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Review Article

Optimizing the diagnosis and assessment of chronic
thromboembolic pulmonary hypertension with advancing
imaging modalities

Seth Kligerman and Albert Hsiao
Cardiothoracic Imaging, University of California San Diego, La Jolla, CA, USA

Abstract

Imaging is key to nearly all aspects of chronic thromboembolic pulmonary hypertension including management for screening,

assessing eligibility for pulmonary endarterectomy, and post-operative follow-up. While ventilation/perfusion scintigraphy, the gold

standard technique for chronic thromboembolic pulmonary hypertension screening, can have excellent sensitivity, it can be

confounded by other etiologies of pulmonary malperfusion, and does not provide structural information to guide operability

assessment. Conventional computed tomography pulmonary angiography has high specificity, though findings of chronic

thromboembolic pulmonary hypertension can be visually subtle and unrecognized. In addition, computed tomography pulmonary

angiography can provide morphologic information to aid in pre-operative workup and assessment of other structural abnormal-

ities. Advances in computed tomography imaging techniques, including dual-energy computed tomography and spectral-detector

computed tomography, allow for improved sensitivity and specificity in detecting chronic thromboembolic pulmonary hyperten-

sion, comparable to that of ventilation/perfusion scans. Furthermore, these advanced computed tomography techniques,

compared with conventional computed tomography, provide additional physiologic data from perfused blood volume maps and

improved resolution to better visualize distal chronic thromboembolic pulmonary hypertension, an important consideration for

balloon pulmonary angioplasty for inoperable patients. Electrocardiogram-synchronized techniques in electrocardiogram-gated

computed tomography can also show further information regarding right ventricular function and structure. While the standard of

care in the workup of chronic thromboembolic pulmonary hypertension includes a ventilation/perfusion scan, computed tomog-

raphy pulmonary angiography, direct catheter angiography, echocardiogram, and coronary angiogram, in the future an

electrocardiogram-gated dual-energy computed tomography angiography scan may enable a “one-stop” imaging study to guide

diagnosis, operability assessment, and treatment decisions with less radiation exposure and cost than traditional chronic

thromboembolic pulmonary hypertension imaging modalities.
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Introduction

Chronic thromboembolic embolic disease is characterized

by obstruction of the pulmonary vasculature by organized

thromboembolic material from major vessel thromboembo-

lism and altered pulmonary artery remodeling secondary to

a combination of abnormal angiogenesis, endothelial dys-

function, and impaired fibrinolysis.1 When these findings

lead to pulmonary hypertension, as defined by a resting

mean pulmonary arterial pressure >20mmHg and a

pulmonary vascular resistance �3 Woods units in the
absence of an elevated pulmonary capillary wedge pres-
sure,2 chronic thromboembolic disease pulmonary hyper-
tension (CTEPH) can be diagnosed (Fig. 1).3 Over time,
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elevated pulmonary pressures leads to progressive right ven-

tricular (RV) remodeling and failure.4

Imaging plays a critical role in all aspects of CTEPH

management from diagnosis and surgical evaluation to

follow-up of patients.1,3,5 It is particularly important in

assessing operability as pulmonary endarterectomy (PEA),

the treatment of choice for CTEPH, is potentially curative.

However, many patients with CTEPH are not eligible for

surgery. For these patients, guidelines recommend medical

therapy and, at present, the only approved and available

medical therapy is riociguat.3,6 Balloon pulmonary angio-

plasty (BPA) is emerging as another important intervention-

al treatment for these patients; it also requires imaging to

assess patient suitability.1,3,7

Various imaging modalities are available for assessing

patients with CTEPH including ventilation/perfusion

(V/Q) scintigraphy, computed tomography pulmonary angi-

ography (CTPA), coronary angiography, direct catheter

angiography, and echocardiogram.1,3,5 V/Q scintigraphy is

the imaging modality of choice for CTEPH screening due to

its high sensitivity,1,3 and echocardiography has been

reported as the most commonly used diagnostic modality

from an international real-world survey.8 However, more

sophisticated techniques are evolving or are already in use

which may provide more information, or be easier, more

accessible, or cheaper to use. This review of proceedings

from our University CTEPH Symposium discusses advan-

ces in CTEPH imaging modalities, focusing on computed

tomography (CT) imaging and how this compares to more

traditional imaging.

