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Abstract

Multi-energy computed tomography (MECT) refers to acquisition of CT data at multiple energy levels (typically two levels)
using different technologies such as dual-source, dual-layer and rapid tube voltage switching. In addition to conventional/
routine diagnostic images, MECT provides additional image sets including iodine maps, virtual non-contrast images, and
virtual monoenergetic images. These image sets provide tissue/material characterization beyond what is possible with
conventional CT. MECT provides invaluable additional information in the evaluation of pulmonary vasculature, primarily
by the assessment of pulmonary perfusion. This functional information provided by the MECT is complementary to the
morphological information from a conventional CT angiography. In this article, we review the technique and applications

of MECT in the evaluation of pulmonary vasculature.
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Introduction

Multi-energy CT (MECT) or spectral CT refers to the acqui-
sition of CT data at multiple different energy levels. Prac-
tically, this involves acquisition at two energy levels, and
hence, this is commonly called dual-energy CT (DECT).
Tissues and materials show different attenuation properties
at different energy levels. At low energy levels, photoelectric
effect is the predominant interaction and is dependent on
the atomic number. At high energy levels, Compton effect
predominates and is dependent on tissue density. Most of
the tissues and materials can be expressed as a linear com-
bination of several basic material densities, such as water,
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soft tissue, fat, and iodine. This differential attenuation at
different energy levels can distinguish tissues and materials
beyond a conventional CT, which relies only on densities
[1].

Dual source, rapid tube-voltage (kVp) switching and
dual-layer are the most commonly used MECT technologies
(Fig. 1). In the dual-source technology, there are two x-ray
tubes that are located 90° from each other that can be oper-
ated at two different energy levels (Fig. 1a). In the rapid kVp
switching technology, the tube voltage is switched between
high and low energies for each x-ray projection (Fig. 1b),
and there is a highly-responsive gemstone scintillator detec-
tor system. In the dual-layer detector-based spectral technol-
ogy, there is a single x-ray tube, but there are two layers in
the x-ray detector. The top layer absorbs the low energies,
and the bottom layer absorbs high energies (Fig. 1c) [2].
Dual-spin and split-beam are less commonly used technolo-
gies. All of these scanners, with the exception of dual-layer
CT can be operated either in the single or dual-energy mode
and the decision to operate in a dual-energy mode should be
prospectively made. With the dual-layer CT, there is no need
for this prospective selection, since all the patients scanned
using this technology will have dual-energy data available,
which can be retrospectively reconstructed on demand. Pho-
ton counting CT is an experimental technology in which
more than two energy levels can be separated.
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Fig. 1 Multienergy CT technologies. a Dual source technology has
two x-ray tubes that are located 90° to each other, and operated at dif-
ferent tube voltages. b Rapid kVp switching technology has a single
x-ray tube, but the tube voltage is rapidly switched for each x-ray pro-

In this article, we review the technique and applications
of MECT in the evaluation of pulmonary vasculature.
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jection between high and low energies. ¢ Dual layer technology has
a single x-ray tube but has two layers of x-ray detectors, with the top
layer absorbing low energy photons and the bottom layer absorbing
high energy photons

MECT post-processing and image types

MECT technology generates routine diagnostic images
similar to a conventional CT scan (Fig. 2a). In the dual
source and rapid kVp switching technologies, these are
obtained by mixing the low and high energy images at
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Fig.2 Multienergy CT images. a Conventional/routine diagnostic
image from a dual-layer CT scanner mimics the images that are rou-
tinely used for diagnosis in a single-energy CT scanner. In this tech-
nology, these images are generated from al the x-ray data that is inci-
dent on the two layers of detectors combined. b Iodine map image
which highlights tissues containing iodine, can be fused on morpho-

different proportions (typically, 30% of low energy and
70% of high energy data). Conversely, in the dual-layer
system, these are derived by utilizing all the x-ray data
that is incident on the detectors (both top and bottom lay-
ers) [1, 2]. MECT also provides multiple additional unique
image sets by a process of two or three-material decom-
position, which can distinguish tissues that are expressed
as a linear combination of basic material densities. Since
the attenuation coefficients of different materials at dif-
ferent energies are known, by estimating the attenuation
of each voxel at low and high energies, the contribution
of two or three specific materials to the voxel attenuation

logical images. ¢ Virtual non contrast (VNC) image in which the pix-
els containing iodine are removed, and hence the image resembles a
non-contrast CT image. d Virtual monoenergetic image (VMI), which
mimics an image that is obtained using a single energy x-ray. This
can be generated from 40 keV to 200 keV. Here is an example of
VMI at 40 keV in which the signal from contrast is bright

