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Abstract: Chronic thromboembolic pulmonary hypertension (CTEPH) is a rare but life-threatening
pulmonary vascular disease caused by the presence of a prolonged thrombus in the pulmonary artery.
CTEPH is a distinct disease entity classified as group 4 pulmonary hypertension according to the
World Symposium on Pulmonary Hypertension. It is the only potentially curable cause of pulmonary
hypertension. However, timely diagnosis and treatment are often hampered by nonspecific symptoms
and signs and a lack of physician awareness regarding the condition. Thus, it is important to be
familiar with the clinical features of CTEPH and the associated diagnostic processes. Herein, we
cover the diagnostic approach for CTEPH using multimodal imaging tools in a clinical setting.
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1. Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is a rare but life-threatening
pulmonary vascular disease caused by the presence of a prolonged thrombus in the pul-
monary artery (PA). Chronically organized in situ thrombi that have not been dissolved after
previous venous thromboembolic events trigger various pulmonary vascular pathologies,
such as hypertrophy, remodeling, stenosis, and occlusion, which lead to pulmonary arterial
hypertension and eventually right-heart failure (Figure 1). Currently, CTEPH is classified
as a group 4 pulmonary hypertension (PH) based on the 6th World Symposium on Pul-
monary Hypertension and recent PH guidelines [1,2]. Classically, CTEPH can be confirmed
when the mean pulmonary arterial pressure (mPAP) is greater than 25 mmHg and the pul-
monary artery wedge pressure is less than or equal to 15 mm Hg measured via right-heart
catheterization (RHC), combined with a mismatched perfusion defect with obvious evidence
of multiple chronic or organized thrombi or emboli in the pulmonary arteries of the lung,
despite at least 3 months of effective anticoagulation [1]. In this setting, PH might be caused
by PA obstruction by an organized thrombus and associated microvasculopathy [3]. Recently,
the European Society of Cardiology and the European Respiratory Society lowered the di-
agnostic criteria for precapillary PH (mPAP from 25 to 20 mmHg and pulmonary vascular
resistance from 3 to 2 Wood units), enabling the diagnosis of CTEPH earlier in the course of
the disease [2].

The risk factors for CTEPH appear to differ from those for acute pulmonary embolism
(PE), such as immobilization or recent surgery. The potential risk factors for CTEPH include
certain chronic medical conditions (e.g., permanent intravascular devices, inflammatory
bowel diseases, autoimmune disease, hypothyroidism, splenectomy, and malignancy),
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thrombophilia, and genetic predisposition. However, many cases of CTEPH develop
without previous acute PE [4–7]. The rarity of the disease, nonspecific symptoms and
signs, and a lack of physicians’ awareness of CTEPH (including when to suspect it and
how to evaluate it) are barriers to timely diagnosis [8]. Therefore, despite the presence of
effective therapy (pulmonary endarterectomy [PEA]), many patients are diagnosed only
at the late stage of the disease, when distal PA obstruction and microvasculopathy have
already progressed. Patients with advanced disease are not eligible for PEA because the
procedure can only treat proximal lesions. Thus, a high index of suspicion and timely
diagnosis using multimodal imaging tools is mandatory for optimal patient outcomes. In
this review, we describe how to approach suspected CTEPH through a clinical vignette and
discuss the role of multimodal imaging in diagnosing CTEPH.
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Figure 1. Pathophysiology of CTEPH. Abbreviations: CTEPH, chronic thromboembolic pulmonary
hypertension; PA, pulmonary artery; RV, right ventricle.

2. Clinical Presentation: Learning from a Case

A 46-year-old female visited our hospital with worsening exertional dyspnea. Three
years ago, she was diagnosed with an acute PE and prescribed warfarin for 18 months.
However, 1 year after stopping the warfarin, the patient’s dyspnea worsened. Edema
in both lower legs developed 1 month before hospitalization. She visited the local clinic,
where she was diagnosed with recurrent PE, and was subsequently transferred to our
hospital. Despite receiving an adequate dose of warfarin for 3 months, she still complained
of dyspnea. Follow-up echocardiography revealed a D-shaped left ventricle (LV) with
an elevated right ventricular systolic pressure of 62 mmHg. No evidence of significant
left-sided heart disease was found. Computed tomography (CT) imaging showed a dilated
main PA but no evidence of PE or lung parenchymal disease (Figure 2). What should be
done for further work-up of this patient?