V/Q scintigraphy

V/Q scintigraphy is the guideline-recommended screening

method of choice for CTEPH1,3 and consists of ventilation

and perfusion tests to detect a mismatched wedge-shaped

perfusion defect, indicative of CTEPH5 (Fig. 2). In the ven-

tilation scan, the patient breathes in, via a non-rebreathing

Fig. 1. Evolution of acute pulmonary embolism (PE) to chronic PE over seven months in a 33-year-old woman. (a) Coronal oblique CTPA at the
time of presentation shows an acute PE filling the interlobar pulmonary artery which is expanded (white arrow). (b) CTPA one month later
demonstrates dissolution of some of the clot with the proximal right middle lobar pulmonary artery now recanalized (white arrowhead).
However, circumferential thrombus remains, and the vessel has begun to contract (white arrow). (c) CTPA four months after presentation shows
continued contraction of the vessel (white arrow) which is filled with thrombus and scar tissue. The proximal right middle lobar pulmonary
artery branch is now occluded and contracted (white arrowhead). (d) CTPA seven months after presentation shows a contracted and occluded
interlobar pulmonary artery. A small amount of recanalization can be seen (white arrowhead) although the vessel remains contracted and distally
occluded (white arrow).
Source: Image supplied by the authors.
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mask, an aerosol of 99mtechnetium diethylenetriaminepenta-

acetic acid,9 the microparticles of which are small enough to

reach distal airways. The patient is then imaged upright in

three phases of initial breathing, equilibrium, and washout.

In the perfusion scan, 99mtechnetium microaggregated albu-

min (MAA) is injected into a peripheral vein9 where MAA

particles lodge in the pre-capillary arterioles.
V/Q 2D images are acquired from both scans using a

gamma camera (Fig. 2a); however, segmental defects may

be missed or underestimated due to segmental overlap and

shine-through masking of adjacent lung at certain camera

positions.7,10 Newer single-photon emission computed

tomography (SPECT) cameras can overcome these limita-

tions, providing significantly higher sensitivity 3D

images5,11 (Fig. 2b) which can be combined with low-

resolution attenuation correction CT. V/Q SPECT images

can also be fused with CTPA images to provide further

structural and functional information (Fig. 2c).10

Several advantages are associated with V/Q scintigraphy,

primarily its high diagnostic accuracy for detecting

CTEPH.5 A normal V/Q scan can exclude CTEPH with a

sensitivity of 96–100% and a specificity of 90–95%,12–14 and

as mismatched defects are suggestive of CTEPH but exclude

pulmonary arterial hypertension (PAH), a V/Q scan is rec-

ommended by guidelines in the differential diagnosis of

CTEPH and PAH.1,3 The ventilation scan can also provide

further information about other cardiopulmonary

conditions such as heart failure and chronic obstructive

lung disease.7 Unlike other imaging modalities, no contrast

is needed in acquiring a V/Q scan, which is an advantage for

patients with renal failure, due to the potential adverse reac-

tion of contrast-induced acute kidney injury,15 and for

patients with allergies to contrast.16 Lack of contrast also

alleviates the need for the precise timing of the bolus.

