tension curve
shifts so that a larger tension is developed for a given
preload.

In the RV, two autoregulation mechanisms act to
preserve cardiac function when afterload or preload
are altered. Here ‘“autoregulation” means that the
mechanisms are intrinsic to the cardiac muscle cells,
independent of external (hormonal or nervous) input.
Heterometric autoregulation is based on the Frank-
Starling mechanism and is an immediate response to a
change in preload. According to this mechanism, an
increase in end-systolic volume (EDV) produces an
equal increase in SV that restores normal end-systolic
volume (ESV). Heterometric autoregulation reflects, at
organ level, length-dependent changes in myocardial
contraction.

Homeometric autoregulation, based on the Anrep
effect,® is an inotropic mechanism of response to
increased afterload. According to this mechanism, the
ventricle responds to an increase in afterload with an
increase in myocardial inotropy. An increase in after-
load impairs the ability of the ventricle to eject blood,
so the SV decreases. In homeometric autoregulation,
the increase in inotropy produces a compensatory
increase in SV. Homeometric autoregulation reflects,
at organ level, length-independent changes in myocar-

c increasing inotropy
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FIGURE 3. Length-tension diagram for myocardial fibers.
The solid line represents the length—-tension relationship at
baseline inotropy. An increase in maximum fiber elongation at
end diastole (preload) produces an increase in fiber tension
(from point A to B), resulting in a stronger contraction. If
inotropy is increased, the length-tension curve is shifted
upward and to the left (dashed line). An increase in inotropy
(from point B to C), produces in an increase in fiber tension

independent of fiber length.
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dial contraction. It is important to note that homeo-
metric autoregulation is a slower mechanism than
heterometric regulation, with a response time on the
order of minutes.

A visual representation of these two mechanisms in
the PV plane is illustrated in Fig. 4. In the heterometric
response to increased preload (Fig. 4, left plot), an
increase in EDV is compensated for by an increase in
SV, so that normal ESV is restored without changes in
ventricular inotropy or ESP. Heterometric autoregu-
lation can also be triggered by an increase in afterload.
As illustrated in Fig. 4 (center plot), an increase in ESP
(afterload) would increase ESV, thus reducing SV.
Normal SV is restored by an increase in EDV, con-
sistent with the Frank-Starling mechanism. In home-
ometric autoregulation (Fig. 4, right plot), the RV
compensates for an increase in ESP by increasing
ventricular inotropy, so that normal SV is restored
without altering the preload. In actuality, an increase
in afterload induces an immediate heterometric
response, which enables accommodation of the pres-
sure increase by shifting the RV working condition
towards larger volumes. As soon as the homeometric
autoregulation becomes effective, the increase in con-
tractility allows for the normalization of EDV. If sys-
tolic function cannot be enhanced any further, RV
dilatation remains the only effective response to
increased afterload.

Measures of ventricular contractility and volume
changes in response to afterload and preload changes
can help evaluate RV autoregulation activity and, as

such, represent important end-points in the clinical
monitoring of RV function.

Hemodynamic Coupling, Mechanical and Metabolic
Efficiency of the RV

RV function relies on hemodynamically efficient
interactions with the pulmonary circulation, proper
functioning of myocardial cells and tissues and LV
function as well. With regard to the latter, in the
healthy heart, the RV and LV contract and relax
synchronously. Since the workload of the RV is sig-
nificantly lower than the LV, the RV can benefit from
the LV systolic contractions. It is estimated that in
normal conditions LV contractions contribute to 20—
40% of the RV pressure increase.’”

When considering how the function of the ventricle
is paired to its circulation, the concept of ventricular—
vascular coupling (or hemodynamic coupling) is typi-
cally evoked. This concept was originally postulated in
the context of a mechanical characterization of the
LV.* The ventricle and the arterial system are treated
as elastic chambers, and the properties of each are
described in similar dimensions (ML™* T~2) or units
(mmHg/mL or N/m®). Sunagawa er al® chose to
define each in terms of an elastance, or a change in
pressure per unit change in volume. Thus, the ven-
tricular elastance when measured at the end of the
ejection phase is the end-systolic elastance (E.) and is
equal to the slope of the ESPVR. The vascular elas-
tance, typically called the effective arterial elastance

heterometric autoregulation homeometric autoregulation
P P P
ESPVR AEes
APes APes /
EDPVR

