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ARTICLE INFO ABSTRACT

Keywords: Balloon pulmonary angioplasty (BPA) has recently been elevated as a class | recommendation for the treat-
Balloon angioplasty ment of inoperable or residual chronic thromboembolic pulmonary hypertension (CTEPH). Proper patient
Lung selection, procedural safety, and post-procedural evaluation are crucial in the management of these patients,

Multimodal imaging
Pulmonary hypertension
Pulmonary thromboembolism

with imaging work-up playing a pivotal role. Understanding the diagnostic and therapeutic imaging
algorithms of CTEPH, the imaging features of patients amenable to BPA, all imaging findings observed during
and immediately after the procedure and the changes observed during the follow-up is crucial for all inter-

ventional radiologists involved in the care of patients with CTEPH. This article illustrates the imaging work-
up of patients with CTEPH amenable to BPA, the imaging findings observed before, during and after BPA, and
provides a detailed description of all imaging modalities available for CTEPH evaluation.
© 2024 The Author(s). Published by Elsevier Masson SAS on behalf of Société francaise de radiologie. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is a
rare (3—5/100,000) and potentially fatal disease, defined as a mean
pulmonary arterial pressure (mPAP) > 20 mm Hg and pulmonary vas-
cular resistance (PVR) > 2 Wood units despite anticoagulant therapy

Abbreviations: 2D-PA, Two-dimensional perfusion angiography; 3D, Three-dimen-
sional; BPA, Balloon pulmonary angioplasty; CBCT-PA, Cone beam CT-pulmonary angi-
ography; CT-PA, Single-energy CT pulmonary angiography; CTEPH, Chronic
thromboembolic pulmonary hypertension; DECT-PA, Dual-energy CT-pulmonary angi-
ography; DSA-PA, Digital subtraction pulmonary angiography; HU, Hounsfield unit;
LAO, Left anterior oblique; mPAP, Mean pulmonary arterial pressure; NYHA-FC, New
York Heart Association functional class; PA, Pulmonary artery; PEA, Pulmonary endar-
terectomy; PH, Pulmonary hypertension; PVR, Pulmonary vascular resistance; RHC,
Right heart catheterization; RLE, Reperfusion lung edema; SPCCT, Spectral photon-
counting CT; TDE, Transthoracic Doppler echocardiography; V’/Q, Ventilation/
perfusion
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> 3 months [1-5]. CTEPH, unlike other forms of pulmonary hyperten-
sion (PH), is primarily caused by incomplete resolution of multiple pul-
monary artery (PA) thromboembolisms, obstructing blood flow and
increasing PVR and mPAP. Additionally, CTEPH causes lung ventilation/
perfusion (V'/Q’) imbalances, hampering gas exchange and causing symp-
toms like breathlessness. Prolonged pressure overload triggers right ven-
tricular hypertrophy, dilatation, and ultimately, life-threatening right
heart failure and death [6]. CTEPH is classified as group 4 PH and is the
only potentially curable form of PH [1]. However, if not treated, it has a
poor prognosis, with reported survival without any medical or invasive
therapy at three years < 30% [7-9].

The invasive treatment of choice of CTEPH is pulmonary endar-
terectomy (PEA) [10,11]. Although potentially curative, PEA is a
complex surgery to which up to 40% of patients are not amenable
[12]. Balloon pulmonary angioplasty (BPA) is a minimally invasive
treatment available in patients with distal disease unreachable by
surgical means or in inoperable patients [13,14]. BPA improves
CTEPH patients’ hemodynamic status and clinical condition, with
reported improvement in the six-minute walking test of up to 70 m
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and in the New York Heart Association functional class (NYHA-FC)
of up to 0.9 [15—17]. Although severe complication rates reaching
up to 10—15%, including hemoptysis and lung injury, were initially
reported, recent studies have shown that initiating a BPA program
with lower rates of severe complication, ranging between 1% to 5%,
is possible [13,18,19]. As a result, BPA has been recently upgraded
from class IIb to class | recommendation [1].

Interventional radiologists involved in the management of
patients with CTEPH should thoroughly understand the imaging
characteristics of patients with CTEPH who are amenable to BPA
and be familiarized with intraprocedural imaging findings and
imaging follow-up management. The purpose of this article was to
discuss the imaging work-up of patients with CTEPH before BPA,
illustrate the imaging findings observed during and after BPA, and
highlight state-of-the-art imaging modalities introduced for CTEPH
evaluation.

2. Chronic thromboembolic pulmonary hypertension imaging
assessment

2.1. Chronic thromboembolic pulmonary hypertension diagnosis

Transthoracic Doppler echocardiography (TDE) is the recommended
initial imaging test for patients with suspected PH. TDE assigns patients
to one of the probability categories, including low, intermediate, or high,
Peak tricuspid regurgitation velocity is the primary value to be consid-
ered, with a value > 3.4 m/s associated with a high probability of PH. All
TDE features for the diagnosis of PH are described in Table 1 [20]. In
patients with intermediate and high probability of PH, V'/Q’ scintigraphy
should be performed [1]. When V’/Q’ scintigraphy reveals normal find-
ings, CTEPH can be ruled out with high accuracy (92—95%) and high neg-
ative predictive value (98—99%) [21,22]. However, if mismatched V'/Q’
defects are reported, a right heart catheterization (RHC) is warranted [3].
Normal values for mPAP and PVR during RHC are 8—20 mmHg and 0.3
—2.0 Wood units, respectively. CTEPH is confirmed with an mPAP >
20 mmHg and PVR > 2 Wood units [1]. At this stage, patients should be
referred to a center with a specialized CTEPH unit to undergo a thorough
evaluation (Fig. 1) [1].