can be estimated [3]. Specific tissues or materials can
be highlighted or removed from images. For example, a
three material decomposition of iodine, soft tissue, and
air can be used to generate iodine maps (Fig. 2b) and vir-
tual non-contrast (VNC) images (Fig. 2¢). lodine maps
highlight tissues containing iodine, and VNC images, in
which pixels containing iodine are removed, mimick a true
non-contrast image. Both of these imagesets are useful
in lesion characterization. Iodine maps are also useful in
the evaluation of perfusion. Virtual monoenergetic images
(VMI) mimic x-ray beams of a single energy level and are
obtained by the linear combination of basis pair images
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(i.e. low and high energy or photoelectric and Compton
images) at different proportions (Fig. 2d). VMI at 70 keV
is considered the equivalent of a conventional 120 kVp
polyenergetic image, with similar attenuation values. At
lower energy VMIs (<70 keV), the signal of contrast
increases, since these energies approximate the K-edge
of iodine, resulting in higher photoelectric attenuation.
At higher energy levels (> 70 keV), the signal of contrast
progressively decreases, but image artifacts such as beam
hardening are typically lower [1, 2]. Other less commonly
used image types are available including effective atomic
number, electron density, and uric acid pair images [1].
Iodine maps are the most commonly used MECT
images in the evaluation of pulmonary vasculature and
provide qualitative and quantitative information on pulmo-
nary perfusion. For obtaining good quality MECT perfu-
sion images from a CT pulmonary angiography (CTPA),
a higher concentration of iodine (> 300 mg/ml) and a
slightly longer scan delay (4-7 s) are used to distinguish
iodine in the lung and allow optimal contrast distribution
in lung parenchyma [4]. A pulmonary perfused blood
volume (PBV) is a color coded map of iodine concen-
tration (typically a 16-bit-color scale). The analysis of
the iodine concentration in PBV map is restricted to the
lung parenchyma using a threshold-based algorithm based
on CT attenuation (for example, default — 960 to — 600
HU) (Fig. 3) [5, 6]. Perfusion defects are color coded and
can be normalized to the vascular iodine concentration.
Structures outside this attenuation range are excluded
from analysis, and hence lung abnormalities outside this
range will appear dark. The PBV map can be fused with a
conventional CT image, allowing comprehensive assess-
ment of morphological and functional information on the
same images [7, 8]. Three-dimensional (3D) maps similar

to a scintigraphic perfusion image can also be generated
(Fig. 3b).

By definition, perfusion is the volume of blood flow-
ing through a cubic centimeter of tissue per second [9, 10]
and typically requires dynamic CT acquisition of different
timepoints, using a high volume of contrast at a high flow
rate. Hence, MECT perfusion images are not true perfusion
images but rather reflect the enhancement at a single point of
time. However, one can consider the scan a two time-point
acquisition by considering the inherent physical density of
image as the first time point and acquisition time as the sec-
ond time point [3]. Despite this technicality, MECT-perfu-
sion is a good surrogate for lung perfusion, since it has been
shown that the enhancement values increase with volume of
contrast material [11]. It is also acquired without changing
the CTA protocol and does not suffer from a radiation dose
penalty or misregistration from multiple acquisitions [3].
MECT perfusion images are comparable to and show high
correlation with scintigraphic perfusion images despite their
differing physiological mechanisms and their acquisitions
at different phases of breathing (inspiration for MECT and
shallow breathing for V/Q scan). One study showed 99%
specificity and 83% sensitivity of MECT compared with
planar V/Q scans at a segmental level [12], while another
study showed 76% specificity and 96% sensitivity compared
with SPECT [13].

The generation of these additional MECT images can
either be done on a dedicated post-processing workstation
by the radiologist on a per-case basis or a pre-determined set
of MECT images can be automatically/manually generated
at the scanner depending on the specific clinical protocol
[1]. For example, for a PE protocol, PBV maps in multiple
planes, VMI at 40 keV and VNC image can be automatically
generated. The creation of additional MECT images will

Fig.3 MECT perfusion of lungs. a Pulmonary blood volume (PBV)
map in which a threshold algorithm of CT attenuation is used to
restrict the analysis of iodine concentration to the lung parenchyma.
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Normally perfused lung is color coded as orange and perfusion
defects will be seen as dark areas. b 3D volume rendered lung perfu-
sion image which resembles a scintigraphic perfusion image
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cost some additional time at the scanner, usually in the range
of 5-10 min. Multiple additional imagesets are available in
PACS, which might be a concern if there are storage limits.
Although, there were initial concerns that radiation dose is
higher with MECT, they are typically radiation-dose neutral
with appropriate protocols [1]. However, it should be noted
that with the dual-source scanner, there is also a high-pitch
helical mode available in the latest generation scanners,
which provides images with lower motion, radiation and
contrast doses, but no MECT images [1]. The appropriate
mode, i.e. high-pitch helical versus MECT mode should be
judiciously selected based on the clinical indication.

