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Pulmonary hypertension (PH) is defined by a mean pulmonary artery pressure greater than 20 mm Hg and classified into five
different groups sharing similar pathophysiologic mechanisms, hemodynamic characteristics, and therapeutic management.
Radiologists play a key role in the multidisciplinary assessment and management of PH. A working group was formed from
within the Fleischner Society based on expertise in the imaging and/or management of patients with PH, as well as experience
with methodologies of systematic reviews. The working group identified key questions focusing on the utility of CT, MRI, and
nuclear medicine in the evaluation of PH: (2) Is noninvasive imaging capable of identifying PH? (4) What is the role of imaging
in establishing the cause of PH? (¢) How does imaging determine the severity and complications of PH? (¢) How should imag-
ing be used to assess chronic thromboembolic PH before treatment? (¢) Should imaging be performed after treatment of PH?
This systematic review and position paper highlights the key role of imaging in the recognition, work-up, treatment planning,
and follow-up of PH.

This article is a simultaneous joint publication in Radiology and European Respiratory Journal. The articles are identical except for
stylistic changes in keeping with each journal’s style. Either version may be used in citing this article.

© 2021 RSNA and the European Respiratory Society.
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Pulmonary hypertension (PH) is a hemodynamic condi-
tion defined by a mean pulmonary artery (PA) pressure
(PAP) greater than 20 mm Hg and classified into different
groups sharing similar pathophysiologic mechanisms, he-
modynamic characteristics, and therapeutic management
(1-6) (Table 1). The diagnostic process starts after the
clinical suspicion of PH and echocardiography compatible
with PH and continues with the identification of the more
common clinical groups of PH (such as group 2 due to
chronic left heart disease and group 3 due to chronic lung
diseases), then distinguishes group 4 due to chronic throm-
boembolic PH (CTEPH), and finally makes the diagnosis
of group 1 pulmonary arterial hypertension (PAH), which
is a diagnosis of exclusion.

This overview of PH categorization highlights the
necessity of an optimized approach for each stage of
patient management. This requires integrating imaging

modalities and incorporating the latest technologic ad-
vances. The radiologic community faces new challenges
regarding PH evaluation. One important objective of
this position paper is to share current imaging options
with PH clinicians for an optimal use of available re-
sources. Whereas diagnosis and treatment are optimally
approached in specialized centers, all radiologists can
play a more active role in the early recognition of this
disease, helping to reduce the delay in diagnosis. To reach
these objectives, this position paper focuses on a series
of questions relevant for both nonexpert and expert cen-
ters, emphasizing noninvasive imaging (eg, CT, MRI,
and nuclear medicine) approaches in a target population
of adult patients with PH (Table 2). Specific attention
is directed toward imaging of chronic precapillary PH
(groups 1, 3, 4, and 5). An expert center can be defined
as a center fulfilling the criteria of a PH referral center as
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Abbreviations

BPA = balloon pulmonary angioplasty, CTEPH = chronic thromboem-
bolic PH, ILD = interstitial lung disease, PA = pulmonary artery, PAH
= pulmonary arterial hypertension, PAP = pulmonary artery pressure,
PCH = pulmonary capillary hemangiomatosis, PEA = pulmonary end-
arterectomy, PH = pulmonary hypertension, PYOD = pulmonary veno-
occlusive disease, RV = right ventricle, V/Q = ventilation-perfusion

Summary

This systematic review and position paper highlights the key role
of imaging in the recognition, work-up, treatment planning, and
follow-up of pulmonary hypertension.

Key Results

= A mean pulmonary artery pressure of greater than 20 mm Hg de-
fines pulmonary hypertension (PH).

= Pulmonary artery diameter is insufficient as a standalone criterion
for PH.

m Per current guidelines, ventilation-perfusion lung scan is the rec-
ommended investigation in patients with PH to rule out chronic
thromboembolic PH.

m Single-energy CT can provide diagnostic information on PH
etiology and should play a more important role in the diagnostic
strategy.

= Dual-energy CT combines morphologic information with lung
perfusion (ie, iodine maps), which has the potential of increasing
CT diagnostic capabilities.

m Besides lifelong anticoagulation, pulmonary endarterectomy is the
treatment of choice in patients with proximal obstructing lesions;
for inoperable cases, medical therapy with or without balloon pul-
monary angioplasty is reccommended.

= Cardiac MRI has become the reference standard to determine
right ventricular function in patients with PH of various etiolo-
gies; several MRI-derived variables, such as right ventricular ejec-
tion fraction, provide independent prognostic information.

per European Society of Cardiology and European Respiratory
Society guidelines (Table E1 in Appendix E1 [online]) (7).

Materials and Methods

A working group was formed from within the Fleischner
Society based on expertise in the imaging (M.R.J., M.L.S.,
AN.C.L., J]M.W, M.M.H., PO.A,, LR.G,, ]JM., L.B.H,,
Y.O., EJ.Rv.B.,, D.A.L.,, G.D.R.) and/or management of pa-
tients with PH (M.M.H., M.H., PT.) as well as experience
with methodologies of systematic reviews (C.J.R.). A librarian
also was included (S.L.K.). The working group identified five
key questions that focused on the utility of CT, MRI, and nu-
clear medicine in the evaluation of PH (Appendix E2 [online]).

Overview of Modalities for Imaging PH

Noninvasive imaging modalities used in the assessment of pa-
tients with suspected or established PH are transthoracic Dop-
pler echocardiography, chest radiography, CT, radionuclide ven-
tilation-perfusion (V/Q) lung scintigraphy, and MRI. Table 2,
modified from Ascha et al (8), summarizes their relative strengths
and weaknesses. Transthoracic Doppler echocardiography—the
most widely used noninvasive screening tool in PH—will not
be reviewed in this position paper because it has been covered
in recent international guidelines and proceedings of the World
Symposium on PH (7,9).

Table 1: Updated Clinical Classification of PH

Classification

Group 1: PAH

1.1 Idiopathic PAH

1.2 Heritable PAH

1.3 Drug and toxin—induced PAH

1.4 PAH associated with:
1.4.1 Connective tissue disease
1.4.2 HIV infection
1.4.3 Portal hypertension

1.4.4 Congenital heart disease
1.4.5 Schistosomiasis
1.5 PAH long-term responders to calcium channel blockers
1.6 PAH with overt features of venous and capillary (PVOD/
PCH) involvement
1.7 Persistent PH of newborn syndrome
Group 2: PH due to left heart disease
2.1 PH due to heart failure with preserved LVEF
2.2 PH due to heart failure with reduced LVEF
2.3 Valvular heart disease
2.4 Congenital/acquired cardiovascular conditions leading to
postcapillary PH
Group 3: PH due to lung diseases and/or hypoxia
3.1 Obstructive lung disease
3.2 Restrictive lung disease
3.3 Other lung disease with mixed restrictive/obstructive pattern
3.4 Hypoxia without lung disease
3.5 Developmental lung disorders
Group 4: PH due to pulmonary artery obstructions
4.1 Chronic thromboembolic PH
4.2 Other pulmonary artery obstructions
Group 5: PH with unclear and/or multifactorial mechanisms
5.1 Hemarologic disorders
5.2 Systemic and metabolic disorders
5.3 Others

5.4 Complex congenital heart disease

Note.—HIV = human immunodeficiency virus, LVEF = left
ventricular ejection fraction, PAH = pulmonary arterial hyper-
tension, PCH = pulmonary capillary hemangiomatosis, PH =
pulmonary hypertension, PVOD = pulmonary veno-occlusive

disease. Source.—Reference 1.