Furthermore, as required for other techniques, no breath

hold is needed in obtaining the V/Q scan.
While a V/Q scan is currently the gold standard screening

method for CTEPH, it provides limited, non-specific ana-

tomical data. Additional imaging is therefore required fol-

lowing an abnormal V/Q scan to obtain disease morphology

information to guide operability assessment and treatment

decisions. Several other conditions can present with V/Q

mismatch, so further imaging is also needed to determine

differential diagnosis, as discussed below. Other limitations

with V/Q scans can include underestimating the severity of

the obstruction as radiolabeled particles can pass through

partially obstructed vessels.5 On a practical level, it can take

30 min to acquire a V/Q scan and V/Q scans are not avail-

able at all times at most institutes or hospitals unlike CT

scanners.17 Moreover, institutes or hospitals in many coun-

tries do not have V/Q scanners so other imaging modalities

such as CT may be the only technique available. When

using V/Q SPECT, breath-holding, which is typically used

in diagnostic CT to avoid respiratory-motion

Fig. 2. V/Q scintigraphy techniques. (a) A planar V/Q scan performed in various planes on a gamma camera yields two-dimensional projections
of complex three-dimensional (3-D) anatomy, akin to a radiograph. (b) A SPECT camera is a tomographic version of the gamma camera and can
obtain slices through the body allowing for three-dimensional detail. (c) The data from the SPECT can be fused to a computed tomography scan
to simultaneously visualize anatomy and physiology.
Source: Image supplied by the authors.
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misregistration, is not feasible due to the prolonged SPECT

acquisitions. It is therefore recommended that the scans are

acquired during breath-holding at mid-inspiration volume

or shallow breathing throughout the acquisition.10

Variability in interpreting V/Q SPECT and CT scans can

also be an issue, particularly outside of expert centers.

CT imaging

Conventional CT

Conventional CT is performed using a single polychromatic

X-ray beam with a range of 70–140 kV. In this energy range,

differences in elemental compositions, due to unique k-edge

characteristics, and photon attenuation provide inherent

contrast in various tissues (e.g. fat, water, soft tissue, and

bone).18 In CTPA, iodinated contrast is injected usually at a

rate of 4–6 mL/s, depending on patient characteristics, into

the pulmonary artery to allow for visualization of the inter-

nal anatomy of the vasculature, by exploiting the K-edge

characteristics of iodine (Fig. 3).

CT is widely available in hospitals or institutes and quick

to perform (<5 s). CTPA has high sensitivity (lobar

89–100%; segmental 84–91%) and specificity (lobar

96–100%; segmental 92–99%) for detecting CTEPH and

is an accurate non-invasive alternative modality to conven-

tional digital subtraction angiography (DSA).19

Furthermore, CT images also have an excellent spatial res-

olution of around 0.6 mm with many current imaging sys-

tems.20 Unlike with V/Q scintigraphy, non-obstructive

thrombi can be visualized on CT scans although it may be

difficult to appreciate and can be underestimated in distal

vessels (Fig. 4).5

Also unlike V/Q scintigraphy, CTPA can be used to

assess operability as it can provide detailed structural infor-

mation including endovascular thrombi, vascular wall

thickness, intraluminal fibrous bands or webs, stenosis,

and collateral circulation (Fig. 3).5,14,20 In a study assessing

pre-operative workup of patients with CTEPH comparing

helical CT angiography and contrast-enhanced magnetic

resonance angiography of the pulmonary arteries (n¼ 32),

both modalities were equally effective in detecting

Fig. 3. CTEPH in a 57-year-old man. (a) An axial image from a CTPA through the main pulmonary arteries shows enlargement of the main
pulmonary artery with occlusive thrombi bilaterally (white arrows). (b) A four-chamber image through the heart shows severe dilation and
hypertrophy of the right ventricle and right atrial dilation. In addition, there is bowing of the interventricular septum with displacement of both
the interventricular (black arrowhead) and interatrial (black arrow) septa to the right due to increased right ventricular and atrial pressures,
respectively. A segmental web is seen in the posterior segment of the right lower lobe (white arrow). The mean pulmonary pressure was
71mmHg before PEA. (c) An axial image through the main pulmonary artery, and (d) a four-chamber image through the heart after PEA show
that the extensive thrombi have been removed. The main pulmonary artery and right heart are now normal in size, but RV hypertrophy remains.
Source: Image supplied by the authors.
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segmental occlusions, but CT was superior in visualizing
patent subsegmental arteries, intraluminal webs, and throm-
botic wall thickening.21 Beyond the standard evaluation of
the pulmonary vasculature in CTEPH, novel 3D post-
processing techniques may not only provide a detailed qual-
itative assessment of the pulmonary arterial tree but also
quantify vascular changes associated with CTEPH, includ-
ing pruning and tortuosity.22

