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Abstract

Ventricular performance quantities such as the end-systolic pressure-
volume relationship (ESPVR) have been the subject of numerous basic
science studies, yet their clinical use remains limited, particularly in the
right ventricle (RV). This is primarily due to the difficulty of volume mea-
surements in the small, crescent-shaped RV via catheterization. However,
such parameters should be a superior indicator of ventricular function
compared with other hemodynamic measures used in the prognosis of pul-
monary arterial hypertension (PAH), such as pulmonary vascular resis-
tance index (PVRI). Thus, there is clinical interest in methods that estimate
ESPVR and related parameters while being minimally invasive. The focus
of this chapter is on one such method and its possible non-invasive exten-
sions, a modified single-beat method which estimates the ventricular-
vascular coupling ratio (VVCR), or the ratio of end-systolic ventricular
elastance (E,) to arterial elastance (E,). Within the single-beat elastance
framework, the maximum isovolumic pressure (Pp.is0) and end-systolic
pressure are found; based on a novel assumption about the slopes of E
and E,, VVCR is then computed using only pressure. A lower coupling
ratio is hypothesized to be a good indicator of RV dysfunction and failure,
as represented by the World Health Organization Functional Class
(WHO-FC). We also investigate two non-invasive forms of this method
using measurements in children: one in which pressure data is obtained
from the velocity of the tricuspid regurgitant (TR) jet measured by Doppler
ultrasound; and another in which myocardial performance index (MPI) is
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used to approximate VVCR. Finally, a very new but existing noninvasive
method to compute VVCR using only volumes is explored as a predictor
of reactivity in children with PH.
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Introduction VVCR using only volumes is explored as a pre-

Ventricular performance quantities such as the end-
systolic pressure-volume relationship (ESPVR)
have been the subject of numerous basic science
studies, yet their clinical use remains limited, par-
ticularly in the right ventricle (RV). This is primar-
ily due to the difficulty of volume measurements in
the small, crescent-shaped RV via catheterization.
However, such parameters should be a superior
indicator of ventricular function compared with
other hemodynamic measures used in the progno-
sis of pulmonary arterial hypertension (PAH), such
as pulmonary vascular resistance index (PVRI).
Thus, there is clinical interest in methods that esti-
mate ESPVR and related parameters while being
minimally invasive.

The focus of this chapter is on one such
method and its possible non-invasive extensions,
a modified single-beat method, which estimates
the ventricular-vascular coupling ratio (VVCR),
or the ratio of end-systolic ventricular elastance
(E.) to arterial elastance (E,). Within the single-
beat elastance framework, the maximum isovolu-
mic pressure (P..i,) and end-systolic pressure
are found; based on a novel assumption about the
slopes of E. and E,, VVCR is then computed
using only pressure. A lower coupling ratio is
hypothesized to be a good indicator of RV dys-
function and failure, as represented by the World
Health  Organization  Functional  Class
(WHO-FC). We also investigate two non-invasive
forms of this method using measurements in chil-
dren: one in which pressure data is obtained from
the velocity of the tricuspid regurgitant (TR) jet
measured by Doppler ultrasound; and another in
which myocardial performance index (MPI) is
used to approximate VVCR. Finally, a very new
but existing noninvasive method to compute

dictor of reactivity in children with PH.

Concepts and Background

Characterization of the pressure-volume relation-
ship of the heart as a pump dates back to an 1898
paper by Otto Frank [1], in which he presented a
P-V diagram of contractions of the isolated frog
left ventricle. Frank made two important obser-
vations about this diagram: first, peak systolic
activity, whether measured by isovolumic pres-
sure or isobaric ejection volume, is related to pre-
loaded end-diastolic volume (EDV); and second,
when the ventricle is in ejecting mode, the curve
produced by connecting the end-systolic points
of different PV loops (known as the end-systolic
pressure-volume relationship, or ESPVR) is quite
different than the isovolumic (non-ejecting)
curve. These observations were well-received in
Europe, and in 1914 Ernest Starling published a
series of papers that led to the now well-known
Frank-Starling law of the heart [1, 2], which
describes the ability of the heart to compensate
for varying end-diastolic volumes by varying its
work output accordingly.

Research on this topic waned until the 1950s,
when interest in pressure-volume relationships of
the heart experienced a resurgence. Studies by
Ullrich et al (1954), Hild and Sick (1955), and
Hild and Herz (1956) obtained pressure-volume
relationships for mammalian hearts, which
proved to be somewhat different than the previ-
ous studies using the frog ventricle. These studies
revealed the ESPVR displayed only slight curvi-
linearity within physiologic pressure ranges.
Monroe et al. (1960, 1961, 1964) showed simi-
larly that the ESPVR for the dog ventricle under
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the control condition was almost linear, contrary
to studies of the frog that showed strong depen-
dence of ESPVR on preload and afterload
history.

