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EDITORS’ MEMO

Welcome to a very special issue of Ad-
vances in Pulmonary Hypertension (PH).
Drs Jeffrey D. Edelman and Harrison
W. Farber have guest edited this unique
issue of the journal which encompasses
“all things imaging in PH.” It is the
only full journal devoted to this topic
and will be used as a reference in the
PH world for years to come. One sig-
nificant distinction between this issue
and others is the inclusion of a multi-
tude of leaders and experts from many
fields: pulmonologists, cardiologists,
radiologists, researchers, and echocar-
diographers. Drs Edelman and Farber
have brought this multidisciplinary
team together to bring us an exquisite
all-encompassing knowledge base on
this topic.

To begin the issue, Drs Natasha A.
Vedage and Anjali Vaidya explore the
role of echocardiography as a tool which
will help not only to detect PH, but also
to discriminate among the subgroups of
PH when a patient is being evaluated.
They discuss novel approaches using
echocardiography that will help clini-
cians predict the hemodynamic profile
of a patient as well as help define etiolo-
gy and severity of PH.

Radiologists from the University of
California at San Diego—Drs Seth
Kligerman, Michael Horowitz, Lewis

Hahn, Albert Hsiao, and Elizabeth Wei-

he—elucidate how imaging techniques
play such an integral role in the workup
of a patient with PH. The collaboration
between radiologists and clinicians is
imperative when assessing the pulmo-
nary and systemic vasculature, heart,
lungs, and mediastinum in order to
make the correct diagnosis and manage
the patient with PH.

Drs Akhil Narang and Benjamin H.
Freed then discuss how novel techniques
and advancements in current imaging
techniques have provided the opportuni-
ty to extend imaging’s role from diag-
nostics to enhancing risk stratification
and providing additional phenotypic
data that may alter therapeutic manage-
ment.

In a special feature for our “Ask the
Expert” section, Drs Hugo Carmona,
Wei Wu, and Sudhakar N.J. Pipavath
take us through a pictorial tour of
imaging in PH. They consider radio-
graphic signs in all types of imaging that
can be used in identifying the etiology
and severity of PH, presenting multiple
examples of a variety of imaging features
that can assist clinicians in distinguish-
ing some of the clinical manifestations
of PH.

In our PH Professional Network
corner this month, Ms Jacqueline M.
Brewer and Dr Samuel A. Allen discuss

the importance of team-based care that

includes the patients themselves and
their family as well as their health-care
team. This section discusses how vital
communication with all parts of the
team is for the patients in terms of med-
ication adherence, quality of life, and
overall morbidity and mortality.

And of course, to round out this issue,
Drs Edelman and Farber led an ex-
ceptional group of experts in the world
of imaging for PH. Drs Benjamin H.
Freed, Paul Hassoun, Peter Leary, Sud-
hakar N.J. Pipavath, and Anjali Vaidya
convened to update us on the variable
uses, benefits, and advances in radio-
graphical techniques and echocardiog-
raphy to diagnose and manage patients
with PH.

This outstanding issue of Advances
is an invaluable resource for all of us in
the field of pulmonary vascular disease.
Congratulations to Drs Edelman and
Farber, as well as all of the contributors,
on an excellent issue.

Deborah Jo Levine, MD

Professor of Medicine, Pulmonary and
Critical Care

Medical Director Lung Transplantation

Director of Pulmonary Hypertension

University of Texas Health Science Center
San Antonio

San Antonio, TX

GUEST EDITORS’ MEMO

Every day, pulmonary hypertension
(PH) is becoming a more multidis-
ciplinary field. The area of imaging
reflects this diversity and richness of
expertise. From the simple chest x-ray
to the latest magnetic resonance imag-
ing, the data available from the images
themselves combined with interpretation
and evaluation in association with the
computational and neural processing ca-
pabilities of machines and their masters
are truly astounding.

Routine imaging with or without clin-
ical suspicion may reveal the presence of
PH and provide insight into its under-
lying causes and associated conditions.
Ongoing refinements and innovations
may further define progression, response

DOI:10.21693/1933-088X-18.4.109

to therapy, and provide insight into dis-
ease prognosis and pathogenesis.

As the technology of medicine con-
tinues to explode, it is becoming even
more tempting and convenient to read
reports instead of viewing the actual
studies. The experience is unfulfilling
and uninformative—like looking at the
notes of a song without hearing the
music or reading a recipe without tasting
the food. In this issue of Advances in
Pulmonary Hypertension, we take advan-
tage of the new digital format to provide
a plethora of representative images se-
lected, described, and interpreted by our
esteemed authors. We explore the basic
findings and nuances of PH imaging as
interpreted through the eyes and minds

Advances in Pulmonary Hypertension

of radiologists, cardiologists, and pulm-

onologists. We hope you take advantage
of this technology and spend time view-
ing the images in order to enhance your
understanding of this disease entity.

Jeftrey D. Edelman, MD
Associate Professor of Medicine
Pulmonary and Critical Care Division
University of Washington

VA Puget Sound Health Care System
Seattle, WA

Harrison W. Farber, MD

Professor of Medicine
Tufts University School of Medicine
Boston, MA
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What Echocardiography Can Reliably Tell Us About Our

Pulmonary Hypertension Patients

Natasha A. Vedage, MD

Temple University Lewis Katz School of
Medicine

Philadelphia, PA

Anjali Vaidya, MD, FACC, FASE,
FACP

Co-Director, Pulmonary Hypertension, Right
Heart Failure, and CTEPH Program

Advanced Heart Failure and Cardiac
Transplant

Temple University Lewis Katz School of
Medicine

Philadelphia, PA

Pulmonary hypertension (PH) is a complex, multi-organ system disease that is
broadly defined by an elevation in pulmonary artery pressures. There are key bio-
logic differences in the pathophysiology among the different PH subgroups that
warrant a targeted approach to clinical care of these patients. The complex geometry
of and wide array of clinical tools to assess the right heart in PH add another layer
of complexity in patient care. Echocardiography can be used as a powerful tool to
discriminate among the subgroups of PH, a critical first step in evaluating a new
case of PH. In this article, we will explore novel approaches using echocardiography
that go beyond simply estimating pulmonary pressures and provide a readily accessi-
ble means of adding diagnostic and prognostic accuracy in the clinical setting.

BACKGROUND

At the first World Symposium on
Pulmonary Hypertension (WSPH) in
1973, pulmonary hypertension (PH)
was defined as mean pulmonary ar-
terial pressure (mPAP) = 25 mm Hg
measured by right heart catheterization
(RHC) at rest.! At the sixth WSPH,
which met in 2018, the aforementioned
definition of PH was criticized for being
too conservative and lacking specificity
for identifying patients with pulmonary
vascular disease (PVD) or precapillary
PH.

In a systematic review of over 130
studies, Kovacs et al. showed that mPAP
in the supine position at rest in healthy
individuals was 14.0 = 3.3 mm Hg and
rarely exceeded 20 mm Hg.”> Therefore,
the prior definition of PH (mPAP = 25
mm Hg) was greater than 2 standard
deviations higher than what is observed
in healthy individuals and could miss
patients with true PH. For this reason,
the latest WSPH changed the definition
of PH to = 20 mm Hg. Another major
limitation of the previous definition was
its lack of ability to distinguish between
patients with precapillary and postcap-

illary disease. For example, an elevated
mPAP would identify both a patient
with underlying chronic obstructive
pulmonary disease who has evidence
of PVD and a patient with PH due to
heart failure with preserved left ven-
tricular ejection fraction (LVEF), but
we know that these patients have very
different physiologic pathways at play
and thus are managed quite differently
from a PH perspective.

Finally, in the previous classification
of PH subgroups, only Group 1 or
pulmonary arterial hypertension (PAH)
included pulmonary vascular resistance
(PVR = 3 Wood units [WU; mm Hg/
L-min]) despite the fact that almost
all subgroups can exhibit a precapillary
phenotype characterized by an elevated
PVR.

This led to the proposal by the sixth
WSPH to include PVR = 3 WU in the
definition for all forms of precapillary
PH.

There are several important clinical
implications for the changes proposed
by the sixth WSPH. The lowering of
the mPAP criterion to define PH could
potentially increase the number of PH

Key Words—pulmonary hypertension, pulmonary arterial hypertension, echocardiography, hemodynam-

ics, TAPSE, RV morphology
Correspondence: anjali.vaidya@tuhs.temple.edu

Disclosure: The authors have no conflicts of interest to disclose.
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patients referred for PH evaluation. In
order to respond to a larger volume of
patients being referred for PH evalua-
tion, there must be readily accessible and
validated tools to initially assess patients
with suspected PH. Further, while RHC
remains the “gold standard” for diagno-
sis, it is not always a practical tool for
immediate accessibility and repeated
measurements which are necessary in
managing PH over time and in response
to therapy. For this reason, novel echo-
cardiographic measures that recapitulate
invasive hemodynamics and even predict
outcomes in PH represent a powerful
tool in a clinician’s arsenal. While we
acknowledge that echocardiography can
be technically difficult due to the unique
shape and geometry of the right heart,
we sought to highlight echocardio-
graphic measurements that are easy to
perform and can accurately phenotype
PH subgroups. Recognizing that there
are multiple clinical factors that con-
tribute to a patient’s presentation and
ultimate prognosis, this review will focus
on how echocardiography can be used

to comprehensively assess patients with

PH.

ESTIMATING HEMODYNAMICS
PVD is defined by the presence of PVR
> 3 WU and normal to low left heart
filling pressures. While RHC is required
to make the diagnosis of PVD, it has

DOI:10.21693/1933-088X-18.4.110
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Figure 1: Examples of the 3 distinct patterns appreciated in the flow velocity envelope obtained from pulsed-wave Doppler interrogation from

the right ventricular outflow tract (FVE,,)- (

1a) and (1b) show representative Doppler tracings without evidence of Doppler notching (no notch

group); note the envelope may be (a) parabolic or (b) somewhat triangular in shape. (2a) and (2b) show examples in the midsystolic notch
group, characterized by a distinct notch or nadir in its mid portion, dividing the flow profile into 2 distinct peaks. (3a) and (3b) show Doppler
tracings with a late systolic notch, characterized by transient notching on the terminal aspect of the Doppler signal without 2 distinct peaks.
Arrows indicate the location of the notch in the Doppler signal. Reprinted with permission of the American Thoracic Society. Copyright © 2019
American Thoracic Society. 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. The American Journal of Respiratory and
Critical Care Medicine is an official journal of the American Thoracic Society.

several noteworthy limitations. It is an
invasive procedure with nontrivial risks
to the patient, including complications
related to bleeding, vascular, lung, or
cardiac injury. In fact, a large prospective
study across 54 centers in the United
States, the REVEAL registry, observed
that the average duration between symp-
tom onset and diagnostic catheterization
was 2.8 years in patients with World
Health Organization (WHO) Group 1
PAH.* Further, common technical errors
observed with RHC are often amplified
in patients with underlying cardio-
pulmonary disease and, hence, several
subgroups of PH. Wide variations across
the respiratory cycle lead to under-
estimated end-expiratory values, and
enlarged and dilated distal pulmonary
artery branches in PVD make it difficult
to obtain a fully occluded pulmonary
capillary wedge pressure (PCWP),
which can overestimate PCWP. RHC is
often reserved only for patients in whom
PVD is suspected, leaving a large pop-
ulation of PH patients where hemody-
namic profiles are unknown and poten-
tially misclassified. For this reason, novel
approaches using echocardiography have
emerged as a noninvasive and readily
accessible alternative to hemodynamic
assessment by catheterization.

Benza et al. performed a comprehen-
sive evaluation of 2635 patients with
PAH and observed that those who were
initiated on therapy within 6 months
of diagnosis had significantly improved

long-term survival.’ Therefore, accu-
rate identification of elevated PVR by
echocardiography could reduce time to
diagnosis of PVD and, more important-
ly, time to initiation of lifesaving PH
therapies. Doppler echocardiography
(DE)-derived estimates of PVR, such
as the ratio of peak tricuspid regurgita-
tion velocity to right ventricular outflow
velocity-time integral (VI ) have
shown excellent correlation with invasive
PVR across several studies®’; however,
this correlation was not observed in pa-
tients with PVR > 8 WU.” Thus, patients
with the most severe degree of PVD, and
therefore the most clinically vulnerable
and urgent, are excluded from accurate
utility of this tool. Others have used DE
to estimate variables included in the
calculation of PVR such as pulmonary
artery pressures and cardiac output; how-
ever, this approach is time intensive and
less useful for clinical practice.® Arkles et
al. demonstrated that easily observable
differences in the shape of the right ven-
tricular outflow tract (RVOT) Doppler
signal could rapidly and accurately distin-
guish between patients with or without
elevated PVR.” Specifically, the presence
of “notching,” either midsystolic or late
systolic notching, of the right ventricular
(RV) Doppler envelope was strongly as-
sociated with a PVR > 3 WU (odds ratio
= 29.4,95% confidence interval [CI] =
9.9, 87.2% Figure 1).

Similarly, Opotowsky et al. explored

several models incorporating readily
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measurable echocardiographic param-
eters to estimate PVR. The model
(Equation 1) that correlated best with
invasive PVR (correlation coefficient [7]
= 0.80) also exhibited excellent discrim-
inatory power across a range of PVR
values (area under curve [AUC] = 0.946
for PVR > 3 WU).

PVR =(PASP/ VTl ;) )
+ 3 if notch present

where PASP is pulmonary artery systolic
pressure.

Further work done by Opotowsky et
al. demonstrated that a simple prediction
score based on a few easy-to-perform
echocardiographic measurements (left
atrial size, E/e’ transmitral and tissue
Doppler, and RVOT Doppler notch or
acceleration time) had a positive likeli-
hood ratio of 2.4 and a negative likeli-
hood ratio of 0. A score >+2 was highly
suggestive of PVD, whereas a negative
score, in the presence of normal RV
function (tricuspid annular plane systolic
excursion or TAPSE > 1.8 cm), ruled
out an elevated PVR" (Figure 2).

Some studies have suggested that
there are measurable changes in the
pulmonary vasculature that precede an
elevation in PVR. Bhattacharya et al.
defined pulmonary arterial compliance

(PAC) as the ratio of VTI over

RVOT

PASP. In this particular study, 156

patients from the University of Penn-
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A

Parameter Score
LA4.5cm -1
E/e’ 18.6 -1
No MSN

AccT > 80 ms

Total score= -2

Parameter Score
LA3.1cm +1
E/e’5.8 0
+ MSN
+1

AccT 63 ms

Total score= +2

Figure 2: Representative echocardiographic images of LA size, transmitral flow, tissue
Doppler of the lateral mitral annulus, and RVOT Doppler showing score calculation for 2
patients. Column A (top to bottom) shows LA enlargement, 1E/e’, and normal RVOT Doppler
profile (score = -2). Invasive hemodynamics: mPAP = 40 mm Hg, PAWP = 29 mm Hg, PVR
= 2.0 mm Hg/L/min. Column B demonstrates normal LA size, normal E/e’, and abnormal
RVOT Doppler profile (score = +2). Invasive hemodynamics: mPAP = 45 mm Hg, PAWP

= 10 mm Hg, PVR = 8.8 mm Hg/L/min. AccT = right ventricular outflow tract acceleration
time; LA = left atrial; mPAP = mean pulmonary artery pressure; PAWP = pulmonary arterial
wedge pressure; PVR = pulmonary vascular resistance; RVOT = right ventricular outflow
tract. Reproduced with permission from Opotowsky AR, Ojeda J, Rogers F, et al. A simple
echocardiographic prediction rule for hemodynamics in pulmonary hypertension. Circ
Cardiovasc Imaging. 2012;5(6):765-775. See https://www.ahajournals.org/journal/circimaging.