CTPA also evaluates the lungs, enabling identification of
parenchymal findings, such as a mosaic perfusion, which
may help aid in the diagnosis of CTEPH. Areas of lobar,
segmental, and subsegmental hypoperfusion with associated
vascular attenuation due to proximal vascular occlusion are
seen in over 94% of patients with CTEPH, which is signif-
icantly greater than those with other forms of pulmonary
hypertension.23 In severe cases, this is often transposed with
areas of increased lung attenuation resulting from hyper-
perfusion of the spared regions with associated pulmonary
arterial dilation (Fig. 5).24 Evaluation of the lungs also
allows for detection of parenchymal abnormalities, such
as pulmonary fibrosis and emphysema, which, if severe,
may alter treatment strategies. Finally, visualization of the
entire thorax allows for one to assess for cardiovascular
associations and complications of CTEPH including pulmo-
nary artery dilation, RV and/or atrial thrombi, and cardiac
structural abnormalities such as flattening of the interven-
tricular septum, RV hypertrophy, and thickening of the
outer RV wall14,25 (Fig. 3).

CT can provide structural and differentiating information
to discriminate between several CTEPH mimics that present
with perfusion defects on a V/Q scan. Examples of several
CTEPH mimics that are challenging to differentiate on V/Q
scan are shown in Fig. 6, including large- and medium-vessel
pulmonary arteritis, pulmonary veno-occlusive disease/

pulmonary capillary hemangiomatosis, pulmonary artery

sarcoma, external compression due to bronchogenic carci-

noma, sarcoidosis or fibrosing mediastinitis, and congenital
pulmonary vascular abnormalities.5,26–30

Several disadvantages can be associated with CT as unlike

V/Q scintigraphy, CTPA alone cannot exclude CTEPH.3

Also some of the practicalities of the technique can be limit-

ing, such as the use of iodinated contrast which can be prob-

lematic for some patients as noted above, and which requires

good intravenous access, ideally using the antecubital vein

with an 18- or 20-gauge catheter. The timing of contrast

administration is critical with CT, and scan acquisition is

required at a pre-defined threshold.31 CT imaging also

requires patient compliance as short breath holds are

required to reduce respiratory motion artifacts.7 Finally
and importantly, CT imaging requires a radiologist trained

in the correct protocol, using thin slices to visualize CTEPH.

Poor-quality images can be a problem in non-expert centers

without the appropriate methodological rigor. Also, radiol-

ogists need to be trained and experienced in assessing imag-

ing findings of CTEPH, as demonstrated in a study assessing

original CT reports from patients with confirmed CTEPH

diagnosis referred to an expert PEA center (n¼ 35).32

Although most cases were visible with CT in this study,

only 26% of reports identified CTEPH or signs of CTEPH,

leading to a falsely low sensitivity for CT.

