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Pulmonary arterial hypertension (PAH) is a progressive, often lethal condition orig-
inating in the pulmonary arteriolar tree. It is typically manifested in stereotypical
changes in the right ventricle (RV). RV dysfunction is an important mediator of
patient symptoms in PAH, and RV failure is the most common cause of mortality
in PAH patients. Because of the physiologic importance of the RV, RV imaging is
critical in the initial diagnostic evaluation and serial assessment of PAH patients,
and can provide indirect insight into the status of the disease at the level of the
pulmonary vasculature. This article will focus on whether technological advances in
imaging have shifted the debate toward which modality is optimal both for routine
clinical practice and for a possible surrogate endpoint in PAH clinical trials.

Pulmonary arterial hypertension (PAH)
is a progressive, often lethal condition
characterized by pulmonary vascular
remodeling, pathologic rise in right ven-
tricular (RV) afterload, and increase in
pulmonary artery (PA) pressures.'™
Though PAH is a disease originating in
the pulmonary arteriolar tree, it is typi-
cally also manifested in stereotypical
changes in the RV, which is normally
morphologically smaller and thinner-
walled than the left ventricle (LV), in
keeping with its design to deliver blood
flow through a low-resistance pulmonary
circuit.

However, as pulmonary vascular resis-
tance (PVR) increases, RV hypertrophy,
RV dilatation, and ultimately RV
dysfunction occur.*® Indeed, RV dys-
function is an important mediator of
patient symptoms in PAH, and RV
failure is the most common cause of
mortality in PAH patients.®”

Because of the physiologic importance
of the RV, RV imaging is critical in the
initial diagnostic evaluation and serial

assessment of PAH patients, and can
provide indirect insight into the status of
the disease at the level of the pulmonary
vasculature. Moreover, newer therapies
for the treatment of patients with PAH
are now being investigated, which may
directly impact RV function, rather than
solely causing pulmonary vasodilatation.®
Despite this critical role in the patho-
physiology of PAH, imaging assessment
of RV structure and function has infre-
quently been used as a primary endpoint
in large, randomized clinical trials of
PAH therapeutic agents, and controversy
still exists as to the most appropriate
method of RV imaging in both clinical
and research settings.

Two-dimensional (2D-TTE) and
Doppler transthoracic echocardiography
(DE) has been a mainstay of the clinical
assessment of patients with PAH.
However, due to the complex
3-dimensional geometry of the RV, an
accurate assessment of RV volumes and
ejection fraction (EF) has been chal-
lenging to obtain via traditional

Key Words— cardiac magnetic resonance imaging, echocardiography, pulmonary arterial hypertension,

right ventricular function, ultrasound
Correspondence: araina@wpahs.org

Disclosures: Dr Raina has served as a consultant/advisory board/steering committee member for United
Therapeutics Corporation, Bayer HealthCare, and Actelion Pharmaceuticals. She has also served on a
speaker’s bureau for United Therapeutics Corporation. Dr Freed has received institutional grant or
research support from Eleanor Wood-Prince Northwestern Institutional Grant. He has also received a
pulmonary hypertension research award from Bayer and the International Society for Heart & Lung

Transplantation.

28  Advances in Pulmonary Hypertension

Volume 14, Number 1; 2015

2D-TTE.’ However, echocardiography
is inexpensive, widely available, and can
provide important hemodynamic infor-
mation via Doppler.

Cardiac magnetic resonance imaging
(CMR) has been considered the gold
standard for imaging of the RV due to
its ability to provide accurate RV
volumes, right ventricular ejection
fraction (RVEF), and to simultaneously
evaluate for evidence of congenital heart
disease and shunts.*® Challenges with
CMR have included requirement for
breath holding, lack of widespread avail-
ability, expense associated with magnetic
resonance imaging (MRI) equipment,
and issues with noncompatible implanted
devices and claustrophobia. Over the
past decade, there have been dramatic
advances in 2D-TTE, 3-dimensional
echocardiographic (3D-TTE) tech-
nology, and increased understanding of
the prognostic significance of existing
surrogates of RV function by echocardi-
ography. Similarly, CMR technology has
continually evolved to allow faster acqui-
sition, tissue characterization, and flow
dynamics.

The question remains as to whether
these technological advances have shifted
the debate toward which modality is
optimal both for routine clinical practice
and for a possible surrogate endpoint in
PAH clinical trials. This debate forms
the topic of this article.
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ECHOCARDIOGRAPHY:
FOUNDATION FOR RV
ASSESSMENT IN CLINICAL
PRACTICE AND PAH CLINICAL
TRIALS

Doppler echocardiography and
2D-TTE is frequently the first diag-
nostic test employed in the evaluation of
patients with known or suspected PAH,
in part because of its widespread avail-
ability, ease and speed of image
acquisition, lack of ionizing radiation,
and because patients with what may
ultimately prove to be PAH are often
initially referred for evaluation of unex-
plained dyspnea. Echocardiography also
has the advantage of providing hemody-
namic evaluation such as an estimate of
PA pressures and LV filling pressure,
and the ability to evaluate for valvular
heart disease and LV systolic and dia-
stolic dysfunction.®!!1?

Traditional 2D-TTE has been more
limited in terms of the assessment of RV
structure and function in part because of
the triangular, crescentic geometry of the
RV, which is difficult to image from a
single echocardiographic view and makes
volumetric assumptions used in quanti-
tative assessment of left ventricular
ejection fraction (LVEF) untenable for
calculating RVEF."® However, despite
the inability of 2D-TTE to provide RV
volumes and RVEF, a number of surro-
gates of RVEF have been developed and
validated using 2D, M-mode, and tissue
Doppler.

NEW EVIDENCE AND
APPLICATIONS FOR EXISTING
SURROGATES OF RV
STRUCTURE AND FUNCTION

2D-TTE assessments of RV function
have generally used single-plane measure-
ments acquired from the apical
4-chamber view. Several of these mea-
surements rely on the unique contractile
pattern of the RV, in which the majority
of global RV contraction occurs in the
longitudinal axis vs the transverse axis in
both the normal RV and in patients with
PAH.™

Tricuspid annular plane systolic
excursion (APSE) is perhaps the most
common of these surrogates, obtained by
measuring the displacement of the lateral
tricuspid annulus between systole and

diastole either by M-mode or 2D-TTE.
The great advantage of TAPSE is that it
is very simple to acquire, does not require
specialized equipment or high endocardial
definition, and is easily reproducible.'*
TAPSE has proven to be a useful mea-
surement that has correlated well with
RVEF by radionuclide angiography and
3D-TTE." In the past decade,
TAPSE has also been shown to correlate
well with invasive hemodynamic variables
such as cardiac index and clinical out-
comes such as survival in patients with
PAH.'”'® Low TAPSE values have cor-
related with lower stroke volume index
and have been associated with higher
transplant free mortality.'’