CTEPH should be suspected, especially in patients with acute PE who have persistent
PH or do not recover from acute PE. However, the absence of prior acute PE events does not
preclude the possibility of CTEPH [9,10]. In the early stages of the disease, patients might
not have any symptoms. Even if patients experience symptoms, they can be nonspecific
symptoms such as dyspnea and fatigue that can occur in patients with PAH, acute PE, or
other pulmonary diseases. Similar to other forms of PH, the most common symptoms of
CTEPH are exercise intolerance and exertional dyspnea, which are attributable to limited
cardiac output and increased dead space ventilation [4]. As the disease worsens and right
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ventricular dysfunction progresses, other symptoms such as lower leg swelling, abdominal
discomfort, chest pain, hemoptysis, and dizziness with or without syncope could occur.
Currently, routine surveillance for CTEPH is not recommended in asymptomatic patients
with a history of acute PE, given the low incidence of CTEPH after acute PE [11]. As
shown in the index case, some people might present predominantly with microvasculopa-
thy (changes in the distal pulmonary vascular bed) with near resolution of the central
pulmonary thrombus, which often complicates the establishment of an accurate diagnosis.
In this case, the CT scan demonstrated small segmental PA diameters and sparse distal
branches, which are typical findings of CTEPH microvasculopathy (Figure 2). However, in
practice, this can be overlooked without experience or a high index of suspicion. Histologi-
cal changes in microvasculopathy include eccentric intimal fibrosis, thickening, and diffuse
distal thrombosis [12–14].
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Figure 2. CT findings in the case. CT imaging showed a dilated main PA and a dilated RV but no
evidence of PE or lung parenchymal disease.

3. Diagnosis (Using Multimodal Imaging)

In this section, we discuss the utility of multimodal imaging for the diagnosis of
CTEPH. Echocardiography, CT, and ventilation-perfusion (V/Q) scans can be utilized for
suspected PH. The presence of a V/Q mismatch in the setting of PH should prompt further
evaluation using RHC and pulmonary angiography. Each imaging modality has its own
role; thus, comprehensive evaluation using multimodal imaging is crucial for the proper
diagnosis and management of patients with CTEPH (Table 1).

Table 1. Strengths and limitations of imaging modalities.

Variable Echocardiography CT Scan V/Q Scan

PH detection ++ + −
Assessment of PH etiology ++ +++ ++

Evaluated anatomic region

Lung parenchyma − +++ −

Cardiac chambers ++ ++
(especially on ECG-gated CT) −

Pulmonary vessels + +++ +
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Table 1. Cont.

Variable Echocardiography CT Scan V/Q Scan

Strengths

Good for initial screening and
follow-up for PH; readily

available; safe for
repeated testing

Excellent evaluation for
etiologies of PH

Good for initial screening of
thromboembolic disease (acute

PE, CTEPH)

Weaknesses

Limited role for the assessment
of etiology (lung parenchyma,

pulmonary vessels); cannot
confirm PH and requires RHC

Radiation risks; limited
assessment of hemodynamic

assessment; needs experienced
radiologists; cannot confirm PH

and requires RHC

Findings often nonspecific;
needs additional testing to

assess etiology; cannot confirm
PH and requires RHC

Abbreviations: CT, computed tomography; CTEPH, chronic thromboembolic pulmonary hypertension; ECG, elec-
trocardiogram; PE, pulmonary embolism; PH, pulmonary hypertension; RHC, right-heart catheterization;
V/Q, ventilation/perfusion. Modified from reference [15]. − = unavailable; + = limited use; ++ = moderately
useful; +++ = very useful.

3.1. Echocardiography

Echocardiography is the preferred imaging modality for the initial screening and
follow-up of CTEPH. It facilitates the estimation of systolic PA pressure, comprehensive
evaluation of right ventricle (RV)/ right atrium (RA) size and function, and identification of
other causes of PH (such as PH due to congenital heart disease or left heart disease) [2,16,17].
However, one should be cognizant that echocardiography alone is insufficient to confirm
PH, which should be confirmed through RHC.