Published by the American Heart Association.

sylvania were included only if they had
a preserved ejection fraction (HFpEF).
By including patients without reduced
LVEF, the investigators of the study
were able to demonstrate that PAC,
measured by VTI,, . /PASP, can readily
distinguish between PAH and PH due
to HFpEF. Compared to other previ-
ously published measures of PAC, the
use of VT1

RVOT
stroke volume is more sensitive because

as a surrogate for RV

it incorporates both basal and free

wall motion (compared to TAPSE, for
example). Finally, to further support the
clinical relevance of this the authors

of this study showed that, after mul-
tivariate adjustment, VTT,, . /PASP
remained an independent predictor of
6-minute walk distance, a known prog-
nostic marker in PH. While there is
certainly promise in the use of PAC as a
marker of early disease, further investi-
gation is needed to determine whether
PAC correlates with change in hemo-
dynamics and functional capacity after
initiation of PH medications and thus
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serves as a clinical marker of treatment
. 1
responsiveness."’

ASSESSMENT OF THE RIGHT
HEART

RV Morphology

Because there are many factors that
contribute to RV function (right heart
preload, afterload, intrinsic contractile
function, and right atrial function), it is
not surprising that echocardiographic
parameters of RV function lack speci-
ficity to discriminate among different
clinical forms of PH. Raza et al. ex-
plored whether there are specific profiles
of RV shape or morphology that can be
used to identify and distinguish among
3 PH subtypes: PVD; pulmonary venous
hypertension, or PVH (such as PH due
to left heart disease); and those with a
mixed phenotype (PVD and PVH). The
authors of this study showed the RV
base and apex dimensions were nearly
the same in the PVD group, while the
RV apex dimension was approximately
half of that of the base in patients with
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PVH (Figure 3). Specifically, RV base
and apex of similar dimensions (sRV
< 1.5) were associated with a 17 times
increased odds of having a PVR > 3
WU.sRV,, (AUC = 0.873) outper-
formed parameters which measure

RV function, namely TAPSE (AUC

= 0.563) and fractional area change
(AUC = 0.700), suggesting that the
RV undergoes morphological changes
prior to a reduction in function. Finally,
alow sRV, and presence of dilated left
atrium (>40 mm) correctly identified
patients with mixed-physiology PH
with a mean PVR of 8.4 + 4.5 WU and
mean PCWP of 18.0 + 5.4 mmHg."

RV Function

TAPSE: The presence of RV dysfunc-
tion has been widely recognized as an
independent predictor of poor outcomes
in PH. In a study of 110 patients with
PAH, 25% of patients who experienced
an improvement in PVR after medical
therapy continued to have worsening RV
function and ultimately had the worst
outcomes, suggesting that RV dysfunc-
tion may be specific for severe or refrac-
tory disease.”* Similar to RHC, cardiac
magnetic resonance imaging, which is
the “gold standard” imaging modality to
assess RV function, is limited by cost,
accessibility, and patient-related factors
such as claustrophobia and inability

to lay supine. In normal right hearts,
longitudinal shortening accounts for up
to 80% of overall RV function.” For
this reason, systolic displacement of the
tricuspid annulus toward the RV apex
or TAPSE is frequently investigated as
an echocardiographic surrogate of RV
function. Compared to other echocar-
diographic measurements of RV func-
tion, TAPSE offers several advantages
in that it is highly reproducible, inde-
pendent of geometric assumptions, and
does not require RV endocardial tracing
which is prone to error and technical
difficulty."® In a prospective study of a
heterogeneous population of PH, with
approximately 75% in WHO Group 1,
TAPSE < 1.8 cm was associated with a
fourfold increased risk of death.'” Fol-
low-up TAPSE measurements, and not
baseline, after initiation of PAH therapy
predicted survival in a cohort of PAH
patients. Specifically, follow-up TAPSE



Figure 3: Representative echocardiographic apical 4-chamber view of 3 different groups of

pulmonary hypertension (PH). (A) PH
venous hypertension, (C) PH

PVD
MIXED

= pulmonary vascular disease, (B) PVH = pulmonary
= PH mixed physiology. Endocardium is marked with

orange-colored broken line, red lines mark RV basal diameter (above tricuspid annulus) and
RV apical diameter (level of moderator band). RV = right ventricle; LV = left ventricle; RA =
right atrium; LA = left atrium. Reproduced from Raza F, Dillane C, Mirza A, et al. Differences
in right ventricular morphology, not function, indicate the nature of increased afterload in
pulmonary hypertensive subjects with normal left ventricular function. Echocardiography.
2017;34(11):1584-1592, with permission from John Wiley & Sons, Inc.

> 2 cm was associated with a decrease in
all-cause mortality (hazard ratio = 0.21,
95% CI = 0.08, 0.60) and improved
WHO functional class and 6-minute
walk distance.'®

Prior to a study published by Sivak et
al., it was unclear how much right atrial
function contributed to RV function.
Because total RV function is largely due
to longitudinal shortening, Sivak et al.
hypothesized that the increased distance
between RV base and apex that occurs
during right atrial systole is an import-
ant contributor to overall RV function.
They compared 37 patients with PAH
to 35 healthy controls and showed that
RA systolic function accounted for 51%
of TAPSE compared to only 32% in

controls.” This has important clinical

implications in that maintenance of
sinus rhythm in PAH is essential for
preserving RV function.

Several studies have highlighted the
significance of nonlongitudinal short-
ening of the RV, particularly in the
context of underlying cardiopulmonary
disease. It was initially observed that
TAPSE values were lower in cardiac
surgery patients, but overall RV function
appeared to be preserved. This led to a
study by Vaidya et al., who compared
RV contractile patterns in patients who
underwent cardiac surgery with con-
trols. They found that, in the surgical
cohort, there was a dramatic decrease in
longitudinal shortening, but overall RV
function was normal due to a gain in
transverse shortening.” In this patient
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population, a lower value of TAPSE
could be misleading; therefore, careful
examination for special cases of RV
contractile patterns, such as postcardio-
thoracic surgery patients, should be part
of routine RV functional assessment.

Limitations of PASP Estimation: In

a single-center prospective analysis of
PH patients who underwent RHC and
had DE performed 1 hour later, pul-
monary artery pressures derived from
DE differed significantly from those
measured invasively (48% > +10 mm
Hg of the invasive measurement). In the
case of underestimated measurements,
the Doppler jet across the tricuspid
valve was of poor quality, a significant
limitation in DE. Approximately half of
the cases that had overestimated PASP
had overestimated right atrial pressures.
Therefore, known physiologic variations
in inferior vena cava collapsibility can
cause variability in right atrial pressures
and is also a source of error in PASP
estimation. In patients with underlying
lung disease, it is technically more diffi-
cult to obtain optimal window views of
the tricuspid regurgitant jet, which leads
to inaccurate estimation of PASP?!

CONCLUSIONS

* Echocardiography allows clinicians
to simultaneously investigate the
interplay between pathologic re-
modeling of the pulmonary vascu-
lature in PH and the right heart’s
adaption to it, thus providing a
powerful means for comprehensive
assessment.

* Novel echocardiographic measures
and scoring tools can enable clini-
cians to confidently predict a pa-
tient’s predominant hemodynamic
profile across several subtypes and
severity of PH.

* Careful echocardiography interpre-
tation should be used in conjunc-
tion with RHC, including serially,
in the context of disease progres-
sion and response to therapy.
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PULMONARY HYPERTENSION
Elevated pulmonary arterial pressures are
the result of a spectrum of diseases that
have been classified into 5 categories by
the World Symposium on Pulmonary
Hypertension.' The finding of pulmonary
hypertension (PH) is usually the first step
in a multidisciplinary workup to diagnose
the underlying cause, as different etiolo-
gies have different treatment algorithms
and outcomes. Diagnostic imaging plays a
key role in not only the initial evaluation
of a patient with PH, but also to assess
disease progression or treatment response.
In trying to discover the underlying
cause of PH, the diagnostic radiologist
often must act as a detective. While
some findings, such as varying degrees
of enlargement of the pulmonary trunk
and remodeling of the right heart, are
ubiquitous in patients with PH, it is often
the more subtle findings that can help
elucidate the cause. These findings may be
isolated to the lung parenchyma or may
involve the pulmonary or systemic vascu-
lature, heart, or mediastinum. The pur-
pose of this article is to review the various
findings of PH on computed tomography
(CT) and ventilation/perfusion (V/Q)
scans that can help one to differentiate
between the various etiologies.

ASSESS THE PULMONARY
VASCULATURE

When evaluating the pulmonary vascula-
ture, there are various findings suggestive
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of PH that are common between the
various causes. These include pulmonary
artery (PA) enlargement, PA-to-aorta

ratio >1, and an increased segmental
artery-to-bronchus ratio (Figure 1).”
While 3 cm is often used as a normal

Figure 1: Idiopathic pulmonary arterial hypertension (PAH) in a 35-year-old woman. (A) Axial
maximum intensity projection (MIP) image shows a dramatically enlarged pulmonary artery

(PA) measuring 4.6 cm. This is much larger in size than the adjacent ascending aorta (Ao). (B)
Examination of the segmental PAs (black arrows) show that they are much larger in diameter
compared to the adjacent segmental bronchi (white arrows) consistent with pulmonary hypertension
(PH). (C) Axial MIP through the lower lobes shows relatively rapid tapering of the PAs as they extend
toward the periphery of the lung (white arrows). Some of the vessels have a corkscrew appearance
common in cases of severe PH (black arrows). (D) Axial image through the heart shows pronounced
thickening of the right ventricular (RV) wall (white arrow) due to RV hypertrophy. There is flattening of
the interventricular septum (black arrow) toward the left ventricle (LV) due to increased RV pressures.
The right atrium (RA) is also larger than the left atrium (LA) due to PH.
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Figure 2: Axial image through the main
pulmonary artery (PA) in 60-year-old man
with chronic thromboembolic pulmonary
hypertension shows narrowing and occlusion
of the left lower lobe PA (white arrow). There
is layering chronic thrombus in the right main
PA (black arrow).

cutoff value for PA size, it is by no
means a diagnostic finding as studies
have found no direct correlation between
PA diameter and mean PA pressure.’
Multiple factors can affect PA size and
include body mass index, systemic hy-
pertension, diabetes, age, and underlying
cardiovascular disease.* Therefore, if the
main PA measures >3 c¢m, one should
also look at size of the segmental arteries
and adjacent bronchi. While a segmental
PA-to-bronchi ratio greater than 1:1 is
weakly correlated with elevated PA pres-
sures,” the presence of both parameters
has a high specificity for the diagnosis of
PH.’ An alternative and often preferred
method is to assess the diameters of the
main PA and the aorta. A ratio >1 is
commonly associated with PH.>®

It is extremely important to recognize
chronic thromboembolic PH (CTEPH)
as a cause of PH since invasive treat-
ments can be curative.” While disease
involving the central vasculature can be
quite conspicuous (Figure 2), with large
chronic clots layering in and sometimes
obliterating the lumen of the main
and lobar arteries, disease isolated to
the peripheral vasculature can be quite
subtle. Close inspection of the segmental
and subsegmental pulmonary vasculature
on pulmonary angiography CT scans
can show abrupt occlusion of PAs with
a “pouch” defect, luminal irregularities
with eccentric wall thickening, abrupt
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Figure 3: 45-year-old woman with chronic
thromboembolic pulmonary hypertension. (A)
4-chamber reconstruction shows flattening
of the interventricular septum (black arrow)
due to elevated right heart pressures and
right ventricular hypertrophy (white arrow).
Nonocclusive webs are seen in the posterior
segmental arteries in the lower lobes (white
arrows). (B) Coronal oblique reconstruction
through the right lower lobe pulmonary
artery shows proximal segmental webs
(black arrows). In addition, there is occlusion
of the posterior segment (white arrow) with a
pouchlike appearance.

caliber change (often due to recanaliza-
tion), and webs or bands (Figure 3).5"°
Pulmonary arterial hypertension
(PAH, Group 1) includes idiopathic
PAH, heritable PAH, drug/toxin-in-
duced PAH, and PAH associated with
connective tissue disease, human im-
munodeficiency virus (HIV) infection,
portal hypertension, congenital heart
disease, and schistosomiasis.! In severe
longstanding PAH, in situ thrombus
and calcified atherosclerosis along the
walls of the PAs may develop due to
extremely high pressures (Figure 4).

Even among experts, these findings can
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Figure 4: In situ thrombus in a 34-year-old
woman with pulmonary arterial hypertension
(PAH). (A) Coronal computed tomography
scan shows calcified and noncalcified
layering thrombus in the right main
pulmonary artery (white arrow). Extensive
layering thrombus was also present on the
left, a portion of which is seen in a segmental
left upper lobe artery (white arrowhead). (B)
Ventilation/perfusion scan in this patient
shows heterogeneous perfusion throughout
the lungs common in PAH. However, there
are no mismatched defects to suggest
chronic thromboembolic pulmonary
hypertension.

be mistaken for CTEPH, and given the
differences in treatment, this distinc-
tion is quite important. One method

to distinguish is to evaluate the mor-
phology of the more peripheral vessels.
While both can give rise to “corkscrew”
appearing vessels and/or peripheral
pruning of the vasculature, in PAH the
findings are diffuse (Figure 1), while in
CTEPH there are often discrete areas
of lobar, segmental, and subsegmen-

tal obliteration (Figure 2). V/Q_scan

or dual-energy CT angiography can
often help differentiate. In PAH, one
will see heterogeneous regional perfu-
sion without mismatch on V/Q scan

or occlusive filling defects on CT scan
(Figure 4). In CTEPH, V/Q_mismatch-

es correspond to vascular territories, and



Figure 5: Chronic thromboembolic pulmonary hypertension in a 45-year-old woman. (A) Axial
maximum intensity projection (MIP) image shows an enlarged pulmonary artery (PA) and
multiple corkscrew-shaped vessels due to pulmonary hypertension (PH). (B) Coronal MIP
shows complete occlusion of the left lower lobe PA due to chronic thrombus (white arrow).
There is no associated arterial perfusion to the left lower lobe (LLL). The visualized vessels in
the LLL represent pulmonary veins. Due to this occlusion, there is compensatory engorgement
of the PAs in the left upper lobe (LUL) when compared to the relatively normal branches in

the right upper lobe (RUL) and right lower lobe (RLL). The main PA is enlarged. (C) Associated
coronal image from a dual-energy computed tomograpy scan shows lack of perfusion to the
LLL (white arrow) corresponding to findings on (D) ventilation/perfusion scan (white arrows).

discrete occlusive lobar, segmental, and
subsegmental filling defects can often be
seen on CT (Figure 5). Another method
of differentiation is the evaluation of
the pulmonary parenchyma, as discussed
below, which show distinct changes
associated with the underlying patho-
physiology.

Another less common mimic of
CTEPH is a PA sarcoma. Differentia-
tion between these two entities can be
difficult, which is highlighted by the
fact that most PA sarcomas are initially
misinterpreted as intravascular throm-
bus."""* However, certain findings, if
present, are suggestive of a sarcoma,
including a soft tissue mass nearly filling
and potentially expanding the lumen of

the pulmonary trunk, left PA, or right
PA with protrusion of the proximal end
of this mass towards the right ventricu-
lar (RV) outflow tract (Figure 6)." The
ends of the soft tissue mass are often
curvilinear. The mass can demonstrate
enhancement on portal-venous phase
of imaging. Positron emission tomog-
raphy-CT and magnetic resonance
imaging may need to be performed to
differentiate in complex cases.