Similar to TAPSE, tissue Doppler
peak systolic velocity of the lateral tri-
cuspid annulus (TD §) is another
measure of longitudinal contraction of the
RV, which, as the nomenclature implies,
uses tissue Doppler rather than M-mode
or 2D. A'TD §’ velocity of less than
10 cm/s is suggestive of RV dys-
function,”® and low TD S’ velocities are
associated with a reduced cardiac index '
and correlate with invasively derived
stroke volume index.*** While these
longitudinal measures of RV function
have been increasingly validated in the
last decade, some of their limitations have
also become apparent. TAPSE has not
correlated well with RVEF in patients
with repaired congenital heart disease,”
and the reason for this observation may
be that post cardiac surgery, there is a
fundamental change in the global con-
tractile pattern of the RV, with greater
proportion of contraction in the transverse
axis and lower TAPSE values overall.**

Right ventricular fractional area
change (RVFAC) may prove a better
surrogate of RV function in the post
cardiac surgery patients, because it incor-
porates both longitudinal and transverse
components of RV contraction into a
single measurement. RVFAC is defined
as the ratio of end-diastolic area minus
end-systolic area divided by end-diastolic
area obtained from the apical 4-chamber
view. RVFAC of less than 36% is
defined as RV dysfunction.”

Though RVFAC has many of its own
limitations, when measured carefully, it
correlates well with RVEF and global
RV function.”?® The major disad-
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vantage of RVFAC is that it requires
superior endocardial definition compared
to TAPSE and TD S’ to allow the
reader to delineate both systolic and dia-
stolic areas appropriately, and can have
greater variability based on the imaging
alignment used to optimize the
2D-TTE image as well as due to
subjective assessment of where the endo-
cardium is defined. As a result, the
measurement of RVFAC is typically less
reproducible than TAPSE and TD S’ in
clinical practice.

The last DE measurement of RV
function commonly employed in PAH
patients is the RV myocardial perfor-
mance index (MPI) or Tei index. This
can be measured using either pulse wave
Doppler or (in the current era) more fre-
quently with tissue Doppler; the latter is
defined as the sum of isovolumetric con-
traction time and isovolumetric relaxation
time divided by RV ejection time. MPI is
a combined measurement of both RV
systolic and diastolic function and has the
potential advantage of being relatively
independent of heart rate, loading condi-
tions, and tricuspid regurgitation.”?” The
MPT has correlated well with clinical and
hemodynamic variables such as cardiac
index and PA pressures in PAH and
chronic thromboembolic pulmonary
hypertension (PH), has been predictive of
survival, and has been used as an outcome
measure in previous studies of PAH
therapy.”®°

Current guidelines suggest the use of
2 or more quantitative metrics of RV
function in patients with PH and/or RV
dysfunction,” and as a result, TAPSE,
TD S, and RVFAC form the basis for
quantitative assessment of RV function in
many PAH centers, whereas MPI is
more commonly used in research settings
as its calculation is somewhat cum-
bersome. However, these metrics are now
being supplemented by newer measure-
ments, including noninvasive estimates of
PVR, RV strain imaging, and 3D
assessment of RV volumes and RVEF.

NEWER DEVELOPMENTS IN
ECHOCARDIOGRAPHIC
IMAGING OF THE RV
Noninvasive Estimates of PVR

An accurate and simple noninvasive
measurement of PVR is one of the “holy
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Figure 1: Right ventricular strain imaging from apical 4-chamber view demonstrating global and regional longitudinal strain.

grails” of the noninvasive assessment of
the RV in PAH, because conventionally
this information could only be provided
by catheterization, and knowledge of
PVR might prove extremely valuable to
helping clinicians better phenotype
patients with known or suspected PH.
Two broad approaches have been
employed in terms of the echocardio-
graphic estimation of PVR: the first
being fully quantitative and providing an
exact PVR estimate via a formula for
PVR, while the second has been semi-
quantitative, providing an estimated
range of PVR.

The fully quantitative measures of
PVR have sought to mimic the
catheterization-based PVR calculation by
dividing an estimate of transpulmonary
pressure gradient, typically based on tri-
cuspid regurgitant jet velocity, by an
estimate of RV stroke volume or PA
flow. Abbas et al published the first such
formula, which was reasonably accurate
when compared to invasively derived
PVR at relatively low PVR,*! but was
less reliable at higher PVR.*? Moreover,
this formula was inherently a measure of
total pulmonary resistance rather than
PVR per se, as it did not include a
measure of left atrial pressure in the cal-
culation. This element was incorporated
by a revised formula developed by
Dahiya and Marwick using the pulse
wave/tissue Doppler E/E’ ratio as a left
atrial pressure estimate: PVR =
(pulmonary artery systolic pressure
[PASP] - E/E’)/right ventricular outflow
tract (RVOT) velocity time integral
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(VTI). This formula was subsequently
validated in a cohort of PAH patients
with a broader range of PVR values
including at high PVR.33

An alternative approach to this fully
quantitative assessment has been a semi-
quantitative method evaluating the pulse
wave Doppler profile in the RVOT. In
patients with pulmonary vascular disease,
the normally smooth and parabolic
RVOT pulse wave Doppler envelope
becomes notched, presumably due to
wave reflection from the incident wave
of ejected blood against the stiff, non-
compliant pulmonary vascular tree.>*
The stiffer and more noncompliant the
pulmonary vasculature, the earlier the
reflected wave returns, causing the notch
to fall earlier in the RVOT pulse wave
Doppler profile. In their study, Arkles et
al demonstrated that PAH patients with
a mid-systolic notch typically had PVR
>5 Wood units.

