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Cardiovascular imaging is essential in the evaluation and management of patients
with pulmonary hypertension. Echocardiography and magnetic resonance imaging,
in particular, provide basic measurements of pulmonary pressure and right ventricu-
lar function, but current technology allows for a much more comprehensive assess-
ment. Many of these advancements have the potential to enhance risk stratification
and provide additional phenotypic data that may strengthen or alter the therapeutic
approach. This review will highlight multiple novel techniques from various imaging
modalities and how this information can be applied in clinical practice.

INTRODUCTION

The standard imaging evaluation of
patients with known or presumed
pulmonary hypertension (PH) includes
the measurement of pulmonary arterial
systolic pressure and the assessment of
right ventricular (RV') size and function.
While this information is certainly criti-
cal for the management of these patients,
it is the very minimum of what current
imaging technology can provide. Today,
imaging modalities such as echocardiog-
raphy and magnetic resonance imaging
(MRI) can probe the pulmonary vascu-
lature and deconstruct RV movement in
new and exciting ways, providing greater
mechanistic insight into the patho-
physiology of this disease and a better
understanding of how current therapies
work. This review will focus on novel
imaging techniques in PH, which have
the potential to fundamentally change
how we care for these patients.

ECHOCARDIOGRAPHY
Mortality and morbidity of patients
with PH is closely linked to the func-
tion and size of the RV. Accordingly,

echocardiographic evaluation of patients

with known or suspected PH centers
on attempts to accurately understand
the RV. The anterior location of the

RV within the thorax coupled with its
complex geometry make echocardio-
graphic assessment particularly chal-
lenging. No single echocardiographic
view adequately captures the entirety of
the chamber, either anatomically or with
respect to functional analysis. Moreover,
the complicated contraction of the RV
(longitudinal fiber shortening along

the lateral tricuspid annulus towards
the apex, free wall inward movement

or “bellows effect,” and anteroposterior
free wall shortening over the shared
ventricular septum) have resulted in the
development of multiple quantitative
parameters."’

General Echocardiographic Analysis
Conventional echocardiographic assess-
ment of RV size and function incorpo-
rates a number of 1- and 2-dimensional
(2D) indices.? Size of the RV is often
assessed using linear dimensions of the
RV from a number of views includ-

ing parasternal and apical views. RV
function is often qualitatively evaluated,
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though this is subject to considerable
inter- and intra-observer variability.
Quantitative assessment of RV function
can be accomplished through several
different techniques, most commonly:
tricuspid annular plane systolic excur-
sion (TAPSE), S’ velocity, and fractional
area change (FAC).

TAPSE (M-mode) reflects the basal
to apical shortening or distance traveled
of the lateral tricuspid valve annulus
between end-diastole and end-systole
while S’ (tissue Doppler imaging) mea-
sures the myocardial systolic excursion
velocity at lateral tricuspid annulus.
Both TAPSE and S’ primarily evaluate
the longitudinal motion of the RV free
wall while not incorporating the other
aspects of RV contraction. Both of these
parameters are also angle dependent and
do not fully account for global RV func-
tion. RV FAC better reflects global RV
function and relies upon accurate tracing
of the RV end-diastolic area (EDA) and
end-systolic area (ESA) where FAC =
(EDA - ESA)/EDA.

Furthermore, beyond evaluation of RV
systolic pressure and pulmonary artery
(PA) pressures using Doppler echocar-
diography (through assessment of the
RV-right atrial gradient or pulmonary
regurgitation signal and modified Ber-
noulli equation), a complete noninvasive
hemodynamic assessment is possible
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Figure 1: Echocardiographic assessment of RV function. RV = right ventricle; FAC = fractional area change; EDA = end-diastolic area; ESA =
end-systolic area; FWS = free wall strain; TAPSE = tricuspid annular plane systolic excursion; 3D = 3-dimensional; RVEF = right ventricular

ejection fraction.

and should routinely be performed.
These parameters include right atrial
pressure, pulmonary vascular resistance,
and evaluation of left-sided pressures.
Furthermore, other echocardiographic
parameters such as a reduced PA accel-
eration time (pulsed-wave Doppler) and
notching of the right ventricular outflow
tract Doppler tracing are markers of
significant PH.*

While these conventional echocar-
diographic RV parameters are helpful
in understanding downstream conse-
quences of PH on the size and function
of the RV, each have their shortcomings.
In recent times, there is emerging data

on the use of novel echocardiographic
indices that, when coupled with con-
ventional assessment, further enable the
clinician to interrogate the sequelae of

PH (Figure 1).