L

— v Vv Vv

AVed AVed

increased preload

increased afterload

FIGURE 4. Representation of heterometric (left and center plot) and homeometric autoregulation (right plot). If preload is
increased (left plot) heterometric autoregulation increases SV by the same AV,q. If afterload is increased, both heterometric and
homeometric responses are activated. In heterometric autoregulation (center plot), an increase in EDV (AV,q) leads to an increase
in pressure (AP.s) with no change in SV and inotropy. In homeometric autoregulation (right plot), a pressure increase (AP.s) to
match increased afterload is achieved by increasing RV contractility (AE.s) with no change in SV and preload. The baseline loop is
sketched in red. The ESPVR line and the EDPVR line define the limits of RV working conditions.
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E,, is derived from a three-element Windkessel model
of the arterial system and has same units as E.. It is
postulated that end-systolic ventricular elastance and
vascular elastance are dynamically adjusted in order to
maintain optimal coupling. Experimental evidence and
theoretical considerations have suggested that optimal
coupling guarantees that most RV pump energy is
transferred to the blood flow.'® Ventricular and vas-
cular elastances can be altered by certain pathologies,
in which case the hemodynamic coupling can be less
than optimal. In order to quantify how far the ven-
tricular—vascular interactions are from ideal coupling,
the hemodynamic coupling efficiency 7, is defined as

E
=g (1)

Assessment of ventricular and arterial elastances in
animal and clinical research studies has demonstrated
that coupling efficiency is significantly different in the
healthy and diseased states. It is generally accepted
that #,, is larger than unity in healthy subjects,*4%"8
whereas values of 7, close to or lower than unity occur
with disease.”**""® However, reference ranges for 7,
may depend on the formulations used to calculate F
and E,.

The mechanical efficiency of the RV itself can be
defined in several ways. If 100% efficiency were pos-
sible, all energy input into the ventricle would be
transformed into useful mechanical work. In fact, the
contractile power generated by the myocardium is in
part turned into hydraulic power (actually transferred
to the blood flow) and in part spent to store energy in
the elastic ventricular tissues during diastole and
overcome friction between blood and tissues.'*' Of the
hydraulic power, only a fraction contributes to the net
forward blood flow (steady power) with the rest spent
on oscillations in blood flow (oscillatory power).
Myocardial activity generates the total power, which
itself is fueled by O, consumption. Therefore, if we
define the steady hydraulic work done as the useful
mechanical work for the circulation, cardiac mechan-
ical efficiency can be defined as the ratio of the steady
hydraulic power to the total power generated by
myocardial O, consumption.”*'®® For the LV it has
been hypothesized that physiological working condi-
tions achieve maximal cardiac efficiency rather than
maximal output power.'® That would ensure the ven-
tricle has a reserve stroke work that can be recruited,
for instance, during physical exercise. A similar capa-
bility to use a contractile reserve to increase stroke
work has been observed in the RV.>*

Another measure of the efficiency of the RV can be
defined as the ratio of steady hydraulic power to
oscillatory plus steady power, although this is really
the efficiency of hydraulic power generation for the

RYV. Steady hydraulic power, typically calculated as the
product of the mean pulmonary artery pressure
(mPAP) and CO, must overcome pulmonary vascular
resistance (PVR) to move blood through the lungs.
The oscillatory power produces zero-mean oscillations
in the flow, the amplitude of which depend on arterial
compliance. Compliance determines the way in which
pressure and flow waves propagate in the pulmonary
vasculature, with stiffer arteries enhancing wave
reflections and increasing the pulsatile load on the
ventricle.

Since the ratio of steady to steady-plus-oscillatory
power depends on pulmonary vascular resistance and
compliance, both measures of RV efficiency defined
here depend on pulmonary vascular resistance and
compliance. Also, both measures of RV efficiency
provide useful information on how altered preload and
afterload affect the energetic response of the RV where
increasing inefficiency may be a sign of progressive RV
dysfunction.

Metabolic efficiency refers to the ability to generate
power with a minimum consumption of energy sub-
strate (mostly glucose and fatty acids) in the cells and
tissues. In this sense, power can be generated by either
glucose and fatty acid oxidation or glycolysis. Glucose
oxidation yields more ATP than glycolysis, and so it
has a higher metabolic efficiency,”” whereas glycolysis
consumes no O,. In the RV energy balance, the power
required to contract the ventricle and pump blood into
the pulmonary circulation must be matched by the
power generated in the myocardium. Crucial for RV
performance is the balance between O, demand and
supply. O, demand can increase physiologically if a
higher CO is required (such as during physical exercise)
or in the presence of a pathological increase in pres-
sure. In general an increased O, demand can be
accommodated by increasing either the fraction of O,
extracted from blood or myocardial perfusion. If the
energy demand exceeds O, and myocardial blood flow
reserve, the RV becomes ischemic. Faced with a lack of
oxygen, the RV is forced to switch its mitochondrial
metabolism from glucose and fatty acid oxidation to
glycolysis,* with a subsequent decrease in RV meta-
bolic efficiency. This metabolic switch is often revers-
ible, however. Optimal metabolic efficiency is restored
when, for example after physical exercise, the O,
demand returns to normal levels. Chronic reduction of
metabolic efficiency may impair the ability of the RV
to accommodate increases in afterload.'”®” Therefore,
measurements of RV metabolic efficiency via assess-
ment of glucose and O, consumption in the RV myo-
cardium may help clarify mechanisms of RV
dysfunction and failure.