The typical echocardiographic findings for PH (regardless of etiology) are shown in
Figure 3. The degree of RV enlargement can be visually assessed using the parasternal
long-axis view and apical four-chamber view (Figure 3A). The flattened interventricular
septum, called the D-shaped LV, suggests RV pressure overloading (Figure 3B). In some
PH cases, a midsystolic notch and accelerated RV outflow tract time can represent elevated
PA pressure (Figure 3C). Through data on tricuspid regurgitation (TR) Vmax and inferior
vena cava (IVC) status, systolic PA pressure can be estimated in the absence of pulmonary
stenosis (Figure 3D). Recent European guidelines for PH recommend the use of TR Vmax
rather than the estimated value of PA pressure, given the possible errors (e.g., inaccurate
RA pressure estimates based on IVC status and errors stemming from the amplification
of TR Vmax) [2]. A TR Vmax of 2.8 m/s or greater may suggest PH. However, TR Vmax
also has many limitations; thus, the presence and degree of PH should be interpreted in
the context of other echocardiographic findings. Pericardial effusion can be observed in
advanced cases of CTEPH (Figure 3A,B, marked with asterisks). Although the precise
mechanism for pericardial effusion is not clear, markedly elevated RV and RA pressures are
thought to be one possible reason that detrimentally affects lymphatic and venous drainage
from the pericardium [18]. However, echocardiography has a limited role in the assessment
of PH etiologies, particularly in relation to lung parenchymal disease or pulmonary vessels.

RV function assessment is another essential part of the initial and serial evaluation of
CTEPH [19–25]. Decreased tricuspid annular plane systolic excursion (TAPSE, <18 mm),
RV fractional area change (FAC, <35%), and tricuspid annulus velocity (s’ < 9.5 cm/s)
are indicative of RV dysfunction [19,20]. Considering the complex geometry of the RV,
recent echocardiographic techniques (such as 3D volume imaging and/or RV strain) could
provide more accurate information.
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Figure 3. Echocardiographic findings associated with CTEPH. Note the dilated RV (A) and flattened
interventricular septum (called the D-shaped LV, red arrows), which suggest RV pressure overload-
ing (B). Pericardial effusion (asterisk) can be observed in advanced cases of CTEPH (B). Pulsed-wave
Doppler image obtained from the RV outflow tract shows a midsystolic notch (arrow) and shortened
acceleration time, which reflect increased pulmonary vascular resistance (C). Continuous-wave (CW)
Doppler analysis at the tricuspid valve reveals a TR Vmax of 4.2 m/s, which strongly suggests
significant PH (D).

3.2. CT Scan

CT scans provide valuable information regarding the presence and possible etiologies
of PH [15,26–29]. During the CTEPH evaluation process, CT findings suggestive of PH and
the presence of a chronic organized thrombus should be meticulously examined.

3.2.1. CT Findings Suggestive of PH

Representative CT findings for PH included an increased PA diameter (PA to aorta
ratio > 1, PA diameter > 29 mm), straightening or leftward bowing of the interventricular
septum, RV dilatation (RV:LV diameter ratio ≥ 1 at the midventricular level on axial
images), and hypertrophy (Figure 4).
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(B) CT scan obtained at a lower level shows RV dilatation. The ratio of the RV diameter to the LV
diameter is greater than 1 at the midventricular level. Abbreviations: AA, ascending aorta; LV, left
ventricle; MPA, main pulmonary artery; RA, right atrium; RV, right ventricle.