The ESPVR Relationship
and Elastance

The near-linearity of the ESPVR curve has been
validated in both the left ventricle (Cross et al.
1961, Taylor et al. 1969) and right ventricle
(Lafontant et al. 1962). Perhaps the most sub-
stantial work on the characterization of ESPVR
and PV relationships of the left ventricle come
from the 1970’s to 1980’s in Japan from authors
Suga, Sagawa, and Sunagawa. These serial
works on the in vivo canine heart further con-
firmed and refined the linearity of ESPVR in the
physiologic range and helped advance under-
standing of a wide array of other properties of
these measurements. Advances in catheter tech-
nology and the advent of the conductance cath-
eter allowed instantaneous volume measurements
of the left ventricle in vivo [3], meaning ESPVR
could be obtained in a cardiac catheter lab by
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Fig. 5.1 (a, b) Estimation of VVCR using the pressure
only method. A WHO FC 1 patient (left plot) has a signifi-
cantly smaller pressure ejection requirement (i.e. max
RVSP, shown as diamonds near end-systole) than maxi-

altering preload (EDV) and obtaining a series of
PV loops and connecting their end-systolic
points (Fig. 5.1). As the end-diastolic volume
increases and the loops shift to the right, end-
systolic pressure increases along the ESPVR line
up to a maximum pressure for isovolumic con-
traction [4]. Because ESPVR is relatively insen-
sitive to changes in preload, afterload, and heart
rate, it provides a valuable index of systolic car-
diac function. Specifically, the slope of the
ESPVR is a measure of end-systolic elastance
(E,) of the ventricle. Furthermore, a second use-
ful measure, effective arterial elastance (E,), can
be obtained as the slope of the line from the pres-
sure-volume loop, from the end-systolic PV
point (upper-left of the PV box) to the end-dia-
stolic volume intercept (bottom-right). Arterial
elastance was defined as the ratio of end-systolic
pressure to stroke volume, P./SV (Fig. 5.1). This
definition, from a 1983 work by Sunagawa and
colleagues examining LV-arterial interaction, is
based on the assumption that vascular impedance
can be modeled as a three-element Windkessel
model [5]. By defining SV in terms of mean arterial
flow over a single cardiac cycle, the P.-SV rela-
tionship in the arteries was described analytically
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mum isovolumic pressure, yielding high VVCR-P, while
the WHO FC 4 patient (right plot) has little “overhead”
between these two quantities, yielding low VVCR-P



56

N.E. Hobson and K.S. Hunter

as a linear relationship when characteristic arte-
rial impedance, peripheral resistance, compli-
ance, and systolic and diastolic durations are
constant. The expression describing the slope of
that relationship involving those arterial param-
eters was denoted by E, (effective arterial elas-
tance). Because both E. and E, are given in the
same units, their ratio can be computed as E./E,
to provide a measure of ventricular-vascular
coupling.

Arterial Elastance and Ventricular-
Vascular Coupling

Works by Sunagawa et al. [5, 6] sought to test the
hypothesis that ventricular external work would
be maximized if the ventricular and arterial elas-
tances are equal. They investigated the optimal
arterial resistance under a number of variable
parameters such as end-diastolic volume, con-
tractility, heart rate, and arterial compliance, and
found that optimal arterial resistance varied only
slightly with arterial compliance, while varying
widely with contractility and heart rate. These
findings suggest that the ratio of ventricular and
arterial elastance is optimally nearly unity, which
gives rise to the idea that the ventricle and vascu-
lature are coupled from an energetics viewpoint.
In other words, optimal flow (and optimal energy
transfer from the ventricle through the vascula-
ture) is achieved at an arterial elastance equal to
ventricular elastance. Thus, the effects of
increased afterload on PV loops and ESPVR
should be significant.

Single-Beat Methodology

In 1991, Takeuchi et al. proposed a novel method
for the calculation of the slope of the ESPVR
(E.) using a single beat [7]. They realized that
the maximum pressure the ventricle can produce
during isovolumic contraction could be estimated
from the pressure trace alone, and the slope of the
ESPVR could be obtained by drawing a line from
this point tangential to the upper-left corner of a
single PV loop (i.e. near the end-systolic point).

Sinusoidal curve fitting is performed on the pres-
sure trace of the ventricle using data points which
correspond to periods of isovolumic contraction
and relaxation in order to estimate P,,,,. This is a
much easier method than the previous one for
generating the ESPVR, which involved creating
at least three PV loops by altering the end-
diastolic volume.

This method has also been validated for the
right ventricle by Brimioulle et al. in 2003 [8]. A
number of assumptions and limitations unique to
the RV were addressed in their work. The trian-
gular shape of typical PV loops in the RV means
that end-systole and end-ejection often occur at
different times. The upper-left corner was used as
the end-systolic point, which is valid for the LV
but less so for the RV. The assumption that iso-
volumic beats are sinusoidal, established by
Sunagawa by Fourier analysis for the LV, was
verified by comparing estimated P, ;s, of eject-
ing beats with observed P,,,,, for isovolumic beats
of the same starting EDV, which were found to be
strongly correlated. Due to the challenges of
measuring RV volume in vivo, they determined
RV volume changes by integrating flow mea-
sured in the proximal pulmonary artery with a
widely validated ultrasonic method. They also
found expected changes in E. and E, under a
variety of inotropic states.