Three-Dimensional (3D)
Echocardiography

The development and refinement of 3D
echocardiography over the past several
decades have allowed for tremendous
progress in our understanding of the
RV.>¢ Through the transthoracic acqui-
sition of a pyramid of ultrasound data,
there is now the capability to obtain
accurate volumetric measurements of the
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RV, which much more closely reflect the
“gold standard” of MRI.

Previous studies have confirmed 3D
RV volumes measured by echocardiogra-
phy better correlate with MRI measured
volumes than 2D RV echocardiography
volumes.”” Accordingly, the calculation
of 3D RV ejection fraction (EF) derived
from 3D volumes represents another
important index to evaluate RV size and
function. 3D RVEF is the only param-
eter that fully incorporates global RV
function throughout the cardiac cycle.
Serial interrogation of 3D RV volumes
and EF in response to therapies for PH

(including diuretics) may yield import-
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ant data that reflect RV remodeling over
time. Adequate interpretation and analy-
sis of 3D volume acquisitions of the RV
depends on user experience and training
and is often a barrier to widespread
adaptation. The advent of artificial
intelligence and machine learning may
allow for greater incorporation of 3D
echocardiography. Once 3D images

are acquired, automated postprocessing
analysis generates RV volumes and EF
that are comparable to MRI assess-
ment.'

RV Shape

Remodeling of the RV in PH is also
best understood using 3D echocardiog-
raphy. 3D RV full-volume acquisitions
can be segmented into endocardial
surfaces from which RV shape can be
determined. Parameters from these
surface maps, namely curvature, are then
quantifiable. In patients with PH, the
RV septum is convex in curvature and
bulges toward the left ventricle through-
out the cardiac cycle unlike in normal
subjects. Additionally, in PH (unlike
healthy controls), the RV free wall and
apex demonstrate convexity throughout
the cardiac cycle."" ™ Temporal changes
in these differential, regional curvature
changes during the course of therapy
may be a useful means of monitoring
disease progression or regression.

Tricuspid Regurgitation

In patients with progressive PH,
functional tricuspid regurgitation often
results as a consequence of RV and tri-
cuspid annular remodeling. The progres-
sion of tricuspid regurgitation in PH has
been shown to be associated with pro-
gressive increasing all-cause mortality.
From an echocardiographic standpoint,
progressive tricuspid regurgitation has
been associated with higher PA pres-
sures, increasing RV enlargement, wors-
ening RV sphericity, tricuspid annular
dilation, and increasing tricuspid valve
tenting area. Patients who experience
worsening tricuspid regurgitation in
serial imaging warrant special attention
as this may suggest worse outcomes."*

RV Strain
Myocardial deformation analysis is the
underlying principle of strain. Speck-
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le-tracking echocardiography (STE)

is the predominant method by which
strain is calculated. STE relies on
tracking motion of ultrasound speckles
throughout the cardiac cycle. The speck-
les are created as a result of ultrasound
beam scatter and can be identified frame
by frame as they move across systole and
diastole. Tracking these speckles allows
for the creation of strain and strain

rate curves. STE relies on imaging at
high frame rates, typically >50 frames/
second. There are a number of benefits
of strain imaging, namely that measure-
ments generally reflect global function
(accounting for abnormalities that occur
throughout the cardiac cycle), and strain
is angle- and mostly load—independent.l5

Unlike the left ventricle, where longi-
tudinal, circumferential, and radial strain
are all useful parameters of myocardial
deformation, the longitudinal strain
of the RV best reflects the underlying
myocardial fiber architecture of the RV.
Furthermore, due to the shared septum
between the right and left ventricles,
the septal contribution to RV strain is
typically ignored in favor of using the
longitudinal strain of the RV free wall.