3.2.2. CT Findings for Chronic Thrombus: Morphology and Location

Contrast-enhanced CT also provides information regarding the thrombus morphology
and location. In particular, CT helps in the differentiation of thrombus in the acute versus
chronic stages (Figures 5 and 6). Eccentric filling defects (thrombus adhering to the vessel
wall), webs or bands in the PA, or calcified thrombus are features of chronic clots and reflect
the organization and partial recanalization of a previous acute thrombus [2,29,30]. Acute
clots usually present as central filling defects and occur at branch points (Figure 5B) [29].
Moreover, pulmonary vessel characteristics (retraction, atrophy, and poststenotic dilatation)
could also provide clues to their chronicity. Sometimes, chronic complete vascular occlusion
may be presented as a convex-shaped distal vessel cutoff, the so-called “pouch defect” on
pulmonary angiography [31]. Mosaic attenuation and enlarged bronchial arteries are other
indicators of CTEPH. Mosaic attenuation is a term that describes heterogeneous attenuation
of the lung parenchyma on CT. In mosaic attenuation related to the PH, the area of de-
creased attenuation indicates a hypoperfused lung due to vascular obstruction; conversely,
the normal attenuated region suggests normal perfusion (Figure 6C). However, mosaic
attenuation is a nonspecific finding that can be found in other diseases, including small
airway disease and small vessel disease. The enlarged bronchial artery (collateral vessel
formation) also strongly suggests the diagnostic possibility of CTEPH [32], considering the
dual blood supply to the lung via the pulmonary and bronchial arteries.
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CT also provides information on the location of the thrombus, which is essential for
selecting therapeutic options. Surgical PEA is the treatment of choice for CTEPH because
it is potentially curative. However, when surgery seems to be impossible or ineffective,
usually in cases of distal segmental and subsegmental PA with webs and slit-like lesions,
balloon pulmonary angiography might be considered [2]. However, the diagnostic accuracy
of CT for CTEPH is relatively low, especially at the subsegmental level, with a sensitivity
and specificity of 76% and 96%, respectively [33]. Moreover, its diagnostic accuracy may be
much lower in real-world settings, especially in low-volume institutions, because of the
rarity of the disease [34]. However, recent innovative techniques can improve the sensitivity
of the diagnosis of subsegmental PA lesions. Dual energy CT (DECT) can create a perfused
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blood volume (PBV) map. PBV maps help detect perfusion defects, even in the absence of
vascular stenotic findings, especially at the subsegmental level (Figure 7) [29,35].
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3.3. V/Q Scan

Currently, the V/Q scan remains the most effective imaging modality for excluding
CTEPH [2,36–38]. The interpretation of the V/Q scan is typically straightforward. Moreover,
it has high sensitivity (90–100%) and specificity (94–100%) [37]. Most patients with CTEPH
have abnormal V/Q scan images with multiple moderate and large perfusion defects that
can be easily identified (Figure 8) [38–40]. Although some recent studies using novel CT
techniques have shown comparable sensitivity and specificity of V/Q scans and CT [29,41],
they are expensive, more technically challenging, and have limited availability for wide
adaptation [2]. Single-photon emission computed tomography (SPECT) V/Q scan is
gaining increasing attention owing to its enhanced sensitivity and specificity compared to
planar imaging [42].
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Figure 8. V/Q scan findings demonstrating multiple perfusion defects in both lungs. Arrows indicate
areas of showing perfusion defects. Abbreviations: ANT, anterior; R lat, right lateral; RPO, right
posterior-oblique; POST, posterior; LPO, left posterior-oblique; L lat, left lateral.

3.4. RHC and Digital Subtraction Angiography (DSA)

In suspected cases of CTEPH, RHC and DSA should be performed for confirmatory
diagnosis (Figure 9). RHC can confirm the presence and degree of precapillary PH, and
DSA can accurately identify the affected PA vessels. These are mandatory steps for the final
diagnosis of CTEPH.

Classically, CTEPH can be confirmed when the mPAP is greater than 25 mmHg and
the pulmonary artery wedge pressure is less than or equal to 15 mmHg measured via
RHC [1]. However, as mentioned in the Introduction, recent European guidelines for PH
have lowered the diagnostic threshold for PH (mPAP from 25 to 20 mmHg and pulmonary
vascular resistance from 3 to 2 Wood units) [2]. We hope that this revision will lead
to diagnosis earlier in the course of the disease and result in the effective management
of CTEPH.
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4. Conclusions

In summary, CTEPH is a rare, fatal, and disabling disease that requires timely diagnosis
and treatment. For a timely diagnosis, a high index of suspicion and additional work-up are
warranted for patients with unexplained dyspnea or signs compatible with right-sided heart
failure. Comprehensive evaluation using multimodal imaging tools (echocardiography, CT,
and V/Q scan) is crucial for enhancing the diagnostic yield of CTEPH. In suspected cases
of CTEPH, RHC and DSA are mandatory for the final diagnosis and decision regarding
therapeutic options.