Pulmonary Hypertension

Pulmonary hypertension was first classified in
1973 in a meeting organized by the World Health
Organization. PH is defined as a hemodynamic
and pathological condition in which a mean pul-
monary arterial pressure (PAP) of 25 mmHg or
greater at rest is measured by right heart catheter-
ization. Normal PAP is 14 + 3 mmHg with an
upper limit of about 20 mmHg. The significance
of a mean PAP of 21-24 mmHg is unclear [9].
The clinical classification of PH has under-
gone some changes in international conferences
since the initial 1973 WHO classification, but the
basic differentiation of primary and secondary
PH is still apparent. The broad categories of the
classification agreed upon at the fourth World
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Symposium for PH at Dana Point, California in
2008 [9] are as follows:

1. Pulmonary arterial hypertension (PAH)

2. Pulmonary veno-occlusive disease and/or pul-
monary capillary haemangiomatosis

3. Pulmonary hypertension due to left heart
disease

4. Pulmonary hypertension due to lung diseases
and/or hypoxia

5. Chronic thromboembolic pulmonary hyper-
tension

6. PH with unclear or multifactorial mechanisms

The focus of the methods discussed in this
chapter is primary hypertension (group 1, PAH),
or PH not caused by other health problems.

Diagnosis

Diagnosis of PH is a process of exclusion, so
often different diagnostic tools and methods need
to be employed to eliminate all other possible
causes. In the case of PAH, this means ruling out
left heart disease, veno-occlusive disease, lung
disease, and chronic thromboembolism [10].
Symptoms of PAH are often mild and present
mainly during exercise, and can include shortness
of breath, fatigue, weakness, angina, syncope, and
abdominal distension. Auscultory physical signs
that may aide diagnosis are: tricuspid valve regur-
gitation murmur, a diastolic murmur of pulmo-
nary insufficiency, and an RV third heart sound.
Patients with advanced disease may present with
signs such as ascites, peripheral edema, and cool
extremities [10]. However, these physical signs
vary widely and may not present at all.
Echocardiography can provide an estimation
of PAP by obtaining velocity measurements of
regurgitant tricuspid valve jets, which occur in
more than 70% of patients with PAH [11]
Velocity of TR jets is measured using Doppler
ultrasound. By using a simplified form of
Bernoulli’s equation, mean PAP can be calcu-
lated as 4 x (tricuspid regurgitant veloc-
ity)* + (estimated right atrial pressure). However,
echocardiography is limited by the noise inherent

in ultrasound imaging, which can lead to faint or
inaccurate signals.

The gold standard for the diagnosis of PAH is
right heart catheterization (RHC), and it is neces-
sary for confirming such a diagnosis [10]. The
following variables must be obtained: PAP, right
atrial pressure, RV pressure, pulmonary wedge
pressure (PWP), and cardiac output (CO) by
either thermodilution or the Fick method. A mean
PAP of 25 mmHg or greater with a PWP of
15 mmHg or less in the absence of other causes
confirms a diagnosis of PAH [10]. Although
RHC is a relatively safe procedure, it is invasive,
and therefore carries some risk to the patient.

Assessment of RV function

A number of methods for the assessment of RV
function have been proposed and validated over
the past 30 years, varying widely in invasiveness
as well as efficacy and accuracy. In 1984, Kimchi
et al. became the first group to evaluate RV ejec-
tion fraction (RVEF) using radionuclide ventric-
ulography [12]. They defined RV failure as RVEF
less than 38%. In 1989, Vincent et al. obtained
RVEEF using a modified PA catheter with a fast-
response thermistor, utilizing the thermodilution
method [13]. However, these methods are not
ideal both because they are either nuclear or inva-
sive, and because RVEF varies widely in normal
patients from 30% to 60%.

Cardiac magnetic resonance (CMR) imaging
is the gold standard for evaluating RV function
and can reliably quantify RV volume and
RVEEF. Delayed contrast-enhanced CMR has also
been shown to detect fibrotic tissue in the RV
wall, but can only detect regional changes in myo-
cardial tissue. Contrast-enhanced TI1-weighted
CMR allows the detection of diffuse fibrosis [14].
However, CMR is expensive and availability is
often limited.

Echocardiography is currently the most prac-
tical tool for assessing RV function at the bed-
side. A failed right ventricle is severely dilated,
which can be assessed by comparing the area of
the chamber with that of the left ventricle. A ratio
of RV:LV area less than 0.6 is considered normal,
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and greater than 1 is considered failing [10]. In
1995, Masahiro, et al. demonstrated the efficacy
of an automated method for obtaining a correlate
of the ESPVR based on the area of the chamber
from echocardiography, rather than volume mea-
sured by catheterization [15]. They showed that
the ESPAR responded similarly to ESPVR as RV
function declined. Another sign readable from
echocardiography is paradoxical septal motion
during systole, which indicates RV systolic pres-
sure overload. In Doppler mode, the ejection flow
can show pulmonary hypertension by a shorten-
ing of the acceleration time of flow (<100 ms). A
related parameter proposed by Tei et al. in 1995
takes the ratio of combined isovolumic contrac-
tion and relaxation times compared with ejection
time, termed the myocardial performance index
(MPI) [16]. Longer periods of isovolumic con-
traction and relaxation yield a higher MPI, and
indicate worse RV function. Interestingly, this
measure bears a certain similarity to VVCR,
because longer isovolumic periods will inevita-
bly yield lower estimated maximum isovolumic
pressures.