Methods for measuring hemodynamic coupling
and mechanical efficiency of the RV are based on
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either PV analysis (“‘Pressure—Volume Loop Analysis”
section) or pressure-flow analysis (“Pressure-Flow
Analysis” section). Metabolic efficiency can be assessed
non-invasively with positron emission tomography
(“Measurements of Metabolic Efficiency” section).
Further methods for monitoring RV function non-
invasively are based on measures of RV volumes (“RV
Volumes” section), RV fibrosis (“RV Wall Stress and
Myocardial Fibrosis” section) and RV deformation
(“RV Deformation” section). Finally, non-invasive
measurements of pulmonary artery compliance
(“Relative Area Change of the Proximal Pulmonary
Arteries” section) can be used to indirectly monitor
RV function.

METHODS FOR MEASURING RV FUNCTION

Invasive Measurements of RV Function and Efficiency

Invasive right heart catheterization (RHC) is typi-
cally required to measure pressure in the RV and
pulmonary vasculature; it can also be used to measure
CO. From measurements of mPAP, pulmonary capil-
lary wedge pressure (PCWP) and CO, PVR can be
calculated as

mPAP — PCWP

PVR = co (2)
where PCWP is used to approximate left atrial pressure
(LAP). PVR has units of Pa s m > (or dyn s cm ™).
Since pressures are measured in mmHg and CO has
units of L/min, in the clinical practice PVR is usually
expressed in Woods units (mmHg min/L). Pulmonary
artery pressures can also be estimated non-invasively
from the tricuspid valve regurgitation velocity and
application of a simplified form of the Bernoulli
equation. While this is a widely used technique, sig-
nificant discrepancies have been found between inva-
sive measurements and non-invasive estimates of
pressure.”"“’71 Thus, pressures measured from RHC
remain the gold standard for measuring RV function
and efficiency.

Although measurements of pressure and PVR are
an important diagnostic tool for pulmonary vascular
disease, these metrics alone do not provide sufficient
insight into RV function and have a limited prognos-
tic value.”®%7 However, they can be combined with
either volume or flow measurements to assess hemo-
dynamic coupling and mechanical efficiency of the RV.

Pressure—Volume Loop Analysis

Analysis of simultaneous RV pressure and volume
data can provide a detailed evaluation of RV function.
Measurements of hemodynamic coupling and effi-
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ciency of the RV, obtained from PV analysis, have
been demonstrated to be sensitive to pulmonary vas-
cular disease and its progression.?®

The main challenge in measuring ventricular—vas-
cular coupling, which is typically done from PV
loops, is the assessment of RV contractility from F
(ESPVR). The most accurate method requires gener-
ating multiple PV loops while varying RV preload.
This is achieved by quick occlusion of the inferior vena
cava with an inflated balloon.’” As ventricular con-
tractility is approximately independent of preload, it
can be calculated by fitting a straight line through the
end-systolic points (Fig. 5, left plot). The straight line
represents the ESPVR and the intercept with the hor-
izontal axis represents the theoretical volume ¥V of the
unloaded ventricle. The use of a conductance catheter
for simultaneous PV measurements and the need for an
occlusion maneuver to vary preload have heavily lim-
ited this method, de facto restricting its use to animal
models.>**7%7% In humans, conductance catheters
have been used only in a limited number of research
studies, mostly in the LV.*%3 Instead of using a con-
ductance catheter, volumes can be measured either by
magnetic resonance imaging (MRI), ideally performed
simultaneously with RHC,*® or by integration of a flow
waveform obtained during RHC.?4>%°

Single-beat methods have been proposed to over-
come the need for inferior vena cava occlusion and
therefore represent an attractive solution for estimat-
ing RV contractility.** These methods aim to estimate
the ESPVR from a single PV loop.'* The first
assumption required to do so is that a ventricular
contraction without ejection (isovolumic contraction)
would have the same ESPVR as a normal ejecting beat.
In an isovolumic beat, the ESP would reach the highest
possible value (Pax) for a given contractility. Further
assumptions of single-beat methods are that the pres-
sure waveform of an isovolumic contraction can be
approximated by a sine wave and that the sine wave
best fit to the isovolumic contraction can be extrapo-
lated from normal ejecting beats. Several extrapolation
algorithms have been proposed. Then, P, is esti-
mated as the peak value of the sine wave. Finally, the
ESPVR is calculated as the straight line through the
end-systolic point of the normal ejecting beat and
the end-systolic point of the isovolumic beat (EDV,
Pax), as shown in Fig. 5 (center plot). Although single
beat methods have been extensively used to evaluate
contractility and #y,***>7*%? their accuracy in the RV
has been questioned.!*#+48