Author Contributions: Conceptualization, M.-H.J. and H.O.J.; methodology, M.-H.J.; software, M.-
H.J.; validation, M.-H.J., H.O.J., S.J.K. and S.C.; formal analysis, M.-H.J.; investigation, M.-H.J.,
H.O.J., S.J.K. and S.C.; resources, M.-H.J., H.O.J., S.J.K. and S.C.; data curation, M.-H.J., H.O.J., S.J.K.
and S.C.; writing—original draft preparation, M.-H.J. and H.O.J.; writing—review and editing, M.-
H.J., H.O.J., S.J.K. and S.C.; visualization, M.-H.J., H.O.J., S.J.K. and S.C.; supervision, H.O.J.; project
administration, H.O.J.; funding acquisition, M.-H.J. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was partly supported by the Research Foundation of Internal Medicine, The
Catholic University of Korea. The funders had no role in the design of the study, in the collection of
data, in the writing of the manuscript, or the decision to publish the data.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Hyejin Kim for her excellent illustration.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Simonneau, G.; Montani, D.; Celermajer, D.S.; Denton, C.P.; Gatzoulis, M.A.; Krowka, M.; Williams, P.G.; Souza, R. Haemodynamic

definitions and updated clinical classification of pulmonary hypertension. Eur. Respir. J. 2019, 53, 1801913. [CrossRef] [PubMed]
2. Galie, N.; Humbert, M.; Vachiery, J.L.; Gibbs, S.; Lang, I.; Torbicki, A. 2022 ESC/ERS Guidelines for the diagnosis and treatment

of pulmonary hypertension. Eur. Respir. J. 2022, 2200879. ahead of print.
3. Winter, M.P.; Schernthaner, G.H.; Lang, I.M. Chronic complications of venous thromboembolism. J. Thromb. Haemost. 2017, 15,

1531–1540. [CrossRef] [PubMed]

http://doi.org/10.1183/13993003.01913-2018
http://www.ncbi.nlm.nih.gov/pubmed/30545968
http://doi.org/10.1111/jth.13741
http://www.ncbi.nlm.nih.gov/pubmed/28762624


J. Clin. Med. 2022, 11, 6678 10 of 11

4. Papamatheakis, D.G.; Poch, D.S.; Fernandes, T.M.; Kerr, K.M.; Kim, N.H.; Fedullo, P.F. Chronic Thromboembolic Pulmonary
Hypertension: JACC Focus Seminar. J. Am. Coll. Cardiol. 2020, 76, 2155–2169. [CrossRef] [PubMed]

5. Wolf, M.; Boyer-Neumann, C.; Parent, F.; Eschwege, V.; Jaillet, H.; Meyer, D.; Simonneau, G. Thrombotic risk factors in pulmonary
hypertension. Eur. Respir. J. 2000, 15, 395–399. [CrossRef]

6. Lang, I.M.; Pesavento, R.; Bonderman, D.; Yuan, J.X. Risk factors and basic mechanisms of chronic thromboembolic pulmonary
hypertension: A current understanding. Eur. Respir. J. 2013, 41, 462–468. [CrossRef]

7. Bonderman, D.; Jakowitsch, J.; Adlbrecht, C.; Schemper, M.; Kyrle, P.A.; Schönauer, V.; Exner, M.; Klepetko, W.; Kneussl, M.P.;
Maurer, G.; et al. Medical conditions increasing the risk of chronic thromboembolic pulmonary hypertension. Thromb. Haemost.
2005, 93, 512–516. [CrossRef]

8. Klok, F.A.; Delcroix, M.; Bogaard, H.J. Chronic thromboembolic pulmonary hypertension from the perspective of patients with
pulmonary embolism. J. Thromb. Haemost. 2018, 16, 1040–1051. [CrossRef]

9. Delcroix, M.; Lang, I.; Pepke-Zaba, J.; Jansa, P.; D’Armini, A.M.; Snijder, R.; Bresser, P.; Torbicki, A.; Mellemkjaer, S.; Lewczuk, J.;
et al. Long-Term Outcome of Patients with Chronic Thromboembolic Pulmonary Hypertension: Results from an International
Prospective Registry. Circulation 2016, 133, 859–871. [CrossRef]

10. Park, S.Y.; Lee, S.M.; Shin, J.W.; Choi, B.W.; Kim, H.; Lee, J.S.; Do Lee, S.; Park, S.S.; Moon, H.S.; Park, Y.B. Epidemiology of chronic
thromboembolic pulmonary hypertension in Korea: Results from the Korean registry. Korean J. Intern. Med. 2016, 31, 305–312.
[CrossRef]

11. Park, J.S.; Ahn, J.; Choi, J.H.; Lee, H.W.; Oh, J.H.; Lee, H.C.; Cha, K.S.; Hong, T.J. The predictive value of echocardiography for
chronic thromboembolic pulmonary hypertension after acute pulmonary embolism in Korea. Korean J. Intern. Med. 2017, 32,
85–94. [CrossRef]