In patients with seemingly normal pa-
rameters of RV function, abnormalities
in RV free wall longitudinal strain often
reflect subclinical RV dysfunction before
it may be readily apparent or measured
by 1 or 2D echocardiographic parame-
ters. Similarly, the RV free wall can be
subdivided into the basal, mid, and api-
cal segments. Regional RV remodeling
in PH, in addition to other pathologies,
can also be detected by regional strain
changes.

In PH, abnormal RV free wall strain
has been associated with worse out-
comes and New York Heart Association
functional class. The cutoff values for
RV strain in PH vary from study to
study, but improvements in strain are
generally observed in response to med-
ical therapy."" Worsening RV strain
despite medical therapy should be seen
as a sign of possible RV failure.

Impact on the Left Ventricle

While PH is primarily thought of as a
disease of the right heart, its impact on
the left ventricle has recently become
clearer. Generally the left ventricular
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(LV) EF is preserved in PH, so when
significant reduction in LVEF occurs,
the prognosis is often dismal. However,
when the LVEF is normal, newer work
has shown LV global longitudinal strain
is independently associated with death
in addition to right-sided heart abnor-
malities.” In addition to routine assess-
ment of RV strain, consideration should
be given to following LV strain as well.

MRI

The role for MRI in the evaluation of
patients with PH is rapidly evolving.
MRI is already considered the “gold
standard” for assessment of RV volume,
mass, and EF, and the prognostic utility
of all of these measures in PH is well
established.” In addition, MRI mea-
surements of the pulmonary vasculature,
including PA velocity, flow, and stiffness,
have provided insights into the patho-
physiology of PH and all show promise
in the clinical workup of patients with
this disease.” This review will highlight
newer MRI techniques such as RV
strain imaging, RV T'1 mapping, and
4-dimensional (4D) flow of the pul-
monary vasculature that move beyond
standard cine and 2D phase contrast
imaging. The use of exercise MRI and

deep learning will also be discussed.

RV Strain Imaging

As mentioned earlier, strain imaging
measures myocardial deformation and
is potentially a more sensitive metric of
cardiac function than EF. RV strain is a
strong predictor of outcomes in PH and
adds incremental prognostic value to PA
systolic pressure and other clinical vari-
ables.'*”"*” Given its ability to provide
volumetric coverage of the whole heart,
MRI is uniquely positioned to evaluate
RV strain in a number of cardiac condi-
tions including PH.

One of the first publications to eval-
uate RV strain in PH showed reduced
longitudinal strain in several RV seg-
ments despite normal RVEF, highlight-
ing the superior sensitivity of RV strain
to detect regional changes in function.”
This study used strain encoded imaging
which requires dedicated image acqui-
sitions.

More recently, feature-tracking
strain, which can be performed retro-
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Figure 2: Feature tracking strain of the LV and RV. (A) RV and LV longitudinal strain analysis obtained from a four-chamber view. (B) RV and LV
radial strain analysis obtained from a short-axis view. Strain analysis was performed on the software cvi42 by Circle Cardiovascular Imaging Inc,
release 5.3.0 (364). RV = right ventricle; LV = left ventricle.

spectively using standard cine images,
has shown promise in measuring RV
strain (Figure 2, see also Supplemental
Clips 1 and 2). In a study evaluating
over 100 patients referred to MRI for
PH evaluation, feature-tracking RV
strain was feasible in 95% of patients
and showed significantly reduced global
circumferential strain rate in patients
with normal RVEF.* Furthermore, RV
strain was independently associated
with the composite endpoint of death,
lung transplantation, or functional class
deterioration.

Tello et al. used pressure-volume loop
measurements to help determine which
RV indices are most associated with
strain. In a study of 38 patients with PH
who underwent conductance catheter-
ization within 24 hours of feature-track-
ing RV strain, long-axis RV radial strain
was associated with RV-PA coupling
while RV longitudinal strain showed a
significant association with RV end-dia-
stolic stiffness.