Imaging characterization of chronic thromboembolic lesions is the
next step. Several imaging techniques are available in this regard,
encompassing conventional or single-energy CT pulmonary angiog-
raphy (CT-PA), digital subtraction pulmonary angiography (DSA-PA),
dual-energy CT-PA (DECT-PA), and cone-beam CT-PA (CBCT-PA)
(Tables 2 and 3) [1,23].

Table 1
Echocardiographic probability of pulmonary hypertension.
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2.2. Chronic thromboembolic pulmonary hypertension imaging
modalities

CTPA is a non-invasive and readily available test that allows ade-
quate characterization of lesions at the main, lobar, and proximal seg-
mental PAs [24]. However, technique performance drops when
assessing segmental and subsegmental disease [25]. Electrocardio-
gram-gated CT-PA may increase the sensitivity and specificity of the
technique, with values up to 99% at the segmental, level compared to
DSA-PA [26]. CT imaging also allows an initial assessment of signs of
PH severity, lung parenchymal status, anatomical variants, and possi-
ble concurrent diseases (Fig. 2) [27].

DSA-PA is still considered as the gold standard imaging modality for
CTEPH [23]. DSA-PA also allows the performance of RHC in the same set-
ting and the dynamic assessment of parenchymal perfusion by detecting
the presence of lobar, segmental, or subpleural perfusion defects. Also,
using DSA-PA, interventional radiologists can immediately assess the
intraprocedural impact of BPA on previously compromised vessels, by
observing the immediate revascularization of the treated lung paren-
chyma [23]. The future trend will likely be the combination of DSA-PA
with newly available imaging tests such as DECT-PA and CBCT-PA [28].

DECT-PA generates an iodine map superimposable to the CT
image, which has been considered as a surrogate marker of pulmo-
nary perfusion [29,30]. DECT-PA offers a “one-stop” assessment of
anatomy and perfusion in patients with CTEPH [31,32]. Perfusion
defects depicted on DECT-PA correlate with hemodynamic estimates
of PH severity [33]. The diagnostic value of DECT-PA iodine map has
been recently compared with V’/Q scintigraphy, with sensitivities
and specificities ranging from 97% to 100% and 86% to 92%, respec-
tively [34,35]. However, while DECT-PA can perform effectively, there
are numerous instances for which it is unsuitable or is limited by
technical issues such as obesity or artifacts. [23]. Furthermore, the
DECT-PA iodine map is not as widely recognized outside specialized
centers. By contrast, V'/Q’ is readily available in most centers and
familiar to most healthcare providers [23].

CBCT-PA is a recently implemented technique derived from DSA-
PA. Images are obtained during a rotational acquisition with an
angio-suite C-arm, while iodinated contrast material is administered
through a catheter directly into the common PA [36]. CBCT-PA
obtains a greater arterial contrast attenuation than CT-PA, improving
the delineation of distal and subsegmental vessels and ultimately
enhancing lesion characterization [37,38]. CBCT-PA, while effective
for detecting subsegmental lesions, is invasive, patient-dependent,
and susceptible to breathing motion artifacts. It requires precise
teamwork for optimal imaging and does not yield high-quality lung
parenchyma images.

Main echocardiographic sign of pulmonary hypertension

Low peak tricuspid regurgitation velocity

(<£2.8m/s) ity (2.9-3.4m/s)

Additional echocardiographic signs suggestive of pulmonary hypertension*

Intermediate peak tricuspid regurgitation veloc-

High peak tricuspid regurgitation velocity
(>3.4mfs)

A: Ventricules
RV/LV basal diameter/area ratio > 1.0

B: Pulmonary artery
RVOT AT < 105 ms
Mid-systolic notching

Flattening of interventricular septum (LVEI > 1.1)
velocity > 2.2 m/s

PA > AR diameter
PA diameter > 25 mm

TAPSE/sPAP ratio < 0.55 mm/mm Hg

Early diastolic pulmonary regurgitation

C: Inferior vena cava/Right atrium

IVC diameter > 21 mm with decreased inspira-
tory collapse (< 50% with a sniff or < 20% with
quiet inspiration)

RA area (end-systole) > 18 cm?

* Signs of at least two categories (A/B/C) must be present to alter the level of probability.
AR indicates aortic root. IVC indicates inferior vena cava. LV indicates left ventricle. LVEI indicates left ventricle eccentricity index. PA indicates pulmonary artery.
PH indicates pulmonary hypertension. RA indicates right atrium. RV indicates right ventricle. RVOTAT indicates right ventricular outflow tract acceleration time.
sPAP indicates systolic pulmonary arterial pressure. TAPSE indicates tricuspid annular plane systolic excursion. TRV indicates tricuspid regurgitation velocity.
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Fig. 1. Diagnostic and therapeutic imaging algorithm for chronic thromboembolic pulmonary hypertension. BPA indicates balloon pulmonary angioplasty; CBCTPA indicates cone
beam CT-pulmonary angiography; CTEPH indicates chronic thromboembolic pulmonary hypertension; CTPA indicates single-energy computed tomography pulmonary angiogra-
phy; DECT-PA indicates dual-energy CT-pulmonary angiography; DSPA indicates digital subtraction pulmonary angiography; PH indicates pulmonary hypertension; MDT indicates
medical team; PEA indicates pulmonary endarterectomy; RHC indicates right heart catheterization.