Whereas chest radiography is not specifically reviewed in
this article, its role in advanced PH deserves specific men-
tion. In a majority of patients with idiopathic PAH, chest
radiography is abnormal at the time of diagnosis, showing
central pulmonary arterial dilatation that contrasts with
pruning of peripheral blood vessels (7). Right atrium and
right ventricle (RV) enlargement may be seen in more ad-
vanced cases (7). Chest radiography may assist in differ-
ential diagnosis of PH by showing signs suggesting lung
disease or pulmonary venous congestion due to left heart
disease. It may also help in distinguishing between arterial
and venous PH by respectively demonstrating increased and
decreased artery-to-vein ratio (7). Overall, the degree of PH
in any given patient does not correlate with the extent of
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Table 2: Relative Strengths and Weaknesses of Imaging Modalities in the Context of PH

Single-energy

Chest SPECT/CT  CT Dual-energy CT Pulmonary
Variable Radiography V/Q Scan viQ Angiography*  Angiography =~ MRI Angiography
PH detection ~ + = = I 4 I =
Evaluation of
anatomic
compartments
Lung + - + +++ et - -
Cardiac + - - ++ ++ +++ -
chambers
Pulmonary + + + +++ ++++ ++ ++
vessels
Mediastinum — - - +++ +++ +++ -
Assessment of  ++ ++ ++ +++ ++++ ++ ++
PH etiology
General strengths Readily Screening for chronic Combined Excellent Assessment No radiation; Planning of
available thromboembolic  evaluation evaluation of anatomy excellent endovascular
PH; SPECT of lung of etiologies and lung evaluation of treatment
(tomographic parenchyma  of PH perfusion cardiac function  (PEA, BPA)
V/Q) currently with lung (iodine maps)  and pulmonary
replacing planar perfusion in a single flow in one
viQ test examination
Weaknesses Limited role Need further Lung Limited Needs validation Limited in Absence of
in the imaging to assessment hemodynamic  for all dual- evaluation perivascular
assessment  assess the cause of limited; assessment; energy CT of lung structure
of etiology  PHj interpretive needs more limited technologies parenchyma; evaluation;
limitations in validation; evaluation not widely invasive test
patients with radiation dose  of distal available; more
comorbid added with pulmonary technical
conditions use of CT arteries expertise
(beyond needed
subsegmental
level)
Average effective  0.05 2.2 2.6-3.5 2-5 3-5 None 10-30
radiation
exposure
(mSv)

useful.
* Non—eclectrocardiogram-gated CT.

Note.—Modified from reference 8. BPA = balloon pulmonary angioplasty, PEA = pulmonary endarterectomy, PH = pulmonary hypertension,
V/Q scan = ventilation-perfusion scintigraphy. — = no utility, + = limited udility, + + = moderately useful, +++ = useful, ++++ = very

radiographic abnormalities. As for electrocardiography, a
normal chest radiograph does not exclude PH (7).

Question No. 1: Is Noninvasive Imaging Capable
of Identifying PH2

In patients with PH, increased PAP results in structural,
functional, and hemodynamic changes assessable with im-
aging. Numerous CT (10-14) and MRI studies (15-18)
have shown that absolute or relative size of the PA can be
directly correlated with PAP as measured with right heart
catheterization. However, the diagnostic performance of
static PA dimensions on routine chest CT studies to iden-
tify PH has yielded inconsistent results, with areas under
the receiver operating characteristic curve, or AUCs, rang-

ing from 0.55-0.93 for PA diameter and 0.73-0.95 for PA
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diameter—to-aorta ratio (hereafter, PA ratio), respectively
(10-13,19-22).

This variability likely reflects heterogeneity arising from
differences in diagnostic criteria and reference standards used
to establish the presence of PH, lack of standardization in
vascular measurement techniques and applied cutoff values,
and nonuniform patient selection practices resulting in study
populations that differed in chronicity and severity of PH.
Optimized selection of PA size cutoffs to discriminate be-
tween the presence or absence of PH would ideally incorpo-
rate knowledge of the distribution of values in the healthy
population. Older age, male sex, and higher body surface
area are each correlated with larger PA size and PA ratio de-
creases with increasing age (23,24). Moreover, the PA ratio
is not applicable in the case of aortic dilatation. Based on
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Table 3: Proposed Thresholds of PA Diameter for Suggesting Underlying PH according to the Clinical Context

Incidental Finding

Populations with Low Populations with Intermediate Populations with High
CT Ciriteria Risk of PH* Risk of PH' Risk of PH* Suspected PH
PA diameter (mm) >34 >32 >3() Any size
PA diameter—to-aorta ratio >1.1 >1.0 >0.9 Any value

aneurysms or pseudoaneurysms.
* No known risk factors. Estimated risk of PH less than 1%.

Note.—Pulmonary artery (PA) measurements for diagnosis of pulmonary hypertension (PH) are unreliable in patients with congenital
heart disease including aortic or pulmonic valvular stenosis, arteriovenous malformations, connective tissue disorders such as Marfan
syndrome and Ehlers-Danlos syndrome, vasculitides such as Behget disease and Takayasu arteritis, and idiopathic/mycotic/traumatic

T Estimated risk of PH 1%-10%. Predisposing conditions include connective tissue disease (apart from systemic sclerosis), portal hyperten-
sion, prior pulmonary embolism, human immunodeficiency virus infection, thalassemia, schistosomiasis.

# Estimated risk of PH greater than 10%. Predisposing conditions include left heart disease, chronic obstructive pulmonary disease, interstitial
lung disease, obstructive sleep apnea, systemic sclerosis, chronic kidney disease requiring dialysis, congenital heart disease, sickle cell disease.

measurements obtained from electrocardiogram-gated chest
CT scans in 706 healthy Americans, the 90th percentile cut-
offs for normal PA diameter were 28.9 mm for men and 26.9
mm for women; corresponding 90th percentile cutoff for PA
ratio was 0.91 for both sexes (23). Similarly derived 90th
percentile PA diameter and PA ratio cutoffs observed in 813
healthy Koreans were 31.3 mm and 1.05 for men and 29.6
mm and 1.03 for women, respectively (24).

Both duration and severity of elevated PAP likely affect the
degree of associated PA dilatation (15). PA diameter is unreli-
able for detection of PH in diseases such as acute respiratory
distress syndrome in which the duration of PAP elevation is
relatively short (19). Chronic mild elevation of PAP, as typi-
cally occurs in PH due to lung diseases such as interstitial lung
disease (ILD) and chronic obstructive pulmonary disease, may
also be difficult to accurately diagnose due to overlap in PA
size measurements between normal and these diseased popula-
tions (25-29). In a prospective study of 134 patients suspected
of having PH (30), PA diameter and PA ratio showed poor
(AUCs of 0.65 and 0.64) and fair (AUCs of 0.73 and 0.78)
performance in detection of PH in patients with and without
advanced ILD, respectively. Discriminatory performance of
vascular measurements in this prospective study of patients
with mild to moderate PH (mean PAP, 32.3 mm Hg in ILD
and 37.9 mm Hg in non-ILD PH groups) was notably inferior
to performance observed in a retrospective study of 489 pa-
tients with higher mean PAP (mean PAP of the whole cohort,
41 mm Hg; mean PAP of patients with ILD, 41 mm Hg; mean
PAP of non-ILD patients, 43 mm Hg) referred to a PH center
(16). In this latter study, AUCs for PA diameter and PA ratio
were 0.87 and 0.80 in ILD group and 0.83 and 0.79 in non-
ILD group, respectively. Applied cutoffs of PA diameter greater
than 29 mm and greater than 30 mm in ILD and non-ILD
groups yielded corresponding sensitivities of 75% and 76%
and specificities of 89% and 73%, respectively. The addition
of ventricular measurements such as right and left ventricu-
lar diameter greater than or equal to 1.2 on contrast-enhanced
chest CT examinations may improve diagnostic performance,
particularly in patients with moderate to severe PH (21).