12. Dorfmüller, P.; Günther, S.; Ghigna, M.R.; de Montpréville, V.T.; Boulate, D.; Paul, J.F.; Jaïs, X.; Decante, B.; Simonneau, G.;
Dartevelle, P.; et al. Microvascular disease in chronic thromboembolic pulmonary hypertension: A role for pulmonary veins and
systemic vasculature. Eur. Respir. J. 2014, 44, 1275–1288. [CrossRef]

13. Simonneau, G.; Torbicki, A.; Dorfmüller, P.; Kim, N. The pathophysiology of chronic thromboembolic pulmonary hypertension.
Eur. Respir. Rev. 2017, 26, 160112. [CrossRef]

14. Pietra, G.G.; Capron, F.; Stewart, S.; Leone, O.; Humbert, M.; Robbins, I.M.; Reid, L.M.; Tuder, R.M. Pathologic assessment of
vasculopathies in pulmonary hypertension. J. Am. Coll Cardiol. 2004, 43 (Suppl. S12), 25S–32S. [CrossRef]

15. Remy-Jardin, M.; Ryerson, C.J.; Schiebler, M.L.; Leung, A.N.; Wild, J.M.; Hoeper, M.M.; Alderson, P.O.; Goodman, L.R.; Mayo, J.;
Haramati, L.B.; et al. Imaging of pulmonary hypertension in adults: A position paper from the Fleischner Society. Eur. Respir. J.
2021, 57, 2004455. [CrossRef]

16. Raisinghani, A.; Ben-Yehuda, O. Echocardiography in chronic thromboembolic pulmonary hypertension. Semin. Thorac.
Cardiovasc. Surg. 2006, 18, 230–235. [CrossRef]

17. Liu, D.; Hu, K.; Pelzer, H.T.; Störk, S.; Weidemann, F. Journey of a patient with chronic thromboembolic pulmonary hypertension.
Eur. J. Med. Res. 2015, 20, 20. [CrossRef]

18. Sahay, S.; Tonelli, A.R. Pericardial effusion in pulmonary arterial hypertension. Pulm. Circ. 2013, 3, 467–477. [CrossRef]
19. Lang, R.M.; Badano, L.P.; Mor-Avi, V.; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, F.A.; Foster, E.; Goldstein, S.A.;

Kuznetsova, T.; et al. Recommendations for cardiac chamber quantification by echocardiography in adults: An update from the
American Society of Echocardiography and the European Association of Cardiovascular Imaging. J. Am. Soc. Echocardiogr. 2015,
28, 1–39.e14. [CrossRef]

20. Badano, L.P.; Ginghina, C.; Easaw, J.; Muraru, D.; Grillo, M.T.; Lancellotti, P.; Pinamonti, B.; Coghlan, G.; Marra, M.P.; Popescu,
B.A.; et al. Right ventricle in pulmonary arterial hypertension: Haemodynamics, structural changes, imaging, and proposal of a
study protocol aimed to assess remodelling and treatment effects. Eur. J. Echocardiogr. 2010, 11, 27–37. [CrossRef]

21. Lee, J.H.; Park, J.H. Strain Analysis of the Right Ventricle Using Two-dimensional Echocardiography. J. Cardiovasc. Imaging 2018,
26, 111–124. [CrossRef] [PubMed]

22. Park, J.H. Two-dimensional Echocardiographic Assessment of Myocardial Strain: Important Echocardiographic Parameter
Readily Useful in Clinical Field. Korean Circ. J. 2019, 49, 908–931. [CrossRef] [PubMed]

23. Muraru, D.; Badano, L.P.; Nagata, Y.; Surkova, E.; Nabeshima, Y.; Genovese, D.; Otsuji, Y.; Guida, V.; Azzolina, D.; Palermo,
C.; et al. Development and prognostic validation of partition values to grade right ventricular dysfunction severity using 3D
echocardiography. Eur. Heart J. Cardiovasc. Imaging 2020, 21, 10–21. [CrossRef] [PubMed]