Electrocardiogram-gated CT

Gating techniques are used to improve resolution and reduce
artifacts caused by cardiac movement. In patients with

CTEPH, the use of electrocardiogram (ECG)-synchronized

techniques in ECG-gated CT can provide detailed visualiza-

tion of segmental and subsegmental vessels, lung parenchyma,

Fig. 4. Underestimation of disease burden on V/Q scan in a 53-year-old man with CTEPH. (a) A planar V/Q scan shows scattered bilateral
segmental perfusion defects. (b) Coronal-oblique image from a CTPA shows numerous segmental and subsegmental areas of vascular occlusions
and non-occlusive webs (white arrows). A non-obstructive layering thrombus with calcification is seen in the interlobar pulmonary artery. On V/
Q scan, perfusion defects were noted in five segments. However, on CTPA, occlusive or non-occlusive disease involved the segmental and/or
subsegmental vessels in all 18 segments.
Source: Image supplied by the authors.
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and RVmyocardial size andmorphology, especially in the left
lower lobe.33–35 In addition, cardiac gating can allow quanti-
tative assessment of RV function, showing septal position and
movements. This is commonly achieved on modern scanners
using retrospective gating with continuous data acquisition
through the cardiac cycle with considerably lower radiation

dose than historical scanners.7,36–38 ECG-gated CT can also
be used to visualize the coronary arteries and therefore assess
for significant coronary artery disease, which needs to be
excluded when workingup patients for PEA.35 The accuracy
of ECG-gated CT angiography in assessing pulmonary arter-
ies for signs of CTEPH has been reported to be superior to

Fig. 5. Mosaic perfusion in patients with CTEPH. (a) 5 mm thick coronal CT image using a soft tissue window shows numerous areas of vascular
attenuation, webs, and occlusion (arrows) due to CTEPH. (b) 5 mm thick coronal CT image in lung windows shows a prominent mosaic
perfusion pattern with areas of hypoperfusion denoted by areas of decreased attenuation (asterisks) directly transposed with areas of increased
perfusion denoted by areas of increased attenuation (arrows). (c) 5 mm thick maximum intensity projection coronal CT image better shows the
discrepancy in vascular size with dilated pulmonary artery branches (black arrows) in the hyperperfused lungs and dramatically attenuated
pulmonary artery branches (white arrows) in the hypoperfused segments. (d) 5 mm thick minimum intensity projection (MinIP) coronal CT image
nicely shows the transposed areas of hypoperfusion (asterisks) and hyperperfusion (black arrows). Notice the discrepant size of the pulmonary
artery branches in the hyperperfused and hypoperfused portions of the lungs. (e) Anterior projection from the perfusion portion of a V/Q scan
shows that the areas of decreased (arrows) and increased Tc-99m MAA deposition on perfusion scan correlate well with the areas of
hypoperfusion and hyperperfusion on CT scan.
Source: Image supplied by the authors.
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contrast-enhanced magnetic resonance angiography and

DSA. In a study assessing pulmonary arteries (n¼ 24), the

sensitivity/specificity of determining CTEPH-related changes

at the main/lobar and segmental levels were 100%/100% and

100%/99% with ECG-gated CT compared with 83%/99%

and 88%/98% with magnetic resonance angiography and

66%/100% and 76%/100% with DSA, respectively.39 In

another study (n¼ 44), the sensitivity and specificity of detect-

ing CTEPH findings were 97% at the main/lobar levels and

85% and 95% at the segmental levels, respectively, compared

with DSA.40

Dual-energy CT

The more advanced imaging technique, dual-energy CT

(DECT), acquires images from two different polychromatic

X-ray beams at 80 kV and 140 kV.18 This is achieved by

utilizing dual-source systems with two separate tubes and

detectors or single-source systems with responsive detector

scintillator materials that permit rapid kilovoltage switching

and dual sampling at the low- and high-kilovoltage spec-

tra.20,41 Addition of spectral CT data to conventional

CTPA images has been shown to increase sensitivity and

specificity of the diagnosis of CTEPH.14,42 DECT provides

a large spectrum of different mono-energies allowing inter-

rogation of materials based on their attenuated properties at

these different energies, so changes or lack of change, i.e.