Regarding future directions for imaging management of CTEPH,
several advancements are notable. DECT-PA is poised for a significant
qualitative improvement with the introduction of spectral photon-
counting CT (SPCCT) [39]. SPCCT promises to enhance the sampling
of energy dependence in DECT-PA images, offering more comprehen-
sive and accurate analyses. The benefits of SPCCT, particularly for
assessing pulmonary perfusion, are currently under development
[39]. Additionally, the potential of artificial intelligence-based tools
for detecting blood clots and assessing pulmonary hypertension
severity scores using three-dimensional (3D) CTPA examinations,
leveraging blood clots and cardiac segmentation, has been demon-
strated [40]. Further research is necessary to validate the effective-
ness of these tools in the CTEPH setting [40].

2.3. Imaging in chronic thromboembolic pulmonary hypertension
treatment selection

Therapies available for CTEPH are PEA, BPA and PH-targeted med-
ical treatment. PEA is the treatment of choice of CTEPH [1].

Improvements of up to 65% in PVR, mPAP (46 to 26 mm Hg), median
six-minute walking test (362 to 459 m), and NYHA-FC after PEA have
been reported [10,12]. In high-volume centers, the in-hospital mor-
tality is now < 5% [10,12,41]. Although variations exist between cen-
ters, patients with proximal lesions (main and lobar arteries) are
usually considered for PEA.

BPA has shown improvement in the six-minute walking test
(+70 meters), NYHA-FC (—0.9 classes), mPAP (—13.2 mm Hg), and
PVR (—3.9 Wood units). The most frequent complications include
lung injury (incidence ranging between 8% and 30%), defined as the
presence of damage to the lung tissue caused by the intervention,
and hemoptysis (incidence ranging between 5% and 15%) [15].
Patients with distal segmental or sub-segmental thromboembolic
disease are usually selected for BPA [41,42]. Other reasons to consider
BPA over PEA are patients in poor general condition, with concurrent
pulmonary or cardiac disease, or as a therapeutic alternative in resid-
ual CTEPH after PEA [17].

Riociguat, the only approved PH targeted medical treatment for
CTEPH, is a soluble guanylate cyclase stimulator that increases cyclic

Table 2
Advantages and limitations of the different imaging modalities used for the assessment of pulmonary hypertension.
Variable CRX V'/Q’ scan SE-CTPA DE-CTPA DSA-PA CBCT-PA
PH detection  + - + + - +
Lung + - +++ +++ - +
Heart + — ++ ++ — ++
PAs + + +++ ++++ ++ +++++
Mediastinum — - ++ ++ - ++
PH etiology - ++ +++ +H4++ ++ ++
Strengths Readily available Screening for CTEPH Excellent evaluation of ~ Assessment of anatomy Planning of invasive Detailed evaluation of

High sensitivity (97%)

and specificity (91%)
Weaknesesses Limited role in the

assessment of etiology

Needs further imaging
to assess the cause of
PH arteries

etiologies of PH

Limited evaluation of
distal pulmonary

and lung perfusion treatment
(iodine maps)
Needs validation for all

DECT technologies

distal segmental and

subsegmental PAs
Needs validation

Invasive test

Absence of perivascular
structure evaluation
Invasive test

CBCT-PA indicates cone beam CT pulmonary angiography. CXR indicates chest X-ray radiography. CTEPH indicates chronic thromboembolic pulmonary hypertension. DECT-PA
indicates dual-energy CT pulmonary angiography. DSA-PA indicates digital subtraction pulmonary angiography. PAs indicates pulmonary arteries. PH indicates pulmonary hyper-

tension. SECT-PA indicates single energy CT pulmonary angiography. V'/Q’ scan indicates ventilation/perfusion scan. "-"

cates moderately useful. "+++” indicates useful. "++++” indicates very useful.
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Table 3
Recommended protocols for imaging modalities used for the diagnosis of chronic thromboembolic pulmonary hypertension.
V'/Q SPECT SECT-PA DECT-PA DSA-PA CBCT-PA MRI
Protocol Two phases Single-enery CE multi- Dual-energy CEina Digital subtraction CBCT angiography 4D flow cardiac MRI
1. Ventilation detector CT dual phase 2" gen- angiography with with contrast injec- Native T1 mapping

Contrast dose

2. Perfusion

Multidetector

gamma-cameras
Aerosol

99Tc-DTPA (5-35

75-85 mL iodine
contrast

eration CT

75-85 mL iodine
contrast

PA (0°), lateral (90°)
and oblique (45°)
views of both lungs
20-24 mL iodine con-
trast per acquisition

tion directly into the
pulmonary trunk
through a catheter

60—80 mL iodine
contrast

CE T1 mapping
Cine-balanced SSFP

0.1-0.2 mmol/ kg
GBCA (CE-T1-

mCi) weighted mapping)
Intravenous
99MTCc_MAA (1-4
mCi)
Contrast rate (mL/s) IV injection at low 5 5 10-12 8-10 N/A
manual rate
Kv N/A 120 Low-energy, 80 60—-80 100-120 N/A
High-energy, 140
mAs N/A 100-300 100-300 200-400 100-300
Delayed scanning 4-7s 4-7s 2s 4s 15 min (CE-T1W map-
time (s) ping)
Images/s N/A N/A N/A 7 N/A
Radiation dose 22 2-5 3-5 10-30 3-5 None
(mSv)