Advances in 3D echocardiography in the past
years have made the non-invasive measurement
of RV volume possible. There are several meth-
ods for calculating RV volumes from echocar-
diographic images. One involves the manual
tracking of RV area through a series of slices,
while the other uses border-detection algorithms
to automate this process. These measurements
have been shown to correlate well with volume
measurements obtained from CMR, but consis-
tently predict volumes 20-34% smaller than
those obtained by CMR [14]. Thus, 3D echocar-
diography requires further refinement and vali-
dation, but could become a gold standard in the
future.

Mechanical-Mechanistic Links

Despite its origin in the pulmonary vasculature,
the proximate cause of death in pulmonary hyper-
tension is often RV failure [17]. In response to
pulmonary hypertension, the RV undergoes
hypertrophic remodeling reflecting increased

myocyte size and altered programs of gene
expression. Ultimately this pathologic remodel-
ing leads to wall thinning, chamber dilation, and
RV failure [18]; however, therapies that directly
target the dysfunctional RV are not currently
available [10, 19]. Inflammatory processes in the
pulmonary vasculature are increasingly recog-
nized to play a role in the progression of pulmo-
nary hypertension [20], and additional evidence
suggests that inflammatory-fibrotic modeling
contributes importantly to the progression of
heart failure [21]. Together, these observations
suggest the need to examine the relationships
between RV overload and function, hypertrophic
remodeling, and activation of inflammatory-
fibrotic processes in the RV, in the setting of pul-
monary hypertension.

Animal and Clinical PV Studies
Animal Work

A significant amount of work has been done in
recent years to better characterize the role of ven-
tricular adaptation to pulmonary hypertension in
animal models. A 2004 interspecies study by
Wauthy et al. [22] showed that while E,, and E,
both increased during short (10 min) bouts of
hypoxia-induced hypertension, VVCR remained
optimal in dogs, goats, and pigs. This trend was
also observed in induced embolism and proximal
pulmonary artery constriction in dogs. In all
cases, a proportional increase in E., compensated
for elevated E, and optimal coupling was
maintained.

In a 2007 study by Grignola et al. [23] of an
acute PH model in 6 anesthetized sheep in which
proximal occlusion and whole-pulmonary vaso-
constriction (by phenylephrine) were compared,
coupling, as assessed by an energy transmission
ratio and the ratio of pulsatile energy to total
energy, was better maintained in the vasoconstic-
tive model. Their model showed that activation of
smooth muscle cells in the main pulmonary
artery helped maintain energy transfer from the
RV to the hypertensive pulmonary vasculature by
preserving the reflected wave magnitude.
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Several models of progressive pressure over-
load (“chronic” PAH) have shown that the RV in
healthy animals operates close to maximum effi-
ciency (VVCR = 2), decreases as afterload
increases to operate close to the point of maximal
stroke work (VVCR = 1), and finally decouples
(VVCR <1) approaching failure. The trend is one
of continually increasing E,, with E. initially
increasing and finally returning to baseline val-
ues. This was shown in a porcine model by
Ghuysen et al. [24] of progressive pulmonary
embolism by injection of blood clots. E, increased
continually with each injection, while E
increased after the first two injections, but failed
toincrease further. Thus, E./E, initially decreased
to values near optimal stroke work, but the final
injection caused values to drop below 1, decreased
stroke work, and RV dilation.

Another animal model of interest is a 2007
study by Missant et al. [25] regarding the effects
of Levosimendan on RV dysfunction in a porcine
model. Levosimendan is a calcium sensitizer—it
increases the sensitivity of the heart to calcium,
thus increasing cardiac contractility without a rise
in intracellular calcium. Levosimendan exerts its
positive inotropic effect by increasing calcium
sensitivity of myocytes by binding to cardiac tro-
ponin C in a calcium-dependent manner. In
healthy animals, Levosimendan improved con-
tractility but actually reduced efficiency (i.e.
VVCR dropped slightly), with no change in PVR
or characteristic impedance. The lack of improve-
ment in efficiency was explained as the RV was
already operating at max efficiency (best cou-
pling) in health. In an ischemia/reperfusion model
of RV failure along with pressure overload (PA
banding), Levosimendan increased inotropy (i.e.
E.,), thus maintaining or improving coupling.

Finally, a study by Kind et al. sought to better
characterize the isovolumic beat in rats using
Fourier analysis. They induced stable and pro-
gressive acute pulmonary hypertension in the rats
by the administration of monocrotaline 40 and
60 mg/kg, respectively. Isovolumic beats were
obtained by clamping the pulmonary artery in
these rats and controls. The waveforms were then
normalized in pressure and time, averaged, and
modeled by a Fourier series using six harmonics.