EVALUATE THE HEART AND
SYSTEMIC VASCULATURE

In addition to remodeling the PAs,
chronically elevated pulmonary pressures
cause remodeling of the right heart.
Findings such as RV hypertrophy (free
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Figure 6: Pulmonary artery (PA) sarcoma
in a 68-year-old man. (A) Axial computed
tomography scan shows a large mass filling
the right PA (white arrow) and extending
proximally toward the right ventricular outflow
track (white arrowhead). The edges of the
mass are curvilinear which is common with
PA sarcomas. The patient was initially treated
with anticoagulation without effect. (B) Axial
magnetic resonance image through the same
level shows intense enhancement in the
center of the mass (white arrow) consistent
with a sarcoma. A thrombus would not be
expected to enhance.

wall thickness >4 mm), RV dilata-
tion (>1:1 ratio between RV and left
ventricle diameter on axial images), and
flattening or leftward deviation of the
interventricular sep'cum13 are associated
with increased pulmonary pressures
(Figures 1 and 2). PH can lead to RV
failure, which is often associated with
dilation of the inferior vena cava with
reflux of contrast into the hepatic veins
(Figure 7). Prolonged hepatic congestion
can lead to cirrhosis.™

The presence of a dilated right heart
(with or without hypertrophy) should
always prompt a careful search for an
undiagnosed intracardiac or extracardiac
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Figure 7: 67-year-old woman presenting to
the emergency department with shortness

of breath. (A) 4-chamber image through the
heart from a pulmonary embolism computed
tomography angiography shows a dilated
right heart and right lobe pulmonary artery
(black arrow) consistent with pulmonary
hypertension. A defect is present in the
superolateral and posterior aspect of the
interventricular septum consistent with a
sinus venosus atrial septal defect (SV-ASD).
Incidental note is made of a left-sided superior
vena cava (LSVC). (B) Sagittal oblique image
through the heart shows a dilated right atrium
(RA) and reflux of contrast into a distended
inferior vena cava (IVC) due to elevated right
heart pressures. The right-sided superior vena
cava (SVC) is mildly enlarged centrally. An SV-
ASD (black arrow) is present along the inferior
aspect of the SVC near its junction with the
RA allowing for communication between

the right heart and the left atrium (LA). The
right inferior pulmonary vein (PV) drains into
the LA. The right superior pulmonary vein
(white arrows) anomalously drains into the
SVC (white arrow) consistent with a partial
anomalous pulmonary venous return. The 2
anomalies coexist in the majority of cases of
a SV-ASD.

shunt as the cause of PH (Figure 7).
Evaluation of the cardiac valves, even
on a study performed without cardi-
ac electrocardiogram gating, should
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Figure 8: Longstanding mitral stenosis (MS)
leading to pulmonary hypertension in a 70-year-
old woman. (A) Axial computed tomography
image shows a dilated main pulmonary artery
(PA). There is diffuse ground glass opacity with
septal thickening due to pulmonary edema. (B)
Axial image through the heart shows a dilated
left atrium with thickening of the mitral valve
leaflets (white arrows). (C) Doppler image from an
echocardiogram shows a high velocity jet flowing
from the left atrium (LA) into the left ventricle (LV)
through a severely stenotic mitral valve with a
markedly reduced opening area (white arrow).

be performed. Mitral stenosis, which
manifests as thickening and calcification
of the valve leaflets with severe left atrial

dilation, can lead to PH (Figure 8). The

Volume 18, Number 4; 2019

Figure 9: Axial computed tomography in a
20-year-old woman with Takayasu’s arteritis
shows marked narrowing of the left pulmonary
artery (white arrow) due to vasculitis. The

right pulmonary artery was also narrowed.
Circumferential thickening of the wall of the
aorta (white arrowheads) helps make the
diagnosis of a large vessel vasculitis.

aorta and branch vessels should also be
assessed for irregularities, such as areas
of stenosis and aneurysmal dilation, that
may signify an underlying vasculitis as

the cause of the PH (Figure 9).

ASSESS THE PARENCHYMA
Interlobular Septal Thickening
Interlobular septal thickening is most of-
ten seen in PH due to left heart failure.
Smooth septal thickening represents the
increased interstitial congestion/edema
of the pulmonary veins and lymphatics
related to increased left atrial pressures
(Figure 8). Ultimately, the passive back-
ward transmission of increased left atrial
filling pressures leads to the pulmonary
vascular remodeling and right heart fail-
ure associated with PH. Irregular septal
thickening can be seen along with retic-
ulation with fibrosis, and nodular septal
thickening can be seen with sarcoidosis
and lymphangitic disease.”

In the absence of left heart failure/en-
largement, interlobular septal thickening
associated with PAH is the hallmark of
postcapillary congestion seen in patients
with pulmonary veno-occlusive disease
(PVOD). PVOD is characterized by in-
timal fibrosis, which leads to the occlu-
sion and narrowing of pulmonary veins
from the postcapillary level and beyond.
As a consequence, the lymphatic chan-
nels within the interlobular septa dilate
and become edematous, leading to the



Figure 10: Pulmonary veno-occlusive

disease (PVOD) in a 34-year-old woman. (A)
Ventilation/perfusion scan shows multiple
areas of mismatch leading to a high-
probability diagnosis of pulmonary emboli.

(B) Subsequent computed tomography
pulmonary angiography shows an enlarged
main pulmonary artery but no acute or chronic
pulmonary emboli. However, there is diffuse
septal thickening (white arrows), bilateral
enlarged hilar lymph nodes (black arrows), and
a few scattered areas of ground glass opacity.
The findings were highly suggestive of PVOD,
which was confirmed on biopsy.

smooth interlobular septal thickening
classically seen on CT (Figure 10) and
the septal thickening (Kerley B lines)
seen on radiographs.'*"” In PVOD,
smooth interlobular septal thickening is
often associated with scattered ground
glass opacities, pleural effusions, and
mediastinal lymphadenopathy."*™ V/Q_
scans are regarded as nonspecific for
PVOD and can have a wide range of
interpretations ranging from normal
to findings of “high probability” with
mismatched perfusion defects.'®"”
PVOD can be classified as idiopathic
or associated to other conditions, includ-
ing systemic sclerosis, HIV infection,
pulmonary Langerhans histiocytosis,
and sarcoidosis. PVOD is likely un-
derestimated in sarcoid-associated PH
(SAPH) and radiographically seen as
smooth interlobular septal thickening
with associated patchy areas of ground

Figure 11: Axial computed tomography
image in a 59-year-old woman with dyspnea
demonstrates diffuse centrilobular nodularity
(white arrow) due to pulmonary capillary
hemangiomatosis (PCH). Associated septal
thickening is seen but to a lesser extent
than in most cases of pulmonary veno-
occlusive disease (PVOD). Given that
PCH/PVOD share similar hemodynamic,
clinical, and radiographic findings, revised
guidelines recommend that PVOD and PCH
be combined into a single diagnosis called
“PAH with overt features of venous/capillaries
(PVOD/PCH) involvement.”

glass and/or venous infarcts.” The
pathophysiology of SAPH is complex
and often multifactorial with 40% to

60% of patients with SAPH having no

radiographic evidence of fibrosis.®

Nodules
In an untreated patient with PAH, the
presence of hazy centrilobular nodu-
larity should raise the possibility for
pulmonary capillary hemangiomato-
sis (PCH; Figure 11). These nodules
are often diffuse in nature, involve all
lobes, and spare the lung periphery.'®*!
Although the distinction between PCH
and PVOD on imaging can be difficult,
septal thickening and pleural effusions
are less common in PCH.* In PCH,
they represent the capillary prolifera-
tion within the alveolar walls; however,
in PVOD these nodules represent the
looplike capillary engorgement seen sec-
ondary to pulmonary venous narrowing
and stenosis.’® Given that PCH/PVOD
share similar hemodynamic, clinical, and
radiographic findings, revised guidelines
recommend that PAH with PVOD/
PCH belong to a subgroup of Group
1 PH (subgroup 1.6) for the spectrum
of pulmonary vascular disease known
as “PAH with overt features of venous/
capillaries (PVOD/PCH) involvement,”
as opposed to two distinct entities.*

In patients with PAH not related to
PVOD/PCH, hazy ground glass centri-
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Figure 12: Pulmonary arterial hypertension
with ground glass nodules in a 52-year-old
woman with scleroderma. (A) Coronal image
shows a diffusely dilated esophagus (white
arrow). (B) Innumerable small ground glass
centrilobular nodules are present, which

are better seen on a coned down image
through the right lower lobe (black arrows).
(C) Axial image through the heart shows
marked dilated and hypertrophy of the right
ventricle with flattening of the interventicular
septum (black arrow). The dilated esophagus
(white arrow) helps suggest the diagnosis of
scleroderma.

lobular nodules can occur and can mimic
findings seen in PCH (Figure 12).%
While the nodules in PCH represent
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Figure 13: Excipient lung disease in a
25-year-old man who injected crushed
OxyContin tablets. (A) Coronal maximum
intensity projection (MIP) image shows
innumerable well-defined centrilobular
nodules throughout the entire lung. There

is conspicuous sparing of the fissures due
to the centrilobular distribution. These
nodules are due to microemboli of excipient
fragments into the pulmonary arterioles
leading to a granulomatous reaction. Unlike
the centrilobular nodules seen in pulmonary
arterial hypertension, these tend to be more
well defined. (B) Axial MIP through the heart
shows marked dilated and hypertrophy

of the right ventricle with flattening of

the interventicular septum (black arrow).
Innumerable well-defined centrilobular
nodules are again seen.

capillary proliferation in the alveolar
walls, this finding in PAH has been
attributed to periarteriolar cholesterol
granulomas, large plexogenic arteri-
al lesions, or small systemic collateral
arteries.”** Distinction between the two
can be difficult and may require biopsy.
However, hazy centrilobular ground
glass nodules are uncommon in other
causes of PH."

Excipient lung disease is another rare
cause of centrilobular nodules in the

setting of PH. This is secondary to the
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intravenous injection of crushed oral
tablets, usually narcotic pain killers. Ex-
cipients, including talc, microcrystalline
cellulose, crospovidone, and starch, are
insoluble inert filler materials that bind
and protect the active drug.” When the
drug is injected, this material embolizes
into the pulmonary arterioles, inciting a
granulomatous reaction in and around
the vessel. As the pulmonary arteriole is
in the center of the pulmonary lobule,
this granulomatous reaction leads to dif-
tuse ground glass nodules which involve
the entire lung from the apices to the
bases. In comparison to the centrilob-
ular nodules seen in PAH and PCH,
these nodules tend to be small and well
defined (Figure 13).

Sarcoidosis is a multisystem dis-
ease characterized by noncaseating
granulomatous inflammation which
often manifests along and within the
pulmonary vessels and airways as well
as the subpleural interstitium. This
inflammation creates small nodules in
a perilympathic distribution which are
distinct from the centrilobular nodules
seen on PAH and PCH (Figure 14). As
discussed below, symmetric mediastinal
and hilar lymphadenopathy and peri-
hilar conglomerate fibrotic masses may
develop over time. Sarcoidosis may con-
tribute to PH via capillary destruction
and alveolar hypoxia/hypoxic pulmonary
vasoconstriction in the setting of fibrosis
in late-stage (class 4) disease; however,
the degree of PH in these patients is out
of proportion to the degree of fibrosis
in many patients, implicating additional
mechanisms of SAPH including pul-
monary vascular infiltration/obliteration
by granulomatous inflammation, altered
flow dynamics due to lymphadenopathy,

and cardiac/extracardiac disease.?”*®

Mosaicism

Specific patterns of a mosaic attenua-
tion, defined as regional heterogeneity in
pulmonary parenchymal attenuation, are
characteristic for certain types of PH.
Although any cause of PH can lead to a
mosaic attenuation, PAH and CTEPH
are the most common.?”” Mosaic at-
tenuation, also referred to as “mosaic
perfusion,” reflects regional difference
in lung perfusion in patients with PH.*
In PAH, mosaicism often manifests as
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Figure 14: Pulmonary hypertension in a
49-year-old man with sarcoidosis. (A) Axial
computed tomography in lung windows
shows conglomerate perihilar soft tissue

with extensive nodularity along the
perilymphatic interstitial (white arrows). (B)
Soft tissue window at the same level shows
extensive symmetric mediastinal and hilar
lymphadenopathy (white arrows). Many of the
lymph nodes are calcified.

focal perivascular ground glass opacities,
or small, scattered areas of increased
attenuation often confined to center

of the secondary pulmonary lobule
(Figure 15). In some instances, the peri-
vascular hyperattenuation can appear as
subtle ground glass centrilobular nodules
as discussed above.

Compared to the mosaic pattern seen
in PAH, the pattern in CTEPH often
manifests as larger, regional areas of
decreased attenuation that correspond
to a vascular territory with associated
narrowing or occlusion of the supplying
vessel (Figure 15).>>* In severe cases of
CTEPH, in addition to areas of hy-
poperfusion, segmental or subsegmental
areas of hyperperfusion and increased
attenuation can be present and reflect



Figure 15: Comparison of mosaic
attenuation. (A) 33-year-old man with
pulmonary arterial hypertension shows
lobular areas of ground glass opacity directly
adjacent to more lucent lung creating a
mosaic attenuation. (B) In comparison,

in chronic thromboembolic pulmonary
hypertension, the mosaicism tends to be
more well defined and corresponds to
vascular distributions. An area of normal
attenuation (black arrowhead) lies directly
adjacent to an area of lobar, segmental, or
subsegmental hypoperfusion (white arrow)
inferiorly and hyperperfusion (black arrow),
due to compensatory increased flow,
superiorly.

shunting of blood to these nonoccluded
regions. Within these areas of hyper-
perfusion, the corresponding vasculature
is often engorged and increased in size
compared to the adjacent bronchus re-
flecting increased blood flow (Figure 5).
PH due to left heart disease and PH
due to lung disease and/or hypoxia are
less likely to lead to a mosaic pattern.®
These can usually be distinguished on
imaging by the presence of ancillary
findings, for example, dilated left atrium
in the setting of mitral valve disease,
presence of severe emphysema, fibro-

sis, or other lung disease, as discussed
below. Therefore, the combination of
PA enlargement and mosaic attenua-
tion should prompt a careful search for
ancillary findings to help narrow the
differential diagnosis.

Emphysema
The prevalence of PH in chronic ob-
structive pulmonary disease (COPD)
varies from 50% in mild disease to
70% to 90% in severe disease.** The
pathogenesis of PH in emphysema is
multifactorial, resulting from destruction
of the pulmonary vascular bed, vascular
remodeling, endothelial dysfunction, and
thrombosis.*** The presence of PH is a
poor prognostic indicator, and the 5-year
survival rate was 36% for patients with
a mean pulmonary arterial pressure >25
mm Hg in one series.” Over time, PH
in patients with emphysema can lead
to cor pulmonale and subsequent right
heart failure’ (Figure 16).

As emphysema is smoking relat-
ed, findings are generally upper-lobe
predominant. On CT, emphysema can
be identified by abnormal lucency with
a density less than -950 Hounsfield
Units (HU), compared with a nor-
mal range -770 to -885 HU for lung
parenchyma. The predominant finding
of centrilobular emphysema is abnor-
mal lucency in the central portion of
secondary pulmonary lobules without a
visible wall separating abnormal from
normal lung parenchyma; the absence
of a surrounding wall differentiates
centrilobular emphysema from cystic
lung disease. In severe disease, these
spaces become extensive and confluent.
Paraseptal emphysema typically involves
the distal airways and is recognized by
its involvement of the subpleural lung.
Unlike centrilobular emphysema, the
area of focal lucency may be surrounded
by a thin wall. An area of paraseptal
emphysema >1 cm is termed a bulla.
Finally, in panlobular emphysema, there
is uniform destruction of the pulmonary
lobule; unlike other types of emphy-
sema, panlobular emphysema tends to
affect the entire lung uniformly or may
be more basal predominant.