Truong et al (31) derived and validated a CT-based four-tier
severity classification system of PA diameter and PA ratio (each
measurement subdivided as normal, mild, moderate, and severe)
for the diagnosis of PH, designed to maximize test sensitivity
and specificity at low and high cutoff values, respectively. Us-
ing sex-specific normal cutoffs for PA diameter in men (=29
mm) and women (=27 mm) and a sex-neutral PA ratio (0.9),
sensitivities for the normal tier in the derivation cohort were
99% and 93% with corresponding specificities of 57% and 65%
and negative predictive values of 96% and 86%, respectively. In
the most severe tier, PA diameter and PA ratio cutoff values of
greater than 34 mm and greater than 1.1 yielded specificities
0f 98% and 100% with corresponding sensitivities of 65% and
50% and positive predictive values of 98% and 100%, respec-
tively. It is important to recognize that these results, using cutoff
values from the four-tier classification system, were found in a
high-risk, retrospectively enrolled population of 228 patients
who underwent evaluation for suspected PH at a tertiary care
medical center and were eventually found to have a high preva-
lence of disease (60%); those with PH had clearly elevated mean
PAP (45 mm Hg). Diagnostic accuracy of these PA size measure-
ments at chest CT to diagnose PH in practice settings where
the prevalence and severity of disease is likely to be lower would
benefit from further validation in prospective studies. Table 3
shows an empirical guide to the potential relevance of a dilated
PA when found as an incidental finding with differing thresholds
according to the risk of PH. Figures E1 and E2 (online) illustrate
the need to integrate the clinical context in the interpretation of
PA diameter in clinical practice.

At MRI, dynamic PA size measurements (PA diameter, PA
ratio, PA area, and PA relative area change) show comparable
performance to CT-based measurements in diagnosis of PH with
AUC:s ranging from 0.71-0.93 (15-18,32). Overall, diagnostic
performance of MRI is superior to that of non—electrocardio-
gram-gated CT due to its ability to assess and quantify additional
structural and functional cardiovascular metrics indicative of in-
creased PAP and pulmonary vascular resistance. These include
interventricular septal angle, RV ejection fraction, ventricular
mass index, and PA pulsadility, each of which has been reported
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to show good to excellent discrimination (AUCs, 0.87-0.99)
between patients with and patients without PH (32-37). All of
these measurements are also attainable with electrocardiogram-
gated CT, but their use for the assessment of PH has not been
studied except in small cohorts (38). Quantitation of pulmonary
blood flow dynamics at MRI has also been reported to have di-
agnostic value (39—42); in a study of 233 patients suspected of
having PH (mean PAP, 45 mm Hg in PH subgroup), a simple
visual score of artifacts arising from abnormally slow pulmonary
blood flow imaged by using an electrocardiogram-gated spin-
echo double inversion-recovery “black blood” sequence outper-
formed PA diameter and PA ratio (AUC of 0.86 vs 0.81 and
0.75) in diagnosis of PH (35). By using regression analysis, Johns
and colleagues (43) have developed and validated two multipa-
rametric cardiac MRI models of similar performance (AUCs of
0.95 and 0.93) that included interventricular septal angle, ven-
tricular mass index, and either extent of black blood slow flow
(model 1) or diastolic PA area (model 2). Sensitivity, specificity,
positive predictive value, and negative predictive value of model
1 for diagnosis of PH in their validation cohort of 303 patients
suspected of having PH (disease prevalence, 85%; mean PAD, 42
mm Hg) were 93%, 79%, 96%, and 67%, respectively. Practical
considerations for assessing PH in the clinic are detailed in Ap-
pendix E3 (online).

Question No. 2: What Is the Role of Imaging in
Establishing the Cause of PH?

In the stratification of potential causes of PH, V/Q lung scintig-
raphy plays a key role to screen for CTEPH while CT is a major
imaging tool, traditionally indicated for further evaluation of the
underlying cause of PH (7,9). This section provides an updated
approach to the technologic developments and current clinical
approach to PH management in routine clinical practice.

V/ Q Scintigraphy

Current guidelines state that a V/Q lung scan should be per-
formed in patients with PH to rule out CTEPH (7,44). Other
than this one indication, V/Q lung scanning is rarely useful
in elucidating a cause of PH. The recognition of CTEPH is
based on approaches similar to those used for the detection of
acute pulmonary embolism, utilizing chest radiography with
combined V/Q lung scanning techniques. The identification
of lung segments and/or subsegments without perfusion but
preserved ventilation (ie, mismatch) is highly suggestive of
PE (45). In patients with PH and a clear chest radiograph, a
normal-near normal V/Q lung scan virtually excludes CTEPH
with a sensitivity of 90%-100% and a specificity of 94%-—
100% (46,47). The presence of mismatched perfusion defects
is compatible with CTEPH and requires further work-up in an
expert center (6,7,44) (Fig 1).

This importance of a definitive end point in PH requires
unequivocal lung scan interpretations. Recently, Stein et al (48)
and Metter et al (49) studied lung scintigraphy for suspected
acute pulmonary embolism in general patient populations and
advocated for the replacement of probability-based V/Q lung
scan interpretations with a more definitive approach, that is,
normal, nondiagnostic or abnormal for PE. The same strategy
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is recommended in the diagnostic work-up of patients with PH.
Increased sensitivity for detecting acute pulmonary embolism
is provided by using SPECT perfusion lung scintigraphy com-
pared with planar lung scintigraphy (50-52). The increased sen-
sitivity for PE at SPECT is primarily related to the detection of
smaller perfusion defects such as those caused by subsegmental
acute emboli. Indeterminate results are less frequent than with
planar scanning. A recent study (53) found SPECT perfusion
scans to be more sensitive than planar V/Q scans in identifying
obstructed vascular segments in CTEPH. Mismatched perfu-
sion defects similar to those seen in CTEPH have been reported
on V/Q SPECT scans in 10% of PAH and 7.1% of patients
with pulmonary venous and capillary hypertension (pulmonary
veno-occlusive disease [PVOD]/pulmonary capillary heman-
giomatosis [PCH]) (54). In the majority of patients with PAH,
V/Q scintigraphy is normal or without significant abnormalities
and cannot help discriminating PVOD/PCH from idiopathic
PAH (55). When abnormal, the most frequent pattern in pa-
tients with PVOD/PCH is that of patchy perfusion defects with
similar perfusion characteristics depicted on dual-energy CT
lung perfusion images (56). SPECT lung scintigraphy was com-
pared with contrast-enhanced perfusion MRI in a series of 74
patients with PH—30 of the patients had CTEPH and 10 had
chronic thromboembolic disease without PH (57). SPECT and
MRI showed virtually identical sensitivity (97% SPECT, 100%
MR]) for PE. The only patient missed with SPECT perfusion
scintigraphy had distal CTEPH. SPECT/CT has been widely
evaluated in the scintigraphic evaluation of PE but not exten-
sively in the diagnostic approach of CTEPH.

It is worth noting that, if the perfusion agent (ie, technetium-
labeled particles of macroaggregates of human albumin, or Tc-
99m MAA) is detected beneath the diaphragm, this may signal
the presence of a right-to-left cardiac shunt. Plainly, intracardiac
shunts are an important cause of PAH. If cardiac defects have a
component of right-to-left flow, some Tc-99m MAA particles
will bypass the lung and localize in other organs (eg, liver, kid-
neys, brain). More definitive diagnosis of such shunts is provided
by obtaining a lateral view of the cranium, which will show Tc-
99m intracerebral activity. Subdiaphragmatic Tc-99m MAA
activity also has been seen in patients with hepatic failure who
have macroscopic intrapulmonary shunts (hepatopulmonary
syndrome), in patients with congenital pulmonary arteriovenous
malformations (Osler-Weber-Rendu disease), and in patients
who have undergone cavopulmonary anastomotic surgery.