when a clot is present, can be visualized. DECT can also be

used to assess pulmonary perfusion in patients with CTEPH

by calculating perfused blood volume (PBV) maps from

iodine distribution in the lung parenchyma.43,44

Fig. 6. Imaging examples of CTEPH mimics. (a) Planar V/Q scan with multiple perfusion defects on the left greater than the right; ventilation was
normal. (b) Coronal image from a CTPA using a lung window algorithm showing compression and narrowing of the central vasculature due to
conglomerate hilar soft tissue (black arrows) with associated perihilar fibrosis. A biopsy identified non-caseating granulomas consistent with
sarcoid. (c) Left posterior oblique image from a dual-energy CTPA with significant decreased perfusion to the right lung (white outline).
(d) Corresponding left posterior oblique maximum intensity projection image from the CTPA shows confluent right hilar soft tissue occluding the
right upper lobe PA and severely narrowing the interlobar PA (white arrow). The right superior pulmonary vein is also occluded (black arrow).
A biopsy identified paucicellular eosinophilic collagen, confirming the diagnosis of fibrosing mediastinitis. (e) Planar V/Q scan with bilateral upper
lobe mismatches (black arrows) as well as a few additional subsegmental defects. (f) Axial CT image shows the occlusions of the upper lobe
pulmonary arteries (white arrows). In addition, the left internal mammary artery is occluded (white arrowhead). (g) Coronal maximum intensity
projection image with areas of branch pulmonary artery narrowing with distal aneurysmal dilation (white arrow). The left subclavian and axillary
artery are diffusely narrowed and irregular with circumferential soft tissue thickening (white arrowheads). The constellation of findings is
suggestive of a large-vessel vasculitis. (h) Planar V/Q scan with absence of the right lung on perfusion with normal ventilation (black arrow). (i)
Axial image from a CTPA showing a large soft tissue mass filling and expanding the right pulmonary artery (white arrow) and extending into the
mediastinum (white arrowhead) highly suggestive of a pulmonary artery sarcoma, which was confirmed after biopsy.
Source: Image supplied by the authors.
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The ability to merge anatomical and physiologic data

with DECT angiography increases the clinical utility of
DECT over conventional CT by: improving detection of

distal CTEPH, giving better visualization of small occlusive
clots in small vessels,5,45 and providing more accurate infor-

mation on overall pulmonary vascular reserve and paren-

chymal arterial perfusion.20 DECT angiography can also
differentiate between acute and chronic pulmonary throm-

boembolism.46 Further utility from the PBV calculations
with DECT includes their use in estimating the clinical

severity of CTEPH as PBVs have been shown to correlate

with hemodynamic measurements.47,48 Lung PBV analyses
from DECT have also been used to assess the treatment

effect of BPA with one study (n¼ 17; 57 BPA sessions)
reporting the sensitivity, specificity, and accuracy of detect-

ing segmental perfusion improvements post-BPA to be

69%, 83%, and 70%, respectively.49 Improvements in
PBV after BPA were also found to be positively correlated

with hemodynamics and six-minute walking distance.50

Spectral-detector CT

Another advanced CT technique is spectral-detector CT

(SDCT), which uses a poly-energetic X-ray source and a

dual-layer detector. Low- and high-energy photons are
simultaneously measured at the same spatial and angular

location due to the nature of their respective absorption
into the surface and bottom layer of the detector, resulting

in less noise and improved image quality compared with

conventional CT.51 Recently, a study (n¼ 60) showed that
SDCT had higher sensitivity (100%) and specificity

(88–95%) in diagnosing CTEPH compared with conven-
tional CT, which had a sensitivity and specificity of 79%

and 85–90%, respectively.42 Furthermore, SDCT provided
a comprehensive analysis of the pulmonary vasculature,

lung parenchyma, and lung perfusion in a single test;

these additional data could be valuable in helping radiolog-
ists with less experience in interpreting CT images from

patients with CTEPH.42

Other emerging CT techniques

Other examples of novel techniques being evaluated for use

in CTEPH screening and pre-surgical planning include the

addition of CT-lung subtraction iodine mapping
(CT-LSIM) to conventional CTPA, which provides both