V/Q_scintigraphy typically demon-
strates in homogenous but matched
upper lobe ventilation and perfusion

Advances in Pulmonary Hypertension

Figure 16: Pulmonary hypertension and cor
pulmonale in a 75-year-old man with severe
emphysema. (A) Axial computed tomography
in lung windows shows extensive
centrilobular emphysema. (B) Axial image
through the heart shows right ventricular
hypertrophy and dilation with flattening of the
interventricular septum. The right atrium is
also enlarged. (C) Ventilation/perfusion scan
shows hyperinflated lungs with matched
ventilation (V) and perfusion (P) defects, most
notably in the upper lobes (white arrows)
where the emphysema is most severe.
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corresponding to areas of emphysema.*®
In some cases, a “stripe sign” may be
seen, with centrally decreased perfusion
and peripherally preserved perfusion,
which is specific for centrilobular em-

physema in COPD pattients.39

Fibrosis

Fibrosis is the common terminal stage in
multiple interstitial lung diseases. Mech-
anisms of fibrosis related to growth
factor release, fibroblast activation, and
alterations to the endothelin system ap-
pear to be shared with the pathogenesis
of PH.* While nearly any fibrotic lung
disease can be associated with PH, those
most commonly associated with PH
include collagen vascular disease (partic-
ularly systemic sclerosis and rheumatoid
arthritis), idiopathic pulmonary fibrosis,
and sarcoidosis.*

On both chest x-ray and high-resolu-
tion CT, fibrosis usually presents as areas
of peripheral reticulation with associated
volume loss. More severe fibrosis results
in pronounced architectural distortion
and widening of the airways, known as
traction bronchiectasis. Severe fibrosis
also results in honeycombing, represented
by multilayered 3 mm to 2 cm cysts in a
subpleural location. Two specific histolog-
ic patterns of lung disease which demon-
strate some of these findings are usual
interstitial pneumonia (UIP) and nonspe-
cific interstitial pneumonia (NSIP).

A UIP pattern is seen in idiopathic
pulmonary fibrosis (Figure 17) in addi-
tion to collagen vascular diseases, espe-
cially rheumatoid arthritis and sclero-
derma. This pattern is characterized
by subpleural lower-lobe predominant
peripheral reticulation, traction bron-
chiectasis, honeycombing, and extensive
volume loss.” NSIP, which is the most
common pattern of fibrotic lung disease
seen in patients with collagen vascular
diseases, usually demonstrates symmetric
lower-lobe predominant peribronchiolar
ground glass opacity extending toward
the periphery with associated reticu-
lation and traction bronchiectasis.” A
characteristic feature of NSIP is the
presence of subpleural sparing, distin-
guishing it from a UIP pattern (Figure
17). Differentiation between these two
patterns can be difficult even for the
most experienced radiologist.
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Figure 17: Pulmonary hypertension
associated with fibrosis. (A) Axial oblique
image in a 63-year-old woman with idiopathic
pulmonary fibrosis shows an enlarged
pulmonary artery (PA) and a typical usual
interstitial pneumonia pattern with lower

lobe and subpleural predominant fibrosis as
indicated by the presence reticulation (black
arrowhead), traction bronchiectasis (white
arrows), and honeycombing (black arrows).
(B) Axial image in a 40-year-old woman with
mixed connective tissue disease shows
perihilar ground glass opacity with traction
bronchiectasis (black arrows) and subpleural
sparing (black arrowheads) characteristic of a
nonspecific interstitial pneumonia pattern.

Compared to the lower-lobe predom-
inant fibrosis seen in UIP and NSIP, the
fibrosis in sarcoid is usually perihilar and
upper lobe predominant (Figure 18). Peri-
lymphatic nodules may be visualized in ar-
eas adjacent to the fibrosis. Less common
parenchymal findings include fibrocystic
lesions, which manifest as irregular bron-
chiectatic and cystic changes with an up-
per lobe predominance. Pulmonary V/Q_
scintigraphy is usually noncontributory in
these patients, and on occasion, vascular
narrowing or occlusion due to surrounding

lymphadenopathy or perihilar fibrosis can
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Figure 18: Pulmonary hypertension in
fibrotic sarcoid. (A) Coronal image in

a 57-year-old man with sarcoid shows
extensive perihilar fibrotic changes (black
arrows) with conglomerate soft tissue and
traction bronchiectasis. In certain areas, the
pulmonary artery branches are narrowed by
the surrounding fibrosis (white arrow). No
pulmonary emboli were present. (B) These
areas of vascular compression led to multiple
areas of ventilation/perfusion (V/Q) mismatch
on V/Q scan which was interpreted as a high
probability for pulmonary emboli.

mimic findings in CTEPH (Figure 18).
Gallium single photon emission computed
tomography imaging may also play a role
in diagnosing sarcoidosis but is beyond the
scope of this article.

MEDIASTINUM

Careful evaluation of the mediastinum
is important in patients undergoing
imaging workup for PH, as mediastinal
abnormalities may implicate alterna-
tive, multifactorial diagnoses. Fibrosing
mediastinitis (FM) is a rare but seri-
ous—and sometimes fatal—disease with
focal granulomatous and diffuse non-
granulomatous subtypes; diffuse disease
is characterized by florid inflammation
and fibrous proliferation within the me-
diastinum, which results in encasement
and extrinsic compression of mediastinal
structures including airways and vascular
structures.®™ Vascular manifestations
most commonly involve the superior



Figure 19: Pulmonary hypertension in
fibrosing mediastinitis (FM). (A) Axial oblique
image through the left atrium shows a
confluent, predominantly calcified soft
tissue mass surrounding and compressing
the left atrium due to FM. The ostia of

the left superior (white arrow), left inferior
(white arrowhead), and right superior (not
shown) pulmonary veins were completely
obstructed by FM. The ostium of the right
inferior pulmonary vein is severely narrowed
but patent (black arrow). The pronounced
pulmonary venous obstruction was the
cause of the patient’s severe pulmonary
hypertension as evidenced by the markedly
enlarged main pulmonary artery (PA) which
is much larger than the adjacent ascending
aorta (Ao). (B) Axial obliqgue maximum
intensity projection image shows a markedly
enlarged main PA. Confluent predominantly
calcified soft tissue fills the mediastinum with
mild narrowing of the left and right main PAs
(white arrows). The patient died a few months
after the exam.

vena cava (SVC) which may result in
SVC syndrome. Pulmonary arterial/ve-
nous stenoses or even occlusions can be
seen in these patients, which can lead to
precapillary and/or postcapillary forms
of PH (Figure 19).*
Focal/granulomatous FM is most
often associated with Histoplasma or

tuberculosis infection, with rupture of
the encapsulated granuloma thought

to trigger an intense fibroinflammatory
response in some patients, but diffuse
disease can be secondary to myriad
causes including trauma, prior radia-
tion therapy, autoimmune disease (eg,
rheumatoid arthritis and systemic lupus
erythematosus), sarcoidosis, Behget
Disease, sclerosing neoplasm, or may be
idiopathic.45

Classically, CT will demonstrate
an infiltrative middle mediastinal soft
tissue mass with encasement of adja-
cent structures (Figure 19). Pulmonary
arterial abnormalities are typically
central in distribution (ie, main, lobar, or
segmental) with architectural distortion
secondary to fibrosis, inducing irregular
arterial narrowing and peripheral soft
tissue thickening. Pulmonary venous in-
volvement may be characterized by soft
tissue encasement of central pulmonary
veins, juxta-ostial or perivenous masslike
tissue resulting in stenosis or occlu-
sion, and can be quite dramatic with a
pronounced, abrupt “shoulder.” Findings
of pulmonary edema, including inter-
lobular septal/peribronchial thickening
and centrilobular ground-glass opaci-
ties, are common in these patients and,
when due to PA or vein stenosis, may
be geographic depending on the level
of obstruction.* Secondary pulmonary
venous infarcts manifest like pulmonary
infarcts associated with acute pulmonary
embolism, as peripheral, wedge-shaped
opacities that may demonstrate central
clearing. Scarring secondary to chronic
infarcts often demonstrates an atypical
distribution with parenchymal bands
and peripheral/subpleural reticulation.*
Other CT findings associated with FM
include diffuse mediastinal fat strand-
ing/inflammatory change, calcified me-
diastinal/hilar lymph nodes, and pleural
and/or pericardial effusions.

FM can mimic both CTEPH and
vasculitis. The geographic areas of perfu-
sion abnormality seen in FIM may mimic
CTEPH on V/Q_scintigraphy, yet this
distinction is crucial. While periph-
eral lobar thrombus in CTEPH may
demonstrate a similar appearance, the
other characteristic CTEPH findings
of weblike filling defects and segmen-

tal and subsegmental occlusions will
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be absent in FM. There is no adequate
medical treatment for FMM, and currently
favored treatment modalities include
endovascular angioplasty and/or stenting
versus meticulous surgical dissection;
however, attempted surgical dissection
of the fibrotic rind seen in FM can be
extremely difficult and is associated with
high perioperative morbidity/ mortality.45
If these patients are misdiagnosed as
having CTEPH, attempted pulmonary
thromboendarterectomy can have devas-
tating consequences. Distinguishing FM
from vasculitis is also important, and
the presence of alternating tapering/di-
lation of vessels and/or extrapulmonary
vascular structures are highly suggestive
of a vasculitis.

Mediastinal involvement with sarcoid-
osis most typically manifests as relatively
symmetric enlargement of hilar and me-
diastinal lymph nodes with or without
concomitant pulmonary parenchymal
findings depending on the stage of the
disease (Figure 14). Hilar and mediasti-
nal lymphadenopathy is also a common
finding in PVOD and is secondary to
lymphatic congestion and vascular trans-
formation of the sinuses, intrasinusal
hemorrhage, and lymphoid follicular hy-
perplasia*’ (Figure 10). However, PVOD
and sarcoid can usually be distinguished
from one another through associated pa-
renchymal findings as discussed above.

Finally, specific attention should be
given to the esophagus. As mentioned
above, FM may result in esophageal
compression and upstream dilation. Al-
ternatively, a patulous/dilated esophagus
may be seen in the setting of scleroder-
ma, a rare multisystem autoimmune dis-
ease that includes PAH in approximately
13% of patients (Figure 12). Interesting-
ly, while patients with PAH related to
scleroderma typically have slightly lower
mean pulmonary arterial pressure com-
pared to patients with idiopathic PAH,
they have higher morbidity/mortality,
poorer response to therapy, and worse
outcomes than patients with idiopathic
PAH, though the pathophysiology and
mechanisms underlying these differenc-
es have not been entirely elucidated.®

CONCLUSION
The diagnosis of PH should initiate a

multidisciplinary workup to elucidate
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an underlying cause. Imaging, especially
CT, plays an integral part in the initial
evaluation. Careful assessment of the
pulmonary and systemic vasculature,
heart, lungs, and mediastinum allows for
one to piece together various clues and
make the correct diagnosis, optimizing
patient care.
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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

DOI:10.21693/1933-088X-18.4.126



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-



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 T1 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-



Vorticity
Magnitude
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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
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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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Dr Edelman: Good afternoon, every-
one. Thanks for joining us. This is the
roundtable for Advances in Pulmonary
Hypertension Volume 18 issue 4, focusing
on imaging in pulmonary hypertension
(PH). I am Jeff Edelman, a pulmonol-
ogist at the University of Washington,
and my co-moderator is Harrison Far-
ber, a pulmonologist at Tufts University.
Before we start, I was hoping we could
go around and identify ourselves and our
disciplines and where we are.

Dr Pipavath: Yes, I'm Sudhakar Pipa-
vath, chest radiologist at the University
of Washington, Seattle.

Dr Hassoun: Hi, this is Paul Hassoun,
a pulmonologist at Johns Hopkins in
Baltimore.

Dr Vaidya: This is Anjali Vaidya. I'm a
cardiologist at Temple University.

Dr Leary: This is Peter Leary. 'm a
pulmonologist at the University of
Washington.

Dr Freed: I'm Ben Freed. I'm a cardiol-
ogist at Northwestern in Chicago.

Dr Edelman: Okay, excellent. Thank
you. I'd like to start with the gener-

al comment that our imaging studies
can play dual roles of identifying and
finding patients with evidence of PH
as well as in the evaluation of PH, such
as assessing the severity and identifying
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associated conditions. There is funda-
mental information that’s assessed and
identified on most studies in routine
clinical settings, while more detailed
data and evaluation can be obtained in
more specialized settings. I think that
experts from different fields, as we have
in this group, bring different skillsets
and perspectives to the table, and our
overall evaluation is really enhanced by
this multidisciplinary approach.

I hope our discussion today is going to
reflect this diversity. I'm not sure where
we’re going to go in the next hour. I do
have some basic starting points, but I
think we’ll let the discussion move from
there. As a basic starting point, I think
it’s worthwhile to mention and discuss
what imaging modalities we think are
routine in evaluating patients with
known or suspected PH.

Dr Pipavath: I look at imaging (radiol-
ogy) of PH being useful in three areas.
Number one is diagnosis of PH, be it
early, or when there are clinical symp-
toms and signs. In this situation, one
tends to employ an additional investiga-
tion and then try to make a diagnosis.
The second area is to determine the
cause of PH that we can figure out at
imaging. There are various causes of
PH that imaging can help identify. The
third area is imaging as guidance for
treatment in some conditions. We have
not fully explored the ability of standard
imaging in quantification, specifically
assessment of severity of PH. T don't
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think the standard imaging modalities
are that great in terms of quantification.

Standard radiology imaging signs have
certain predictive values for the diagno-
sis of PH. However, none of these are
predictive enough to cross the treatment
threshold for you to start treating PH on
the basis of imaging signs alone.

You might employ an invasive study
such as the right heart catheterization,
which is considered the “gold standard.”
In practice, you may not be able to per-
form this test in everyone—this is my
understanding, you all need to correct
me if that’s not the case—and that leads
to the next best confirmatory test, the
echocardiogram, where you are looking
for a tricuspid regurgitation jet, I sup-
pose. I'm sure the cardiologists will be
able to say the most about its diagnostic
value.

Dr Edelman: For the patient with
symptoms that lead you to suspect PH,
I think the basic imaging studies that
we're going to start with are going to
be chest x-ray, computed tomography
(CT), echocardiogram, and ventila-
tion-perfusion (V/Q) scan. There are
some fundamental findings there that
are going to further lead us down the
PH pathway or perhaps identify some
other cause of dyspnea. I think those are
our basic workhorse studies. . . yes?

Dr Vaidya: I agree. I would just add, I

think the question was along the lines
of the routine imaging that’s available
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and used, and I think of it as echocar-
diogram, V/Q _scan, and CT angiogram.
Chest x-ray is important and can be
helpful, but unfortunately, it’s not uti-
lized adequately to raise the suspicion
diagnosis often enough. While we want
to talk about it and teach about it, it’s
routinely not interpreted as abnormal
in PH. The echocardiogram, of course,
for basic awareness for PH, and then it
has two additional utilities. One is to
recognize the likelihood of the underly-
ing hemodynamic profile that can then
be confirmed by catheterization. The
other utility is to use it as a guide once
we’re down the road of PH medical
management to see if we’ve achieved
treatment goals. Then the V/Q_scan

to make chronic thromboembolic PH
(CTEPH) diagnosis, and then the CT is
equally important to assess for underly-
ing parenchymal lung disease, or if we're
going to go down the road of CTEPH
evaluations at Temple, to include the

CT angiography. Those are my three.

Dr Hassoun: Are we talking about all
imaging or just heart imaging? I'm a
little bit confused there. Are we talking
about all imaging in PH?