Role of Single-Energy CT

Fast scanning, excellent spatial and temporal resolution, and
ability to comprehensively evaluate the cardiopulmonary struc-
tures are some of the distinct features of CT. Depending on the
clinical context, both noncontrast and contrast-enhanced CT
examinations can be considered. Noncontrast chest CT is a
powerful noninvasive test for all situations in which lung disease
(eg, chronic obstructive pulmonary disease, ILD) is responsible
for the hemodynamic syndrome (ie, group 3 PH). Several sys-
temic and metabolic disorders described in the subgroup of
PH with unclear and/or multifactorial mechanism (group 5)
can also benefit from a noncontrast chest CT examination,
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Ventilation-perfusion scintigraphy in a 78-year-old woman with normal chest radiograph referred for clinical suspicion of chronic thromboembolic pulmonary
Tc macroaggregate albumin) imaging shows multiple segmental and subsegmental defects in

normally ventilated lungs, highly suggestive of CTEPH. (b) SPECT perfusion images provide detailed analysis of perfusion defects in coronal plane. ANT = anterior, LAO =
left anterior oblique, LPO = left posterior oblique, POST = posterior, RAO = right anterior oblique, RPO = right posterior oblique.

such as sarcoidosis, pulmonary Langerhans cell histiocytosis,
and neurofibromatosis. Noncontrast CT examinations can also
show features depictable in group 1 PH. In PAH, pulmonary
microvasculopathy can lead to subtle changes at CT, includ-
ing centrilobular micronodules, peripheral neovascularization,
and lobular areas of ground-glass attenuation. The presence of
nodular ground-glass opacities, septal lines, and adenopathy is

highly suggestive of PAH with overt features of venous and
capillary (PVOD/PCH) involvement (58,59) (Fig 2).
Contrast-enhanced chest CT is the second CT-based ap-
proach that can be used to elucidate the etiology of PH. While
morphologic changes depictable in PH etiologies previously
quoted can be similarly identified, the principal benefit of
contrast-enhanced CT is for the detection of CTEPH (group

radiology.rsna.org = Radiology: Volume 00: Number O— 2021
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Images show CT findings in patients with pulmonary hypertension due fo presence of pulmonary veno-occlusive disease (PYOD)/pulmonary capillary heman-

giomatosis (PCH). (@) Transverse CT section at level of right and left main bronchi from noncontrast examination in a 45-year-old woman shows centrilobular lung nodules

in both lungs with enlarged left hilum due to underlying lymphadenopathy. (b) Same examination as that shown in @. Transverse CT section obtained at level of lower lobes

shows bilateral centrilobular nodules seen and thin septal lines in right lower lobe. (€) Transverse CT section at level of lower lobes from noncontrast examination obtained

in a 51-year-old woman shows profuse nodular ground-glass opacities. {d) Transverse CT section at level of carina from chest CT angiographic study obtained in a

35-year-old woman shows mediastinal lymphadenopathy. (e) Transverse CT section at level of lower lobes from noncontrast examination in a 61-year-old woman before

treatment. Note presence of centrilobular nodules in both lungs. (f) Transverse CT section at same level as that shown in @ (same patient); noncontrast chest CT examination

obtained 6 weeks dfter initiation of endothelin receptor antagonist shows CT features of pulmonary edema.

4), the diagnosis of which relies not only on the depiction
of vascular signs of chronic obstruction of the PAs (Fig 3),
but also for diagnosing less common entities such as fibros-
ing mediastinitis (group 5) (Fig 4) and intracardiac shunts,
patent ductus arteriosus, and abnormal pulmonary venous
return that may be missed with echocardiography (group 1).
The absence of morphologic abnormalities at the level of car-
diovascular structures and assessable PAs raises the possibility
of PAH (group 1 PH).

In the current guidelines (7), there is a distinction between CT
angiography and high-resolution CT (ie, noncontrast CT), the
former being indicated in the work-up of patients with CTEPH
and the latter recommended in all patients with PH. The guide-
lines acknowledge the important role for CT in patient man-
agement once the cause of PH has been recognized, but not in
the triage of patients between CTEPH and non-CTEPH. This
situation reflects the long-standing influence of a study from Tu-
nariu et al (46) in which the accuracy of an early multidetector
CT technology was compared with that of V/Q scanning. In
what is now considered suboptimal and outdated CT technol-
ogy, CT angiography demonstrated high specificity (99.3%) but
low sensitivity (ie, 51.3%) for CTEPH. A recent meta-analy-
sis (60) evaluated the diagnostic accuracy of CT for CTEPH,
which documented the limited diagnostic value of four- and
eight-row multidetector CT technology compared with scan-
ners ranging from 64-row multidetector CT to recent develop-
ments such as 320-row CT or dual-source CT (47,61,62). In the
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latter category of equipment, the pooled sensitivity was 99% and
the specificity was 97%, leading the authors to conclude that
CT could become the standard for CTEPH screening. Besides
technologic considerations, a current limitation of CT angiog-
raphy in the diagnostic approach to PH is based on the variable
expertise among radiologists in identifying the CT features of
chronic thromboembolic disease and accordingly, education and
training are clearly needed in this area. As proposed in Table 4,
a structured examination for specific imaging findings can help
in the recognition of CTEPH. In a recent study investigating
the diagnosis of underlying CTEPH in association with acute
pulmonary embolism, Ende-Verhaar et al (63) emphasized the
importance of decreased arterial diameter, intravascular webs,
and mosaic perfusion as well as dilated bronchial arteries.

Role of Dual-Energy CT Angiography

Dual-energy CT angiography offers additional diagnostic ca-
pabilities when compared with single-energy CT through the
creation of iodine maps, which have been considered surro-
gate markers of lung perfusion. In the clinical context of PH,
dual-energy CT lung perfusion has mainly been investigated
in CTEPH, showing good agreement with scintigraphy for the
detection of perfusion defects (64). Dual-energy CT—depicted
perfusion defects have also shown good correlation with hemo-
dynamic estimates of PH severity (65,66). Recently, the diag-
nostic value of dual-energy CT perfusion has been compared
with that of V/Q scintigraphy, with sensitivities and specifici-
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Figure 3:

Images show chest CT angiography in a 25-year-old man with persistent dyspnea 1 year after bilateral acute pulmonary embolism (PE), suggestive of interim

development of chronic thromboembolic pulmonary hypertension. {a=¢) Transverse CT sections and (d, ) maximum intensity projections in coronal oblique and (f) trans-

versal views show numerous vascular features of chronic PE including partial filling defects (single white arrows and single black arrows), endoluminal band and web (white

arrowheads), and severely stenosed pulmonary arteries (black arowheads). Presence of systemic collateral supply from enlarged bronchial arteries (double black arrows

in @) and inferior phrenic arteries (double white arrows in f). Reperfusion of left interlobar pulmonary artery beyond its obstruction (black arowhead in e) by ipsilateral en-

larged bronchial arteries.

Figure 4:
ment of pulmonary hypertension (PH) (group 5 PH). (@, b) Transverse CT sections and (€) coronal oblique reformation show severe stenosis of right and left interlobar pul-
monary arteries (arrowheads) by silicotic hilar adenopathy. Diameter of both arterial sections does not exceed 5 mm, responsible for pulmonary hypertension with marked

dilatation of mediastinal pulmonary arteries.

ties ranging from 97% to 100% and 86%-92%, respectively
(61,62) (Fig 5). Whereas excellent agreement between the two
imaging modalities has been reported at a patient level, inter-
modality agreement at the segmental level varies from modest
to moderate (61,62,64,67), owing to differences in their depic-
tion of the distal pulmonary circulation. Perfusion scintigraphy
demonstrates the distribution of labeled microspheres at the
arteriolar level, while dual-energy CT perfusion captures a sys-
temic phase of lung parenchymal enhancement as systemic-to-
pulmonary shunts contribute to perfuse the arterial bed distal