In an attempt to combine both of
these approaches, Opotowski et al incor-
porated the presence of Doppler
notching in the RVOT into a revised
fully quantitative equation to estimated
PVR: (PVR = (PASP/RVOT VTI) +
3 if notch present). This was validated in
a larger cohort of patients with PAH
and correlated with invasively derived
PVR better than the Abbas formula
across PVR values.>

RV Strain Imaging

More recently, strain imaging, which
measures the deformation of myocardial
tissue rather than translational motion,
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has been applied to imaging of the RV
using both tissue Doppler imaging as
well as newer speckle-tracking tech-
nology. RV strain imaging can be
obtained as global and regional longitu-
dinal strain, as well as radial and
circumferential strain, though in practice
RV longitudinal strain is most com-
monly reported. The advantage of strain
and strain rate imaging over other con-
temporary methods to assess RV
function is that it is less influenced by
translational motion of the RV than
other metrics such as TAPSE, may be
more sensitive for detecting early RV
dysfunction, and can provide information
regarding regional variations in RV
function Figure 1).>°®

RV global longitudinal strain has cor-
related well with invasive hemodynamic
variables, has been associated with sur-
vival in patients with PAH,***° and
overall may be more accurate as a
measure of global RV function than tra-
ditional longitudinal measurements. RV
strain does have some important limita-
tions in that, similar to RVFAC, it is
somewhat dependent on endocardial
definition to provide accurate speckle
tracking of the RV septum and free
wall.*! Strain imaging is also somewhat
variable based on the ultrasound
equipment used to acquire images and
the specific vendor, although vendor-
independent platforms have also been
developed recently. Lastly, there is a rel-
ative paucity of normative data for strain
imaging in the RV. Nevertheless, RV

strain imaging is gaining greater traction
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Figure 2: Definition of anatomic points from standard 2D-TTE views using the Ventripoint system

the RV (Panel E) in both diastole and systole (Panel F).

in both clinical and research settings as a
measure of RV function in PAH
patients, and is likely to be at least one
imaging endpoint in future PAH clinical

trials.

Real-Time 3D Echocardiographic
Imaging

With continued advancement in
ultrasound technology, 3D imaging of
the RV has become increasingly
employed. This had initially required a
full volume acquisition of the RV, typi-
cally from the apical 4-chamber view
over several beats, with breath holding
and a summation method of discs to
reconstruct RV volumes.**>* Challenges
in 3D imaging include limited spatial
and temporal resolution, and the diffi-
culty in imaging the entire RV from a
single echocardiographic view, especially
with a very dilated RV, which is often
seen in PAH. In addition, offline
reconstruction of the RV to render RV
volumes and EF could be quite time-
consuming, and artifacts could be
introduced due to motion over a breath
hold. The major advantage, however, is
that 3D-TTE could provide an estimate
of RV volumes and RVEF, and can

supplement the 2D and DE assessment
in select patients.“’44

A variety of small clinical studies have
demonstrated that RV volumes and
RVEF by 3D-TTE have good
agreement with those generated by
CMR, although 3D-TTE tended to
slightly underestimate RV volumes.*>*
Newer 3D-TTE systems now permit the
acquisition of 3D RV volumes in real
time over a single beat, speeding up
acquisition and reducing the likelihood
of artifacts introduced over several beats
of acquisition. Single-beat 3D-TTE has
proven feasible—obtainable in 96% of
patients in a small study of PAH
patients, and again has shown good
agreement with CMR volumes with ten-
dency to slightly underestimate stroke
volume and RVEF.*

Knowledge-Based 3D Reconstruction of
the RV From 2D Anatomical Landmarks:
The Ventripoint System

Some of the disadvantages of tradi-
tional 3D-TTE imaging might be
overcome by use of a newer technology
termed knowledge-based reconstruction.
This utilizes a knowledge database of
RV geometry in PAH to interpolate

Advances in Pulmonary Hypertension

(Panels A-D) to generate 3D reconstruction of

RV contours between known ana-
tomical landmarks such as the RV apex,
septum, tricuspid and pulmonic
annulus. Using a proprietary probe and
reconstruction software, this technology
allows for rapid 3D reconstruction of
RV volumes and RVEF from standard
2D-TTE images (Figure 2), without
the requirement for imaging the entire
RV in a single view. This technology
was first evaluated in a small cohort of
patients with repaired Tetralogy of
Fallot in comparison to CMR, and
showed similar RV volumes and EF.*
Knowledge-based reconstruction was
then studied in 27 patients with PAH
in comparison to CMR, and the
3D-TTE volumes correlated well with
CMR, but in contrast to traditional
3D-TTE, RV volumes were slightly
higher using knowledge-based recon-
struction vs CMR.#’

The commercial application of this
technology is the Ventripoint imaging
system, which was evaluated in a multi-
center clinical trial in PAH patients in
comparison to CMR. Though full
results of the study have not been pub-
lished to date, the Ventripoint system
reportedly generated similar volumes to
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CMR performed within 24 hours of the
Ventripoint echocardiogram, and based
on the results of this trial data, the Ven-
tripoint system has been approved by the
United States Food and Drug Adminis-
tration for RV quantification. To date
there has been relatively little clinical
experience with this technology in PAH
patients outside of the clinical trial arena,
but this system certainly has the
potential to significantly enhance routine
echocardiographic assessment of RV
volume and EF. Using the Ventripoint
technology might be a less costly sec-
ondary endpoint in future PAH clinical
trials.

CMR Should Be Utilized in Both
Clinical Practice and PAH Clinical
Trials

To advance the field of PAH,
imaging must offer more than a simple,
subjective evaluation of RV size and
function. CMR, with its 3D capabilities
and tissue characterization techniques,
not only provides accurate diagnostic
information, but data obtained from
CMR can be used for risk stratification
purposes and for gauging treatment
response. In addition, CMR can provide
substantial mechanistic insight into this
disease so that therapy can be targeted
more effectively.

ASSESSMENT OF RV MASS,
VOLUME, AND FUNCTION IS
BEST PERFORMED BY CMR

CMR is the gold standard for
assessment of RV mass, volume, and
function.*®** No other noninvasive
technique can provide accurate and
reproducible measurements of these
parameters without any radiation or con-
trast exposure. In 64 patients with PAH,
decreased stroke volume index and RV
end-diastolic volume index by CMR
were significantly associated with poor
outcomes.”® The statistical significance
for RV end-diastolic volume was even
greater when corrected for age, gender,
and body surface area.’’ In a separate
study evaluating 110 patients with
incident PAH, both a decrease in RVEF
at baseline and a change in RVEF by
only 5% over 12 months were associated
with poor survival in a multivariate
analysis.>?
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In an effort to overcome the 2D limi-
tations of echocardiography, 3D-TTE
was developed to measure RV volumes
and function. Feasibility and reproduc-
ibility have been studied in normal and
abnormal right ventricles, but there are
very little data in patients with PAH. In
addition, 3D-TTE tends to underes-
timate RV volumes compared to CMR
even in healthy hearts.*® Despite techno-
logical advances in the last 3-5 years,
offline analysis remains time-consuming,
and expertise is needed to acquire the
appropriate 2D image. Furthermore,
CMR appears to be more cost effective in
detecting incremental changes in RVEF
and RV end-diastolic volume—an
attractive quality when considering
imaging modalities for clinical trials.>*

Few of the pivotal trials for current
PAH therapies examined imaging
parameter changes, but several smaller
studies found significant changes in
CMR-derived mass, volume, and RVEF
with these medications.*> >’ 2DE-derived
parameters have also been explored as
potential endpoints, but the superior
accuracy, reliability, and reproducibility of
CMR makes it ideal for clinical studies.
Recently, the EURO-MR study showed
significant changes in CMR indices of
RV function and 6-minute walk distance
after 12 months of PH-directed
therapy.®® Although future PAH-therapy
trials should include CMR parameters for
greater insight into how these drugs
work, the clinical relevance of a change in
these measurements must be established
before they can be considered true clinical
endpoints.