Dr Edelman: All imaging.
Dr Hassoun: I see. Okay.

Dr Freed: I would add to the discussion.
I think that we also have to think about
the judicious use of all these imaging
modalities because we have a lot of
them. We have CT and V/Q _and chest
x-rays and echocardiograms. We have
to figure out a better way than sort of
the shotgun approach to providing the
information that’s needed.

I think one of the big strengths of
echocardiogram is that you can use it to
not only identify PH, but to also help
further refine where the PH might be
coming from. There are many signs
on echocardiogram that can help you
differentiate between pulmonary arterial
hypertension (PAH) or pulmonary ve-
nous hypertension. I think that can really
help you figure out what potential other
imaging modalities you might need, if
anything else, before you go ahead and
order all these other tests for the workup.

Dr Farber: Let me take that thought
one step further. There’s a paper from

3 or 4 years ago in which the authors,
who were not clinicians, but just medical
economists, looked at the workup for
PH strictly from a monetary standpoint.
They concluded that, on a cost-benefit
ratio, the most cost-effective way to
proceed if you think somebody has PH
is, first, get an echocardiogram. If it’s
abnormal, proceed directly to right heart
catheterization, and then do the rest of
the workup if they have PAH because,
with the prevalence of diastolic heart
disease, you're going to do a lot of im-
aging or a lot of workup before you ac-
tually catheterize somebody who doesn’t
have the disease you're looking for.

Dr Vaidya: I completely agree. Either
the echocardiogram has to strongly
suggest a pulmonary vascular resistance
(PVR) problem, or the right heart
catheterization has to confirm a PVR
problem before going down the full road
of V/Q_and CT of the chest.

Dr Edelman: There are nuances in both
of those comments because I think Hap
said, “if the echocardiogram suggests
PAH,” and then Anjali said, “specifically
a PVR issue.” If you were to take that
turther, the echocardiogram might be a
stopping point, either if it was complete-
ly normal or if it suggested a left-sided
cardiac problem. Am I interpreting
those two comments correctly?

Dr Vaidya: Yes.

Dr Pipavath: The question that I have
is, how often can you clinically suspect
PH? Are there symptoms or clinical
signs? Do they help you in any way, or
are you mostly doing a study to assess
the cause of shortness of breath, dys-
pnea, or dyspnea on exertion? Then you
go through a series of investigations like
just radiographs, CT, or echocardiogram.
Then you arrive at the diagnosis of PH
and then go downstream in terms of
becoming more granular in workup?

Dr Vaidya: I think it can happen in a
variety of ways. Both of those scenarios
you described are quite common. There
are going to be multiple providers out
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there that are just simply working up
dyspnea and ordering a host of imaging
tests to work it up and then ultimately
land on PH. Probably those of us in

this conversation are accustomed to
recognizing specific symptoms, things
like exertion on presyncope, syncope,
exertional angina, physical exam findings
that are very obvious to us for right
heart congestion, the right heart abnor-
malities. We may go down that route in
a more focused way earlier, but I think it
can happen either way.

Dr Farber: Also, nowadays, realistically,
people who are short of breath usually
get an echocardiogram fairly early and/
or a chest x-ray. If the chest x-ray is at
all suggestive, you get an echocardio-
gram. If that is abnormal, go directly to
catheterization.

Dr Pipavath: This might be a stupid
question, but whenever you do an echo-
cardiogram, do you always look for the
pulmonary artery pressures?

Dr Farber: Sure. However, I am more
interested in what the right ventricle
looks like. The only question with the
echocardiogram is, do you do tricus-

pid annular plane systolic excursions
(TAPSE) on everybody, right ventricular
outflow tract (RVOT), pulmonary artery
acceleration time, etc.? The cardiologists
can play with that.

Dr Pipavath: What is the sensitivity

of echocardiogram? Does it pick up all
cases of PAH?

Dr Farber: The false-positive rate was
said to be 30% to 40%. That may be a
little better now. The false-negative rate
is unknown; it’s thought to be very low,
but nobody actually knows the number
because you don't catheterize a whole
bunch of people with normal echocar-
diograms.

Dr Leary: I would like to double back
on the false-negative rate of echocar-
diography. There is a tendency to focus
just on the estimates of right ventricular
(RV) systolic pressure on the echocar-
diogram, but when you narrow in on the
pressure, you lose a lot of the richness in
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the echocardiogram in order to in-
form the diagnosis. Once you take into
account RV dilation, RV dysfunction,
and notching of the RV outflow tract
Doppler envelope, then even if the RV
systolic pressure does not suggest that
you have PH, the sensitivity of echocar-
diogram to pick up meaningful pulmo-
nary vascular disease goes up. When
you rely on just pressures alone, you are
certainly going to miss some people.

Dr Freed: I couldn’t agree more. It’s
not just about the pulmonary arterial
pressure, which we do get on all pa-
tients, but you're also looking for septal
flattening, RV function, and then some
of the things I mentioned in terms of
trying to differentiate between left-sided
causes of PH versus more a precapillary
process. Echocardiogram is very rich,

if you use it properly, in providing a lot
of information that can really help your
diagnosis and determining whether or
not this patient truly has PH.

Dr Vaidya: You could go so far as to say
that the RV systolic pressure estimation
or the pulmonary artery systolic pressure
estimation is the least helpful part of an
echocardiogram outside of the initial
screening and recognition that there’s

an underlying problem. Everything else
is so much more useful in terms of the
left atrial size, the E/e’ ratio, the systolic
septal flattening, or the pulse wave
Doppler in the RVOT, as well as the RV
size and function. When you put all that
together, I completely agree with what
was said, that it is very rich and full of
information. The pressure estimation
alone has the least utility.

Dr Pipavath: Would you say then that
there is no requirement for right heart
catheterization because false negativity
is pretty close to zero? I'm obviously
asking a leading question.

Dr Vaidya: No. I don't think you can say
that there is no role for the right heart
catheterization; there will also be too
many users without adequate expertise
making mistakes on this basis. The
utility is to recognize early on what the
likely underlying hemodynamic profile

is and then move quickly to confirm that
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and move quickly to do the subsequent
testing, like Hap said earlier. Get the
V/Q. Get the additional chest imaging
if it’s suggestive of that. Move more
quickly to the right heart catheterization
when you have features that suggest an
underlying PVR problem versus maybe
looking more closely for risk factors for
left heart congestion when you have the
other appearance on the echocardio-
gram, but the catheterization should still
be done. It should be done with a little
more insight.

Dr Edelman: In the sixth World Sym-
posium consensus proceedings section
addressing PH due to left heart disease,
there’s actually a nice table that com-
bines echocardiogram and other clinical
findings to characterize the pretest
probability of left heart disease pheno-
type. So using echocardiogram findings
and other clinical data, one can define
scenarios where maybe all you need is
the echocardiogram to say there’s proba-
bly not PH here, or there is PH, but it is
very likely due to a left-sided etiology. I
think that combination of study find-
ings with clinical suspicion is certainly
important in guiding decisions as well.

Dr Leary: I think that it was important
how you framed this as a negative, Jeff,
and I agree. Echocardiogram is relatively
good at excluding a diagnosis of PAH
either by arguing against PH altogether
or by arguing for left heart disease as

the explanation for PH. On the other
hand, even if an echocardiogram looks
like PAH, it is not adequate to confirm a
diagnosis of PAH. Even if you don't see
clear evidence of left ventricular systolic
dysfunction or valvular cardiomyopathy, if
you're playing the numbers, it is still prob-
ably more likely to represent heart failure
with preserved ejection fraction than
PAH. For me, this is still the key reason
why right heart catheterization really can't
leave our algorithm. If we neglected the
heart catheterization, we would likely be
mistreating a phenomenal number of peo-
ple who really have diastolic dysfunction
that was difficult to appreciate or misin-
terpreted on the echocardiogram.

Dr Edelman: I agree with that, Peter.
I guess I was framing it in the setting
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where you may have enough information
to determine that there is a likely PH
etiology, such as left-sided heart disease,
for which you might proceed to treat-
ment without right heart catheterization.
I wasn’t saying that, if you suspect that
there’s PAH, the echocardiogram is good
enough, but that there are settings where
you can, with good reliability, identify an
etiology and direct therapy for the etiol-
ogy without the heart catheterization.

Dr Vaidya: I agree with that. There’s
another angle of this, too, where we are
so commonly discussing how right heart
catheterization is the “gold standard”

in the diagnosis of PH. That’s only the
case if it’s done accurately. The flip side
is how commonly patients with true
PAH or CTEPH or a predominantly
PVR lesion have an underoccluded
technical error when trying to get an
accurate wedge pressure. It’s because
their distal pulmonary arteries are larger
in caliber, and this is a very common
technical error that leads to an overesti-
mated wedge pressure and missing the
accurate diagnosis of PAH. It’s part of
why it still takes 2 % years to make an
accurate diagnosis.

That error can be vastly avoided if
we are properly interpreting the echo-
cardiogram in advance. Our fellows,
for example, know that they are not to
scrub in on a right heart catheteriza-
tion with us until they’ve looked at the
echocardiogram images themselves, so
that if they underocclude a pulmonary
capillary wedge tracing and the tracing
blunts and it looks like it could be a
venous wedge waveform but it’s 28 mm
Hg when the patient echocardiogram
has severe septal flattening, an E/e’ of 7,
a small left artery, and an RVOT notch,
then they know that they've probably
underoccluded, and they have to pay
more careful attention technically in the
catheterization lab.

The echocardiogram can be very
helpful both ways to ensure that the
right heart catheterization is also pro-
viding hemodynamic data that’s most
consistent with the patient’s true overall
clinical presentation.

Dr Edelman: All echocardiograms are
not alike. All right heart catheterizations



are not alike. When you get information
that doesn’t fit, sometimes you need to
step back and look at where the poten-
tial for error is. Some of these studies
are being done at centers with different
focuses or experience. PH centers can
play a role in integrating and further re-
viewing the quality as well as obtaining
more nuanced information from these
studies.

Dr Farber: Just one last point about all
that: the other part of this is that the
echocardiogram is not near 100% accu-
rate in diagnosing or suggesting diastolic
heart disease. That’s one issue; the sec-
ond aspect is that there are people who
have every risk factor for diastolic heart
disease and have true precapillary PAH.
So I don’t know how, at least currently,
you're going to get away from right
heart catheterizations, nor should you.

Dr Hassoun: I'll say something about
our experience, which is quite skewed at
Hopkins, because we’re a PH center, and
patients come in with a suspicion of PH.
They’ve had sometimes several echo-
cardiograms or other tests. We always
start with the chest x-ray, V/Q_scan, and
CT scan with pulmonary angiogram
(CTPA) to exclude either lung disease
or thromboembolic disease. V/Q scan is
a must for all our patients.

I agree with all that’s been said about
echocardiograms in terms of the useful-
ness in ruling out valvular disease, dia-
stolic dysfunction, left heart disease, etc.
It’s extremely helpful. I agree with the
comments made by Anjali about the RV
systolic pressure, and this is the thing
that I pay least attention to. I look at RV
morphology, volume, septal displace-
ment. We do TAPSE on all our patients,
not only to assess RV proper function,
but also for risk stratification.

We also use TAPSE for follow up.
We decide based on the echocardio-
gram whether it’s left heart disease or
more likely right heart disease, and that
will lead us to eventually do a cardiac
catheterization. To give you an example,
if T have a middle-aged obese patient
who has some systemic hypertension, an
RV systolic pressure of 50, but a normal
RV volume, I would be tempted to get a
sleep study first and treat for 6 months

in case a sleep disorder is confirmed be-
fore repeating the echocardiogram and
deciding on further action.

We eventually perform right heart
catheterization on all patients with a PH
suspicion. This comes after a set of base-
line tests that will lead us to place the
patient in 1 of the 5 groups of World
Symposium on Pulmonary Hyperten-
sion (WSPH) classification of PH. T am
saying our experience is skewed because
these patients come in with a suspected
diagnosis of PH, and the challenge then
becomes to decide whether this patient
fits mainly in Group 1, Group 2, Group
3, Group 4, or Group 5. This will be
very important before doing a right
heart catheterization and considering
treatment.

In addition, we use the echocar-
diogram for risk stratification, and if
you look at the REVEAL score or the
European Society of Cardiology/Euro-
pean Respiratory Society (ESC/ERS)
recommendations, unfortunately, there
is only pericardial effusion considered
in the REVEAL score, and pericardial
effusion and right arterial area for the
so-called ESC/ERS traffic light table.

I think more echocardiogram findings
like TAPSE, fractional area change, or
degree of tricuspid regurgitation should
be used for stratification.

Finally, we use the echocardiogram for
follow up after initiation of treatment,
mainly focusing on TAPSE, fractional
area change, to see if there are changes
of function of the RV chamber. We ha-
ven't talked about cardiac magnetic res-
onance imaging (MRI). We do cardiac
MRI mainly for research purposes, but
this is a modality that can be extremely
important, at least for PAH in terms of
assessing, again, RV function, such as
RV ejection fraction, which has been
shown to correlate with survival. There
are so many other useful parameters that

you can get with cardiac MRI.

Dr Vaidya: I would agree with that
comment regarding the guidelines table.
I've always thought it’s unfortunate that
they only include right atrial area and
pericardial effusion because that is a
little limiting in broad utility, and there
are data to support TAPSE and frac-

tional area change and other features.

Advances in Pulmonary Hypertension

I think of it as overall echo markers of
right heart performance. I completely
agree that pericardial effusion and right
atrial area should not be the only things
included in that category.

Dr Leary: I don’t disagree with either
of those comments, but from a logis-
tical standpoint, what I think that the
existing risk scores show us is that
where we are right now in PH, we
certainly don’t have a single magical
imaging variable that prognosticates for
our patients. So we're left with old-
school scales of justice, where we stack
data on one side or the other to try
and get a sense of whether our patient
really is in a low-, intermediate-, or
high-risk category. I think that we can
broadly agree that imaging markers

of the RV, whatever your favorite may
be, are an important part of that risk
assessment. The degree of derangement
in a single marker may outweigh votes
in a bunch of other categories, but any
given marker rarely stands alone. What
I heard from Paul and Anjali is that we
have a lot of good markers out there.
People have done good work correlat-
ing these to disease progression. What
can be challenging with the plethora of
high-dimensional data is deciding how
to weight these things in clinical prac-
tice and coming up with a framework
to put that into.

I don't envy the people who created
the risk scores for that reason. . . to try
and make something that’s manageable,
incorporating all these various inputs,
all of which are somewhat colinear and
hopetully are telling you similar things.
Ultimately, though, I still think that you
do want to look holistically at this and
not get too married to any individual
marker.

Dr Hassoun: I agree with you, Peter.

I was complaining about the fact that,
whether the REVEAL or the ESC/
ERS risk scores, they have a couple of
elements of echocardiograms. There
are many biomarkers that have been
associated with survival. I agree with
you that we need to have a more holistic
approach. If you look at the work that
was done in the Swedish, in the Ger-
man, and in the French registries using
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the ESC/ERS risk stratification, they’ve
looked at between 4 and 8 variables:
hemodynamics, a little bit of echocar-
diogram, function, hemodynamics, etc.
I think we need to have a number of
imaging parameters to incorporate into
our stratification scores.

MRI is not even mentioned in any of
these. I think obtaining MRI may be
more complicated from an availability
standpoint, but I think it gives you so
much more accurate information on
both the left and the right heart and
coupling between the right ventricle and
the pulmonary artery and so many other
things such as myocardial perfusion
reserve by cardiac MRI, which we find
correlates with survival. That means that
there are so many things that have not
been explored from an imaging stand-
point.