Images show chest CT angiography in a 69-year-old woman with previous history of silicosis, responsible for fibrosing mediastinitis and subsequent develop-

to the occluded pulmonary arterial segment (68,69). When
an analysis of iodine maps is combined with standard CT im-
ages of pulmonary arterial morphology, dual-energy CT has a
sensitivity and specificity of 100% for a diagnosis of CTEPH
(61,62,70). These promising results require validation on a
larger scale but reinforce the growing importance of modern
CT techniques in the diagnosis of CTEPH (71,72). Moreover,
the patterns of lung perfusion demonstrated with dual-energy
CT can differentiate PAH from peripheral forms of CTEPH,
concordant with V/Q scintigraphy (56). Considerations on the
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Table 4: CT Features of Acute and Chronic Obstruction of Pulmonary Arteries

Lung images
Lung infarction/sequelae
Bronchial dilatation
Mosaic perfusion

CT Features Acute PE Chronic PE

Mediastinal images
Partial filling defects Yes Yes
Complete filling defects Yes Yes
Arterial retraction Yes
Reperfusion channels Yes
Webs, bands Yes
Focal stenosis Yes
Enlarged bronchial arteries Yes
Enlarged nonbronchial systemic arteries . Yes
Pleural abnormalities Yes (effusion) Yes

Yes (subpleural, wedge-shaped consolidation)

Yes (nonspecific fibrotic infiltration/cysts)
Yes (adjacent to severely stenosed arteries)
Yes

Note.—PE = pulmonary embolism.

b.

Figure 5:

Images show dual-source dual-energy CT lung perfusion imaging in a 5 1-year-old woman with chronic thromboembolic pulmonary hypertension (CTEPH).

(a-d) Transverse CT sections and (e, f) coronal reformations of dual-energy CT lung perfusion images (window setfings: 400 HU /40 HU) show multiple triangular perfu-
sion defects of variable extent in both lungs, highly suggestive of pulmonary thromboembolic disease.

evolving role of CT in the diagnosis approach of PH etiology
are summarized in Appendix E4 (online).

Practical Considerations for Acquiring CT Angiograms in
Patients with PH

Chest CT angiography is routinely performed without electro-
cardiogram synchronization and consists of thin-section volu-
metric CT acquisitions. Short breath-hold (1-4 sec) acquisi-

Radiology: Volume 00: Number O— 2021  radiology.rsna.org

tion with the highest temporal resolution (ie, shortest rotation
time) avoids respiratory motion artifacts while minimizing car-
diac motion artifacts. The entire thorax should be scanned with
a single volumetric acquisition and reconstructed as contigu-
ous thin sections (=1 mm). Both lung and mediastinal images
should be reviewed.

The injection protocol is based on bolus tracking with
two options: (2) the traditional CT pulmonary angiographic
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examination, with a region of interest positioned in the pulmo-
nary trunk (threshold for triggering data acquisition, 120 HU);
or (b) concurrent opacification of pulmonary and systemic cir-
culations, with a region of interest positioned in the ascending
aorta (threshold, 100 HU). The volume and flow rate are simi-
lar to those selected for a standard chest CT angiographic ex-
amination (ie, 60 mL-80 mL at 4 mL/sec). When pulmonary
vascular resistance is known to be high, a decrease in flow rate
(ie, 2 mL/sec instead of 4 mL/sec) is recommended owing to
the slow progression of the contrast material through the PAs.
In patients with high cardiac output, low-kilovoltage-peak scan-
ning and high flow rate (ie, 4 mL/sec—6 mL/sec depending on
the patient venous access) are recommended to ensure adequate
vascular opacification.

The iodine concentration of the contrast material used usu-
ally ranges between 300 mg I/mL and 350 mg I/mL; it may be
increased to 370 mg I/mL—400 mg I/mL when scanning with
dual-energy CT to ensure adequate opacification of lung micro-
circulation on the postprocessed iodine maps. Scan acquisition
during a systemic arterial phase (ie, region of interest within the
ascending aorta) may mask perfusion defects due to enhancement
via bronchial and/or nonbronchial systemic collaterals (68). This
scanning condition may influence the pretherapeutic evaluation
of perfusion defects, but it does not preclude adequate recognition
of pulmonary embolism—type defects on iodine maps (61,62,70).

Question No. 3: How Does Imaging Determine the
Severity and Complications of PH?

Assessment of RV Consequences of PH
During the development of PH, there are important changes
to the volume of the RV and the end-systolic and end-diastolic
pressures. In the progressive march to cor pulmonale, the end
stage of this disease, the RV has a larger end-diastolic volume,
the filling pressures increase, the wall thickness increases, the
wall stiffness increases, there is more diastolic dysfunction, the
pressures needed to open the pulmonary valve eventually be-
come suprasystemic, and the interventricular septum becomes
flattened and then bowed toward the left ventricular cavity;
this further limits filling of the left ventricle. Over time, the
ability of the RV to cope with both volume and pressure over-
load is exceeded. Cor pulmonale is a very difficult disorder that
results in rapid demise without aggressive management. Even
with maximal intravenous pulmonary arteriolar dilation thera-
pies using phosphodiesterase inhibitors (eg, sildenafil), the
deadly nature of cor pulmonale is only temporarily improved.
The severity of PH in patients with PAH should be evalu-
ated with a combination of clinical data, including exercise tests,
biochemical markers, imaging (echocardiography or MRI), and
hemodynamic evaluations (7). Cardiac MRI is more accurate
than echocardiography for the assessment of RV morphology
and function and also allows measurement of stroke volume and
carbon monoxide. The following cardiac MRI-derived measures
are predictive of life expectancy after treatment for PH: RV end-
systolic volume, RV end-diastolic volume index (pooled hazard
ratio, 1.06; 95% CI: 1.00, 1.12; P =.049), RV ejection fraction
(pooled hazard ratio, 1.23; 95% CI: 1.07, 1.41; P =.003), stroke
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volume index, RV end-systolic volume index (pooled hazard ra-
tio, 1.05; 95% CI: 1.01, 1.09; P = .013), global longitudinal
strain rate, global circumferential strain rate, and left ventricular
end-diastolic index (pooled hazard ratio, 1.16; 95% CI: 1.00,
1.34; P = .045) (Table E2 in Appendix E1 [online]) (73-80).
There is variability in these measures partly due to the wide range
of individuals studied and a lack of grouping by disease severity.
Obviously, individuals with PH with very mild disease found
incidentally will differ markedly from those with severe long-
standing PH.

Disease severity (mild, moderate, or severe) is linked with
varying levels of derangement in imaging biomarkers. T1 map-
ping of the myocardium may be uniquely characteristic in PH.
In a study of 490 consecutive patients, the T1 at the RV in-
sertion point discriminated patients with PH from healthy in-
dividuals and was strongly correlated with the interventricular
septal angle (81).

Assessment of Small-Vessel Disease
Small-vessel disease or pulmonary microvasculopathy refers to
distal alterations in the pulmonary circulation in the presence of
PH. While idiopathic or heritable PAH is characterized by major
remodeling of precapillary PAs (<500 pwm) with plexiform le-
sions, PVOD/PCH preferendially affects the pulmonary venules
and may be associated with pulmonary capillary dilatation and
proliferation (2). In CTEPH, there is growing evidence that, in
addition to mechanical obstruction of proximal arteries, some pa-
tients develop a pulmonary microvasculopathy affecting the wall
of distal muscular PAs out to arterioles and venules (82,83). Their
depiction in the pretherapeutic evaluation of CTEPH will be dis-
cussed in the following section entitled “Question No. 4: How
Should Imaging Be Used to Assess CTEPH before Treatment?”
In PAH, pulmonary microvasculopathy can lead to subte
changes on CT images as previously described. V/Q scintigra-
phy will not demonstrate significant abnormalities and may be
normal in the majority of patients with PAH. It cannot discrimi-
nate PVOD from idiopathic PAH (54). When abnormal, the
most frequent pattern is patchy perfusion defects as also seen on
dual-energy CT lung perfusion images (56). Postprocessing of
the pulmonary arterial tree from digital angiograms, CT angiog-
raphy, and MR angiography can be used to determine fractal ge-
ometry. As PH progresses, the pulmonary arterial tree simplifies,
and this simplification can be enumerated by using three-dimen-
sional fractal geometry. When fractal dimension was computed
using three-dimensional box counting the distance metric (eg,
the readout of vessel tortuosity), it was found to be correlated
with mean PAP (Spearman 7= 0.60) (84). Loss of distal small PA
sizes relative to the main PAs is a sign of vessel pruning.