99Tc-DTPA indicates technetium Tc-99 m pentetic acid; °™Tc-MAA indicates technetium °°™Tc macro aggregated albumin; CBCT indicates cone beam computed tomogra-
phy; CE indicates contrast-enhanced; CTPA indicates CT pulmonary angiography; DECTPA indicates dual-energy CTPA; DSPA indicates digital subtraction pulmonary angi-
ography; GBCA indicates gadolinium-based contrast agent; MRI indicates magnetic resonance imaging; N/A indicates not applicable; PA indicates posteroanterior; SECT-PA
indicates single energy-CT pulmonary angiography; SSFP indicates steady-state free precession; V'/Q’ scan indicates ventilation/perfusion scan.

guanosine monophosphate production, enhancing vasodilation and
lessening vascular resistance. Riociguat has also antiproliferative and
antifibrotic effects [43]. Riociguat is offered in patients with micro-
vascular disease not amenable to BPA or PEA, as an adjunctive treat-
ment in patients selected for invasive treatment and residual disease
after PEA or BPA [44,45].

3. Pre-balloon pulmonary angioplasty imaging findings
3.1. Lesion characterization by location

Lesions location can be classified according to the classification
from the University of California (Fig. 3) as follows: level 0 (no evi-
dence of thromboembolic disease), level I (lesions in main PAs), level
Il (lobar), level 11l (segmental), and level IV (subsegmental) [41].

CT-PA has shown 98.3% sensitivity and 94.8% specificity for detect-
ing chronic thromboembolic lesions at the level of the main-lobar

B
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arteries [24]. However, performance diminishes at level IIl, with sensi-
tivities decreasing to as low as 70% and specificities ranging from 87%
to 90% [46]. Furthermore, different studies have repeatedly shown an
acute drop in performance in level IV lesions, with specificities as low
as 25% for subsegmental lesion identification [21,22,24,47].

DSA-PA is equivalent to CT-PA in characterizing thromboembolic
lesions at the main-lobar level [46,47]. DSA-PA appears superior to
CT-PA for distal disease, as it can assess pulmonary perfusion and
denote involvement up to the distal subsegmental level. Compared
to DSA-PA, CT-PA sensitivity and specificity at level III-IV are 70%
—80% and 85%—90%, respectively [23,46,47]. However, Ley et al. dem-
onstrated that electrocardiogram-gated CT-PA can outperform DSA-
PA in detecting level III lesions with a sensitivity of 100% vs. 75% and
specificity of 99% vs. 100% [26].

DECT-PA can better detect segmental and subsegmental pulmo-
nary arterial thromboembolic involvement, with an excellent agree-
ment between DECT-PA and V/Q scintigraphy in the diagnosis of

Fig. 2. Extravascular findings of chronic thromboembolic pulmonary hypertension. (A-F) 65-year-old woman with suspected chronic thromboembolic pulmonary hypertension
(CTEPH). (A), CT image in the axial plane obtained after intravenous administration of iodinated contrast material (ICM) shows enlarged pulmonary artery (PA) trunk > 29 mm (black
double arrow) and pulmonary artery-aorta ratio > 1 (red double arrow). (B), CT image shows reflux and mild enlargement of the hepatic veins (arrow). (C), CT image in the axial
plane using lung window shows mosaic pulmonary pattern (arrows). (D), CT image in the axial plane using lung window shows healed pulmonary infarcts (white arrow). (E), CT
image shows right ventricular enlargement and rectification of the interventricular septum (black double arrow). (F), CT image in the coronal plane shows hypertrophic bronchial
arteries (arrow). (G), CT image in the coronal plane using lung window showing air trapping (arrows). (H), 46-year-old man with confirmed CTEPH. CT image in the axial plane

obtained without ICM shows mild bronchiectasis in the lower left lobe (arrows).
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Fig. 3. Location classification of chronic thromboembolic lesions. (A) Three-dimensional cone beam CT-pulmonary angiography (CBCT-PA) reconstruction in a 65-year-old man with
suspected chronic thromboembolic pulmonary hypertension (CTEPH): Level I: lesions beginning in the main pulmonary artery (PA) (green). Level II: lobar arteries (blue). Level III:
segmental level (yellow). Level IV: subsegmental level (red). (B) Single-energy CT pulmonary angiography image in the axial plane in a 56-year-old man demonstrates involvement
at the level of the main PA (arrow, level I). (C) Digital subtraction pulmonary angiography of another patient (36-year-old woman) shows involvement beginning at the lobar level
(arrow, level II). (D) CBCT-PA in a 72-year-old woman with confirmed CTEPH demonstrates lesions affecting the segmental level (arrow, level Ill). (E) Dual-energy CT-pulmonary
angiograph iodine map in a 43-year-old-man depicts subsegmental perfusion defects (arrow, level IV).