Dr Edelman: I think we should talk
about the role and potential role of
MRI. I want to save that for just a little
bit later. I'm still sticking to routine
tests. I want to come back and talk a
little bit about CT and V/Q _scanning
and their current roles and limitations
because I think that, a lot of times, we
are seeing patients who come in with
dyspnea and often one of the first tests
that’s ordered is a CT, particularly CT
angiogram, to look for acute pulmonary
embolism. On many of these studies,
there’s no pulmonary embolism, but
there are findings of PH such as pulmo-
nary artery enlargement.

There is a lot of information that
often isn't looked at. You can get fairly
good assessments of some of the cardiac
structures as well and get some further
ideas as to what may be contributing if
there is PH present, including informa-
tion regarding underlying lung disease.

Dr Leary: As with any imaging test, |
think it’s hugely important where it’s be-
ing used. There is a ton of information
on a CT scan, and I'm going to focus

in on CTEPH for a second. If you put

a CTPA in the hands of a chest radiol-
ogist, particularly one who’s focused on
CTEPH or at a CTEPH center—even
without a V/Q_scan, they reliably identi-
fy the features of CTEPH that make the
diagnosis likely based on the CT alone.
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In this scenario, I think CTPA really
does tell you a ton.

On the other hand, we also know that
CT reads from someone who is not
focused on CTEPH can frequently miss
the features of the disease on CT. In
this context, something like a V/Q_scan
is necessary to really draw attention to
the perfusion fall out. I don’t think that
we have moved beyond the era of V/Q_
scanning PH patients, mostly because of
these differences in expertise or focus in
terms of who'’s reading the scan. While
the technology is sound, I think great-
er expertise and focus than is widely
available is necessary to really pull out a
lot of the features that are important on
a CTPA as they relate to PH in routine

practice.

Dr Edelman: Peter, just like you said
before about echocardiogram, I think
the point is that there’s a richness, to use
your words, in CT imaging as well that
isn’t always readily tapped into at every
location.

Dr Leary: Yes, that sounds right.

Dr Vaidya: I agree completely with the
comments about CTPA and its use in
CTEPH. That is certainly our expe-
rience at Temple, where the outside
scans are sometimes not recognizing
the findings that are truly, clinically ob-
vious in our interpretations, but what a
difference it makes, based on a center’s
volume and experience in recognizing
the disease state. I agree that the V/Q_
needs to remain part of the algorithm
for the general clinician workup out
there.

Dr Freed: I agree, too, that the V/Q_
needs to remain part of the algorithm.

I think there are technological changes
coming down the pipeline with CT,

like dual-energy CT, that might be able
to help in giving both anatomical and
perfusion information. It’s not there yet,
and it’s certainly not ubiquitous by any
stretch, but I think that, as technology
improves, we might be able to get our
information out of one imaging modali-
ty rather than multiple ones, but certain-
ly in total agreement that V/Q scan is
still a major part of this workup.
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Dr Pipavath: I don’t do nuclear medi-
cine, so do you typically use V/Q_scan as
a rule-in modality or a rule-out modal-
ity? You are probably not, just on the
basis of perfusion defects alone, suggest-
ing CTEPH and starting to treat it. You
would require a morphologic correlate,
wouldn't you say that?

Dr Vaidya: Correct.

Dr Pipavath: You will move onto CT
angiogram in someone who has a slight-
ly higher pretest probability at that point
and then look more carefully to make
sure that there is or there is no phys-
ical occlusion or a linear filling defect

or a peripheral filling defect indicating
CTEPH.

Dr Vaidya: That’s correct. The V/Q_scan
is very sensitive, but not specific, and so
the CT angiogram is critical to then rule
out other mimickers of CTEPH and

to further characterize the location and
nature of thromboembolic disease.

Dr Pipavath: What do you do when
the V/Q_scan is positive but there is no
physical correlate? Do you just assume
that it is because of Group 1 disease by
excluding everything else?

Dr Vaidya: It can be that the description
of a V/Q_scan being positive in that
context needs to again be interpreted

by a CTEPH center because sometimes
even the interpretation of the V/Q_scans
can be more complex than realized, and
they can be read as false positive some-
times as well.

Dr Freed: Yes, and then there are
diseases like sarcoma or vasculitis or
pulmonary veno-occlusive disease or
fibrosing mediastinitis. All of those can
be false positives on a V/Q _scan.

Dr Edelman: I think the value of the
V/Q_scan in this assessment, as Anjali
said before, is really more of its nega-
tive predictive value. That really takes
CTEPH off your list, and that’s why it
stays in the algorithm. It’s readily avail-
able. It’s got very defined interpretation
guidelines as opposed to what we heard

about CT, where CT at the right place,



in the right hands, read by the right
person, may approach that kind of oper-
ating characteristic of V/Q, but I had to
add a lot of caveats to get there.

Dr Leary: I said that CT was rich, and
I don't back away from that statement.
That’s not to say that I think we've
climbed the mountain and are at the
top. I think that, particularly as we've
delved further and further into balloon
pulmonary angioplasty and are working
on chronic total occlusions and distal
disease, what we’re finding is that we're
bumping into the limitations of a CTPA
to really define anatomical disease in a
way that’s as good as we want it to be,
as we start targeting smaller vessels and
taking different approaches to treat the
disease.

Maybe dual-energy or some of these
other approaches will get us there.
Maybe they won't, but I think there is
still room for improvement in imaging
around this space.

Dr Farber: To summarize, part of the
problem is there are none of these
imaging techniques that are specific
enough to avoid any of the others. If
you're going to evaluate somebody for
CTEPH, there are multiple different
imaging techniques that are used so the
surgeons or those doing balloon pulmo-
nary angioplasty have an idea of what
they will encounter.

Dr Edelman: I think we should proba-
bly spend some time discussing studies
that are perhaps not as routinely used,

such as cardiac MRI in evaluating PH.

Dr Freed: I think this was mentioned
earlier, but one of the bread-and-butter
kinds of things that MRI does is give
you accurate RV volumes, RV ejection
fraction, and RV mass. You don’t need
contrast for it, it doesn’t take long to
get it, and there’s no radiation involved.
That alone, just giving you that type

of information, is huge and really
overcomes the limitations of echocar-
diography because it’s a 3-dimensional
imaging modality. You can get a more
global assessment of RV function, and
this is what really helps to prognosticate
in these patients.

That’s just the basic stuff that MRI
can do, not to mention all the other se-
quences like tissue characterization that

could potentially be helpful.

Dr Leary: As a physiologist and some-
body who enjoys the idea of thinking
about the RV an awful lot, I love MRI.
Despite that fact, I use MRI almost not
at all in my clinical practice outside of
our research studies.

Within the setting of a multipronged
risk stratification approach where we're
looking at B-type natriuretic peptide
and 6-minute walk and some form of
RV imaging, I've yet to be convinced
that clinically a cardiac MRI has risen
to that level where the juice is worth the
squeeze, so to speak. Our patients tend
to like echocardiography better; it is
more accessible and is less costly to the
system. I am just not sure that, in a mul-
tipronged risk stratification approach,
use of cardiac MRI over echocardiogram
moves the needle on prognostication. I
love it as somebody who likes thinking
about the RV, but I will say that clinical-
ly I don’t actually use it all that much.

Dr Pipavath: What do you think are

its limitations? I don’t do cardiac MRI.
My colleagues do it here. Those who do
cardiac MRI, they seem to claim that it
is, as you said, much more reproducible,
but what—is it just the expense and the
patient going into the magnet? Some of
my colleagues have said that the expense
tends to be very similar sometimes, but
obviously the mean might be different at
different locations. Is it just the expense,
or is it that enough data have not been
produced to comment on it?

Dr Leary: I'd say, for us, partially it’s
the expense and partially just my bias.
At least our long-term patients have
grown up on echocardiograms, and so
MRI feels intimidating. We've had a lot
more pushback from patients after they
get their MRI than after they get their
echocardiogram. That’s just anecdotal
experience, but it is fairly consistent
anecdotal experience.

Dr Freed: I completely appreciate what
you're saying. I think that problems come
when you're at a center where potentially
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the echocardiograms are not read cor-
rectly, as we talked about before, or you
simply have a lot of difficulty seeing the
right ventricle for a variety of reasons. I
think that’s when MRI might be partic-
ularly useful. I certainly don't use it for
every patient either, but there are still a
number of cases where it could be help-
ful. T think this is also why, in the world
of MR, there’s a push to try to find
other indications for MRI in this patient
population that will make it worthwhile
to go ahead and get that test, things that
MRI can provide that echocardiography
can’t and are useful in the management
of these patients. I don't know if we’re
quite there yet, but there are a number of
techniques being studied for this reason.

Dr Edelman: Can you elaborate on that
a little more? I think your article in this
issue talks quite a bit about RV strain.

Dr Freed: Yes. We talk about RV strain
both for echocardiography and MRI.
There’s a lot of literature out there on
using RV strain with MRI, in a rela-
tively easy way with no special sequence
that you need to use ahead of time. In
addition, there is 4-dimensional flow
and T1 mapping, which provide data

on flow dynamics and diffuse fibrosis,
respectively. I think it’s still in its infancy
in terms of what we can use it for in
PH. There are studies out there showing
that identifying diffuse fibrosis either

in the septum or potentially in the RV
free wall can be helpful in figuring out
prognosis, for instance.

Dr Edelman: Another information
source that may lead to PH identifica-
tion are MRIs that might be obtained
for evaluation of left ventricular issues
and then come back with findings that
then trigger a PH evaluation.

Dr Freed: Yes. MRIs can provide
information similar to echocardiograms
in terms of helping you with where
exactly the PH is coming from, but it
probably goes beyond echocardiography,
too. For instance, MRI can help identi-
fy both intra- and extracardiac shunts,
which 2-dimensional echocardiography
might not be able to visualize. I agree

MRI can also help in differentiating the
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mechanisms or where the PH is actually
coming from.

Dr Edelman: We're getting close to the
end of our hour here. I think we’ve cov-
ered most of what we had hoped to cov-
er, but also want to give the opportunity
for general comments or other things
that people feel we may have missed and
would like to add in here.

Dr Leary: We haven't even talked about

positron emission tomography! I must say,
it’s a cool idea. As we move forward in im-
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aging, thinking about trying to understand
stress at the cellular level is an idea that’s
out there and has some data behind it. It is
certainly not ready for primetime clinical-
ly, but I think that, at the end of the day,
we are trying to understand the myocyte
under stress in the setting of increased
afterload. I think we use morphology

and strain and function as surrogates of
that cellular stress, and I wonder if, in the
tuture, we'll be looking at biomarkers that
are more focused in on the myocyte under
strain. It’s kind of pie-in-the-sky stuff, but

interesting to think about.
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Dr Edelman: There is great potential
for these studies to enhance our un-
derstanding of disease pathophysiology
as well. I think that’s really where we
would be going with MRI and positron
emission tomography and studies that
aren’t currently routinely used in clinical
PH evaluation.

I think we have reached the end of
our hour, and I want to thank everyone
for your input and participation. It’s
been a great discussion.
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INTRODUCTION present a variety of imaging features that the changes in the main pulmonary
Pulmonary hypertension (PH) is a disease ~ are aimed at making these etiologies ap- artery (PA) itself. On plain radiography,
characterized by elevated mean pulmonary  parent to clinicians, with a focus on those enlargement of the main PA typically ob-
arterial pressure and/or elevated pulmonary etiologies that do not otherwise usually scures the expected concavity between the
vascular resistance, as measured by right have distinguishing clinical manifestations.  aortic arch and the main PA silhouette,
heart catheterization."™ Individuals often the so-called “aortopulmonary window”
present with dyspnea and decreased func- EVIDENCE OF PH ON PLAIN (Figure 1). Additionally, dilated descend-
tional exertion. Imaging features of PH CHEST RADIOGRAPHY ing left and right PAs can suggest PH
may be present prior to clinical diagnosis. There are a variety of signs that are (Figures 2 and 3). Right atrial enlarge-
Certain radiographic signs can be useful present in advanced PH regardless of ment and right ventricle (RV) enlarge-

in identifying the etiology of the PH> We  etiology. The most obvious begin with ment (Figure 2) may also be evident.

Figure 1: Frontal chest radiograph of a 25-year-old woman with Group 1
pulmonary arterial hypertension secondary to systemic lupus erythematosus

demonstrating loss of the aortopulmonary window (thick black arrow), Figure 2: Lateral chest radiograph of a 33-year-old woman with
now replaced by an outward convexity, due to main pulmonary artery pulmonary arterial hypertension and plexogenic arteriopathy
enlargement. Additionally, the individual has bilateral dilated descending demonstrates right ventricular enlargement as evidenced by
pulmonary arteries (thin black arrow [right] and white arrow [left]). obscuration of the expected retrosternal clear space (white arrow).
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Figure 3: Lateral chest radiograph of a 46-year-old man with idiopathic pulmonary arterial hypertension demonstrating enlargement of the
pulmonary arteries (PAs; blue) around the left main stem bronchus (arrow). The end-on appearing left mainstem bronchus is bordered by the
aorta posteriorly and superiorly and the PAs anteriorly. These enlarged PAs have been described as an “incomplete donut” sign.

EVIDENCE OF PH ON CT
The main PA diameter (mPAD) should
be measured on computed tomogra-
phy (CT) 1 cm from the bifurcation
of the right and left PAs, or at least at
the widest portion within 3 cm of the
bifurcation® (Figure 4). An mPAD =29
mm has a sensitivity of 87%, specificity of
89%, and positive predictive value (PPV)
0f 0.97 for PH.® Another common
measurement compares mPAD to aorta
diameter, abbreviated here as PA-Ao
ratio. A PA-Ao ratio >1 has a sensitivity
of 57% and a specificity of 81% for PH.
While mPAD dilation can suggest the
presence of PH, it does not correlate with
PH severity, but rather to the length of
time that PH has been present.®

In addition to static measurements of
the great vessels, Scelsi et al.” have shown
that being able to visualize the main
PA at the same level as the most caudal
aspect of the aortic arch, the so called
“egg-and-banana” sign (Figure 5), is also
associated with the presence of PH. Par-
ticularly, they noted that its presence had
a similar PPV (85%) to the PA-Ao ratio
>1 (PPV 87%) and that the combination
increased the PPV to 90%.

Left ventricle (LV) and RV charac-
teristics can also point to the presence of

PH (Figure 6). An RV free wall thick-

Figure 4: Computed tomographic angiogram in a 37-year-old man with pulmonary
hypertension (PH) demonstrating maximum diameter of the ascending aorta (red line, 31 mm)
and main pulmonary artery diameter (black line, 35 mm). Here, the pulmonary artery-to-aorta
ratio is 1.16. A ratio >1 has a sensitivity of 57% and specificity of 81% for PH.
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Figure 5: Computed tomographic angiogram of the chest at the level of the caudal aspect of the aortic arch (yellow) in a 32-year-old man with
Wiskott-Aldrich syndrome complicated with pulmonary hypertension. Note that the main pulmonary artery (pink) is visible at this level, the so
called “egg-and-banana” sign.

Figure 6: Computed tomography of the chest with contrast, demonstrating an increased right ventricle-to-
left ventricle ratio, as well as interventricular septal flattening (black arrow) in an individual with pulmonary
hypertension, suggesting right ventricular pressure overload.
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Figure 7: Computed tomographic angiogram of the chest demonstrating reflux at the level
of the inferior vena cava (IVC; black arrow) due to elevated pulmonary artery pressures and
elevated pulmonary vascular resistance.

ness =6 mm on CT has an odds ratio
(OR) of 30.5 for PH, and an RV-to-LLV
luminal diameter ratio of =1.28 carries
an OR of 28.8.” Interventricular septal
flattening and reflux of contrast material
down the inferior vena cava also suggest

RV pressure overload™ (Figure 7).