RVTI Mapping

One of the most unique capabilities
of MRI is characterizing tissue abnor-
malities using gadolinium contrast. In
PH, late gadolinium enhancement is

frequently detected in the RV insertion
points, likely due to RV remodeling.”
While commonly observed in this
patient population, RV insertion point
enhancement is rather nonspecific and is
not independently associated with poor
outcomes.””?® Recent work has focused
on RV 'T1 mapping, a technique that
allows for quantitative measurement of
diffuse interstitial fibrosis in the RV.
Several PH studies show a significant
association between RV insertion point
T1 time (a measure of myocardial
fibrosis) and LV eccentricity or inter-
ventricular septal angle, measures of
RV remodeling.””*’ Similar to previous
papers evaluating RV insertion point
late gadolinium enhancement, Saunders
et al. found no relationship between RV
insertion point T1 time and outcomes.
Kawel-Boehm et al. examined T1
mapping of the RV free wall using
standard modified look-locker inversion
(an MRI sequence used for detecting
myocardial fibrosis; MOLLI) recovery in
20 healthy controls.” The authors found
that the average T'1 time of the RV free
wall was significantly longer than the
left ventricle. The authors believed this
was due to the naturally higher collagen
content in the RV, but volume averaging
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is also suspected. RV free wall T1 map-
ping was also evaluated in a recent study
examining invasive pressure-volume loop
measures in 42 patients with PH.> The
authors found that RV free wall T'1 time
(when averaged with RV insertion point
and interventricular septum T'1 times)
correlated significantly with end-diastol-
ic stiffness but not RV-PA coupling.
Higher resolution T'1 mapping
sequences, which may be more appro-
priate for the thin-walled RV myocar-
dium, have also been studied (Figure 3).
Recently, an accelerated and respiratory
navigator-gated look-locker imaging
sequence (ANGIE) was developed
for T1 quantification of the RV.”
This technique provides higher spatial
resolution for the thin-walled RV by
using a segmented readout rather than a
single-shot readout. The authors found
that by using a midventricular short-axis
slice during end systole at 1.5T, ANGIE
provided similar RV T'1 values to typical
LV measurements in 9 healthy volun-
teers. In PH patients, ANGIE showed
significantly increased RV diffuse
fibrosis compared to subjects without
PH, and this fibrosis was independently
associated with PH even after adjust-
ment for RV dilation and dysfunction.’
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Standard-MOLLI

HR-MOLLI

Figure 3: High resolution RV T1 mapping. Comparison of standard MRI technique (Standard-MOLLI) for T1 mapping to high-resolution MRI
technique (HR-MOLLI) for T1 mapping. Note the better resolution of the RV free wall (white arrows). MOLLI = modified look-locker inversion

recovery; RV = right ventricle.

PA 4D Flow Imaging

In conjunction with the development of
novel MRI sequences to better under-
stand the pathophysiology of the RV in
PH, studies are also exploring additional
methods such as 4D flow imaging to
evaluate the pulmonary vasculature in
this disease (Figure 4, see also Supple-
mental Clip 3). 4D flow MRI (time-re-
solved 3D phase-contrast MRI with
3-directional velocity encoding) offers
the opportunity to noninvasively mea-
sure complex 3D hemodynamic changes
with full volumetric coverage of the RV
and PAs.**" This technique provides
both qualitative assessment of altered
blood flow (such as helix and vortex for-
mation) as well as quantitative hemody-
namic measures such as wall shear stress,
pulse wave velocity, and vorticity.

Using 4D flow MRI in the pulmonary
circulation, Reiter et al. observed abnor-
mal vortex development in the main PA
in patients with both resting and exer-
cise-induced pulmonary arterial hyper-
tension (PAH).* Notably, the time per-

sistence of this vortex correlated with the
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degree of PH as measured by mean PA
pressure. Barker et al. extended this find-
ing by reporting a significant decrease in
peak systolic velocity, peak flow, stroke
volume, and wall shear stress in the main
PA and both PA branches in patients
with PAH compared to controls.” 4D
flow imaging may also provide nonin-
vasive assessment of more traditional
hemodynamics. In PH patients with
varying degrees of pulmonary vascular
resistance by right heart catheterization,
a multivariate regression equation that
includes peak systolic vorticity, cardiac
output, and relative area change in the
main PA accurately estimated pulmonary
vascular resistance across severe PH and
normotensive populations.39

Exercise MIRI

Recent progress in MRI-compatible
exercise equipment makes it possible

to evaluate the above novel sequences
during stress conditions. Recreating the
hemodynamic changes associated with
exertion inside the MRI scanner pro-
vides unique insight into the pathophys-
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iologic alterations within the RV and
pulmonary vasculature that may permit
earlier detection of the disease.