This normalized waveform was parameterized
and used for curve fitting of single beats, then
compared to other isovolumic beat models from
the literature, including the sinusoidal method by
Sunagawa et al. mentioned earlier in this chapter.
It was found that the Fourier-based model was
more accurate than the other models at predicting
maximum isovolumic pressure from ejecting
beats (compared with true isovolumic beats
obtained by pulmonary artery clamping during
the prior beat), and that the other models gener-
ally underestimated maximum isovolumic pres-
sure. This approach holds great promise in
improving single-beat methodology in humans.

Clinical Work

Although there has been much work done in the
lab characterizing the pressure-volume relation-
ship of the ventricle, and though these works gen-
erally strive to emphasize the potential clinical
usefulness of PV loops, their use in clinical set-
tings has remained extremely limited for a num-
ber of reasons. First, the procedures for obtaining
instantaneous pressure and volume measure-
ments require invasive catheterization, optimally
with high-fidelity catheters. Techniques for vol-
ume measurements in particular have been diffi-
cult and imprecise. Measurements of volume of
the RV are especially troublesome due to its loca-
tion, smaller size, and non-uniform geometry.
Furthermore, many clinical decisions can be
made based on more easily-obtained measures,
such as ejection fraction [26].

However, there have emerged a number of
clinical studies in recent years demonstrating and
validating the usefulness of PV-loop-derived
parameters. A study in 1992 by Kelly et al. [27]
tested the use of effective arterial elastance of the
LV as an index of vascular load in normal and
hypertensive humans. The study found that E,
based on PV loops was nearly identical to E,
derived from a three-element Windkessel model
for normal patients, and that it exceeded simple
resistance by nearly 25% in hypertensive patients,
due to decreased compliance and wave reflection.
The findings suggest that even E, alone, not to
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speak of full ESPVR or E./E, coupling, could
provide a convenient assessment of arterial
impedance and its effects on ventricular function
in hypertensive patients.

The earliest population-based study assessing
diagnostic capabilities of LV PV loops comes
from Lam et al. from Minnesota in 2007 [28].
This study compared patients exhibiting heart
failure with a normal ejection fraction (HFnlEF)
with patients with hypertension but no heart fail-
ure (HTN), and with patients without cardiovas-
cular disease. The authors characterized left
ventricular volume, effective arterial elastance,
LV end-systolic elastance, and LVdiastolic elas-
tance and relaxation noninvasively. Their results
showed increased E. for hypertensive and
HFnIEF patients compared with the control, as
well as a shift to the right of the V,, volume inter-
cept for HFnlEF patients relative to HTN patients,
indicating an overall increase in ventricular vol-
ume. They observed similar differences in the
EDPVR curves for the three groups, with hyper-
tensive patients having a greater EDV than
HFnlEF patients. Their work showed a probable
role of diastolic dysfunction in HFnlEF patients
relative to HTN patients. Furthermore, it shows
the potential diagnostic power of ESPVR and
EDPVR curves for distinguishing specific car-
diovascular disorders.

Furthermore, a 2004 study by Kuehne et al.
validated the single-beat method for the RV using
cine MRI to obtain RV volume, and also under-
took a small clinical study comparing 6 control
patients to 6 patients with chronic pulmonary
hypertension. They obtained indexes of cardiac
pump function, measured as cardiac index or the
ratio of cardiac output to body surface area, E.
indexed to myocardial mass and ventricular-
arterial coupling (E./E,). In patients with PAH,
RV pump function was decreased, myocardial
contractility was enhanced, and VVC was ineffi-
cient compared with the control group. These
results agree with the expected physiologic
impact of PAH on RV function discussed above,
and are encouraging for the minimally-invasive
prognosis of PAH. Finally, a recent study by Sanz
et al. [29] used a different simplification of the
single-beat method to use MRI combined with

invasive measurement of mPAP to approximate
the inverse of VVCR (e.g. E/E.,) in 143 adults
with PH. Their E, and VVCR both showed
increasing group trends when sub-divided by
increasing quartiles of PVRI. Unfortunately, their
approximation was quickly shown to be incom-
parable to the gold-standard in that it neglects the
zero-pressure intercept of RV volume [30]. This
however does not mean that their approximation
lacks clinical utility; indeed we show in our work
below that this measure clearly distinguishes
reactive vs. unreactive children with PAH in
terms of their response to pulmonary vascular
vasodilators.

Emerging Methods for Assessment
of VVCR

It is useful to distinguish between patients with
early- and late-stage pulmonary hypertension as
“compensated” and “failing,” in terms of ventric-
ular function. In early-stage PAH, as the ventricle
must overcome greater vascular pressure and
impedance, the end-systolic pressure will
increase to compensate, which is achieved by an
increase in ventricular elastance. This progres-
sion will also be reflected in a slightly increased
E, as distal vessels dilate, leading to increased
mPAP; and as vascular remodeling gradually
stiffens the arterial vasculature, leading to
increased pulse pressure. Together these lead to a
greater P.. Thus, the coupling ratio between the
ventricle and arteries, E./E,, may decrease some-
what but should remain above or close to unity.
Over time however, the heart becomes over-
worked, and P, approaches the maximum iso-
volumic pressure the ventricle can produce, as
shown in Fig. 5.1a, b. A patient transitions from
compensated to failing when the ventricle and
vasculature become uncoupled, and the ventricle
begins to dilate to meet cardiac output needs. The
PV loop shifts to the right and becomes narrower
as end-diastolic volume increases and stroke vol-
ume decreases [31-34]. These patients should
have a markedly decreased coupling ratio, which
signifies uncoupling of the ventricle and vascula-
ture. We have preliminary evidence below that
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these patients are unreactive to pulmonary vaso-
dilators in terms of cardiac output, indicating that
lack of reactivity in PVR is as suggestive of prob-
lems with RV function as much as problems in
vascular function.