What Are the Complications of Marked PA Enlargement in
Patients with PH2

Enlargement of the PA in patients with PAH may compress the
left main or left anterior descending coronary arteries resulting in
decreased coronary blood flow (Fig 6). In a study of 765 patients
with PAH (85), 121 had angina or anginalike symptoms and 94
patients had abnormal CT angiography based on the relation-
ship between the PA and the left main coronary artery. Left main
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coronary artery stenosis greater
than or equal to 50% was de-
tected in 48 of 94 patients. The
best predictor of left main coro-
nary artery stenosis greater than
or equal to 50% was a PA diam-
eter greater than or equal to 40
mm. When it occurs, left main
coronary artery compression is
a very serious issue for patients
with PAH. The treatment plan
used will vary depending on
the local expertise. The options
include the following: stent
placement, cardiac surgery with
bypass grafting, medical man-
agement to significantly lower
the PAPs, and occasionally lung
transplantation. Any surgery
must be carefully considered g
due to the increased operative
mortality in patients with PH.
There is no single treatment op-
tion that always works for this
critical issue.

Dissection of the main PA is rare but associated with high
mortality. In a recent systematic review (86) of 150 cases re-

Figure 6:

ported since 1842, the average age at diagnosis was 45 years with
a slight male predominance (1.1:1). The most common clinical
presentation of PA dissection was dyspnea with chest pain. The
reported causes were PH, congenital heart disease (overcircula-
tion lesions such as a patent ductus arteriosus), and acquired
heart diseases. The pulmonary trunk was the site of dissection in
73% of cases. The most severe complication of PA dissection was
cardiac tamponade from hemopericardium and was observed at
autopsy in 84.2% of cases (86).

Question No. 4: How Should Imaging Be Used to
Assess CTEPH before Treatment?

Context

In 0.6% to 4.4% of acute pulmonary embolism, abnormal
persistent obstruction of PAs by residual organized thrombi,
combined with a variable degree of microscopic vasculopa-
thy, may lead to CTEPH (6,44,63,82). If left untreated, then
CTEPH leads to right-heart failure and premature death (6,7).
The CTEPH medical arsenal has progressed markedly in recent
years. As stated in the proceedings of the 6th World Sympo-
sium on PH, CTEPH management is a fast-growing field of
pulmonary vascular medicine where multimodal, individual-
ized approach to treatment at expert centers with multidisci-
plinary teams is mandatory (6,7).

Current CTEPH Management
The CTEPH treatment algorithm has been recently proposed
by a task force of the 6th World Symposium on PH (6) (Fig 7).

CTEPH treatment decisions in an expert center involve multi-
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Images show long-standing pulmonary arterial hypertension from connecfive tissue disease (scleroderma) with

compression of left main coronary artery. (@) Multiplanar reformation of left main coronary artery origin from left sinus of
Valsalva shows compression (arrow) by massive pulmonary artery (PA). (b) Volume-rendered coronary CT angiography
shows enlarged pulmonary trunk (PA) and very small left main coronary artery (arrow). Ao = aorta.

CTEPH diagnosis
Continue lifelong anticoagulation

I

Treatment assessment by an
expert CTEPH team#1

I
v v

Non-operable

Operable

I I

Pulmonary endarterectomy Targeted medical therapy
(treatment of choice] with or without BPAT+

A A

h 4 y

Persistent/recurrent symptomatic
pulmonary hypertension

Figure 7: Flowchart shows revised treatment algorithm for management of
patients with chronic thromboembolic pulmonary hypertension (CTEPH). # =
multidisciplinary (pulmonary endarterectomy surgeon, pulmonary hypertension
expert, balloon pulmonary angioplasty [BPA] inferventionist, and radiologist), 1 =
treatment assessment may differ depending on level of expertise, 3 = BPA without
medical therapy can be considered in selected cases. (Reprinted, with permission,
from reference 6).

disciplinary teams including experienced surgeons for pulmo-
nary endarterectomy (PEA), interventional radiologists/cardi-
ologists for balloon pulmonary angioplasty (BPA), radiologists
experienced in pulmonary vascular imaging, and pulmonolo-
gists/cardiologists with expertise in PH (6). Besides indefinite
anticoagulation, PEA is the treatment of choice in patients
who are deemed operative candidates by having obstructing
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Figure 8:

N
b e

Images show updated University of California San Diego chronic thromboembolic pulmonary hypertension (CTEPH) surgical classifica-

tions. This figure illustrates location of organized thromboembolic material within pulmonary arteries condifioning their surgical accessibility: levels 1-3

are accessible lesions and level 4 disease is nonoperable. A, Level 1 disease involves one or both main pulmonary arteries. B, Level 2 disease begins
atlobar branches or past the takeoff of upper lobe artery. C, Level 3 disease starts af segmental vessels. D, Level 4 disease begins at subsegmental

vessels.

lesions in the main, lobar, segmental, and subsegmental arter-
ies (6,7). However, around half of patients with CTEPH with
pulmonary vascular resistance out of proportion to degree of
vascular obstruction at imaging may manifest severe distal mi-
crovasculopathy and are deemed ineligible for operation (6).
For technically inoperable cases, PH medical therapy is recom-
mended with or without BPA (6). Oral riociguat (a guanylate
cyclase stimulator) and subcutaneous treprostinil are currently

the only drugs approved for inoperable CTEPH (6,7).

PEA Operability Assessment

Defining the anatomic distribution of CTEPH lesions is essen-
tial in this therapeutic approach and certain features are more
likely to predict a good surgical outcome (6). The most impor-
tant surgical advance has been in redefining the distal limits
of endarterectomy (87,88). However, it is important to stress
that there is inevitable variation between surgical centers with
regard to the suitability of PEA operability (89). Criteria for
inoperability usually include distal PA obstructions, imbalance
between increased pulmonary vascular resistance and the num-
ber of accessible occlusions suggesting microvascular disease, a
pulmonary vascular resistance greater than 1500 dyn-sec-cm™,
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and comorbidity (6). CTEPH lesion type and location can be
classified according to the updated University of California San
Diego CTEPH surgical classification, which includes the fol-
lowing four levels (Fig 8): level 0 (no evidence of thromboem-
bolic disease in either lung), level I (lesions starting in the main
PAs with level IC corresponding to complete occlusion of one
main PA), level II (lesions starting at the level of lobar arteries
or in the main descending PAs), level I1I (lesions starting at the
level of the segmental arteries), and level IV (lesions starting at
the level of the subsegmental arteries) (87).

Once the diagnosis of CTEPH is confirmed, CT angiography
can be used for assessment of operability (6) (Figs 9, 10). CT can
provide a vascular roadmap for surgical planning and is the best
modality for delineation of the proximal extent of the organized
thromboembolic material, with good PEA plane correlation (87).
However, it must be emphasized that the use of CT for estimation
of surgical suitability requires considerable imaging expertise and
is usually best performed by high-volume and experienced institu-
tions (6,7,90). There is a large knowledge gap within the imaging
community in the interpretation of CT in CTEPH due to the rel-
ative rarity of disease in the general population (6). The scanning
protocol follows the recommendations for chest CT angiography.
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Figure 9:
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(a-f) Images show CT angiography and pulmonary angiographic evaluation prior to pulmonary endarterectomy in a 57-year-old patient with central and

peripheral chronic thromboembolic pulmonary hypertension (CTEPH). Sagitial views of right (e, b) and left (¢, d) pulmonary arteries on CT images and corresponding pul-
monary angiograms show numerous vascular features of CTEPH on central and peripheral arteries. In right lung, arrows point to stenosis and poststenosis dilatation, webs,
and vessel pruning; in left lung, arrowheads point to a large mural defect and endoluminal webs below. Maximum infensity projections (coronal plane) illustrate bilateral

CTEPH vascular lesions at pulmonary arterial phase (€; arrows point to stenosis and poststenosis dilatation, webs and endoluminal defect] and dilated right-sided bronchial

arteries at later phase of data acquisition (arrows, f).