24. Tsugu, T.; Kawakami, T.; Kataoka, M.; Endo, J.; Kohno, T.; Itabashi, Y.; Fukuda, K.; Murata, M. Preoperative right ventricular strain
predicts sustained right ventricular dysfunction after balloon pulmonary angioplasty in patients with chronic thromboembolic
pulmonary hypertension. Echocardiography 2020, 37, 2040–2047. [CrossRef] [PubMed]

25. Kanar, B.G.; Mutlu, B.; Atas, H.; Akaslan, D.; Yıldızeli, B. Improvements of right ventricular function and hemodynamics after
balloon pulmonary angioplasty in patients with chronic thromboembolic pulmonary hypertension. Echocardiography 2019, 36,
2050–2056. [CrossRef]

26. Ascha, M.; Renapurkar, R.D.; Tonelli, A.R. A review of imaging modalities in pulmonary hypertension. Ann. Thorac. Med. 2017,
12, 61–73.

http://doi.org/10.1016/j.jacc.2020.08.074
http://www.ncbi.nlm.nih.gov/pubmed/33121723
http://doi.org/10.1034/j.1399-3003.2000.15b28.x
http://doi.org/10.1183/09031936.00049312
http://doi.org/10.1160/TH04-10-0657
http://doi.org/10.1111/jth.14016
http://doi.org/10.1161/CIRCULATIONAHA.115.016522
http://doi.org/10.3904/kjim.2014.122
http://doi.org/10.3904/kjim.2014.175
http://doi.org/10.1183/09031936.00169113
http://doi.org/10.1183/16000617.0112-2016
http://doi.org/10.1016/j.jacc.2004.02.033
http://doi.org/10.1183/13993003.04455-2020
http://doi.org/10.1053/j.semtcvs.2006.09.006
http://doi.org/10.1186/s40001-015-0112-x
http://doi.org/10.1086/674302
http://doi.org/10.1016/j.echo.2014.10.003
http://doi.org/10.1093/ejechocard/jep152
http://doi.org/10.4250/jcvi.2018.26.e11
http://www.ncbi.nlm.nih.gov/pubmed/30310878
http://doi.org/10.4070/kcj.2019.0200
http://www.ncbi.nlm.nih.gov/pubmed/31456367
http://doi.org/10.1093/ehjci/jez233
http://www.ncbi.nlm.nih.gov/pubmed/31539046
http://doi.org/10.1111/echo.14887
http://www.ncbi.nlm.nih.gov/pubmed/33107156
http://doi.org/10.1111/echo.14503


J. Clin. Med. 2022, 11, 6678 11 of 11

27. Swift, A.J.; Dwivedi, K.; Johns, C.; Garg, P.; Chin, M.; Currie, B.J.; Rothman, A.M.; Capener, D.; Shahin, Y.; Elliot, C.A.; et al.
Diagnostic accuracy of CT pulmonary angiography in suspected pulmonary hypertension. Eur. Radiol. 2020, 30, 4918–4929.
[CrossRef]

28. Lewis, G.; Hoey, E.T.; Reynolds, J.H.; Ganeshan, A.; Ment, J. Multi-detector CT assessment in pulmonary hypertension: Techniques,
systematic approach to interpretation and key findings. Quant. Imaging Med. Surg. 2015, 5, 423–432.

29. Haramati, A.; Haramati, L.B. Imaging of Chronic Thromboembolic Disease. Lung 2020, 198, 245–255. [CrossRef]
30. Korn, D.; Gore, I.; Blenke, A.; Collins, D.P. Pulmonary arterial bands and webs: An unrecognized manifestation of organized

pulmonary emboli. Am. J. Pathol. 1962, 40, 129–151.
31. Auger, W.R.; Kerr, K.M.; Kim, N.H.; Fedullo, P.F. Evaluation of patients with chronic thromboembolic pulmonary hypertension

for pulmonary endarterectomy. Pulm. Circ. 2012, 2, 155–162. [CrossRef]
32. Remy-Jardin, M.; Duhamel, A.; Deken, V.; Bouaziz, N.; Dumont, P.; Remy, J. Systemic collateral supply in patients with chronic

thromboembolic and primary pulmonary hypertension: Assessment with multi-detector row helical CT angiography. Radiology
2005, 235, 274–281. [CrossRef]

33. Dong, C.; Zhou, M.; Liu, D.; Long, X.; Guo, T.; Kong, X. Diagnostic accuracy of computed tomography for chronic thromboembolic
pulmonary hypertension: A systematic review and meta-analysis. PLoS ONE 2015, 10, e0126985. [CrossRef]