Clinical applications of MECT in pulmonary
vasculature

The most common clinical application of MECT in pulmo-
nary vasculature is for the evaluation of acute pulmonary
embolism, chronic pulmonary embolism, and pulmonary
hypertension (PH) (Table 1).

Acute pulmonary embolism

Acute pulmonary embolism, a potentially life threatening
emergency, is diagnosed with high accuracy (pooled sensi-
tivity of 82%, pooled specificity of 94.9%) using CTPA [14].
Direct findings of acute PE in CTPA include a filling defect

in the vessel surrounded by contrast material, an eccentric
filling defect that makes an acute angle with the vessel wall,
or complete occlusion of a dilated vessel [15]. CT also pro-
vides risk stratification by metrics such as clot burden and
right heart strain (right ventricular enlargement, ventricular
septal flattening, reflux of contrast into the IVC and hepatic
veins). MECT provides complementary information and has
incremental benefits in the evaluation of acute PE. For exam-
ple, the detection of acute PE can be improved with vascular
mapping by color-coding the vessels based on the iodine
concentration, either with 2D or 3D reformats. Color coding
enables easy distinction of vessels with no iodine concen-
tration from those with iodine concentration (Fig. 4). This
has high negative predictive value for excluding segmental
PE and can distinguish PE from flow artifacts and partial
volume averaging [16].

A wedge-shaped perfusion defect in a segmental, sub-
segmental, or lobar distribution is a feature of acute PE
in MECT (Fig. 5). Visual assessment of this perfusion
defect has high accuracy compared to CTA as a refer-
ence standard with high sensitivity (85%) and specificity
(96%) [17]. Accuracy is higher on a per-patient than per-
segment basis. One study showing 100% sensitivity and
specificity on a per-patient basis with 60—66.7% sensitivity
and 99.5 to 99.8% on a per-segment basis [18]. Another
study showed 75% sensitivity and 80% specificity on a
per-patient basis and 83% sensitivity and 99% specificity
on a per-segment basis [19]. In a rabbit study that used

Table 1 Clinical applications of multienergy CT in the pulmonary vasculature in addition to the morphological information provided by conven-

tional CT

Clinical applications Findings

Utility Useful images

Acute pulmonary embolism
tal or sub-segmental distribution

Chronic pulmonary embolism Perfusion defects- usually well defined,

large, multiple segmental or subsegmen-

tal, wedge/mottled/mosaic

Pulmonary hypertension

Miscellaneous Congenital—perfusion abnormalities in
Congenital interruption/atresia

Neoplasm Neoplasm—perfusion in patients with
Vasculitis tumor emboli

Vasculitis—perfusion defect in lung

Wedge shaped perfusion defect in segmen-

Perfusion defects—heterogeneous, small,
non-segmental; wedge/mosaic/mottled

Perfusion maps
Virtual monoenergetic
Virtual non contrast

Increases sensitivity for the detection of
PE, especially segmental and subseg-
mental

Severity, risk stratification and prognosis

Monitoring response to therapy

Salvaging suboptimal studies and low
contrast dose

Decreasing artifacts such as beam harden-
ing

Perfusion maps
Virtual monoenergetic

Establishing the diagnosis

Determining the severity

Selecting patients suitable for surgery/
intervention

Monitoring response to therapy

Perfusion maps

Virtual monoenergetic

Virtual non contrast

Determining severity, risk stratification,
prognosis
Non invasive hemodynamics

Monitoring response to therapy
Establishing diagnosis Perfusion maps

Determining severity
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Fig.4 Dual-energy color coding of vessels. a Conventional CTA
shows subtle clot in posterior segmental branch of the right lower
lobe (arrow). b Dual-energy color coded images based on iodine con-

centration shows the vessel containing clot as red color (arrow) due
to absent/low iodine concentration, whereas normal iodine containing
vessels are coded in blue color

Fig.5 Acute pulmonary embolism. a Coronal PBV map shows a
wedge-shaped area of decreased iodine content (arrow) in the left
lower lobe. b Coronal CT angiography image shows a pulmonary

pathology as the reference standard, MECT map was com-
parable to CTPA with a sensitivity of 100% and a specific-
ity of 98% compared to 100% sensitivity and specificity for
CTPA. MECT map was superior to planar perfusion scin-
tigraphy, which had sensitivity of 68% and specificity of
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embolus in left lower lobe segmental branch (arrow), which corre-
lates with the perfusion defect shown above