Ring-like stenosis (vessel narrowing) Bands/webs Subtotal occlusion Total occlusion Tortuous lesions

Type A Type B Type C Type D Type E

Fig. 4. Morphological classification of chronic thromboembolic lesions using various imaging modalities and three-dimensional schematic reconstructions. Chronic thromboem-
bolic lesions are framed and close-ups in the five images. (A) Digital subtraction pulmonary angiography (DSA-PA) in a 64-year-old woman with confirmed chronic thromboembolic
pulmonary hypertension (CTEPH) demonstrates a ring-like stenosis lesion in the left posterobasal segmental branch. (B) Single-energy CT pulmonary angiography in a 55-year-old
man with confirmed CTEPH shows band and web lesions in the superior segmental branches of the right lower lobe and the right anterior basal segmental branch. (C) DSA-PA in
a 36-year-old woman with confirmed CTEPH shows a subocclusion lesion in the lateral basal segmental branch of the right lower lobe. (D) DSA-PA in a 26-year-old woman with
confirmed CTEPH reveals total occlusion of the superior lobar branch. (E) Cone beam CT-pulmonary angiography in a 56-year-old man with confirmed CTEPH shows tortuous
thromboembolic lesion in the left superior lingular branch. Each image of the lower row demonstrates a schematic representation of each lesion using three-dimensional recon-
struction (arrows).
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Fig. 5. Pulmonary segments on usually used working angiographic projections during balloon pulmonary angioplasty (PA and LAO 60° projections). Digital subtraction pulmonary
angiography (DSA-PA) and three-dimensional reconstruction from cone-beam CT-pulmonary angiography (3D-CBCT-PA) in a 56-year-old woman with confirmed chronic thrombo-
embolic pulmonary hypertension. (A-D) demonstrates DSA-PA AP (A) and left anterior oblique (LAO) 60° view (C), and 3D-CBCT-PA AP (B) and LAO 60° view (D) images of the right
lung. (E-H) demonstrates DSA-PA AP (E) and LAO60° (G), and 3D-CBCT-PA AP (F) and LAO60° view (H) images of the left lung. Segments are labeled A1 to A10 and marked in colors
in the 3D-CBCT-PA images.

Fig. 6. Pre- and post-balloon pulmonary angioplasty intraprocedural assessment using digital subtraction pulmonary angiography and two-dimensional perfusion angiography.
66-year-old man with confirmed chronic thromboembolic pulmonary hypertension (CTEPH) undergoing his second balloon pulmonary angioplasty (BPA) session. (A) Digital sub-
traction pulmonary angiography (DSA-PA) demonstrates a chronic thromboembolic lesion (ring-like stenosis) (large arrow) in the lateral branch of the middle lobe, with flow
reduction (black arrows) compared with the medial segmental branch (small white arrows). (B) Same patient session as in A, DSA-PA shows inflated balloon during BPA in the
described lesion (arrow). (C) DSA-PA demonstrates recovery of the vessel caliber (arrow) and normal pulmonary flow (black arrows) after BPA in the lesion described in A. (D-G)
76-year-old woman with confirmed CTEPH undergoing her second BPA session. (D) DSA-PA demonstrates complete occlusion of the posterobasal segmental branch of the right
lower lobe (arrow). (E) DSA-PA after BPA of the lesion described, shows recovery > 50% of the normal vessel caliber (arrow). (F-G) Two-dimensional perfusion angiography in the
same patient as in D, E), before (F) and after (G) BPA, confirms recovery of pulmonary perfusion.
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CTEPH (kappa = 0.80) and a similar diagnosis performance for detect-
ing segmental perfusion defects, with 85% and 92% sensitivities and
99% and 99% specificities, respectively [30]. Furthermore, the diag-
nostic accuracy of DECT-PA is enhanced by the combined morpho-
functional analysis of the iodine map and CTPA [48]. DECT-PA also
increases the detection of segments affected by chronic thromboem-
bolic disease by 26.6% compared to CT-PA alone. This ability is essen-
tial when characterizing lesions amenable to treatment with BPA
[49].

Owing to the use of CBCT-PA, a greater contrast density is
obtained in the pulmonary vasculature by comparison with CT-PA
(534 Hounsfield units [HU] vs. 351 HU) along with a shorter dis-
tance between distal vessels and pleura (11.9 mm vs. 15.2 mm).
Both features enable better delineation and assessment of the dis-
tal subsegmental pulmonary vasculature [38]. Moreover, Hinrichs
et al. demonstrated that CBCT-PA allowed identify a greater num-
ber of lesions at all levels, including segmental and subsegmental,
compared to DSA-PA (14.9% vs. 6.8%), with an inter-modality
agreement between observers significantly higher than with DSA
(kappa = 0.96 vs. 0.61, respectively) [37]. These findings were fur-
ther confirmed by Mashke et al. in a study that included 300
patients [28].

3.2. Lesion characterization by morphology

Kawakami et al. proposed a classification based on outcomes and
complications using DSA-PA, dividing lesions as follows: ring-like
stenosis (type A), bands/webs (type B), subtotal occlusion (type C),
total occlusion (type D), and tortuous lesions (type E) (Fig. 4) [50].
Complication rates are < 3% for type A-B lesions but can reach 15.5%
for type C and up to 40% for type E lesions [50]. Depending on the
type of lesion, technical success is 100% for type A, 98.7% for type B,
86.5% for type C, 52.2% for type D, and 63.6% for type E [50]. There-
fore, several guidelines recommend treating type A-B lesions first
and then moving on to other lesions [51,52].