34. Gopalan, D.; Delcroix, M.; Held, M. Diagnosis of chronic thromboembolic pulmonary hypertension. Eur. Respir. Rev. 2017, 26,
160108. [CrossRef]

35. Hagspiel, K.D.; Flors, L.; Housseini, A.M.; Phull, A.; Ahmad, E.A.; Bozlar, U.; Norton, P.T.; Bonatti, H.J. Pulmonary blood volume
imaging with dual-energy computed tomography: Spectrum of findings. Clin. Radiol. 2012, 67, 69–77. [CrossRef]

36. Tunariu, N.; Gibbs, S.J.; Win, Z.; Gin-Sing, W.; Graham, A.; Gishen, P.; Adil, A.N. Ventilation-perfusion scintigraphy is more
sensitive than multidetector CTPA in detecting chronic thromboembolic pulmonary disease as a treatable cause of pulmonary
hypertension. J. Nucl. Med. 2007, 48, 680–684. [CrossRef]

37. Galiè, N.; Humbert, M.; Vachiery, J.L.; Gibbs, S.; Lang, I.; Torbicki, A.; Simonneau, G.; Peacock, A.; Vonk Noordegraaf, A.; Beghetti,
M.; et al. 2015 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the
Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory
Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for
Heart and Lung Transplantation (ISHLT). Eur. Heart J. 2016, 37, 67–119.

38. Sirajuddin, A.; Donnelly, E.F.; Crabtree, T.P.; Henry, T.S.; Iannettoni, M.D.; Johnson, G.B.; Kazerooni, E.A.; Maldonado, F.; Olsen,
K.M.; Expert Panel on Thoracic Imaging. ACR Appropriateness Criteria® Suspected Pulmonary Hypertension. J. Am. Coll. Radiol.
2017, 14, S350–S361. [CrossRef]

39. Worsley, D.F.; Palevsky, H.I.; Alavi, A. Ventilation-perfusion lung scanning in the evaluation of pulmonary hypertension. J. Nucl.
Med. 1994, 35, 793–796.

40. Moradi, F.; Morris, T.A.; Hoh, C.K. Perfusion Scintigraphy in Diagnosis and Management of Thromboembolic Pulmonary
Hypertension. Radiographics 2019, 39, 169–185. [CrossRef]

41. He, J.; Fang, W.; Lv, B.; He, J.G.; Xiong, C.M.; Liu, Z.H.; He, Z.X. Diagnosis of chronic thromboembolic pulmonary hyperten-
sion: Comparison of ventilation/perfusion scanning and multidetector computed tomography pulmonary angiography with
pulmonary angiography. Nucl. Med. Commun. 2012, 33, 459–463. [CrossRef] [PubMed]

42. Soler, X.; Kerr, K.M.; Marsh, J.J.; Renner, J.W.; Hoh, C.K.; Test, V.J.; Morris, T.A. Pilot study comparing SPECT perfusion
scintigraphy with CT pulmonary angiography in chronic thromboembolic pulmonary hypertension. Respirology 2012, 17, 180–184.
[CrossRef] [PubMed]

http://doi.org/10.1007/s00330-020-06846-1
http://doi.org/10.1007/s00408-020-00344-3
http://doi.org/10.4103/2045-8932.97594
http://doi.org/10.1148/radiol.2351040335
http://doi.org/10.1371/journal.pone.0126985
http://doi.org/10.1183/16000617.0108-2016
http://doi.org/10.1016/j.crad.2010.12.021
http://doi.org/10.2967/jnumed.106.039438
http://doi.org/10.1016/j.jacr.2017.01.040
http://doi.org/10.1148/rg.2019180074
http://doi.org/10.1097/MNM.0b013e32835085d9
http://www.ncbi.nlm.nih.gov/pubmed/22262242
http://doi.org/10.1111/j.1440-1843.2011.02061.x
http://www.ncbi.nlm.nih.gov/pubmed/21899658

	Introduction 
	Clinical Presentation: Learning from a Case 
	Diagnosis (Using Multimodal Imaging) 
	Echocardiography 
	CT Scan 
	CT Findings Suggestive of PH 
	CT Findings for Chronic Thrombus: Morphology and Location 

	V/Q Scan 
	RHC and Digital Subtraction Angiography (DSA) 

	Conclusions 
	References