Analysis of PAs requires combined use of cross-sectional imaging
and multiplanar reformations to improve detection of thin webs
and bands, focal stenoses, and the display of subsegmental ves-
sels. Digital subtraction angiography, previously considered as the
reference standard, has been largely replaced with noninvasive
modalities. With advances in distal PEA, the advent of BPA, and
a general focus on more distal vascular assessment, conventional
digital subtraction angiography may not always be suitable for fine
anatomic analysis. For such purposes, selective segmental angiog-
raphy, cone-beam CT, and electrocardiogram-gated CT may also
be considered for precise delineation of distal pulmonary vessels
(90,91).

There is often no clear correlation between the degree of me-
chanical obstruction found at imaging and the severity of hemo-
dynamic compromise measured with right heart catheterization
(6). This discrepancy is due to the degree of remodeling affecting
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small pulmonary vessels (82). Identifying small pulmonary vas-
cular disease prior to intervention is of major importance be-
cause it translates into more severe disease and worse outcomes.
Patients with inoperable CTEPH with marked small pulmonary
vascular disease are candidates for medical therapy with or with-
out BPA (6).

The development of hypertrophied bronchial arteries
is a well-known feature of CTEPH, reflecting collaterals
between the systemic and pulmonary arterial circulation
(6,82,83,92). Anastomoses exist between bronchial arteries
and precapillary pulmonary arterioles but also between post-
capillary venules and small veins (82). Collateral anastomo-
ses from the systemic circulation have an important role in
maintaining perfusion and viability of the ischemic pulmo-
nary parenchyma downstream of proximal PA obstructions.
Some authors have proposed that distal thrombosis can be
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Figure 10: (a-c) Images show CT angiography and pulmonary angiographic evaluation in a 28-year-old patient with peripheral chronic thromboembolic pulmonary

hypertension. Maximum intensity projection (coronal plane) (@) and corresponding right (b) and left (€] anteroposterior views of digital pulmonary angiographic study.

Presence of vessel pruning and poor distal perfusion (dotted circles) on peripheral pulmonary arteries on CT angiographic reformat and corresponding perfusion defects

(dotted circles) on angiographic views.

Figure 11: Image shows digital subtracfion pulmonary angi-
ography (right-sided injectfion) performed in a 55-year-old woman

with inoperable chronic thromboembolic pulmonary hypertension.
On this anteroposterior view obtained at capillary phase of angio-
graphic study, note poor subpleural perfusion (arrows).

diffuse when bronchial arteries and anastomoses fail to de-
velop, jeopardizing patency of the small pulmonary arteri-
oles (83). Shimizu and colleagues (92) have reported that
the cross-sectional area of bronchial arteries correlated with
the central extent of the thromboembolic material from
analysis of the CT angiography in patients with CTEPH. In
that study, bronchial artery total area in the proximal type
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of CTEPH was significantly greater than in the distal type.
Poor subpleural perfusion in the capillary phase of digital
subtraction angiography predicts worse outcomes following
PEA in operable CTEPH (93). Poor subpleural perfusion
is defined as less than or equal to 1.5 cm (approximately
one rib width) from the lateral pleura in the capillary phase
of digital subtraction angiography on the posterior-anterior
views and by lateral views of the dorsal area (Fig 11). In
such cases, V/Q lung scanning also shows reduced subpleu-
ral perfusion with a preserved ventilation (94).

BPA Assessment

BPA is an alternative therapy for patients with inoperable
CTEPH (95,96). Kawakami and colleagues (91) have recently
reviewed 500 consecutive procedures (1936 lesions) of BPA in
97 patients with CTEPH. The lesion distribution and char-
acteristics evaluated were as follows: type A, ringlike stenosis
lesion; type B, web lesion; type C, subtotal lesion; type D,
total occlusion lesion; and type E, tortuous lesion. The suc-
cess rate was higher, and the complication rate was lower, in
ringlike stenosis and web lesions. The total occlusion lesions
had the lowest success rate. Tortuous lesions were associated
with a high complication rate. Optical coherence tomography
may be helpful to better characterize endovascular lesions in
cases where the diagnosis is unclear. However, experts in BPA
rarely use this technique because of the need for high contrast
agent volume and the concern for renal toxicity, as well as the
requirement for forceful injection that may increase perfusion
pressure in the peripheral pulmonary vasculature and cause
pulmonary injury (97).

Poor subpleural perfusion in the capillary phase of pulmo-
nary angiography, suggesting the presence of small vessel disease
with diffuse distal thrombosis, is a predictor of BPA failure (94).
Taniguchi et al (94) showed that in patients with inoperable
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CTEPH, bronchial artery total area in the normally perfused
group was larger than that of the poorly perfused group. Poorly
developed bronchial arteries might be involved in the develop-
ment of diffuse distal thrombosis in patients with CTEPH (83).

Question No. 5: Should Imaging Be Performed af-
ter Treatment of PH?2

CTEPH after PEA or BPA

The main goals of all treatment modalities for CTEPH, es-
pecially PEA and BPA, are to improve symptoms (ideally to
a stage where the patient has recovered from CTEPH-related
physical limitations) and to improve pulmonary hemodynam-
ics with the ambition to normalize or near-normalize pulmo-
nary hemodynamics at rest. Hence, the initial focus of the
postprocedural assessment in patients who underwent PEA or
BPA is their exercise capacity (eg, 6-minute walk test), hemo-
dynamics at rest, and RV function. After PEA surgery, a reduc-
tion of the PA pressure to less than or equal to 25 mm Hg at
rest is achieved in about 50% of patients; another 30% achieve
nearly normalized pulmonary hemodynamics with mean PA
pressures between 25 mm Hg and 30 mm Hg (98). For BPA,
large-scale long-term data are not yet available, but the propor-
tion of patients attaining normal or near-normal pulmonary
hemodynamics at rest is lower than with PEA surgery (95,
99-101). However, BPA results improve after an initial learn-
ing curve (96). Moreover, recent data indicate that the different
treatment options are likely to be complementary; combining
treatment options leads to marked pulmonary vascular resis-
tance reduction, as recently demonstrated in the Riociguat ver-
sus Balloon Pulmonary Angioplasty in Nonoperable Chronic
Thromboembolic Pulmonary Hypertension, or RACE, study
showing added benefit of BPA on top of initial riociguat ther-
apy and vice versa (102).

Normalization or near-normalization of pulmonary hemody-
namics after PEA or BPA is usually accompanied by substantial
symptomatic improvement. In patients for whom these treat-
ment goals have been met, there is usually no clinical need for
follow-up imaging, except for echocardiography. For patients
who remain symptomatic or have residual PH or both after
PEA, imaging is required to determine further treatment op-
tions, such as BPA in those patients with residual peripheral
CTEPH after PEA (103). Conventional digital subtraction an-
giography remains the most widely used imaging tool to triage
patients to a repeat PEA or BPA after their first intervention for
CTEPH. However, novel imaging tools such as cone-beam CT
may provide more detailed information on vessel structure and
obstructive lesions (104-106). Two-dimensional digital subtrac-
tion angiography allows quantification of regional lung iodine
concentrations before and after BPA (107).

Besides these clinical considerations, there is an abundant lit-
erature on the CT and MRI evaluation of pulmonary perfusion,
blood flow, and magnitude of residual pulmonary vascular disease
after PEA or BPA.