high-resolution images of the pulmonary arterial vascula-
ture and parenchymal anatomy, and functional lung perfu-

sion information. Initial data suggest that CT-LSIM has

higher diagnostic accuracy than CTPA alone;52 further
investigation of the diagnostic performance of CT-LSIM

is ongoing in the INSPIRE study.53

With BPA emerging as a potential treatment option for

patients with inoperable CTEPH, new techniques are also

being developed and evaluated to assess pre-BPA target
lesions; as yet, no imaging approach has been standardized

for BPA assessment. Several studies have shown cone-beam

CT during pulmonary angiography to be useful in providing
more detailed information in treatment planning for BPA,

particularly in assessing subsegmental branches when com-
pared with CTPA.54–56 Contrast-enhanced C-Arm CT

(CACT) has been reported to provide additional findings
in patients with CTEPH compared with V/Q SPECT, pos-

sibly because small intravascular webs and bands do not
substantially hinder blood flow and tracer accumulation.57

CACT has been reported to be feasible and safe as a guid-
ance method for BPA,58,59 although these observations need

to be validated in larger cohorts.

Approach to imaging for patients with

CTEPH and future directions

Currently, the imaging workup for patients with CTEPH

includes various invasive and non-invasive studies across
multiple modalities including V/Q scan, echocardiogram,

digital subtraction pulmonary angiography, CTPA, and
coronary artery catheterization.6 When considering the

use of new emerging imaging modalities such as CT-based
techniques in CTEPH management, several aspects, includ-

ing diagnostic accuracy, detail of anatomical information,
and radiation exposure, should be considered in relation to

other imaging techniques, particularly V/Q scintigraphy.
Several studies have demonstrated that CT, particularly

DECT, imaging provides high sensitivity and specificity in
detecting CTEPH, comparable with V/Q scintigraphy.

A meta-analysis of 11 studies assessing the diagnostic accu-
racy of CT, using V/Q scanning or DSA as a reference stan-

dard, reported a pooled sensitivity of 88%, 95%, and 88%
for total arteries, main and lobar arteries, and segmental

arteries, respectively, and a pooled specificity of 90%,
96%, and 89%, respectively.45 Similar sensitivities and spe-

cificities comparing diagnostic accuracy between DECT per-
fusion and V/Q scans have been reported. In 80 patients

undergoing DECT perfusion and V/Q scanning, sensitivity
for CTEPH diagnosis was 97% for both modalities and spe-

cificity was 86% and 100%, respectively.60 However, in this
study, the anatomical information from DECT enabled the

false positives and negatives to be correctly reclassified, so
the sensitivity and specificity for DECT perfusion were

100%. In another study (n¼ 51), agreement between
DECT PBV images and V/Q scans was good, with DECT

showing a sensitivity and specificity in detecting perfusion
defects of 96% and 76%, respectively.61 At a segmental/

vessel level, DECT perfusion has higher diagnostic accuracy
than CTPA,45,62 which with the evolution of BPA is an

important consideration. In a study with 40 patients where
DECT perfusion showed a moderate agreement with V/Q

scans, only a fair to slight agreement was reported with
CTPA.62 Importantly, as discussed above, CTPA and

DECT perfusion, unlike V/Q scintigraphy, also provide
detailed anatomical information which is required to
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inform operability assessment; additional imaging would

therefore not be needed if CT imaging was used in the initial

diagnostic workup.
Where possible, radiation exposure in CTEPH imaging

should be limited and strategies put in place to reduce expo-

sure.63 The cumulative radiation exposure in diagnosing a

patient with CTEPH using the traditional imaging pathway

can be high, i.e. V/Q scan (0.9–5.9mSv), digital subtraction
pulmonary angiogram (6.0–9.0mSv), coronary artery cath-