Contractility can be also estimated from a single PV
loop by using a simplified approach borrowed from
LV analysis.*® In this approach, the ESPVR is
approximated with the straight line connecting the
origin of the PV plane and the point of the PV loop
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Multi-beat method

Single-beat method

Maximal elastance method
. Pmax

Vo ESV

EDV V ESV EDV V

FIGURE 5. Comparison of the methods to evaluate end-systolic elastance from PV loops. Left plot: multi-beat method. Multiple
loops are collected while reducing preload and the ESPVR is obtained as the straight line through all the end-systolic points. The
loop at baseline preload is sketched in red color. Center plot: single-beat method. The ESPVR is the straight line through the end-
systolic point of the single loop collected and the end-systolic point of an isovolumic beat (EDV, P,.x). Right plot: maximal
elastance method. E.¢ is approximated as the maximum pressure-to-volume ratio reached in a single beat. As a result, the ESPVR
is the straight line through the origin and the point of the loop where P/V is largest.

with the maximum P/V value. The end-systolic elas-
tance E. is then calculated as the maximal elastance

Emax:
Emax = (P/ V)max (3)

The underlying assumption is that the volume Vj can
be neglected'® (Fig. 5, right plot). This approach has
been recently used to propose a noninvasive method to
estimate 1, from cardiac MRL."®

The effective arterial elastance E, was originally
defined as a steady-state parameter that incorporates
the principal elements of the Windkessel model of the
vascular bed.*” By analogy with the formulation used
in the systemic circulation, £, can be estimated as

mPAP
4
SV (4)

However, it has been shown that taking into
account the LAP provides a better approximation of
E, than the formula in Eq. (4).” If the PCWP is taken
as an approximation of the LAP as above, the effective
arterial elastance can be calculated as:

E, =

_ mPAP — PCWP (5)
N SV
Accurate measurement of E. and E, requires complex

invasive procedures. In the LV these parameters can be
approximated as

E,

ESP.v
p— 6
es,LV ESVLV ( )
and
ESPLv
E. =
WV = SV, (7)

where the subscript “LV” indicates quantities mea-
sured in the LV. As a consequence the coupling effi-
ciency in the LV can be estimated non-invasively as

. SViLv
nvv,LV - ESVLV (8)

This approach has been adapted to the RV,”® under
the further assumption of negligible PCWP. Since this
model overestimates E,, its validity in the RV needs to
be further tested.®

A measure of ventricular mechanical efficiency ¢ can
be derived from PV loops as

SW
~ PVA ©)

where SW is the stroke work (the area of the PV
loop) and PVA is the so-called pressure—volume area
(PVA). PVA is the area delimited by the ESPVR line,
the EDPVR line and the portion of PV loop between
end diastole and end systole. In the LV, PVA is
lincarly correlated with myocardial O, consump-
tion,®” which justifies its use in a measure of
mechanical efficiency. Although PVA has been used
also in the RV as a measure of O, consumption,70 to
the best of our knowledge there is no evidence that
the linear relationship found in the LV is valid in the
RV.

&

Pressure-Flow Analysis

Analysis of combined pressure and flow measure-
ments can provide important information about RV
hydraulic power and the steady to steady-plus-oscilla-
tory power ratio. Simultaneous pressure and flow data
can be acquired placing a fluid-filled catheter in the
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main pulmonary artery (MPA) and a non-restricting
perivascular flow probe around MPA. This method is
used as a research tool for open-chest animal stud-
ies.'*7 In the clinical setting, RHC can be combined
with echocardiography to acquire simultaneous MPA
pressure and flow waveforms.*’

Pulmonary vascular impedance (PVZ) defines the
relationship between pressure and flow in the MPA.
While PVR is responsible for the steady load associ-
ated with the net forward blood flow, PVZ includes
both the steady and pulsatile components of RV
afterload. Fourier analysis of pressure and flow
waveforms yields modulus and phase of PVZ, both as
functions of frequency f. The value Z, of PVZ modulus
at f = 0 represents a measure of the total PVR, defined
as

mPAP

tPVR = ———
CO

(10)

The value Z, for f — oo (characteristic impedance)
is related to proximal arterial stiffness.®’ In the sys-
temic circulation, Z, and Z_ reflect the effects of distal
arteries and aorta, respectively, on the pressure—flow
relationship. Such separation is less clear in the pul-
monary circulation, as the distal vasculature contrib-
utes significantly to total compliance.