ETIOLOGIES OF PH

While many of the above findings may
still be nonspecific to PH, if PH is
strongly suspected or confirmed clinical-
ly, the following findings might provide
strong clues as to the etiology of the PH.
There are a few diseases that have very
distinct imaging findings and usually have
little extrapulmonary clinical manifes-
tations. We have decided to group these
findings in order by the proposed World
Symposium on Pulmonary Hypertension
clinical group classifications for PH.>'""?

Group 1

This group is made up of a diverse set
of precapillary and postcapillary diseases
that lead to pulmonary arterial hyper-
trophy.

Figure 8: Computed tomographic angiogram of the chest in a 33-year-old woman with pulmonary arterial hypertension and plexogenic
arteriopathy. Images show tortuous, corkscrewlike peripheral pulmonary arteries (black arrow) and faint centrilobular nodules (thin black lines).
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Figure 9: Computed tomography of the chest in a 25-year-old woman with pulmonary arterial hypertension and plexogenic arteriopathy,
demonstrating ground glass attenuation centrilobular nodules with central dots representing dilated arterioles (arrow).

Plexogenic pulmonary arteriopathy
is the pathognomonic histopathologic
lesion of PAH," with its presence signi-
fying the ongoing angiogenic pathology
of PAH." The pulmonary vasculature
undergoes a progression of changes from
arterial medial hypertrophy to subsequent
intimal proliferation and eventually com-
pensatory plexus.ls Tortuous hypertrophic
arterioles may be seen peripherally as a
result (Figure 8)." Poorly defined ground
glass attenuation centrilobular nodules
can be seen on CT (Figure 9), which
might represent either the plexogenic
lesions or cholesterol deposits.17

Partial anomalous pulmonary venous
return (PAPVR) is an anomalous venous
connection in which some pulmonary
venous return drains back to the right
atrium, either via direct connection or
through an atrial septal defect (ASD;
Figure 10), but does not cause total
cyanosis as might a total anomalous
connection. Left-to-right shunting is
present which might eventually lead to
PH. PAPVR is overall a rare finding,'
but its presence should prompt search
for ASD, especially a sinus venosus type
of ASD if the location of PAPVR is in
the right upper lobe (Figure 11), as these
are highly associated.”

Pulmonary veno-occlusive disease

(PVOD) is a postcapillary disease with

Figure 10: Steady-state free precession sequence in left ventricular outflow tract plane
demonstrating the right upper lobe partial anomalous pulmonary venous return (PAPVR)
draining into the superior vena cava right atrium junction (white arrow). Right atrium (RA), left
atrium (LA), aorta (A), right ventricle (RV), and left ventricle (LV) are labeled on this image.
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Figure 11: T2 black blood sequence in the same individual as in Figure 10 confirms the

presence of a sinus venosus type of atrial-septal defect (white arrow). Right atrium (RA), left
atrium (LA), aorta (A), right ventricle (RV), and left ventricle (LV) are labeled on this image.

characteristic findings of interlobular
septal thickening, resembling the paren-
chymal imaging findings of left-sided
heart failure without clinical evidence of
left-sided congestion (Figure 12).
Pulmonary capillary hemangiomatosis
(PCH) may be on the spectrum with
PVOD as one disease.”’ PCH tends to
present with diffuse, random ground
glass attenuation nodules (Figure 13)
corresponding to foci of capillary pro-
liferation in the secondary pulmonary
lobules. Characteristically, PCH is a
postcapillary contributor to PH, as is
PVOD. Notably, PCH and PVOD do
not respond to pulmonary vasodilators,
and there is an increase in risk of pulmo-
nary edema and respiratory failure” with
these advanced vasodilator therapies.

Y

Figure 12: 42-year-old woman with pulmonary veno-occlusive disease (PVOD). Computed tomography of the chest demonstrating interlobular
septal thickening (thin black arrow) and mediastinal and hilar lymphadenopathy (thick black arrow). These features are common to both PYOD

and left-sided heart failure.

: il

Figure 13: 17-year-old man with pulmonary capillary hemangiomatosis (PCH). Computed tomography of the chest demonstrates multiple
randomly distributed ground glass attenuation nodules characteristic of PCH.
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Group 2

Chest radiography can show LV hyper-
trophy, as well as left atrial and ventric-
ular dilation, all to suggest left-sided
cardiomyopathy that is associated with
Group 2 disease.

Group 3

The main causes of Group 3 disease
are the chronic hypoxemic respiratory
diseases such as interstitial lung disease
(ILD) and chronic obstructive pulmo-
nary disease.' The role for chest CT in

making a noninvasive diagnosis for this
group of diseases, particularly ILD, is
well established.?

Group 4

Chronic thromboembolic PH
(CTEPH) is an underdiagnosed etiol-
ogy and is often diagnosed at the same
time that an individual presents with
manifestations of their PH.* The di-
agnosis is increasingly important given
advances in treatment.**?* CTEPH has
several characteristic imaging features,

including imaging findings of acute and
chronic PA thrombi (Figures 14-16),
bronchial artery hypertrophy (Figures
17 and 18), and mosaic attenuation

(Figures 19-21).

Group 5

Group 5 etiologies represent a variety
of diseases for which the mechanism
in association with PH is not yet well
understood. These include sarcoidosis
and hematologic malignancies, among
others.

Figure 14: 26-year-old woman with chronic thromboembolic pulmonary hypertension.
Computed tomographic angiogram of the chest shows an acute pulmonary embolism (arrow)
in the right main pulmonary artery, seen as a central near-completely occlusive filling defect.

Figure 15: 26-year-old woman with chronic thromboembolic pulmonary hypertension (same
individual as in Figure 14). Computed tomographic angiogram of the chest shows an acute
pulmonary embolism in the right main pulmonary artery, seen as a central near-completely
occlusive filling defect, superimposed on chronic pulmonary embolism (arrow), seen as
peripheral filling defects in the basal trunk of the right lower lobe artery.
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Figure 16: 26-year-old woman with chronic thromboembolic pulmonary hypertension (same individual as in Figures 14 and 15). Computed
tomographic angiogram of the chest shows an acute pulmonary embolism in the right main pulmonary artery, seen as a central near-completely
occlusive filling defect, superimposed on chronic pulmonary embolism, seen as peripheral filling defects in the basal trunk of the right lower lobe
artery as well as the right lateral and posterior basal (arrow) segmental arteries.

Figure 17: 57-year-old man with chronic thromboembolic pulmonary hypertension.
Computed tomographic angiogram of the chest demonstrates bronchial artery
hypertrophy (white arrows) and diminished peripheral lung vascularity.
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Figure 18: Same individual as in Figure 17. Computed tomographic
angiogram of the chest in coronal projection demonstrates pulmonary
artery narrowing (white arrow).

€3€a

Figure 19: 29-year-old man with chronic thromboembolic pulmonary hypertension (CTEPH). Computed tomography of the chest
demonstrating mosaic attenuation in the left lower lobe (black arrow). In individuals with pulmonary hypertension, mosaic attenuation
of the lung is most commonly seen in individuals with CTEPH.®

Figure 20: Same individual as in Figure 19. Left panel: Computed tomographic angiogram of the chest demonstrates a chronic
pulmonary embolism in the basal trunk of the left lower lobe lobar artery. Middle panel: Single photon emission computed
tomography perfusion image shows decreased perfusion (white arrow) in the corresponding left lower lobe artery distribution. Right
panel: Conventional pulmonary angiogram shows both occlusion of the left lower lobe pulmonary artery and corresponding loss of
contrast enhancement (black arrow).
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Figure 21: Dual-energy computed tomography (CT) with an iodine map (left panel) and corresponding CT angiogram (CTA) in mediastinal
window (right panel) in a 68-year-old male with chronic thromboembolic pulmonary hypertension. lodine map (left panel) demonstrates areas of
normal perfusion seen as green, while diminished perfusion is denoted as blue. The areas of poor perfusion (blue) on the iodine map correspond
to areas of diminished vascularity on the CTA image (arrow).

CONCLUSIONS

Awareness of early and late radiographic
and cross-sectional imaging features of
PH may be helpful in early and accu-
rate diagnosis. In many conditions that
cause PH, imaging alone may suggest a
specific etiology.
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PRESENTATION

A 61-year-old Caucasian female
presented with a 4-month history of
dyspnea on exertion. She was previously
healthy, worked out regularly, and had
no prior tobacco exposure. Her symp-
toms were preceded by a sharp, inspira-
tory chest pain (left sided), which was
initially intermittent and later became
persistent. A few days into her symp-
tom course, she developed exertional
dyspnea. A contrasted high-resolution
computed tomography (HRCT) scan
of the chest ordered by her primary care
provider showed minimal, peripher-
al-appearing upper lobe and right mid-
dle lobe ground-glass opacities without
any evidence of pulmonary emboli (PE)
(Figure 1). She was given a course of
antibiotics, 20 mg of prednisone for 5
days, and referred to a pulmonologist.
With this, her chest pain improved but
her dyspnea persisted. At the pulmonary
evaluation a few weeks later, she was
noted to be significantly hypoxemic.
She was started on supplemental oxygen
therapy. Given her persistent symp-
toms, she received 3 different additional
courses of oral antibiotic therapy for

a possible “resistant” pneumonia to no
avail. Given the lack of improvement

in her symptoms, her prednisone dose
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was increased, and she was subsequently
referred to our institution.

ASSESSMENT

On physical examination at the time of
initial evaluation at our institution, the
patient was afebrile with pulse oximetry
revealing an oxygen saturation of 100%
on 5 L/min of supplemental oxygen.
Oral exam was notable for several tel-

angiectasias on her hard palate. Cardiac
and pulmonary exams were unremark-
able with a normal sounding P2 and no
murmurs. Jugular venous pulse was not
elevated. Musculoskeletal exam was neg-
ative for muscle or joint tenderness. On
skin exam, several telangiectasias were
noted across her anterior chest wall.
There was no evidence of sclerodactyly
or digital ulceration. There was neither

Figure 1: Initial contrasted chest computed tomography with minimal, peripheral, ground-
glass opacities. No evidence of acute pulmonary emboli.

Volume 18, Number 4; 2019

DOI:10.21693/1933-088X-18.4.152



Table 1. Pertinent PFT Values (PFTs Notable for Reduction in D, CO)

PFT parameters ‘ Predicted ‘ Measured ‘ % Predicted
FVC, L 2.88 3.23 112%
FEVA 2.22 2.50 113%
FEV/FVC, % 77
TLC, L 4.20 4.89 116%
RV, L 1.58 1.66 105%
D,CO, mL/mm Hg per minute 16.6 9.3 56%

Abbreviations: PFT indicates pulmonary function test; DLCO, diffusing capacity of the lungs
for carbon monoxide; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second;
TLC, total lung capacity measured using plethysmography; RV, residual volume.

cyanosis nor edema at the peripheries
of her extremities. Her neurologic exam
was also unremarkable.

Her pulmonary function tests were
normal except for an isolated reduction
in the diffusing capacity of the lungs for
carbon monoxide (D, CO) (Table 1).
Her 6-minute walk distance was reduced
at 290 m with a significant oxygen
desaturation to 92% on 4 L/min. Her
initial laboratory workup demonstrat-
ed a normal complete blood cell count
panel as well as normal renal and liver
function panels, and her serum levels of
cardiac biomarkers were within nor-
mal limits. Her electrocardiogram was
unremarkable as was her chest x-ray. We
then ordered a repeat contrasted HRCT
scan of her chest which demonstrated
a worsening of the previously described
airspace opacities. Her imaging now
showed increased prominence of the
upper lobe ground-glass opacities, again
without any evidence of acute PE. The
airspace opacities were peripheral in
position and appeared to have a vascular
predilection, and some of the opaci-
ties had a nodular appearance to them
(Figure 2). An echocardiogram demon-
strated a preserved ejection fraction with
normal left and right ventricular size
and function. There were no signs of
valvulopathy or pulmonary hypertension

(PH).

MANAGEMENT AND
MONITORING

Further workup was pursued with an
extensive autoimmune panel, including a
myositis antibody panel and a hypersen-
sitivity antibody panel, all of which were
negative. Her creatine kinase level was
within normal limits. Eventually, she un-

derwent a bronchoscopy with transbron-
chial biopsies, which were unrevealing.
Broncho-alveolar lavage was noted to be
lymphocyte predominant. Cytology was
unremarkable and negative for fungal
organisms and malignant cells. Cryp-
togenic organizing pneumonia was the
initial diagnosis of exclusion and so she
was started on therapy with high-dose
prednisone (1 mg/kg) and concom-
itant pneumocystis prophylaxis with
trimethoprim-sulfamethoxazole. With
steroid therapy, her symptoms improved
initially, and her oxygen requirement
decreased to 3 L/min during rest. How-
ever, after 8 weeks on high-dose pred-
nisone, she returned to the clinic with
worsening dyspnea and hypoxemia.

Given her persistent symptoms, low
D, CO, a vascular distribution of her
airspace opacities, and severe hypoxemia,
pulmonary vascular disease continued
to remain a possibility. She then un-
derwent a ventilation/perfusion (V/Q)
scan that returned positive for bilateral
unmatched wedge-shaped perfusion
defects, suggestive of pulmonary throm-
boembolic disease (Figure 3). Pulmonary
veno-occlusive disease (PVOD) was
also entertained as a possibility giv-
en her profound hypoxemia. She was
started on systemic anticoagulation with
rivaroxaban. A subsequent evaluation
with a hypercoagulable panel did not
reveal any underlying thrombophilia. A
right heart catheterization (RHC) was
consistent with mild PH and an elevated
pulmonary vascular resistance (Table
2). She was then referred to the nearest
pulmonary thrombo-endarterectomy
center where a fluoroscopic pulmonary
angiogram was completed. Interestingly,
her pulmonary angiogram did not show
any filling defects in the pulmonary
vascular tree. The venous phase of the
angiogram also showed normal empty-
ing, making this unlikely to be pulmo-
nary thromboembolic disease or PVOD.
Ultimately, without a clear diagnosis,
we pursued an urgent video-assisted

Figure 2: Repeat contrasted chest computed tomography with increased number and
prominence of the peripheral, ground-glass opacities. No evidence of acute pulmonary emboli.
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Figure 3: Planar ventilation/perfusion (V/Q) scan images demonstrating bilateral unmatched,
wedge-shaped perfusion defects.

thoracoscopic surgery lung biopsy, which
provided a definitive diagnosis.