eterization (2–20 mSv), and CTPA (1.4–10mSv).63–68 While

CTPA previously used higher radiation doses than V/Q

scans,17 modern CT scanners with newer iterative and

model-based reconstruction techniques now use similar

radiation doses to V/Q scans.68–71 In a meta-analysis

Fig. 7. Side-by-side comparison of a traditional imaging workup for CTEPH, using multiple modalities, and a novel approach with a retro-
spectively gated coronary CTangiography (CTA) and dual-energy CT pulmonary angiography (DE-CTPA) acquired as a single exam. (a and b) An
anterior image from a planar V/Q scan (a) shows decreased upper lung perfusion (white arrows), and coronal iodine map from the DE-CTPA
study (b) shows decreased upper lobe and peripheral perfusion bilaterally (white outline). (c and d) Fused image of DSA (c) and a 20 mm thick
maximum intensity projection from the DE-CTPA (d) both show peripheral pruning of the vasculature (arrows, c and d) but no evidence of
chronic thromboembolic disease. (e and f) Images of the right coronary artery from a coronary catheterization (e) and a multiplanar reformat
from the coronary CTA (f) both show that the vessel is free of disease. (g and h) Four-chamber image from an echocardiogram (g), and
retrospectively gated coronary CTA (h) both show right ventricular hypertrophy and inversion of the interventricular septum (arrows, g and h).
(i) An axial image of the lung from the single CTPA/coronary CTA study shows confluent perihilar soft tissue (black arrowheads) with prominent
septal thickening (black arrows). Left ventricular function on both echocardiography and CTA was normal. The constellation of findings is highly
suggestive of pulmonary veno-occlusive disease and not CTEPH. Continued medical management was recommended. This combined dual-energy
CTPA and coronary CTA exam has both a lower cost and radiation dose compared with the traditional workup, which includes a V/Q scan, DSA,
CTA, coronary angiogram, and echocardiogram. However, further studies are needed to assess the feasibility of this protocol.
Source: Image supplied by the authors.
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assessing the use of CTPA or V/Q scans in pregnant women

to diagnose pulmonary embolism, no significant differences

were observed in the radiation dose received; the mean

maternal effective dose ranged from 0.2 to 9.7mSv with

CT and 0.9 to 5.0mSv with a V/Q scan.65

A novel approach to incorporate all the above factors

should be considered, whereby one imaging study is per-

formed that can provide qualitative and quantitative assess-

ment of pulmonary perfusion, high spatial resolution

assessment of the pulmonary arteries and coronary arteries,

and morphologic and quantitative assessment of the heart,

all with lower radiation exposure and overall cost. Such an

approach could include a single ECG-gated dual-energy

CTPA and coronary CT angiography exam (Fig. 7). The

radiation exposure from this single acquisition would be

approximately 6–10mSv, much lower than the cumulative

radiation exposure of traditional imaging. Furthermore,

this approach would be associated with significant cost ben-

efits. At the authors’ institution, the cost of a V/Q scan,

selective bilateral pulmonary artery angiography, coronary

angiography, and echocardiogram, excluding additional

costs of anesthesia, would be approximately $24,000. This

represents an eight-fold greater cost compared with a gated

CT angiography of the chest, which costs approximately

$3000.72 However, while this approach may seem promis-

ing, it would need to be researched and validated before it

could potentially replace the traditional imaging approach

to CTEPH. Additionally, implementation on a broad scale

would be limited by access to DECT perfusion in some

areas, and further initiatives may be needed to standardize

data collection and interpretation techniques and to educate

radiologists on optimizing these techniques.

Conclusions

V/Q scintigraphy has excellent diagnostic accuracy and is

the guideline-recommended imaging of choice for exclusion

of CTEPH. However, several advances in CT imaging have

improved its iodine contrast and resolution, enabling simul-

taneous detailed evaluation of morphology, lung perfusion,

disease severity, and RV function. Further studies are

needed to verify the appropriate use of these new techniques

in routine clinical practice to optimize CTEPH

management.
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