81% [20]. In a small human study with consensus-reading
as the reference standard, MECT had a sensitivity/specific-
ity of 76.7/98.2% compared to 85.7/87.5% for SPECT/CT
V/Q scintigraphy and 100/100% for CTPA [21].
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Fig.6 Acute pulmonary embolism. a Coronal MIP reconstruction
of CTA shows normal pulmonary arteries without evidence of clot.
b Axial PBV map shows a wedge shaped perfusion defect (arrow),

A valuable application of MECT is for the detection of
small and peripheral PEs which can be missed on CTPA,
but manifests with perfusion defects [22] (Fig. 6). This can
be the result of a previous PE with re-perfused segmental
vessels and residual thrombosis in peripheral vessels that are
too small to visualize by CTPA [10, 21, 23], especially in
vessels less than 2 mm in diameter [3]. Sometimes, a visible
PE may be missed in the initial review of a CTPA, but the
presence of perfusion defect in MECT alerts the radiologists
to reevaluate the CTPA more carefully for the presence of a
small clot [3]. An experimental rabbit study showed that the
sensitivity for detection of PE increased in MECT to 89%
compared to 67% for CTPA alone, with correct identifica-
tion of subsegmental PEs [24]. A canine study also showed a
sensitivity of MECT of 90% for segmental and 96% for sub-
segmental and distal PE compared to 89% for CTPA alone
[25]. A recent human study showed that with the addition
of iodine maps, additional PEs were found in 2.3% of CTs,
with all of them being subsegmental (78%) or segmental
(22%) and the majority being occlusive (89%) [26]. Overall,
1.0% of patients had a new diagnosis of PE [26]. The man-
agement of small PEs is debatable, with some institutions
anticoagulating these patients to prevent chronic PEs and

which is consistent with a perfusion defect from a subsegmental
embolism which was not clearly evident in the CTA

their complications. One study showed lower fatality rates
of PEs detected with CT than scintigraphy (3.3 vs 5.7%)
[27]. However, other studies have shown no fatal outcome in
3 months for untreated isolated subsegmental PEs [28] and
minimal improvement in outcome by increased detection
of these PEs [29]. Subsegmental PEs may be significant in
patients with inadequate cardiopulmonary reserve, coexist-
ing deep vein thrombosis, or thrombophilia [10].

Perfusion defects are not specific for PE and need to be
correlated with the lung window of the CT scan to exclude
other pulmonary pathologies (emphysema, consolidation,
atelectasis, mass, or systemic arterial supply) [30]. Areas
with attenuation outside the thresholding values, for example
emphysema and ground glass opacities, appear as dark per-
fusion defects. Artifacts such as motion (cardiac or respira-
tory) and beam hardening due to dense contrast also cause
pseudodefects [30]. Perfusion defects are occasionally not
seen in acute PE, typically in non-occlusive clots. In one
study, only 5 of 58 non-occlusive clots had corresponding
perfusion defects, and in another study, only 2 of 33 non-
occlusive clots had perfusion defects [18, 19]. Other studies
have shown perfusion defects in only 5-10% of non occlu-
sive PEs [23]. In a recent study, 74.3% of occlusive PEs had
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matched defects, whereas only 11.4% of non occlusive PEs
had matched defects [26].

In pulmonary infarct, there is a peripheral wedge-shaped
area of perfusion defect that is larger than the correspond-
ing abnormality seen in lung windows, whereas in embolus
without infarct, there is a perfusion defect without a cor-
responding parenchymal abnormality [6] (Fig. 7). This can
be distinguished from pneumonia, which shows heterogene-
ous decreased or increased iodine distribution, and atelec-
tasis, which shows homogeneously increased iodine distri-
bution. Additionally, the size of the PBV abnormality and
lung parenchymal abnormalities are matched in pneumonia
and atelectasis, unlike infarct where PBV abnormalities are
larger [6]. Lung abscess and necrotic lesions show no iodine
distribution, and tumors show more heterogeneous perfu-
sion [6].