The pressure-flow data can be used to assess the
components of the hydraulic power generated by the
RV. If MPA pressure and flow waveforms are mea-
sured, the total hydraulic power W, can be calculated
combining pressure and kinetic power>*:

T

W@:;/@m+omﬂmgmm (1)

0

where p, v and Q are instantaneous pressure, velocity
and flow rate in the MPA, respectively, p is blood
density and T is the heartbeat duration. In the RV, the
kinetic term in Eq. (11) is much smaller than the
pressure component and can be neglected.

The mean power output W,e.n throughout the cycle

can be calculated as*>*8!

Wnean = mMPAP x CO (12)

Then, the oscillatory component W, of the
hydraulic power is obtained as

Wosc == Wlol - Wmean (13)

Oscillatory power is typically interpreted as the
energy per unit time that is not spent propelling blood
forward, or the power wasted because of wave reflec-
tions. Recent observations that W, is a constant
fraction of the total hydraulic load even in the presence
of RV dysfunction® seem to contradict earlier studies
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showing that chronic RV disease can be associated
with an increase in the W,./W, ratio.'®** Since
hydraulic power neglects other components of RV
power that can also be altered by RV dysfunction,
further investigation is necessary to understand whe-
ther Wos./Wosc can be regarded as a reliable surrogate
of RV efficiency.

Noninvasive Measurements of RV Function
and Efficiency

PV and pressure-flow analyses represent the estab-
lished clinically applicable tools to assess RV function
and efficiency, but they are not ideal for the frequent
monitoring of chronic disease. Both methods depend
on invasive measurement of pressure in the RV and
MPA. If these invasive procedures could be replaced
with non-invasive approaches to evaluate RV disease,
the benefit would be a significant reduction in the risks
required to monitor disease progression and the effect
of therapeutic strategies.

Rapid advancement in imaging techniques has been
accompanied by a dramatic increase in proposed
indices of RV function and efficiency. As soon as these
non-invasive physio-markers are established as accu-
rate means to monitor the RV, their translation to
clinical practice will revolutionize the management of
chronic RV disease. In this section we present a
selection of the novel metrics based on non-invasive
imaging that appear most promising.

Measurements of Metabolic Efficiency

Measurements of myocardial metabolism can be
obtained using positron emission tomography (PET).
PET signal from several radiotracers is used to calcu-
late myocardial O, consumption, a measure of total
cardiac power generation, as the product of myocar-
dial blood flow, myocardial O, extraction and arterial
O, content. An increase in myocardial O, consumption
for the same cardiac power output results in a reduc-
tion of RV mechanical efficiency.'”

PET has also been used to measure myocardial
glucose uptake using '®F-fluorodeoxyglucose ("*FDG)
as the radiotracer. '"*FDG is a glucose analogue that
cannot be metabolized and hence accumulates in the
cells in proportion to glucose uptake. Since glucose
oxidation has a much higher ATP yield than glycolysis,
glucose uptake provides a measure of the balance
between aerobic and anaerobic metabolism.®® PET
studies with '"®FDG have demonstrated a correlation
between RV hypertrophy and increased myocardial
glucose uptake.®> These changes reflect a metabolic
switch from fatty acids to glucose as the primary
energy substrate, and from oxidation to glycolysis as
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the primary mechanism.* Despite the sensitivity of
PET scanning to RV metabolic changes, the predictive
value of PET-derived metrics of RV function for
morbidity and mortality has yet to be established. For
this reason and because of the limited diffusion of PET
imaging technology, it is unclear whether PET mea-
surement of RV metabolic efficiency will become a
widely used monitoring tool in the clinical setting.

RV Volumes

RYV volumes, such as EDV and ESV, provide a basic
evaluation of ventricular function. EDV and ESV
(usually expressed in mL) represent the maximum and
minimum ventricular volume, respectively. An abnor-
mally large EDV can be a sign of filling dysfunction
(such as impaired ventricular dilatation). SV is the blood
volume ejected in a single heart beat, and is defined as

SV = EDV — ESV (14)

SV is related to CO, which is the time-averaged flow
rate of blood pumped by the heart (either the right or
LV, although typically these are the same):