Several studies have focused on RV
contractility during exercise and the ability
of the RV to maintain an appropriate
cardiac output despite increasing after-
load. Using RVEF as a surrogate of RV
contractile reserve, Jaijee et al. showed
a decrease in RVEF with submaximal
exercise in chronic PAH patients despite
normal RV function at rest. A separate
study confirmed these findings and also
showed that RV-PA coupling, as measured
by stroke volume/end-systolic volume, was
equally impaired with exercise in a small
sample of patients with severe PAH.* In
both studies, the key driver of poor RV
contractility in patients with PAH was
the inability to augment RV end-systolic
volume during exercise.

In addition to standard cine imag-
es for measuring RVEF and volume,
2D-phase contrast imaging has been
used to evaluate changes in PA stiffness
during stress. In patients with PH, stift-
ness of the main PA was shown to sig-
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Figure 4: 4-dimensional flow right heart and pulmonary arteries. Altered blood flow in a patient with pulmonary hypertension as measured
by vorticity. Note the vortex in the right atrium and main pulmonary artery indicating altered blood flow (yellow arrows). Image courtesy of

Mohammed Elbaz, PhD.

nificantly increase during exercise when
measured by pulse wave velocity.” This
change significantly correlated with the
stiffness index, B, as measured by right
heart catheterization. A recent study also
evaluated the value and reproducibility
of feature-tracking RV strain in PAH
patients during exercise MRI. Similar
to previous studies showing a decline in
RVEF during stress, Lin et al. showed a
significant impairment in RV longitu-
dinal strain with exercise with minimal

inter-observer Variabilit}l.43 Changes in
RV strain during exercise might be a
more sensitive marker for RV contractil-

ity than changes in RVEF.

Deep Learning

The use of artificial intelligence for
cardiovascular imaging is rapidly gaining
momentum. There are currently several
studies evaluating deep learning ap-
proaches for assessing cardiac chamber
volume, mass, and EF. These automated

Advances in Pulmonary Hypertension

methods are particularly useful for MRI
where manual biventricular segmenta-
tion is time-consuming and prone to
errors. One recent study highlighted
the benefit of adding anatomical shape
prior knowledge to a 3D neural net-
work-based segmentation method to
specifically analyze biventricular size and
function in patients with PH.* These
refinements to existing deep learning
approaches will likely be of significant

value in future PH clinical trials.
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COMPUTED TOMOGRAPHY
(CT) AND POSITRON EMISSION
TOMOGRAPHY (PET)
Both CT and PET play a limited but
potentially useful role in the evaluation
of PH. Noncontrast CT is frequently
used to evaluate the lung parenchyma
and is necessary to diagnose PH due to
lung disease. Noncontrast CT may also
provide diagnostic clues for rare types of
PH such as pulmonary veno-occlusive
disease or pulmonary capillary heman-
giomatosis. Dual-energy CT is a newer
method that provides both functional
and anatomical data of the pulmonary
vasculature. This method has been tested
in patients with chronic thromboembol-
ic PH and has performed well in gen-
erating quantitative lung perfusion and
angiography using a single acquisition.45
PET provides unique metabolic
information in patients with PH, but its
clinical role, due in part to cost, radi-
ation, and lack of accessibility, has yet
to be established. Several studies have
shown increased myocardial and lung
glucose utilization in patients with PH
using "F-flurodeoxyglucose (FDG).**
The degree of FDG uptake significantly
correlates with measures of RV dys-
function. FDG uptake also appears to
predict outcomes in patients with PH
and may be useful in tracking therapeu-
tic efficacy.™*

CONCLUSION

As therapies continue to evolve for PH,
emerging noninvasive imaging tech-
niques will be crucial for the accurate
assessment of cardiac structure, function,
and blood flow. Noninvasive imaging
modalities also offer tremendous po-
tential as research tools to enhance our
understanding of the pathophysiology
of PH. Interdisciplinary teams including
cardiology, radiology, and pulmonology
should jointly be involved in the selec-
tion of one or more imaging tools to
best manage these patients. Future PH
studies should focus on the effective-
ness of applying a value-based imaging
approach centered on quality, safety, and
cost.
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