NEWER DEVELOPMENTS IN
CMR IMAGING OF THE RV
RV Strain Imaging

One of the most promising novel
imaging techniques is RV myocardial
strain. Strain is a measure of myocardial
deformation and is calculated as the
percentage change in length of the myo-
cardium during relaxation and
contraction. Strain can be measured in
the longitudinal, circumferential, and
radial directions. For RV strain, global
longitudinal strain, which averages the
peak systolic strain throughout the RV
myocardium, is the most commonly
reported parameter.
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A variety of CMR methods, many
based on conventional tagging tech-
niques, have been used to calculate
myocardial deformation of the RV.
Recently, multimodality tissue tracking
of the RV has been shown to correlate
well with other CMR strain techniques
as well as RVEF, and can be applied
retrospectively to standard cine images.®!

While 2DE-derived RV strain has the
potential to provide a more accurate
assessment of RV function compared to
conventional 2D-TTE parameters,
CMR-derived RV strain may shed addi-
tional light on the mechanism by which
the RV becomes dysfunctional. For
example, little data exist regarding RV
circumferential strain because short-axis
images of the RV with 2D-TTE are
difficult to obtain for speckle-tracking
analysis. CMR, due to its multiplanar
capabilities and improved spatial reso-
lution, can easily measure this variable.
This parameter is potentially important,
as Kind et al showed that transverse wall
motion of the RV might be a better
reflection of RV function than longitu-
dinal wall motion.®*%?

In addition, while regional RV longi-
tudinal strain is highly variable by
2D-TTE and rarely reported, regional
strain by CMR is more feasible, reliable,
and may detect changes in RV structure
prior to a decrease in RVEF.%+%
Although not yet studied in the RV,
changes in regional tissue velocities by
CMR-derived tissue phase mapping
might also identify early myocardial
disease before a decline in ventricular
function is detected.®®

Delayed Contrast Enbancement and T1
Mapping Imaging

A great strength of CMR is its ability
to characterize tissue and detect
abnormal areas of myocardium. Not only
does RV dysfunction play a key role in
the pathophysiology of PAH, but, in
one study, an RVEF less than 35% was
better than PVR at predicting adverse
outcomes.”* This suggests that there are
changes within the RV myocardium
itself that contribute significantly to the
overall disease process.

Delayed contrast enhancement of the
RV insertion points is a common finding
in PAH patients and reflects either
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Figure 3: Comparison of standard CMR technique (Standard-MOLLI) for T1 mapping to high-
resolution CMR technique (HR-MOLLI) for T1 mapping. Note the better resolution of the RV
free wall (white arrows). MOLLI = modified look-locker inversion recovery.

fibrosis or myocardial fiber disarray in
this region of the heart. Multiple publi-
cations have explored the clinical
significance of this ﬁnding.67'70
Although the existence and extent of
delayed enhancement consistently corre-
lates with increased RV mass, volumes,
and PA pressure, it does not appear to
independently predict outcomes.” "3
While delayed contrast enhancement
identifies regional myocardial abnormal-
ities, a recently developed MRI
technique, T'1 mapping, allows quantifi-
cation of diffuse myocardial fibrosis with
or without the use of contrast.”*7% A
recent paper showed a strong correlation
between T1 mapping values of the RV
insertion points and indices of RV dys-
function.”” However, a better use of T1
mapping might be the detection of
diffuse interstitial fibrosis in the RV.8°
Higher resolution sequences, which are
required for the thin-walled RV myo-
cardium, are in development and show
promise for fibrosis quantification
(Figure 3). Detection of fibrosis within
the RV myocardium may serve as a ther-
apeutic target for future PAH therapies.

RV Perfusion Imaging

A critical component of RV failure is a
decline in coronary perfusion of the RV
and subsequent RV ischemia. 2D-TTE,
while standard for assessing wall motion
abnormalities of the LV, cannot evaluate
RV perfusion. However, myocardial per-
fusion reserve can be evaluated by CMR
using contrast and a vasodilator such as
adenosine or regadenoson. In a small
study of 25 patients referred for PAH
evaluation, the myocardial perfusion
reserve index for both LV and RV were
significantly decreased compared to con-

trols.®! Furthermore, a decrease in RV
myocardial reserve index significantly cor-
related with a decline in RV workload
and RVEF. Similar to markers of fibrosis,
RV MPI may also be used as a measure
for the effectiveness of PAH therapies.

Pulmonary Vasculature Imaging

While the RV plays a key role in the
pathophysiology of PAH, its function is
strongly affected by the pressure and
resistance within the pulmonary vascu-
lature. Both 2D-TTE and CMR can
evaluate pulmonary vasculature hemody-
namics with Doppler and velocity-
encoded imaging, respectively. In
general, velocity-encoded imaging allows
flow measurement in any vessel of the
heart by multiplying the cross-sectional
area of the vessel by the spatial mean
velocity of blood flow. Like 2D-TTE,
studies have shown that it is feasible to
calculate a variety of hemodynamic
parameters using CMR such as mean

Flow MPA vs. Time

400 600
Time

Flow_MPA

PA pressure, PVR, cardiac output, and
PA acceleration time.3?84

One of the unique features of CMR is
that, unlike 2D-TTE, it is possible to
visualize the main PA and its branches.
This allows one to measure parameters
such as PA distensibility, which corre-
lates strongly with severity of disease in
PAH patients.g5 86 In addition, 4D flow
imaging by CMR measures all 3 direc-
tional components of the velocities of
blood flow relative to time course of the
cardiac cycle.87 This allows visualization
of altered patterns of flow in the PA,
and might be useful in providing greater
mechanistic insight into the conse-
quences of pulmonary vascular
remodeling (Figure 4). Using 4D flow of
PA, wall shear stress was found to be
significantly decreased in PAH patients
compared to controls.®® In addition, vor-
tices of blood flow are common in the
main PA in patients with PAH, and the
vortex duration appears to correlate sig-
nificantly with mean PA pressure.89’90

CONCLUSION

The technologic and evidence base for
both echocardiography and CMR in
imaging the RV in PAH have clearly
evolved dramatically in the last decade,
but ultimately how have these advances
impacted the question of which is the
optimal RV imaging modality? While
proponents of each modality may con-
tinue to fuel debate over which may be
more effective in imaging the RV, in
reality a general consensus is that these

PA velocity [m/s]
1.00
0.75
0.50
0.25
0.00

Figure 4: 4D flow of the PA in a patient with PAH. Note the slower PA velocities and flow

vortex in the main PA (white arrow).
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imaging modalities are in fact comple-
mentary, each providing potentially
unique information.