Invasive Pressure-Only VVCR

The basis for this work is a modification of the
single-beat method that estimates VVCR while
eliminating the need for volume measurement.
Re-examining Fig. 5.1a, it can be seen that:

E , ~ max,iso Tl 1
es SV ( )
and given the definition [6, 27].
P
E =— 2
=5y (2)

Inserting Egs. (1) and (2) into the expression
for VVCR, we have:

Ees ~ Pmax,iso - })es SV max,iso - })es
E,~ SV B, P
a es es (3)
Pmax is0
= — 1
P

es

Thus, from Eq. (3) we obtain an expression for
VVCR as a simple ratio of maximum isovolumic
pressure to end-systolic pressure. The single-beat
method can be applied to pressure traces from the
RV, estimating P, s, by sinusoidal curve fitting
to periods of isovolumic contraction and relax-
ation, and comparing this value to the observed
end-systolic pressure to obtain an estimate of
VVCR.

Based on the above analysis, the coupling
ratio E./E, actually quantifies the heart’s
“reserve” capacity, or the ratio of its maximum
pressure capability to its current pressure require-
ment, at a particular inotropic state. As such, we
hypothesize that this ratio will be prognostic of
RV failure in PH. Our approach computes the
ratio using only pressure, allowing us to avoid

having to acquire more difficult, less readily
available PV loops. By using only clinically fea-
sible standard-of-care measurements, we enable
wider clinical applicability of the resulting prog-
nostic, and further open the possibility of non-
invasive estimation of the coupling ratio. Our
simplified approach promises to enable more
routine assessment of RV function. Furthermore,
our quantitative approach of describing the sys-
tem has the potential to better guide future basic
science and mechanistic studies of the disease as
well as assist in the interpretation of future thera-
peutic study results.

Pressure Data Analysis

All  data analysis was performed in
MATLAB. Pressure traces from the right ventri-
cle were divided into single beats by ECG gating.
Poaiso Was determined by fitting the equation
P=a+b-sin(c-t+d), [8] where P is pressure and
t is time, to pressure values from the end-diastolic
point up to the point of the maximal value of the
first derivative, corresponding to isovolumic con-
traction, and from the time of the minimal value
of the first derivative to the same pressure value
as the end-diastolic point, corresponding to iso-
volumic relaxation. The end-diastolic point was
defined as the time at which dP/dt exceeds
200 mmHg/s [7]. Curve fitting was performed
using the Levenberg-Marquardt algorithm for
non-linear least squares [8].

The coupling ratio E,/E, was determined from
Eq. (3), which required an additional assumption
regarding the timing of end-systole. Alyono et al.
[31] found that 30 ms before dP/dt,,, is the best
definition for end-systole using pressure data
alone, compared with definitions using pressure
and volume together. Because the pressure data
was obtained with a sampling frequency of
250 Hz, data points were separated by 4 ms, so
end-systole was defined as 32 ms, or 8 data
points, prior to dP/dt,,;, rather than 30 ms prior.
VVCR was also calculated using P,,, for a given
pulse as end-systole in addition to the 32 ms prior
to dP/dt,;, definition for end-systole, and each
method was compared. VVCR (P,,..) was supe-
rior to VVCR (P,,) for all tests, so results will
only be shown for VVCR (P,,,)-
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Initial Results for New Techniques

Indirect evidence that VVCR is related to the pro-
gression of right heart remodeling processes can
be found by comparing it, as well as load param-
eters such as mPAP, to tissue markers of hypertro-
phy, inflammation, or fibrosis. Preliminary
comparisons were performed with a small set of
neonatal male calves (post-natal day 1), exposed
to 14 d hypoxia (simulated elevation 4300 m) or
ambient atmosphere (Ft. Collins, CO).
Hemodynamics were obtained by right heart cath-
eterization via the jugular vein with a solid state
catheter to obtain RV and main PA pressures; post
study, the RV and LV were excised and Real Time
PCR was used to examine gene expression.
Although a low-power data set, the results clearly
demonstrate (Table 5.1, Fig. 5.2a, b) that gene
products reflective of pressure overload of the car-
diac myocyte (B-myosin heavy chain (MHC),
skeletal a-actin, Brain natriuretic peptide (BNP))
correlated strongly with mean PA pressure,
whereas gene products reflective of myocardial
inflammation showed greater dependence on
VVCR. Further, ECM remodeling gene products
also showed equivalent or greater dependence on
the coupling ratio rather than developed
mPAP. These results suggest that hypertrophic RV
remodeling driven by cardiac myocytes is primar-
ily responsive to increasing pulmonary vascular
pressure whereas inflammatory and ECM remod-
eling in the RV are more sensitive to altered
mechanical coupling of the cardiopulmonary sys-
tem, and reinforce the conclusion that RV remod-

eling encompasses multiple processes responding
to non-identical determinants. Thus, understand-
ing and predicting disease progression from the
viewpoint of hemodynamics requires a multifac-
torial approach.