DISCUSSION AND CLINICAL
REASONING

Though there was no evidence by his-
tory or on exam of a systemic autoim-
mune process, we checked both auto-
immune and myositis antibody panels.
These panels returned negative as did a
hypersensitivity pneumonitis antibody
panel. Considering her unremarkable
aero-allergen exposure history and that
her pulmonary function tests demon-
strated normal estimates of lung volume
by spirometry and plethysmography,

we felt reassured that an interstitial

lung disease was unlikely. However,

the isolated D; CO on her pulmonary
function tests continued to keep occult
pulmonary vascular disease on the list of
differential diagnoses. With her degree
of hypoxemia and noting the peripheral
and vascular distribution of the pulmo-
nary opacities, we pursued a V/Q_scan to
evaluate for any possible microvascular
pulmonary thromboembolic disease. The
identification of at least two mismatched
segmental perfusion defects (perfusion
defects noted in areas of the lung with
normal ventilation) on planar imaging

is considered “high probability” for

PE by the Prospective Investigation of
Pulmonary Embolism Diagnosis study’s
criteria." In patients with suspected

154 Advances in Pulmonary Hypertension

chronic thromboembolic PH (CTEPH),
a V/Q _scan is more “sensitive” as it can
detect distal and subsegmental perfusion
defects that can often be missed on con-
trast-enhanced chest CT imaging.’
Progressive dyspnea on exertion, a
decreased 6-minute walk distance, and
an isolated low D, CO in concert with a
chest CT negative for acute PE should
prompt consideration of pulmonary
vascular disease. Chronic thromboem-
bolic disease (CTED) and CTEPH are
two causes of pulmonary vascular disease
due to thromboembolic events. CTEPH
can occur in 0.4% to 8.8% of patients
who develop an acute PE.* One-half
of patients with CTEPH do not recall
ever having had a diagnosis of PE.* A
diagnosis of CTEPH becomes obvious
typically following 6 months after the
index PE event. CTED is diagnosed
in patients who have imaging evidence
of embolic burden in the pulmonary
vasculature but do not have RHC-docu-
mented PH.’ Both CTEPH and CTED
are diagnosed by means of a V/Q_scan
and can reportedly be associated with
normal-appearing pulmonary arteries
on contrasted chest CT imaging in a
significant number of patients. Our
patient’s V/Q_scan was positive for
multiple perfusion defects (Figure 3) but
contrasted CT imaging did not reveal
any filling defects in the pulmonary
arteries. An RHC is also important for

Volume 18, Number 4; 2019

Table 2. Right Heart Catheterization

RHC variable | Value
RAP 4 mm Hg
RVP 41/2 mm Hg
PAP 42/18 mm Hg
mPAP 27 mm Hg
PCWP 6 mm Hg
CO (Fick) 4.2 L/min
Cl 2.8 L/min per m?
PVR 5.0 Wood units
Sa0, sat 94.7%
PAO, sat 70.4%

Abbreviations: RHC indicates right

heart catheterization; RAP, right atrial
pressure; RVP, right ventricular pressure;
PAP, pulmonary arterial pressure; mPAP,
mean pulmonary arterial pressure; PCWP,
pulmonary capillary edge pressure; CO,
cardiac output as measured by Fick equation;
Cl, cardiac index; PVR, pulmonary vascular
resistance; Sa0, sat, systemic oxygen
saturation; PAO, sat, pulmonary artery
oxygen saturation.

the diagnosis of CTEPH. Despite this
patient’s echocardiogram being normal,
an RHC was pursued (Table 2). This
was followed by a dedicated fluoroscopic
pulmonary angiogram to determine the
pulmonary vascular thrombotic burden
contributing to her PH. The findings
of mildly elevated pulmonary pressures,
moderately elevated pulmonary vascular
resistance, and the absence of a signifi-
cant clot burden on pulmonary angiog-
raphy were inconsistent with a diagnosis
of significant CTEPH. Her pulmonary
hemodynamics and unremarkable
venous-phase emptying noted on the
pulmonary angiogram were also incon-
sistent with PVOD, another diagnosis
which was considered.®

While the diagnosis remained elusive,
the patient continued to have a func-
tional decline with increasing oxygen
requirement. As her clinical picture
remained concerning for a pulmonary
vascular disease, we revised our list of
differential diagnoses to include atypi-
cal vasculitis, an embolic or malignant
phenomenon, and although less likely,
we left PVOD on the differential.
Considering that there was no evidence
of an infectious source by exam or blood
work, septic PE was also considered an



Figure 4: Pulmonary artery, with intimal proliferation and intraluminal lymphoma cells. The
lumen is severely narrowed due to the lymphomatous cell burden in the vessel.

unlikely diagnosis. As previously men-
tioned, there was no serologic evidence
supporting the diagnosis of a rheuma-
tologic disorder or pulmonary vasculitis.
Other conditions that may result in
pulmonary perfusion abnormalities and
had previously been described in the
extant literature included fat emboli,
pulmonary capillary hemangiomatosis,
pulmonary vasculitis, and pulmonary
tumor emboli.”

Ultimately, the patient underwent a
surgical lung biopsy via video-assisted
thoracoscopic surgery to get a definitive
diagnosis. The pathology was consistent
with a primary pulmonary intravascu-
lar large B-cell lymphoma (IVLBCL)
(Figure 4).

Pulmonary IVLBCL is an extreme-
ly rare type of extranodal large B-cell
lymphoma first described by Pfleger
and Tappeiner in 1958.° This disease
is characterized by a distinct prolifera-
tion of lymphomatous cells within the
pulmonary microvasculature. Clinical
symptoms and signs result from a
compromised blood flow in the pulmo-
nary capillaries. Pulmonary capillaries
are particularly vulnerable while larger
arteries and veins are typically spared,
resulting in a significant gas exchange
derangement. While lung involvement
is common, it is rare for the primary
presentation to be isolated to the lungs.

Common presenting features include
fever, weight loss, and anemia; however,
the presentation varies depending on
the organ(s) affected.” With regard to
primary pulmonary disease, dyspnea,
cough, and hypoxemia are the most
notable symptoms. The CT findings are
variable but include ground-glass opaci-
ties, centrilobular nodules, and interlob-
ular septal thickening. Tissue biopsy by
transbronchial biopsy or surgical lung
biopsy remains the “gold standard” for
diagnosis. The prognosis for this aggres-
sive lymphoma is typically poor, often
due in part to a delay in diagnosis.'
Unfortunately, in a significant number
of cases the diagnosis is often arrived at
by autopsy.

For our patient, the persistent and
systematic pursuit of a diagnosis despite
conflicting data (positive V/Q_scan in
absence of discernable risk factors for
venous thromboembolism) helped us ar-
rive at this diagnosis in a timely fashion.
She received 6 cycles of a chemotherapy
regimen of rituximab, cyclophospha-
mide, doxorubicin, vincristine, and
prednisone under the supervision of a
malignant-hematology specialist. She
responded very well and was weaned off
supplemental oxygen quickly following
a remission of her disease. Currently, she
is over 18 months from her last chemo-

therapy dose. She reported no physical

Advances in Pulmonary Hypertension

limitations at her last evaluation. Her
lymphoma remains in remission.

CONCLUSION
Primary pulmonary IVLBCL.

Teaching Points

1. A V/Q_scan is sensitive for detect-
ing perfusion defects in both PE
and CTEPH.

2. A contrast-enhanced CT scan of
the chest can be falsely negative
in up to 49% of patients with
CTEPH.

3. The differential diagnosis for
perfusion defects on V/Q_scan
includes CTEPH, pulmonary
vasculitis, pulmonary capillary
hemangiamatosis, tumor emboli,
and fat emboli.

4. Primary pulmonary IVLBCL is a
rare type of B-cell lymphoma. It
is characterized by proliferation
of lymphomatous cells within the
pulmonary microvasculature.

5. Primary pulmonary IVLBCL is
a rare condition that can mim-
ic CTEPH due to the tumoral
cell occlusion of the pulmonary
microvasculature. Lung biopsy is
the only definitive way of diagno-
sis. Early diagnosis can result in a
potential remission.
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Successful disease management includes
improvement in a patient's quality of
life, particularly when working with pa-
tients suffering from pulmonary arterial
hypertension (PAH). This success is
achieved through a team approach be-
tween patients, families, and their health
care providers. Providers often prescribe
treatment regimens and offer recom-
mendations to slow disease progression
and allow patients to become more
functional. Adherence to these regimens
is critical to the patients' overall mor-
bidity and mortality. Failure to adhere to
the recommendations set forth by health
care providers often leads to clinical
worsening and increased health care
costs.! We will briefly examine the issue
of medication nonadherence and how
the development of a self-care responsi-
bilities agreement changed the practice
of one pulmonary hypertension (PH)
center for the better.

The World Health Organization
(WHO) defines medication adherence
as “the degree to which the person's
behavior corresponds with the agreed
recommendations from a health care
provider.”" Perhaps one of the greatest
challenges health care providers face
is the matter of patient nonadherence.
The prevalence of medication nonad-
herence is astonishing: “In some disease
conditions, more than 40% of patients
sustain significant risks by misunder-
standing, forgetting, or ignoring health
care advice.”” Medication nonadherence

Correspondence: thouste1@jhmi.edu

can range from never filling a prescrip-
tion, to stopping medication without
notifying the prescriber, to not taking

a medication as prescribed, or by not
following the recommendations associ-
ated with a prescribed medication." The
overall outcome of such behavior has ad-
verse consequences. These consequences
include “waste of medication, disease
progression, reduced functional abilities,
a lower quality of life, and increased

use of medical resources such as nurs-
ing homes, hospital visits, and hospital
admissions.”

In the field of PAH, the consequenc-
es of medication nonadherence can be
dangerous and often life threatening,
particularly when working with paren-
teral prostacyclins. PAH medications are
unique and complex and warrant a level
of respect regarding their safety profiles.
In our PH practice, various methods
were employed in an effort to prevent
nonadherence and improve patient out-
comes. These methods included forming
a personal connection and level of trust
between patient and provider. Addition-
ally, a substantial amount of time was
spent educating on disease management
and medication nuances. Despite these
methods, nonadherence was present in
our practice.

In an effort to address the issue of
nonadherence, parenteral prostacyclin
patients in our practice were observed
over a 6-month period. These patients
in particular were chosen because of the
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risks associated with nonadherence in
this specific medication category. Patient
interactions occurred during inpatient
and outpatient encounters to substanti-
ate evidence of adherence with particular
safety measures discussed at length with
patients during various training/educa-
tion sessions. The results of this survey
demonstrated gaps in what parenter-

al prostacyclin patients were taught,
comprehended, and what was actually
being practiced concerning medica-

tion safety. These results indicated that
further measures were required to ensure
medication adherence, safety, and overall
patient wellness.

Our program initiated a thoughtful
review of the literature to deepen our
understanding of patient adherence
and strategies that had the potential to
change baseline behavior. Medical en-
tities incorporating the use of contracts
or agreements to increase medication
adherence were investigated, particularly
in the field of pain management. The
research showed that the effectiveness
of such documents regarding opioid use
remained unclear. However, there is ab-
solutely 7o research involving the use of
such a document in the realm of medi-
cation adherence and PAH. Moreover,
based on research involving opioid ther-
apy, the use of the term “contract” was
highly detested, as it “can be perceived
as coercive, can erode physician—patient
trust, and implies that failure to agree
will result in loss of access.” It became
clear that verbiage used in these kinds
of documents could stigmatize patients.
The language chosen could be implied

as “mistrustful, accusatory, and even
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confrontational.” Therefore, special care
needed to be taken when writing such

a document. The term “contract” would
not be used for the development of an
agreement for our PAH purposes.

Based on these research efforts, a
PAH self-care responsibilities agreement
was developed in order to increase ad-
herence and hold patients and PH team
members accountable for discussing
and agreeing upon various measures to
increase safety and overall health. It was
decided among all members of the PH
team that this self-care responsibilities
agreement would be extended to include
all PAH patients on drug therapy, not
just parenteral prostacyclin patients as
initially planned. It should be noted that
a discussion occurred with the hospital
legal department, who indicated this
would not be a legally binding docu-
ment.

Over the next 4 weeks, a self-care
responsibilities agreement was drafted in
collaboration with the PH team includ-
ing physicians, nurses, and nurse prac-
titioners. This agreement was narrowed
to 14 key points deemed necessary for
discussion once starting the treatment
for PAH. These points ranged from un-
derstanding the diagnosis of PAH and
the medications prescribed, to the risks
of pregnancy and the use of contracep-
tion, to not stopping PAH therapies for
any reason without discussing with the
PH team. A sample of the agreement is
included in the Appendix. Each patient
was provided a copy of the agreement
to read privately. Subsequently, time was
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allotted to provide further education,
discuss benefits, and engage each patient
in discussion regarding the points within
the agreement. The patient was made
aware that the agreement was not a le-
gally binding document. They were then
asked to sign the agreement along with
a PH team member. This agreement
was then scanned into the patient's
electronic medical record. By placing
this agreement into the patient's chart,
it allowed the PH team access to the
signed agreement in order to reexamine
when necessary if the plan was not being
followed or as a refresher for both the
PH team and patient in the future.
Patients on all forms of medication
therapy for the treatment of PAH were
reassessed during inpatient visits and
follow-up outpatient appointments for
adherence, understanding, and recollec-
tion of the key points within the self-
care responsibilities agreement. We did
not formally score or track adherence
issues before and after implementation
of the self-care agreement. However, we
believe that over the course of 1 year, the
gap that had previously existed involving
adherence with PAH medications and
safety measures prior to the self-care
responsibilities agreement had narrowed.
Patients appeared more adherent to the
safety measures and treatment plan set
in place, especially those on parenteral
prostacyclins. The level of education,
discussion, and shared decision mak-
ing between the patient and PH team,
based on the self-care responsibilities
agreement, generated an environment
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of respect that could ultimately lead to
better patient outcomes.

Nonadherence to medication regimens
and recommended treatment best prac-
tices is a serious challenge that patients
and providers struggle with daily. Non-
adherence leads to increased health care
costs and an overall risk to a patient's
health and wellness. Patients with PAH
are often prescribed medications and
plans of care that, if not followed or ad-
ministered properly, can have life-threat-
ening consequences. In order to combat
our issues with nonadherence, a PAH
self-care responsibilities contract was
developed and used with all patients on
therapy for PAH. The overall outcome
of developing and implementing the
self-care agreement was positive for our
program, which subsequently narrowed
the knowledge gap that existed regard-
ing the PAH plan of care. By narrow-
ing the gap, we were able to combat
our challenges with nonadherence and
ultimately improve the success of our
patients' PAH treatment regimens.
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SAMPLE COPY
Beaumont

Pulmonary Arterial Hypertension (PAH) Self Care Management Responsibilities and Plan

The effectiveness and safety of pulmonary arterial hypertension (PAH) management depends on a
collaborative approach between the patient and the multidisciplinary team. My PAH management team has
educated me in regards to the PAH disease process, classification, testing, and treatment in order for me to
manage PAH daily.

I, , understand and agree that the following are my self care
responsibilities as a patient of the Beaumont Pulmonary Hypertension Center:

1. I will notify the Pulmonary Hypertension Center in advance of any planned tests, procedures, or
surgeries in order to receive instructions for care.

2. IfI am on intravenous or subcutaneous drug therapy for pulmonary arterial hypertension, I agree
to carry my back up medication, back up pump, and supplies with me at all times.

3. Tagree to carry the emergency card provided by the Pulmonary Hypertension Center.

4. Tagree to notify all other healthcare providers of my diagnosis of pulmonary arterial hypertension
and any pulmonary arterial hypertension medications I am taking.

5. Tagree to notify the Pulmonary Hypertension Center of any and all medications I take, including
prescription medications, over the counter medications, vitamins, and herbal supplements.

6. IfIam female, I understand the increased risk pregnancy places on myself and the unborn child. I
understand that I must not become pregnant. I agree to utilize 2 forms of contraception or have an
intrauterine device placed.

7. T agree to have laboratory testing completed as ordered by the PAH management team.

8. The risks of smoking have been explained to me. I agree to abstain from smoking cigarettes, pipes,
cigars, or inhaling any substance into my lungs.

9. Tagree to abstain from illicit drug use such as cocaine and methamphetamines.
10. T agree to follow a 2 gram sodium diet.
11. I have been instructed on the importance of using oxygen and agree to follow my written plan.

12. T agree to avoid NSAIDS (non-steroidal anti-inflammatory drugs like Motrin, Aleve, etc.) and
nasal/oral decongestants containing pseudoephedrine.

13. I agree to take my PAH medications daily and will not stop taking the medications for any reason
unless directly instructed to do so by my pulmonary hypertension physician.

14. I have been instructed on the risks and potential side effects of the pulmonary arterial hypertension
medications.

I understand the above and agree to follow this plan

Signature Printed Name

Witness Date

Appendix: Sample Pulmonary Arterial Hypertension Self-Care Management Agreement.
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