2D-TTE will remain the clinical work-
horse of RV evaluation in PAH because
it provides simple, reproducible, and
meaningful single-plane surrogates of RV
function. Newer echocardiographic tech-
niques such as RV strain, 3D-TTE, and
Ventripoint are promising in providing
measurements of RV function, RV
volumes, and RVEF without the limita-
tions of CMR, but further technological
improvements are necessary before these
techniques can be incorporated into
standard clinical practice.

Until then, CMR will remain the gold
standard for measuring RV size and
function. Beyond that, CMR can
provide additional information on RV
tissue characterization, perfusion
imaging, and 4D flow imaging of the
PA. Further research is needed to
determine the clinical utility of these
novel MRI measurements. RV imaging
for PAH is rapidly evolving. Under-
standing what echocardiography and
MRI currently have to offer is essential
for the comprehensive evaluation and
management of this patient population.

References

1. Archer SL, Weir EK, Wilkins MR. Basic
science of pulmonary arterial hypertension for clini-
cians: new concepts and experimental therapies.
Circulation. 2010;121(18):2045-2066.

2. Hoeper MM, Bogaard HJ, Condliffe R, et al.
Definitions and diagnosis of pulmonary hyper-
tension. J Am Coll Cardiol. 2013;62(25 Suppl):
D42-D50.

3. McLaughlin VV, Archer SL, Badesch DB,

et al; American College of Cardiology Foundation
Task Force on Expert Consensus Documents;
American Heart Association; American College of
Chest Physicians; American Thoracic Society, Inc;
Pulmonary Hypertension Association.
ACCF/AHA 2009 expert consensus document on
pulmonary hypertension a report of the American
College of Cardiology Foundation Task Force on
Expert Consensus Documents and the American
Heart Association developed in collaboration with
the American College of Chest Physicians;
American Thoracic Society, Inc.; and the Pul-
monary Hypertension Association. J Am Coll
Cardiol. 2009;53(17):1573-1619.

4. Bossone E, Duong-Wagner TH, Paciocco G,
et al. Echocardiographic features of primary pul-
monary hypertension. J Am Soc Echocardiogr. 1999;
12(8):655-662.

5. Kuehne T, Yilmaz S, Steendijk P, et al. Mag-

netic resonance imaging analysis of right ventricular

34 Advances in Pulmonary Hypertension

pressure-volume loops: in vivo validation and
clinical application in patients with pulmonary
hypertension. Circulation. 2004;110(14):2010-2016.
6. Chin KM, Kim NH, Rubin L]. The right
ventricle in pulmonary hypertension. Coron Artery
Dis. 2005;16(1):13-18.

7. Tonelli AR, Arelli V, Minai OA, et al. Causes
and circumstances of death in pulmonary arterial
hypertension. Am J Respir Crit Care Med. 2013;
188(3):365-369.

8. Liles J, Oliver J, Chi L, Phan D, Dhalla A,
Belardinelli L. A Small Molecule Inhibitor Of
Apoptosis Signal-Regulating Kinase 1 (ASK1)
Reduces Experimental Pulmonary Hypertension
And Right-Ventricular (RV) Dysfunction. 4m J
Respir Crit Care Med. 2013;187:A4671.

9. Rudski LG, Lai WW, Afilalo ], et al. Guide-
lines for the echocardiographic assessment of the
right heart in adults: a report from the American
Society of Echocardiography endorsed by the
European Association of Echocardiography, a
registered branch of the European Society of Car-
diology, and the Canadian Society of
Echocardiography. J Am Soc Echocardiogr. 2010;
23(7):685-713; quiz 786-788.

10. Benza R, Biederman R, Murali S, Gupta H.
Role of cardiac magnetic resonance imaging in the
management of patients with pulmonary arterial
hypertension. J Am Coll Cardiol. 2008;52(21):
1683-1692.

11. Kitabatake A, Inoue M, Asao M, et al. Non-
invasive evaluation of pulmonary hypertension by a
pulsed Doppler technique. Circulation. 1983;68(2):
302-309.

12.  Nagueh SF, Middleton KJ, Kopelen HA,
Zoghbi WA, Quifiones MA. Doppler tissue imag-
ing: a noninvasive technique for evaluation of left
ventricular relaxation and estimation of filling pres-
sures. J Am Coll Cardiol. 1997;30(6):1527-1533.
13.  Forfia PR, Vachiéry JL. Echocardiography in
pulmonary arterial hypertension. 4m J Cardiol.
2012;110(6 Suppl):16S-24S.

14. Brown SB, Raina A, Katz D, Szerlip M,
Wiegers SE, Forfia PR. Longitudinal shortening
accounts for the majority of right ventricular con-
traction and improves after pulmonary vasodilator
therapy in normal subjects and patients with pul-
monary arterial hypertension. Chest. 2011;140(1):
27-33.

15. Kaul S, Tei C, Hopkins JM, Shah PM.
Assessment of right ventricular function using two-
dimensional echocardiography. Am Heart J. 1984;
107(3):526-531.

16.  Smith JL, Bolson EL, Wong SP, Hubka M,
Sheehan FH. Three-dimensional assessment of
two-dimensional technique for evaluation of right
ventricular function by tricuspid annulus motion.
Int J Cardiovasc Imaging. 2003;19(3):189-197.

17. Forfia PR, Fisher MR, Mathai SC, et al.
Tricuspid annular displacement predicts survival in
pulmonary hypertension. Am J Respir Crit Care
Med. 2006;174(9):1034-1041.

18. Mathai SC, Sibley CT, Forfia PR, et al. Tri-
cuspid annular plane systolic excursion is a robust
outcome measure in systemic sclerosis-associated
pulmonary arterial hypertension. J Rbeumatol. 2011;
38(11):2410-2418.