CO =SV x HR (15)

where HR is heart rate. The ejection fraction (EF) is
defined as

_ EDV — ESV
~ EDV

and is another important measure of RV function.
RV volumes can be measured invasively during
RHC or non-invasively using echocardiography,
computed tomography (CT) or MRI. During RHC a
thermodilution catheter can be placed in the MPA to
estimate RV EF.?? Alternatively a conductance cath-
eter placed in the RV can measure instantaneous vol-
umes throughout the heart cycle.20 However, the need
for a specialized equipment and software has limited
the use of conductance catheters to a small number of
research centers. CO is commonly assessed during
RHC using either Fick or thermodilution method.*®
MRI and CT provide better non-invasive measure-
ments of RV volumes than echocardiography. Echo-
cardiographic measurements of RV volumes are based
on simplifying assumptions of ventricular shape that,
while reasonable in the LV, lead to unacceptably large
errors in RV volume estimates. Cardiac MRI is cur-
rently the gold standard for measuring RV volumes. It is
non-invasive, does not involve ionizing radiation and
does not require any geometric assumptions, which
makes the method highly accurate. Inter-observer
reproducibility is good,’” although a challenge can be
the difficulty separating the RV from the right atrium.'?

EF (16)

RV Wall Stress and Myocardial Fibrosis

Evaluation of wall stress in relation to increased
ventricular afterload is not a new idea, at least in
the LV.>® Under certain geometrical assumptions,
Laplace’s law can be used to assess wall stresses as a
function of intramural pressure and ventricle radius
and thickness. Extension of this concept to the RV has
been hindered by the complex geometry and the diffi-
culty in estimating wall thickness.®® Cardiac MRI
makes it possible to accurately evaluate RV geometry
and wall thickness, nonetheless calculation of wall
stress still requires invasive measurement of RV pres-
sure.

Indirect evidence of elevated RV wall stresses can be
obtained with delayed contrast enhancement (DCE)
measured with cardiac MRI. DCE is due to the slower
clearance of the contrast agent gadolinium in necrotic
or fibrotic tissues and is therefore observed in sites of
myocardial infarction or fibrosis.”> DCE concentrated
in specific locations of the RV tissue can be a marker of
non-ischemic RV disease.’> For instance, DCE in the
RV outflow tract correlates with poor EF in patients
with repaired tetralogy of Fallot,** whereas DCE in the
RV insertion points correlates with poor EF and
increased RV wall thickness in patients with chronic
pulmonary hypertension.>>’%** Localized fibrosis is
thought to be an indicator of locally elevated wall
stresses.'!

RV Deformation

Measurements of RV motion and deformation have
been extensively used to assess RV function. Either
MRI or echocardiography can be used with sufficient
accuracy, and so the latter has been generally preferred
because of the wider availability of echocardiographic
equipment in clinical centers.

Accurate RV EF cannot be directly obtained from
echocardiographic measurements of RV volumes, and
so several indirect methods have been proposed to
estimate EF from measurements of RV motion and
deformation. RV fractional area change (RV-FAC)
can be calculated as the relative difference between
end-diastolic and end-systolic RV area, as seen with
echocardiography in a four-chamber view. RV-FAC
correlates with RV EF and has a strong prognostic
value in right heart disease.” RV-FAC does not require
geometrical assumptions, but inadequate image quality
can result in high intra- and inter-observer variabil-
ity.”?

Tricuspid annular plane systolic excursion (TAPSE)
is a promising method, based on the characteristic
displacement of the tricuspid valve during systolic
contraction. TAPSE can be measured non-invasively
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by M-mode or 2D echocardiography. TAPSE has
excellent correlation with RV EF in different types of
chronic pulmonary hypertension.”>*%>* However, one
limitation is that TAPSE can be affected by the overall
motion of the heart, which can make measurements
unreliable when comparing conditions where heart
motion is different.>? Furthermore, TAPSE is reduced
to the same degree in patients with either RV dys-
function or LV dysfunction,”® which limits its prog-
nostic value.

RV strain and strain rate are measurements of
myocardial deformation. Both parameters show strong
correlation with RV failure.”* It has been suggested
that, at least in some conditions, they are preferable to
TAPSE because they do not depend on heart motion.**
RV strain and strain rate can be measured by either
tissue Doppler or speckle tracking echocardiogra-
phy.>?® Also, they can be measured with cardiac MRI
tissue tagging techniques, although the RV wall is
typically too thin (less than 5 mm) to obtain accurate
measurements from MRI.*

MRI has been used to measure RV regional trans-
verse motion, which also contributes to RV contrac-
tion. In the presence of diastolic RV dysfunction
(abnormal filling) the distance between septum and RV
free wall (septum-free wall distance; SFD) changes
because of the interventricular septal leftward bowing.
In one study, MRI measurements of fractional SFD
demonstrated stronger correlation with RV EF than
MRI-based TAPSE.*