CT-PA, specifically electrocardiogram-gated CT-PA, appears to
outperform DSA-PA in characterizing lesion morphology, surpass-
ing the latter in depicting webs/bands (sensitivity, 100% vs. 60%)
and type C lesions (sensitivity, 100% vs. 52%) [26]. However,
among all the imaging modalities described so far, CBCT-PA has
proven particular utility in this regard. CBCT-PA detects more ste-
nosis per web than CTPA, with detection rates of 22% and 7%,
respectively [28]. Furthermore, the ability of CBCT-PA to provide
better degrees of pulmonary vessel opacification compared to CT-
PA may help differentiate associated lesions [38].

4. Balloon pulmonary angioplasty imaging findings and
intervention details

4.1. Intervention

BPA is a complex intervention requiring a detailed pulmonary
vascular anatomy assessment and a high-capacity angio-suite for
proper performance [51]. Through femoral or jugular venous access,
the main PA of the lung to be treated is catheterized with a diagnostic
catheter through a 7—9Fr/65—90 cm sheath [53]. Pressures are then
measured before starting the BPA session [45].

CBCT-PA and DSA-PA are then performed for procedure planning.
Working angiographic projections are posteroanterior and left ante-
rior oblique (LAO 60°) views for both lungs, which allow proper visu-
alization of all segments (Fig. 5). Lobar and segmental catheterization
is performed using a 6-Fr guiding catheter. Distal segmental and sub-
segmental through-lesion access is performed using 0.018—0.014”
guidewires. Semi-compliant balloons ranging from 2- to 5 mm
below-rated burst pressures are used for angioplasty [45,51,54]. For
thromboembolic lesions in lobar or proximal segmental branches,
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Fig. 7. Balloon pulmonary angioplasty procedural planning using cone beam CT-pul-
monary angiography. 62-year-old woman with confirmed chronic thromboembolic
pulmonary hypertension (CTEPH) undergoing her first balloon pulmonary angioplasty
(BPA) session. (A-B) Chronic thromboembolic lesion (band) affecting the segmental
medial branch of the middle lobe, is not fully characterizable using single-energy CT
pulmonary angiography (CTPA) (A), but ultimately seen using cone beam CT-pulmo-
nary angiography (CBCT-PA) (B), CBCTPA has the potential to better characterize distal
(segmental and subsegmental) chronic thromboembolic lesions compared to CTPA and
digital subtraction pulmonary angiography. (C) Three-dimensional reconstruction of
CBCTPA was performed before starting BPA. This allows procedural planning by mark-
ing all lesions to be treated (crosses in D) and a road map (colored lines), which can be
superimposed on the live fluoroscopic image during the procedure, as demonstrated
in (D).

larger balloons can be used over 0.035"” guidewires, even up to
10 mm. After all planned dilatations have been completed, PAP mea-
surement is repeated. Pre- and post-stenosis pressures are generally
not measured [55].

Imaging surveillance using DSA-PA is mandatory before and after
each angioplasty to confirm balloon location and visualize vessel dila-
tation and vascular complications [56]. DSA-PA acquisitions should
be performed by hand at low flow to avoid reperfusion lung edema
(RLE) [52]. The main goal is to improve the affected parenchyma’s
arterial flow and venous drainage, with the morphological outcome
being secondary (Fig. 6). However, a more than 50% residual stenosis
is not recommended, in which case angioplasty should be repeated
with a balloon of larger caliber [55,57]. Two-dimensional perfusion
angiography (2D-PA) is used to quantify tissue perfusion based on
specific post-processing of DSA images by generating measured per-
fusion curves based on contrast flow [58]. These curves can be com-
pared before and after BPA to assess parenchymal reperfusion (Fig. 6)
[58]. Motion during image acquisition, such as breathing movements
and cardiac motion in BPA, can limit the effectiveness of 2D-PA analy-
sis [59].
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4.2. Cone beam CT-pulmonary angiography use in balloon pulmonary
angioplasty

Navigating the complex PA system can be challenging. Several
groups have started using CBCT-PA to enhance precision during BPA
[36,60,61]. Using CBCT-PA acquisition, high-resolution 3D images are
generated. Using any of the commercially available emboguidance
navigation systems, it is possible to mark the targeted chronic throm-
boembolic lesions and produce a 3D vascular road map (Fig. 7) [62].
This map can be superimposed on live fluoroscopic images, providing
the operator with live guidance throughout the intervention
[60,61,63].

This approach improves the efficacy and safety of the interven-
tion. In a comparative study, Lin et al. used CBCT-PA alongside DSA-
PA in BPA sessions and demonstrated several benefits compared to
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DSA-PA alone [60]. The number of vessels treated per session
increased (5.8 vessels vs. 3.7 vessels), and the dose area product
received by the patient (13,901 vs. 4682 mGy-cm?), overall session
duration (3.6 hours vs. 4.5 hours), and total contrast volume (225 mL
vs. 293 mL) significantly decreased [60].