Non-Invasive Methods

We begin by discussing a Doppler ultrasound
technique, which makes use of a simplification
of Bernoulli’s principle in order to approximate
RV pressure from the velocity of the regurgitant
tricuspid valve (known as a TR jet). This pres-
sure trace is then used to compute VVCR using
the single-beat methodology described above.
Also noninvasive in nature, two papers have
been published that investigate the use of myo-
cardial performance index (MPI, or “Tei index”)
[32, 33]. The second of these two is particularly
interesting; in it, MPI is shown to most strongly
correlate to 6 min walk distance, BNP, cardiac
index, mPAP, and PVR, better than other echo
measures of RV function. Below we present pre-
liminary evidence that MPI is a good predictor
of patient outcomes, as well as derive its rela-
tionship to VVCR that may explain its predictive
power.

TR Jet Technique

Doppler ultrasound data acquired during cathe-
terization was visualized and processed in
Matlab. Noise reduction was first applied using
the discrete wavelet transform method described

Table 5.1 R-squared values characterizing correlations between hemodynamic parameters (mPAP, Coupling Ratio)
and tissue markers of myocyte overload, inflammation, and fibrosis (n = 9)

NPPB COL | ED-A
Tissue Marker | (BNP) | ACTA1 |MHY7 |MCP-1 IL-1b |IL-IRA TN-C | OPN | 1Al  |Fn

mPAP 0738 1 0.545 0.581 0567 0370 0413 0439 |0.602 0247 0.175
VVCR 0446 0324 0242 0597 0657 |0.506 0428 0597 |0.700 |0.592
Different? | 0.140 | 0.252 0.151 0458 |0.172 0389 0487 0492 0.068 | 0.100

Generally, mPAP shows best (and most significant) correlation with tissue markers of myocyte overload, while the
coupling ratio displays best correlation with inflammation and fibrosis. Only two correlations approached a significant

difference



5 Ventricular-Vascular Coupling in the Pulmonary Circulation 63

L
@
o
o
o

T T T T T T
— COL1A1 = 1914 (CR) + 132

R2=0.70

6000

4000

2000

COL1 A1 [copy/100 copies of HPRT]

L R

ol— I . I . I
1 2 3

Coupling Ratio [dimensionless]

b T T T T T T P
— IL-1B =1.93 (CR) + 0.12
— 8l ) _
o= R%=0.66
o | i
T *
o 6 .
o
Q.
[e) L i
(&)
3
= 41 m
= *
s | . |
9, o®
[<n B
o2, ]
*
0 L | L | L |
1 2 3

Coupling Ratio [dimensionless]

Fig.5.2 (a, b) Notable regressions between coupling ratio and inflammatory/fibrotic tissue markers

Fig.5.3 Automatic trace of Doppler US image of TR jet.
Red raw trace, Blue smoothed trace

by Zhang et al. in 2001 [35]. To obtain an enve-
lope of the velocity, traces of the TR jet image
were performed by an automatic edge detection
routine using an adjustable threshold magnitude.
A threshold value was computed automatically
based on the noise level, soft thresholding was

applied to the detail coefficients, and the image
was reconstructed, as shown in Fig. 5.3. The
smoothed velocity trace was transformed into
approximate right-ventricular pressure by simpli-
fication of Bernoulli’s principle as P=4V?, as is
done in clinical practice, in which P is the ven-
tricular pressure and V is the velocity of the jet.
This data was subsequently analyzed again using
the techniques described in the Invasive Pressure-
Only VVCR section above. Having already per-
formed better in the catheterization cases, the
maximal pressure was used in computing the
coupling ratio, rather than the end-systolic defini-
tion of 30 ms prior to dP/dt,;,. VVCR was
obtained in this fashion for 11 patients, and they
follow the same trends (with respect to WHO
FC) as with the invasively obtained ratios; how-
ever, we have not yet performed outcomes analy-
ses in this small set.

MPI Transformation to VVCR

Given our modeling approach with pressure, we
can estimate both P, and P, i, from merely the
isovolumic times and ejection time. These times
are routinely collected in our cath lab for the pre-
diction of the myocardial performance index
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[MPI—also known as the Tei index [16, 36]],

which is computed as M, in which
RVET
IVCT & IVRT are the IsoVolumic

Contraction/Relaxation Times, and RVET is the
RV _Ejection Time. From this time equation, an
assumption that P, occurs approximately at the
end of ejection time, and the sinusoidal approxi-
mation for isovolumic contraction pressure, we
can derive the equation.
mpI Y
j ) 4)