19.  Ghio S, Klersy C, Magrini G, et al.

Volume 14, Number 1; 2015

Prognostic relevance of the echocardiographic
assessment of right ventricular function in patients
with idiopathic pulmonary arterial hypertension.
Int J Cardiol. 2010;140(3):272-278.

20. Meluzin ], Spinarovd L, Bakala J, et al.
Pulsed Doppler tissue imaging of the velocity of
tricuspid annular systolic motion; a new, rapid, and
non-invasive method of evaluating right ventricular
systolic function. Eur Heart J. 2001;22(4):340-348.
21. Rajagopalan N, Saxena N, Simon MA,
Edelman K, Mathier MA, Lépez-Candales A.
Correlation of tricuspid annular velocities with
invasive hemodynamics in pulmonary hypertension.
Congest Heart Fail. 2007;13(4):200-204.

22. Urheim S, Cauduro S, Frantz R, et al.
Relation of tissue displacement and strain to inva-
sively determined right ventricular stroke volume.
Am J Cardiol. 2005;96(8):1173-1178.

23. Morcos P, Vick GW 3rd, Sahn D], Jerosch-
Herold M, Shurman A, Sheehan FH. Correlation
of right ventricular ejection fraction and tricuspid
annular plane systolic excursion in tetralogy of
Fallot by magnetic resonance imaging. Ins J
Cardiovasc Imaging. 2009;25(3):263-270.

24. Raina A, Vaidya A, Gertz ZM, Susan
Chambers, Forfia PR. Marked changes in right
ventricular contractile pattern after cardiothoracic
surgery: implications for post-surgical assessment of
right ventricular function. J Heart Lung Transplant.
2013;32(8):777-783.

25.  Anavekar NS, Gerson D, Skali H, Kwong
RY, Yucel EK, Solomon SD. Two-dimensional
assessment of right ventricular function: an
echocardiographic-MRI correlative study. Echocar-
diography. 2007;24(5):452-456.

26. Caudron ], Fares J, Vivier PH, Lefebvre V,
Petitjean C, Dacher JN. Diagnostic accuracy and
variability of three semi-quantitative methods for
assessing right ventricular systolic function from
cardiac MRI in patients with acquired heart
disease. Eur Radiol. 2011;21(10):2111-2120.

27. Tei C, Dujardin KS, Hodge DO, et al.
Doppler echocardiographic index for assessment of
global right ventricular function. J Am Soc Echocar-
diogr. 1996;9(6):838-847.

28. Blanchard DG, Malouf PJ], Gurudevan SV,
et al. Utility of right ventricular Tei index in the
noninvasive evaluation of chronic thromboembolic
pulmonary hypertension before and after pul-
monary thromboendarterectomy. JACC Cardiovasc
Imaging. 2009;2(2):143-149.

29. Ogihara Y, Yamada N, Dohi K, et al. Utility
of right ventricular Tei-index for assessing disease
severity and determining response to treatment in
patients with pulmonary arterial hypertension.

J Cardiol. 2014;63(2):149-153.

30. Yeo TC, Dujardin KS, Tei C, Mahoney
DW, McGoon MD, Seward JB. Value of a
Doppler-derived index combining systolic and dia-
stolic time intervals in predicting outcome in
primary pulmonary hypertension. Am J Cardiol.
1998,81(9):1157-1161.

31. Abbas AE, Fortuin FD, Schiller NB,
Appleton CP, Moreno CA, Lester SJ. A simple
method for noninvasive estimation of pulmonary
vascular resistance. J Am Coll Cardiol. 2003;41(6):
1021-1027.

32. Rajagopalan N, Simon MA, Suffoletto MS,

$S800B 98] BIA $2-90-GZ0Z 1€ /woo Alojoeignd-poid-swd-yiewssiem-jpd-swiid//:sdjy woly papeojumoq



et al. Noninvasive estimation of pulmonary vascular
resistance in pulmonary hypertension. Echocardiog-
raphy. 2009;26(5):489-494.

33. Dahiya A, Vollbon W, Jellis C, Prior D,
Wahi S, Marwick T. Echocardiographic
assessment of raised pulmonary vascular resistance:
application to diagnosis and follow-up of pul-
monary hypertension. Heart. 2010;96(24):
2005-2009.

34.  Arkles JS, Opotowsky AR, Ojeda J, et al.
Shape of the right ventricular Doppler envelope
predicts hemodynamics and right heart function in
pulmonary hypertension. Am J Respir Crit Care
Med. 2011;183(2):268-276.

35. Opotowsky AR, Clair M, Afilalo J, et al. A
simple echocardiographic method to estimate pul-
monary vascular resistance. Am J Cardiol. 2013;
112(6):873-882.

36. Matias C, Isla LP, Vasconcelos M, et al.
Speckle-tracking-derived strain and strain-rate
analysis: a technique for the evaluation of early
alterations in right ventricle systolic function in
patients with systemic sclerosis and normal pul-
monary artery pressure. / Cardiovasc Med
(Hagerstown). 2009;10(2):129-134.

37. Meris A, Faletra F, Conca C, et al. Timing
and magnitude of regional right ventricular func-
tion: a speckle tracking-derived strain study of
normal subjects and patients with right ventricular
dysfunction. J Am Soc Echocardiogr. 2010;23(8):
823-831.

38. Pirat B, McCulloch ML, Zoghbi WA. Eval-
uation of global and regional right ventricular
systolic function in patients with pulmonary hyper-
tension using a novel speckle tracking method.
Am ] Cardiol. 2006;98(5):699-704.

39. Haeck ML, Scherptong RW, Marsan NA,
et al. Prognostic value of right ventricular longitu-
dinal peak systolic strain in patients with
pulmonary hypertension. Circ Cardiovasc Imaging.
2012;5(5):628-636.

40. Sachdev A, Villarraga HR, Frantz RP, et al.
Right ventricular strain for prediction of survival in
patients with pulmonary arterial hypertension.
Chest. 2011;139(6):1299-1309.

41. Teske AJ, De Boeck BW, Olimulder M,
Prakken NH, Doevendans PA; Cramer M].
Echocardiographic assessment of regional right
ventricular function: a head-to-head comparison
between 2-dimensional and tissue Doppler—derived
strain analysis. J Am Soc Echocardiogr. 2008;21(3):
275-283.

42.  Grapsa J, O'Regan DP, Pavlopoulos H,
Durighel G, Dawson D, Nihoyannopoulos P.
Right ventricular remodelling in pulmonary arterial
hypertension with three-dimensional echocardiog-
raphy: comparison with cardiac magnetic resonance
imaging. Eur J Echocardiogr. 2010;11(1):64-73.