4.3. Intraprocedural imaging findings of balloon pulmonary
angioplasty-related complications

Hemoptysis is the most common intraprocedural complication,
reported in 5% to 15% of all sessions [15]. Predictors of complication
are the type of lesion treated (type A, 8% vs. type D, 37%),
age > 75 years, high PA pressure (> 30 mm Hg), and residual PH after
PEA [54,64]. The incidence of vascular injuries related to BPA is
approximately 5% and include rupture with contrast material

Fig. 8. Intraprocedural vascular lesions related to balloon pulmonary angioplasty. (A-C) 76-year-old woman with confirmed chronic thromboembolic pulmonary hypertension
(CTEPH) undergoing her fourth balloon pulmonary angioplasty (BPA) session. Intraprocedural digital subtraction pulmonary angiography (DSA-PA) demonstrates a dissection of the
posterobasal segmental branch of the right lower lobe. Contrast retention on the vessel lateral wall is not washed out in successive acquisitions (arrow in B-C). (D) 44-year-old man
with confirmed CTEP undergoing his third BPA session. Intraprocedural DSA-PA demonstrates a pseudoaneurysm of the medial basal segmental branch of the right lower lobe
(arrow). Balloon was inflated at non-nominal pressure (2 atm) for 10 minutes, with lesion resolution (not shown). (E-F) 34-year-old woman with confirmed CTEP undergoing her
second BPA session. Minor contrast extravasation post guidewire manipulation (arrow and zoom square in E, F). Note the presence of retained contrast in the venous and washout

angiographic runs (arrow in F), confirming the presence of minor bleeding.



A. Paez-Carpio, 1. Vollmer, FX. Zarco et al.

Table 4
Imaging and clinical classification of lung injury.
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Grade  Imaging definition Clinical definition

1 No significant recognition of lung injury on CR Usually asymptomatic
Small subsegmental consolidation on CT

2 Mild or small segmental lung injury on CR. Self-healing with only a slight increase in oxygen for a few days

3 Moderate lung injury on CR and CT Elevated concentration of oxygen to maintain arterial saturation at optimum level
More than a segment but less than a lobe

4 Moderate to severe lung injury on CR and CT Non-invasive positive pressure ventilation with high-concentration oxygen inhalation
Lobar lesion

5 Extremely severe lung injury on CR and CT Mechanical ventilation

More than one lobe or bilateral

CR indicates chest radiography; CT indicates computed tomography.

extravasation, pseudoaneurysm, and dissection. The main reasons for
vascular injury include guidewire perforation, imprecise catheteriza-
tion, and excessive balloon inflation [65].

Intraprocedural DSA-PA is essential to detect and treat BPA-
related vascular injuries (Fig. 8) [52]. When hemoptysis occurs during
the intervention, it is imperative to perform a DSA-PA on the last seg-
ment treated. Contrast extravasation with or without simultaneous
clinical symptoms can be detected in up to 17—21% of BPA sessions
on DSA-PA [54,64]. When a vascular lesion is detected, the first

Grade 1

Grade 2

Grade 3

Grade 4

Grade 5

approach should be prolonged balloon inflation at the lesion site at
low ATM (e.g., 2 atm). If hemoptysis stops, the balloon is deflated,
and a new DSA-PA is performed to confirm resolution. If DSA-PA
images show no visible vascular injury, inflating the most recently
used balloon to 2 atm at the site of the last BPA or guidewire manipu-
lation is still the first recommended approach. When hemoptysis per-
sists or the vascular lesion does not resolve after multiple attempts
with this technique, other therapeutic approaches such as gelfoam/
coil embolization should be considered [51,66].

Fig. 9. Post-balloon pulmonary angioplasty lung injury grading. Chest radiograph and non-contrast CT images show the different degrees of lung injury due to balloon pulmonary
angioplasty (arrows). Corresponding chest radiograph and CT images before and after the intervention can be seen for each grade: Grade 1 (very mild), with subsegmental involve-
ment; Grade 2 (mild), with segmental involvement; Grade 3 (moderate), with involvement of more than one segment but less than one lobe; grade 4 (severe), with lobar involve-
ment; and grade 5 (extremely severe), with involvement of more than one lobe or bilaterally.
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5. Post-balloon pulmonary angioplasty imaging findings
5.1. Immediate post-balloon pulmonary angioplasty imaging findings

An uneventful immediate post-intervention period is reported in
91% to 97% of BPA sessions [15]. However, post-procedural imaging is
usually performed at least once during admission. A single chest
radiograph, with successive follow-ups with chest radiograph or CT
are performed when an adverse event occurs. The choice of the imag-
ing modality depends on the severity and the patient’s clinical condi-
tion. Lung injury is the most frequent post-BPA complication, and its
early detection is the main reason for immediate imaging follow-up.
Lung injury can be caused by RLE and lung hemorrhage [52,67]. Cur-
rently, RLE and lung hemorrhage cannot be differentiated from each
other on any imaging test. RLE and lung hemorrhage manifest as
post-procedural lung consolidations on chest radiograph and CT.
Lung injury can be classified into five stages according to severity,
ranging from grade 1, which corresponds to the absence of abnormal-
ities on chest radiograph and the presence of small subsegmental
ground glass opacities on CT, passing through grade 3 (moderate),
which is defined as the involvement of more than a segment but less
than a lobe, to grade 5 (extremely severe), which affects more than
one lobe or bilateral pulmonary involvement (Table 4; Fig. 9) [68].