MPI +1

VVCR =~ cot (n’

in which = is the constant pi (3.14159...); thus
VVCR is approximated by a trigonometric trans-
form of MPI. As MPI varies from low values near
zero (indicating good performance) to higher val-
ues still less than one (increasing functional limi-
tation), estimated VVCR varies from large values
(>5) to values close to zero, predicting the same
functional status. To see how well this predicted
patient status, we compared MPI, approximated
VVCR, and PVRI measured within 48 h in 27
children with PAH to determine how well each
predicted WHO FC at follow up, in outcomes
categories identical to the three trichotomous
groups discussed above. Shown in Fig. 5.4 are
box plots of MPI, approximated VVCR, and
PVRI for the three outcomes groups (n =7, 11,9
for OC1, OC2, OC3, respectively). Clear separa-
tion exists in both noninvasive measures between
healthy group and severe functional limitation
group mean values, whereas due to high variance
PVRI has overlap in all three groups. ANOVA
showed both noninvasive values differentiated
the groups (p < 0.05), whereas PVRI did not
(p = 0.08). Additionally, both noninvasive meth-
ods showed better fit to trichotomous and dichot-
omous WHO-FC based outcomes. While it is
currently unclear if the trigonometric transforma-
tion of MPI (into VVCR) is advantageous, the
transformation does make clear MPI’s relation to
VVCR; neither have been comprehensively
explored as prognostics in pediatric PAH.
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Fig. 5.4 Box plots of MPI, MPI-approximated VVCR,
and PVRI. Both noninvasive measures better categorize
(and predict) the three WHO FC based outcomes
parameters

MRI Technique

As noted above, the Sanz et al. [29] method of
computing VVCR, while not comparable to the
gold standard, may still possess clinical utility.
To explore this possibility, we examined 16 pedi-
atric subjects who underwent MRI and catheter-
ization within month (14 were within 48 h). Age
ranged from 3 months to 23 years, with the mean
being 11.3 + 7.4 years. E, and E,/E,,, increased
with increasing severity defined by PVR, with
p <0.001 for both. E,/E steadily increased with
increasing PVRI, as might be expected.
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Fig. 5.5 MRI approximated inverse VVCR (with inva-
sive pressure—mPAP), regressed in groups of reactive
(blue) and non-reactive (red) patients vs. PVRI. The sick-

Interestingly, patients in the highest quartile were
found to be non-reactive to pulmonary vasodila-
tors in PVRI during catheterization. ROC curve
analysis determined that an E/E ratio of 0.85
had a sensitivity of 100% and a specificity of
80% of predicting reactivity; further, the AOC of
this ROC curve was 0.89 (p = 0.008), suggesting
quite good discrimination among those who were
and were not reactive. Further, preliminary
regressions of PVR vs. inverse VVCR in patients
grouped by their reactivity in PVR when admin-
istered 100% O2 and/or 100% O2 and NO indi-
cated that those unreactive (<20% change) are
more uncoupled than those who are reactive
(Fig. 5.5). This is in some sense unsurprising, in
that PVR reactivity can occur due to reductions
in mPAP (vascular reactivity) and increases in
cardiac output (RV reactivity).

est patients (with largest inverse VVCR) showed greater
decoupling as a function of afterload

measurement of ventricular performance as it
relates to the state of the vasculature. Thus,
parameters involving direct measurement of RV
volume, such as ESPVR, will likely always
remain better indicators of RV contractility.
Furthermore, although the measurement of pres-
sure is much simpler than the measurement of
pressure and volume together, our first approxi-
mation of VVCR still requires catheterization,
meaning it offers no large advantage in terms of
invasiveness. Additionally, although it has been
shown here to be prognostic, this method for
obtaining VVCR requires validation against gold
standard measurement. Validation will include
pressure-volume studies in both animals and
humans, and continual testing should show a
strong correlation between VVCR obtained by
PV loops and VVCR obtained by pressure alone.

Limitations

There are a number of limitations associated with
the simplified VVCR model. Because VVCR is a
ratio of elastances, it can only provide an indirect

Discussion/Conclusions

Pressure-volume loops and their associated
parameters (E., E,) are considered the gold-
standard measures of ventricular function;
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however, the difficult nature of changing ventric-
ular preload and of measuring volume—particu-
larly of the RV—has limited their clinical
applicability. Through the 1990s and 2000s a new
method—the single beat method—has greatly
simplified the process of obtaining PV loops,
elastances, and ventricular-vascular coupling
ratio. The ratio is a combined measure of con-
tractility and afterload, specifies the efficiency of
heart ejection, and is generally a decreasing func-
tion of disease worsening. Emerging clinical
measurements are providing preliminary evi-
dence that VVCR is a good prognosticator of
both left and right-sided heart failure.

By modification of the single beat method
equations, we have obtained even simpler and
more clinically accessible invasive and noninva-
sive ways to measure the ventricular-vascular
coupling ratio and thereby predict RV function in
pediatric PAH. Our invasive data clearly show
PVRI and VVCR are independent parameters;
thus these VVCR measurements offer new
insight into disease progression unavailable from
measurements of distal or proximal afterload.
Three of the four noninvasive approaches already
show high prognostic potential, and all are addi-
tionally applicable to adult PH. We conclude that
VVCR holds promise for future clinical use in
the prognosis of PAH.
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