43.  Morikawa T, Murata M, Okuda S, et al.
Quantitative analysis of right ventricular function
in patients with pulmonary hypertension using
three-dimensional echocardiography and a two-
dimensional summation method compared to
magnetic resonance imaging. Am J Cardiol. 2011
107(3):484-489.

44.  Tamborini G, Brusoni D, Torres Molina JE,
et al. Feasibility of a new generation three-
dimensional echocardiography for right ventricular

volumetric and functional measurements. Am J
Cardiol. 2008;102(4):499-505.

45. Knight DS, Grasso AE, Quail MA, et al.
Accuracy and reproducibility of right ventricular
quantification in patients with pressure and volume
overload using single-beat three-dimensional echo-
cardiography. J Am Soc Echocardiogr. 2015;28(3):
363-374.

46. Sheehan FH, Kilner PJ, Sahn DJ; et al.
Accuracy of knowledge-based reconstruction for
measurement of right ventricular volume and
function in patients with tetralogy of Fallot. Am ]
Cardiol. 2010;105(7):993-999.

47. Bhave NM, Patel AR, Weinert L, et al.
Three-dimensional modeling of the right ventricle
from two-dimensional transthoracic echocardio-
graphic images: utility of knowledge-based
reconstruction in pulmonary arterial hypertension.
J Am Soc Echocardiogr. 2013;26(8):860-867.

48. Bradlow WM, Hughes ML, Keenan NG,

et al. Measuring the heart in pulmonary arterial
hypertension (PAH): implications for trial study
size. | Magn Reson Imaging. 2010;31(1):117-124.
49. Mooij CF, de Wit CJ, Graham DA, Powell
AJ, Geva T. Reproducibility of MRI measure-
ments of right ventricular size and function in
patients with normal and dilated ventricles. J Magn
Reson Imaging. 2008;28(1):67-73.

50. van Wolferen SA, Marcus JT, Boonstra A,
et al. Prognostic value of right ventricular mass,
volume, and function in idiopathic pulmonary
arterial hypertension. Eur Heart J. 2007;28(10):
1250-1257.

51. Swift AJ, Rajaram S, Campbell MJ, et al.
Prognostic value of cardiovascular magnetic reso-
nance imaging measurements corrected for age and
sex in idiopathic pulmonary arterial hypertension.
Circ Cardiovasc Imaging. 2014;7(1):100-106.

52. van de Veerdonk MC, Kind T, Marcus JT,
et al. Progressive right ventricular dysfunction in
patients with pulmonary arterial hypertension
responding to therapy. J Am Coll Cardiol. 2011;
58(24):2511-2519.

53.  Sugeng L, Mor-Avi V, Weinert L, et al.
Multimodality comparison of quantitative volu-
metric analysis of the right ventricle. J4CC
Cardiovasc Imaging. 2010;3(1):10-18.

54. Addetia K, Bhave NM, Tabit CE, et al.
Sample size and cost analysis for pulmonary arterial
hypertension drug trials using various imaging
modalities to assess right ventricular size and
function end points. Circ Cardiovasc Imaging. 2014;
7(1):115-124.

55. Wilkins MR, Paul GA, Strange JW, et al.
Sildenafil versus Endothelin Receptor Antagonist
for Pulmonary Hypertension (SERAPH) study.
Am J Respir Crit Care Med. 2005;171(11):
1292-1297.

56. Wilkins MR, Ali O, Bradlow W, et al; Sim-
vastatin Pulmonary Hypertension Trial (SiPHT)
Study Group. Simvastatin as a treatment for pul-
monary hypertension trial. Am J Respir Crit Care
Med. 2010;181(10):1106-1113.

57. Roeleveld R, Vonk-Noordegraaf A, Marcus
JT, et al. Effects of epoprostenol on right ven-
tricular hypertrophy and dilatation in pulmonary
hypertension. Chesz. 2004;125(2):572-579.

58. van Wolferen SA, Boonstra A, Marcus JT,

Advances in Pulmonary Hypertension

et al. Right ventricular reverse remodelling after
sildenafil in pulmonary arterial hypertension. Heart.
2006;92(12):1860-1861.

59. Chin KM, Kingman M, de Lemos JA, et al.
Changes in right ventricular structure and function
assessed using cardiac magnetic resonance imaging
in bosentan-treated patients with pulmonary
arterial hypertension. Am J Cardiol. 2008;101(11):
1669-1672.

60. Peacock AJ, Crawley S, McLure L, et al.
Changes in right ventricular function measured by
cardiac magnetic resonance imaging in patients
receiving pulmonary arterial hypertension-targeted
therapy: the EURO-MR study. Circ Cardiovasc
Imaging. 2014;7(1):107-114.

61. Ohyama Y, Ambale-Venkatesh B, Chamera
E, et al. Comparison of strain measurement from
multimodality tissue tracking with strain-encoding
MRI and harmonic phase MRI in pulmonary
hypertension. Inz | Cardiol. 2015;182:342-348.

62. Kind T, Marcus JT, Westerhof N, Vonk-
Noordegraaf A. Longitudinal and transverse
movements of the right ventricle: both are
important in pulmonary arterial hypertension.
Chest. 2011;140(2):556-557; author reply 557-558.
63. Kind T, Mauritz GJ, Marcus JT, van de
Veerdonk M, Westerhof N, Vonk-Noordegraaf A.
Right ventricular ejection fraction is better reflected
by transverse rather than longitudinal wall motion
in pulmonary hypertension. / Cardiovasc Magn
Reson. 2010;12:35.

64. Fayad ZA, Ferrari VA, Kraitchman DL,

et al. Right ventricular regional function using MR
tagging: normals versus chronic pulmonary hyper-
tension. Magn Reson Med. 1998;39(1):116-123.
65. Shehata ML, Harouni AA, Skrok J, et al.
Regional and global biventricular function in pul-
monary arterial hypertension: a cardiac MR
imaging study. Radiology. 2013;266(1):114-122.
66. Collins ], Sommerville C, Magrath P, et al.
Extracellular volume fraction is more closely asso-
ciated with altered regional left ventricular
velocities than left ventricular ejection fraction in
nonischemic cardiomyopathy. Circ Cardiovasc
Imaging. 2015;8(1).