Lung injury rates vary widely among series, ranging from 8% to
30% [15]. Ejiri et al. demonstrated that vascular injury is the main rea-
son for lung injury after BPA using CT examination [64]. In this study,
post post-BPA lung injuries presented as a focal infiltration at the site
of BPA, suggesting that the lesions were due to vascular injury rather
than to RLE that manifests as a more diffuse infiltration [64]. Using CT
examination as a post-BPA imaging test, these researchers also dem-
onstrated that the number of post-BPA lung injuries is underesti-
mated when using chest radiograph alone as an immediate post-
treatment imaging modality, with 47% of sessions with lung injury
detected by CT vs. only 8—30% with chest radiograph [64]. Clinical
management of lung injury, whether from lung hemorrhage or RLE,
includes immediate stabilization, ensuring a patent airway, sufficient
oxygenation, and monitoring vital signs. Diagnostic tools such as
chest radiograph and CT determine the type and extent of injury.
Treatments address the root cause with strategies such as diuretics
for RLE, and reversal of anticoagulation for lung hemorrhage.

5.2. Imaging follow-up and assessment of long-term outcomes

A thorough clinical and pulmonary hemodynamic evaluation is
performed between three and six months after completing all ses-
sions [19,69]. The main objective of invasive treatment with BPA is to
improve symptoms associated with CTEPH (dyspnea, fatigue, chest
pain, exercise intolerance) and pulmonary hemodynamics to normal
resting values [69—71]. Clinical evaluation includes reassessing the
six-minute walking test and NYHA-FC, aiming to increase the first up
to 400 meters and decrease the second to class I-II [15,51]. Tests to
assess pulmonary hemodynamics are RHC and TDE. All hemodynamic
values, including mPAP, PVR and cardiac output, are measured during
RHC. Results are compared with pre-treatment values for assessment.
The optimal hemodynamic target is also to normalize all values. TDE
can also estimate PAP and provide valuable information on right ven-
tricular function and structural abnormalities [23].

Systematic radiological re-evaluation is unnecessary when clinical
and hemodynamic parameters are normalized. However, if residual
CTEPH is demonstrated, a complete imaging re-evaluation is war-
ranted. A detailed comparison of pre- and post-BPA residual throm-
boembolic burden and state of pulmonary perfusion is pivotal for
deciding the therapeutic approach (Fig. 10). The median number of
BPA sessions reported in the literature is between 4 and 6
[18,19,53,72]. However, sessions are performed until clinical and
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Fig. 10. Post-balloon pulmonary angioplasty imaging follow-up. (A-D), Pre- and six-
month post-balloon pulmonary angioplasty (BPA) imaging in a 66-year-old woman
with confirmed chronic thromboembolic pulmonary hypertension (CTEPH) treated
with four BPA sessions due to residual disease after surgery. (A) Pre-BPA digital sub-
traction pulmonary angiography (DSA-PA) and (C), dual-energy CT-pulmonary angiog-
raphy (DECT-PA) iodine perfusion mapping shows anterior and posterior segmental
perfusion defects in the right upper lobe (arrow in A) and lack of lobar perfusion in the
iodine map (arrow in C). (B), DSA-PA and (D), DECT-PA after BPA demonstrate patency
of the anterior and posterior segmental branches, with restoration of pulmonary perfu-
sion (arrows). (E-F), 76-year-old woman with confirmed CTEPH treated with five BPA
sessions due to refusal of surgical treatment who underwent pre- and post-BPA cardiac
short-axis cine SSFP MR images. (E), Cardiac MR image reveals severe dilatation of the
right ventricle (asterisk), as well as hypertrophy of the free wall of the right ventricle
and marked flattened interventricular septum (arrow). (F), Post-BPA cardiac MR image
shows significant improvement in right ventricular dilatation (asterisk) and interven-
tricular septal morphology (arrow).

hemodynamic normalization is achieved, provided the presence of
amenable lesions [45].

DSA-PA remains the most widely used imaging tool to assess
residual CTEPH after BPA and select patients who need further ses-
sions [37,58]. CBCT-PA can provide more detailed information on vas-
cular structure and obstructive lesions and assess possible significant
subsegmental lesions not treated in previous sessions [38]. DECT-PA
is helpful in post-BPA evaluation, with sensitivity and specificity lev-
els of iodine mapping virtually identical to those of DSA-PA (sensitiv-
ity, 92%; specificity, 99%) and superior to those of V’/Q" SPECT
(sensitivity, 85%; specificity, 99%) in this specific scenario [48,73].
Magnetic resonance imaging is a promising tool for evaluating CTEPH
after invasive treatment. After BPA, lung parenchymal perfusion and
cardiac Magnetic resonance imaging showed improved pulmonary
blood flow in treated lobes and, to a lesser degree, in untreated lobes,
correlating with changes in hemodynamics and ventricular overload
(Fig. 10) [74,75]. Cardiac magnetic resonance imaging has also dem-
onstrated a return to native myocardial T1 values and improved
interventricular desynchrony [76,77].

6. Conclusion

Knowledge of imaging findings before, during, and after BPA for
patients with CTEPH is essential for proper selection, planning, proce-
dure execution, management of complications, and follow-up. The
most widely used imaging modalities in this regard are DSA-PA and
CT-PA. Furthermore, CBCT-PA and DECT-PA have gained ground in
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the last decade and are likely to take center stage in the imaging
work-up of these patients.
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