Relative Area Change of the Proximal
Pulmonary Arteries

The large, proximal, extralobar pulmonary arteries
(PAs) distend as an effect of the transmural pressure to
accommodate variations in blood flow. Decreased PA
compliance is common in diseases associated with PA
pressure elevation and can contribute to RV dysfunc-
tion. Assessment of PA compliance usually requires
invasive measurements of PA pressure. In contrast, the
relative area change (RAC) of the proximal PA can be
measured non-invasively by MRI,”"*” echocardiogra-
phy or computed tomographic (CT) angiography.®
The RAC is defined as

Amin

RAC:A““‘L

17
Amax ( )

where A, and A4,,,, are the minimum and maximum
PA cross section area, respectively. The RAC repre-
sents an area strain, and as such is not a measure of
compliance. However, since the systolic (sPAP) and
diastolic pulmonary artery pressure (dPAP) are line-
arly correlated,”’ the RAC is a valid surrogate of the
local arterial stiffness coefficient f, defined as

E BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org

In(sPAP/dPAP)

b= 2RAC (18)

Recently, the ratio 4,,;,/EF has been proposed as a
novel noninvasive marker of RV progressive dysfunc-
tion.”® In a large cohort of patients with chronic pul-
monary hypertension, A,,;,/EF correlated with
elevated mPAP better than RV volumes or RAC. It is
yet to be established whether 4,,;,/EF can predict RV
failure.

RV DYSFUNCTION IN PULMONARY
HYPERTENSION

Pulmonary hypertension (PH) is the most common
cause of pressure overload in the RV. PH is diagnosed
when mPAP, as measured by RHC, is at least
25 mmHg at rest.”’ This broad definition includes
several PH subtypes. The most recent classification was
proposed at the 4th World Symposium on Pulmonary
Hypertension, held in 2008 at Dana Point, and is
summarized in Table 1. PAH is an important subtype
of PH and originates from a progressive narrowing of
the small peripheral PAs due to abnormal muscular-
ization and medial hypertrophy. PAH can be idio-
pathic, heritable or associated with other diseases, such
as connective tissue disease, HIV infection, congenital
heart disease and portal hypertension.*® Distinctive
characteristics of idiopathic PAH are neointimal pro-
liferation, obliterative and plexiform lesions. PAH is
diagnosed if, in addition to increased mPAP, PCWP is
lower than 15 mmHg’ and all other types of PH have
been excluded.

PAH is frequently responsible for proximal PA
stiffening>10%77% and RV  dysfunction,’!'"-%*:7
which have a strong prognostic value for mortality in
PAH. Decreased RAC is also correlated with
decreased RV EF and increased RV EDV and mass.*’
RYV failure is the leading cause of death in PAH.

As a consequence of the PA pressure elevation, the
RV has to accommodate an increased afterload.
Homeometric autoregulation promotes an increase in
RV contractility. In this condition, elevated wall
stresses develop in the RV lateral free wall®® and out-
flow tract.®> Increased wall stresses stimulate RV
hypertrophy.®> Stresses can be particularly intense at
the RV free wall insertion point, which results in
localized RV fibrosis, observed with DCE measure-
ments in several studies on PAH patients
(Fig. 6).7%% In PAH, RV fibrosis has been corre-
lated with elevated mPAP and PVR,’®%* and RV
hypertrophy.®* At least in early/mild PAH, hypertro-
phy is beneficial to RV function, as the thicker ven-
tricle is able to generate sufficient pressures to match
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TABLE 1. Clinical classification of pulmonary hypertension (Dana Point 2008°°).

1. PAH
1.1. Idiopathic PAH
1.2. Heritable
1.2.1. BMPR2

1.2.2. ALK1, endoglin (with or without hereditary hemorrhagic telangiectasia)

1.2.3. Unknown
1.3. Drug- and toxin-induced
1.4. Associated with
1.4.1. Connective tissue diseases
1.4.2. HIV infection
1.4.3. Portal hypertension
1.4.4. Congenital heart diseases
1.4.5. Schistosomiasis
1.4.6. Chronic hemolytic anemia
1.5 Persistent pulmonary hypertension of the newborn

1’. Pulmonary veno-occlusive disease (PVOD) and/or pulmonary capillary hemangiomatosis (PCH)

2. Pulmonary hypertension owing to left heart disease
2.1. Systolic dysfunction
2.2. Diastolic dysfunction
2.3. Valvular disease
3. Pulmonary hypertension owing to lung diseases and/or hypoxia
3.1. Chronic obstructive pulmonary disease
3.2. Interstitial lung disease

3.3. Other pulmonary diseases with mixed restrictive and obstructive pattern

3.4. Sleep-disordered breathing
3.5. Alveolar hypoventilation disorders
3.6. Chronic exposure to high altitude
3.7. Developmental abnormalities
4. Chronic thromboembolic pulmonary hypertension (CTEPH)
5. Pulmonary hypertension with unclear multifactorial mechanisms