Phase-contrast MRI has been used to demonstrate changes
in blood flow in the PA before and after BPA (108). Perfusion
scintigraphy can be used to detect residual perfusion defects
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after PEA or BPA but is insufficient to guide further treatment.
SPECT lung scintigraphy has been described to assess regional
lung perfusion changes after BPA (108). Dual-energy CT may
give more detailed information and a higher spatial resolution
than does SPECT, providing information on vessel morphology
at the same time. In preliminary studies from Japan, assessment
of regional lung blood volume before and after BPA with dual-
energy CT was found to be more reliable than SPECT imag-
ing (109,110). Automated quantification of regional lung blood
volume determined with dual-energy CT may also be an option
to evaluate changes in regional blood flow and show any new or
residual defects in the blood volume (iodine) maps (111). Dy-
namic contrast-enhanced MRI perfusion imaging can provide
qualitative and semiquantitative assessment of pulmonary per-
fusion and shows promise for quantitative mapping of pulmo-
nary perfusion in CTEPH (112). Dynamic contrast-enhanced
perfusion methods have been used to demonstrate improvement
in regional perfusion parameters, regional blood flow, regional
blood volume, and mean pulmonary transit time in patients
with CTEPH undergoing BPA (113). When coupled with gas
ventilation MRI, delayed contrast enhancement perfusion MRI
has also been used to assess improvement in lung V/Q matching
before and after PEA in CTEPH (114).

After successful PEA, cine MRI can demonstrate normaliza-
tion of right and left ventricular end-systolic and end-diastolic
volumes, re-establishment of interventricular synchrony, a return
of the “leftward” ventricular septal bowing, and a decrease in the
RV mass (115-117). Serial MRI studies have shown that reverse
cardiac remodeling occurs within the first 4 weeks after PEA with
few changes at 3 months and 6 months after surgery (118). More
recently, Maschke et al (119) demonstrated with MRI that global
RV function and right and left ventricle synchronization improved
after PEA, but that there were regional differences in the recovery
of circumferential and radial function. The clinical implications of
these findings remain unknown.

By using serial MRI after BPA, Sato et al (120) have shown
improvement of right and left ventricular ejection fraction. In an-
other study by Fukui et al (117), MRI-derived RV function was
markedly improved after BPA whereas left ventricular function
was largely unchanged. The decline in RV end-systolic and end-
diastolic volume was tightly correlated with the decline in pulmo-
nary vascular resistance measured by using right heart catheteriza-
tion (r=0.74 and r = 0.72, respectively; P < .001 for both), again
showing that improved RV function follows afterload reduction.
Cardiac MRI has also been used to demonstrate improved ven-
tricular synchrony and an increase in the interventricular septal
myocardial T1 values (a return to native myocardial T1 values)
after BPA (121,122).

After BPA, MRI studies combining regional pulmonary pa-
renchymal perfusion measurements and cardiac MRI showed
improved pulmonary blood flow in the treated lobes and to a
lesser degree in the nontreated lobes, correlating with changes
in hemodynamics as well as in the ventricular mass index (113).
Cardiac MRI studies have also been used to predict which pa-
tients will recover exercise capacity after PEA in CTEPH. Exer-
cise is limited in those patients with an impaired stroke volume
response at MRI (123).
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Patients with PAH and CTEPH Undergoing Medical
Treatments

Imaging as part of the follow-up assessment of patients with
PAH or CTEPH receiving medical therapy currently focuses
largely on the heart. Transthoracic echocardiography is the
most widely used imaging tool in clinical practice, but is not
the focus of this article. MRI is often considered the reference
standard for cardiac imaging because it provides high-resolu-
tion three-dimensional imaging and allows reliable quantifica-
tion of chamber volumes, muscle mass, and blood fows as well
as functional assessment of the heart (124). Neither scintig-
raphy nor CT has a currently established role in the routine
follow-up assessment of patients undergoing medical therapy
for PAH or CTEPH. Hence, this section will focus on the use
of MRI as follow-up tool in patients with PAH or CTEPH
undergoing medical therapy. This section was not supported by
a dedicated systematic review of the literature.

Several MRI measurements can be used to determine RV
function. Serial cardiac-gated contiguous breath-hold short-axis
balanced steady-state free precession cine images are postpro-
cessed to calculate end-diastolic and end-systolic chamber vol-
umes (125). Of note, the RV stroke volume is the sum of blood
ejected into the pulmonary circulation and the amount of tri-
cuspid valve regurgitation. Effective pulmonary blood flow (and
thereby, effective stroke volume) can be determined after post-
processing of two-dimensional phase contrast images obtained
at the level of the pulmonary valve and/or four-dimensional flow
images.

MRI has been used to determine cardiac function in pa-
tients undergoing treatment for PAH (126). At baseline, MRI
volumetry—derived RV stroke volume indexed to body surface
area, RV ejection fraction, and RV end-diastolic volume index
are independent predictors of survival in patients with PAH
(74,75,127). The same was found for the RV end-diastolic vol-
ume index when corrected for age, sex, and body surface area,
and for PA stiffness (80,128). During follow-up, a decline in
RV stroke volume index as well as increases in RV volumes
and decreased left ventricular filling were associated with a high
mortality risk (74). Notably, changes in RV ejection fraction
were more predictive of outcome than were changes in pulmo-
nary vascular resistance assessed with right heart catheteriza-
tion (75). Serial MRI has shown that during the initial period
of RV failure, there is a parallel decline in longitudinal and
circumferential RV strain; over time, the deterioration in lon-
gitudinal strain eventually stopped while circumferential strain
continued to decline. This was worsened by the progressive left-
ward displacement of the interventricular septum (116). MRI
has also been used to demonstrate increased PA stiffness and
reduced RV and PA coupling in patients with PH, measure-
ments that may be useful during follow-up assessments as well
(129-131). According to a meta-analysis of articles published
in April 2015 (78), the strongest MRI-derived predictors of
outcome were RV ejection fraction (pooled hazard ratio, 1.23;
95% CI: 1.07, 1.41; P = .003), RV end-diastolic volume index
(pooled hazard ratio, 1.06; 95% CI: 1.00, 1.12; P = .049),
RV end-systolic volume index (pooled hazard ratio, 1.05; 95%
CI: 1.01, 1.09; P = .013), and left ventricular end-diastolic
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volume index (pooled hazard ratio, 1.16; 95% CI: 1.00, 1.34;
P =.045). RV and left ventricle mass were not associated with
outcome (78).

Although some studies have attempted to estimate mean PAP
and pulmonary vascular resistance with MRI (132,133), MRI-
derived pressure estimates are still not sufficiently reliable for the
follow-up assessment of patients treated for PH. Smaller clinical
trials have used MRI-derived end points such as RV mass and RV
ejection fraction (134-136) but MRI has not yet been used in
large multicenter studies, mainly for logistical reasons and for the
simple fact that regulatory agencies have not yet approved drugs
based on MRI-derived variables. Patients with PVOD/PCH usu-
ally have a poor response to PAH therapy and the use of PAH
drugs can be associated with a potential risk of life-threatening
pulmonary edema (137,138) (Figs 2¢ and 2f).

Conclusion

The last decade has shown the importance of noninvasive imaging
in the diagnostic approach of pulmonary hypertension (PH), the
prognostic classification, and treatment monitoring. Besides this
important role acknowledged by current guidelines and practice
across centers, imaging modalities continue to evolve, and artificial
intelligence has entered the field of medical imaging. Appendix E5
(online) provides an overview of emerging techniques and/or ap-
proaches that could push back some current limitations of imag-
ing and open new areas of applications in PH management. Sev-
eral clinically relevant areas are highlighted. Appendix E6 (online)
summarizes the key messages of each section of this article. The
working group followed the search strategy detailed in Appendix
E7 (Tables E3-E15) and in Figure E3 (all online).
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