67. Blyth KG, Groenning BA, Martin TN, et al.
Contrast enhanced-cardiovascular magnetic reso-
nance imaging in patients with pulmonary
hypertension. Eur Heart J. 2005;26(19):1993-1999.
68. Bradlow WM, Assomull R, Kilner PJ, Gibbs
JS, Sheppard MN, Mohiaddin RH. Understanding
late gadolinium enhancement in pulmonary hyper-
tension. Circ Cardiovasc Imaging. 2010;3(4):
501-503.

69. McCann GP, Gan CT, Beek AM, Niessen
HW, Vonk Noordegraaf A, van Rossum AC.
Extent of MRI delayed enhancement of myocardial
mass is related to right ventricular dysfunction in
pulmonary artery hypertension. AJR Am ] Roent-
genol. 2007;188(2):349-355.

70. Sanz ], Dellegrottaglie S, Kariisa M, et al.
Prevalence and correlates of septal delayed contrast
enhancement in patients with pulmonary hyper-
tension. Am J Cardiol. 2007;100(4):731-735.

71.  Freed BH, Gomberg-Maitland M, Chandra
S, et al. Late gadolinium enhancement cardiovas-
cular magnetic resonance predicts clinical
worsening in patients with pulmonary hyper-

Volume 14, Number 1; 2015 35

$S800B 98] BIA $2-90-GZ0Z 1€ /woo Alojoeignd-poid-swd-yiewssiem-jpd-swiid//:sdjy woly papeojumoq



tension. J Cardiovasc Magn Reson. 2012;14:11.

72. Patel AR, Addetia K. Prediction of prognosis
in pulmonary hypertension using CMR: what
happens where the right and left ventricles meet?
JACC Cardiovasc Imaging. 2014;7(12):1218-1220.
73.  Swift AJ, Rajaram S, Capener D, et al. LGE
patterns in pulmonary hypertension do not impact
overall mortality. JACC Cardiovasc Imaging. 2014;
7(12):1209-1217.

74.  TFerreira VM, Piechnik SK, DallArmellina E,
et al. Native T1-mapping detects the location,
extent and patterns of acute myocarditis without
the need for gadolinium contrast agents. J Car-
diovasc Magn Reson. 2014;16:36.

75.  Flett AS, Hayward MP, Ashworth MT,

et al. Equilibrium contrast cardiovascular magnetic
resonance for the measurement of diffuse myo-
cardial fibrosis: preliminary validation in humans.
Circulation. 2010;122(2):138-144.

76. Fontana M, Banypersad SM, Treibel TA,

et al. Native T1 mapping in transthyretin amy-
loidosis. JACC Cardiovasc Imaging. 2014;7(2):
157-165.

77. lles L, Pfluger H, Phrommintikul A, et al.
Evaluation of diffuse myocardial fibrosis in heart
failure with cardiac magnetic resonance contrast-
enhanced T1 mapping. J Am Coll Cardiol. 2008;
52(19):1574-1580.

78. Mewton N, Liu CY, Croisille P, Bluemke D,
Lima JA. Assessment of myocardial fibrosis with
cardiovascular magnetic resonance. J Am Coll

Cardiol. 2011;57(8):891-903.

36  Advances in Pulmonary Hypertension

79. Garcia-Alvarez A, Garcia-Lunar I, Pereda D,
et al. Association of myocardial T1-mapping CMR
with hemodynamics and RV performance in pul-
monary hypertension. JACC Cardiovasc Imaging.
2015;8(1):76-82.

80. Mehta BB, Chen X, Bilchick KC, Salerno
M, Epstein FH. Accelerated and navigator-gated
look-locker imaging for cardiac t1 estimation
(ANGIE): Development and application to T1
mapping of the right ventricle. Magn Reson Med.
2014 Feb 11. [Epub ahead of print]

81. Vogel-Claussen J, Skrok ], Shehata ML,

et al. Right and left ventricular myocardial per-
fusion reserves correlate with right ventricular
function and pulmonary hemodynamics in patients
with pulmonary arterial hypertension. Radiology.
2011;258(1):119-127.

82. Garcia-Alvarez A, Ferndndez-Friera L,
Garcia-Ruiz JM, et al. Noninvasive monitoring of
serial changes in pulmonary vascular resistance and
acute vasodilator testing using cardiac magnetic
resonance. | Am Coll Cardiol. 2013;62(17):
1621-1631.

83. Swift AJ, Rajaram S, Hurdman J, et al. Non-
invasive estimation of PA pressure, flow, and
resistance with CMR imaging: derivation and pro-
spective validation study from the ASPIRE
registry. JACC Cardiovasc Imaging. 2013;6(10):
1036-1047.

84. Wacker CM, Schad LR, Gehling U, et al.
The pulmonary artery acceleration time determined
with the MR-RACE-technique: comparison to
pulmonary artery mean pressure in 12 patients.

Volume 14, Number 1; 2015

Magn Reson Imaging. 1994;12(1):25-31.

85. Kang KW, Chang HJ, Kim Y], et al. Cardiac
magnetic resonance imaging-derived pulmonary
artery distensibility index correlates with pulmonary
artery stiffness and predicts functional capacity in
patients with pulmonary arterial hypertension. Circ
J. 2011;75(9):2244-2251.

86. Sanz ], Kariisa M, Dellegrottaglie S, et al.
Evaluation of pulmonary artery stiffness in pul-
monary hypertension with cardiac magnetic
resonance. JACC Cardiovasc Imaging. 2009;2(3):
286-295.

87. Markl M, Schnell S, Barker AJ. 4D flow
imaging: current status to future clinical applica-
tions. Curr Cardiol Rep. 2014;16(5):481.

88. Barker AJ, Rolddn-Alzate A, Entezari P,

et al. Four-dimensional flow assessment of pul-
monary artery flow and wall shear stress in adult
pulmonary arterial hypertension: Results from two
institutions. Magn Reson Med. 2015;73(5):
1904-1913.

89. Reiter G, Reiter U, Kovacs G, Olschewski
H, Fuchsjiger M. Blood Flow Vortices along the
Main Pulmonary Artery Measured with MR
Imaging for Diagnosis of Pulmonary Hypertension.
Radiology. 2015;275(1):71-79.

90. Reiter G, Reiter U, Kovacs G, et al. Mag-
netic resonance-derived 3-dimensional blood flow
patterns in the main pulmonary artery as a marker
of pulmonary hypertension and a measure of ele-
vated mean pulmonary arterial pressure. Circ

Cardiovasc Imaging. 2008;1(1):23-30.

$S800B 98] BIA $2-90-GZ0Z 1€ /woo Alojoeignd-poid-swd-yiewssiem-jpd-swiid//:sdjy woly papeojumoq