5.1. Hematologic disorders: myeloproliferative disorders, splenectomy

5.2. Systemic disorders: sarcoidosis, pulmonary Langerhans cell histiocytosis: lymphangioleiomyomatosis, neurofibromatosis, vasculitis
5.3. Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders
5.4. Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure on dialysis

BMPR2 bone morphogenetic protein receptor type 2, ALK activin receptor-like kinase type 1, H/V human immunodeficiency virus.

increased afterload. Measurements of hemodynamic cou-
pling efficiency showed that in mild PAH contractile
function can adequately accommodate the increased
afterload and #,, is maintained.” Non-invasive mea-
surements with MRI have indicated that increased RV
mass and RV wall thickness are not strong predictors
of mortality in PAH.®” This finding seems to supports
the hypothesis that RV hypertrophy without dilatation
(also referred to as concentric hypertrophy) is an
adaptive remodeling of the ventricle and does not
inevitably lead to RV dysfunction and failure.®®

In most PAH patients, hypertrophy cannot main-
tain RV function indefinitely with continued, pro-
gressive afterload increases. In severe PAH, E. no
longer matches E, and #,, drops, resulting in ventric-
ular-vascular uncoupling.**’® As a consequence of
progressive systolic dysfunction, EDV increases and
the RV dilates, while adequate SV is maintained by
heterometric autoregulation, although again not
indefinitely. Increased EDV is a strong predictor of
mortality in PAH, as is decreased SV,?” which suggests
that RV failure may begin as heterometric autoregu-
lation fails. RV EF is also closely related to the pro-

gression of RV dilatation and has been recognized as a
strong predictor of mortality in PAH.*"**® Therefore,
RV dilatation likely represents a maladaptive form of
RV remodeling that foreshadows RV failure.

The factors that determine the transition from
adaptive hypertrophy to maladaptive remodeling are
not clear and probably involve multiple mechanisms
active at organ, tissue and cellular levels. The RV energy
balance seems to play a role in the progression of RV
dysfunction in PAH. In the dilated RV, power con-
sumption is aggravated by the increasing energy
required to stretch the RV elastic tissues, leading to a
decline in RV efficiency.'® In addition, the inter-ven-
tricular septum bends leftward as a result of RV dilata-
tion, and the subsequent loss of RV-LV synchronization
also contributes to the decrease in RV mechanical effi-
ciency. While imposing an increasing power demand on
the RV, PAH also impacts the O, supply to the RV, via
myocardial capillary rarefaction and decreased coro-
nary perfusion pressure.®” The result is RV ischemia, in
other words insufficient O, supply to the RV myocar-
dium. Not surprisingly, in PAH patients, RV ischemia is
strongly correlated with RV dysfunction.*?
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FIGURE 6. MR images collected 10 min after administration of gadolinium contrast in (a) a patient with PAH and (b) a patient with
scleroderma but no PH. In the PAH patient, DCE appears as bright areas at the RV free wall insertion points (indicated by the
arrows). DCE is absent in the patient without PH. Figure adapted from Shehata et al®*. Reprinted with permission from the

American Journal of Roentgenology.

Invasive and non-invasive methods for measuring
RV function and efficiency are essential tools in clinical
and preclinical research to help clarify the mechanisms
of progressive RV dysfunction and failure in PAH.
More work needs to be done to translate these meth-
ods into monitoring tools to support clinical manage-
ment of PAH patients and others with pulmonary
vascular disease.

CONCLUDING REMARKS

The study of right heart diseases and mechanisms of
response and adaptation of the RV to pathological
conditions is recently receiving significant attention.
Primary endpoints (RV volumes and pressure, pul-
monary vascular resistance) provide limited insight
into the mechanisms of RV failure. Hemodynamic
coupling of the RV and pulmonary circulation, as well
as RV mechanical and metabolic efficiency, are key
aspects of cardiopulmonary status. In the RV, the
primary challenge for engineers is to develop engi-
neering tools that take into account the complex
geometry of the chamber for mechanical analysis and
take advantage of the formidable progress in medical
imaging to develop non-invasive metrics of RV func-
tion and progression of dysfunction to failure. The
knowledge accumulated about the mechanics and
physiology of the LV cannot be translated, as is, to the
only apparently similar RV. In recent years, metrics of
RV efficiency and ventricular—vascular coupling have
been refined, or even redefined, in the light of the
distinctive characteristics of the RV. Non-invasive
measurements of RV function appear promising to
monitor disease progression and support disease-and
patient-specific treatment selection. Future research
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will have to focus on the definition and validation of
the most accurate non-invasive markers, via a combi-
nation of large animal studies and clinical trials. The
promise is a significant improvement of patients’ life
expectancy and quality of life.
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