Multi-energy CT perfusion defects can be used to quan-
tify the severity of PEs [31], establish prognosis, and moni-
tor response to therapy. Risk stratification is essential to
identify the patients who need more aggressive treatment
such as interventional procedures and thrombolysis. The
presence of a perfusion defect may be useful in determining
the significance of PEs for blood oxygenation and the devel-
opment of PH [12]. The extent of a perfusion defect directly
correlates with right heart strain, clot burden (Qanadli index
or Mastora index) [32—34], D-dimer level [35], and troponin
I (laboratory parameter for PE severity) [36] and inversely
correlates with arterial PaO, [36]. A higher incidence of
deaths and readmission due to PEs was seen in patients with
larger perfusion defects involving more than 5% of the total
lung volume [35]. Perfusion defects can also be quantified
to distinguish the presence or absence of PEs and estimate
the severity of PEs. There is a significant difference of iodine

Fig. 7 Pulmonary infarct. Axial PBV map shows a pulmonary infarct
in the posterobasal segment of the right lower lobe (arrow), with an
embolus in the pulmonary artery (arrowhead) leading to it

@ Springer

density in the perfusion for normal lung (Mean—1.89 mg/
ml), non occlusive perfusion defect (0.83 mg/ml) and occlu-
sive perfusion defect (0.27 mg/ml) [31]. Global quantita-
tive PBV values correlate inversely with adverse prognostic
indicators such as Qanadli score (CT obstruction index), RV/
LV ratio, troponin I and necessity for ICU admission [37].
A global PBV value of <60% is associated with a higher
occurrence of ICU admission compared to those with higher
PBYV [37]. However, the added clinical value of quantitative
PBV has not been established and is not typically used in
routine practice [3]. Perfusion defect extent is also a good
marker for monitoring response to therapy, possibly better
than clot burden [10]. Complete resolution of a clot and per-
fusion defect indicates dissolution of PE [3, 31], whereas
persistence of a perfusion defect could be due to persistent
PEs, partially occlusive emboli, or fragmented emboli [32].

Another practical use of MECT in acute PE is the opti-
mization of vascular contrast. MECT provides the option of
low energy VMIs (<70 keV), which have higher contrast
due to higher photoelectric attenuation (Fig. 8). This can
be used to improve visualization of peripheral arteries and
salvage suboptimal studies [38]. Suboptimal studies are not
uncommon with CTPAs, due to a variety of reasons includ-
ing patient and technical factors [39]. Up to 10% of CTPA
studies are non-diagnostic, with 40% of these due to poor
contrast enhancement [40]. Typically, these patients require
a repeat study with an additional bolus of contrast and radia-
tion. Low energy VMISs can increase the vessel attenuation
and CNR, thus enabling salvage of a suboptimal study and
obviating the need for a repeat injection of contrast. An early
study on dual source CT showed that 40 keV VMI had the
highest attenuation, SNR and CNR. However, due to higher
noise at lower energy levels, 70 keV was found to have the
best subjective image quality compared to polyenergetic
images [41]. A recent study using dual-layer CT showed
that 93% of suboptimally enhanced studies can be salvaged
using VMI, with optimal energy levels ranging from 40 to
50 keV. At optimal levels, the improvement of attenuation,
SNR and CNR was up to 71%, 63% and 137% [39]. Another
study using dual-layer CT showed 99% success in salvag-
ing suboptimal studies, with the highest CNR and diag-
nostic accuracy seen at 40 keV [42]. This concept can be
taken further by using a low dose of intravenous contrast,
especially in patients with severe renal dysfunction. A dual
source study which used only 35% of the usual iodine con-
centration showed that 60 keV images had the highest SNR
and CNR with maintained image quality [43]. Another dual
source study which utilized less than half the iodine load
(20 ml vs 50 ml) showed high signal, SNR and CNR at VMI
of optimal keV and low noise at 70 keV [44]. High energy
VMI can be used to decrease some artifacts, particularly
beam hardening artifact emanating from dense contrast in
SVC, which can reduce the diagnostic confidence of a CT
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Fig.8 Boost of contrast in suboptimal studies. a Axial CTA image
shows suboptimal contrast (mean attenuation-145 HU) in the pul-
monary arteries (arrow) which is not adequate for the evaluation of
pulmonary embolus. b VMI at 40 keV at the same level shows signif-

scan [1]. The least amount of artifact has been shown at
100 keV [43], with artifact-free analysis of the perivascular
anatomic zone without significant difference in image qual-
ity compared to 140 kVp [43]. VNC images can be used to
evaluate calcification in pulmonary arteries and characterize
incidental lesions [1, 3].

Chronic pulmonary embolism

Chronic PE or Chronic thromboembolic disease (CTED)
results from obstruction of a pulmonary artery with
organized thrombus, causing abnormalities in pulmonary
hemodynamics over 6 months or more [45]. The dreaded
complication of chronic PE is chronic thromboembolic pul-
monary hypertension (CTEPH). In approximately 0.6-9.1%
of patients with acute PE, the PE fails to fully resolve and
develops into CTEPH within 2 years [45, 46], either due
to incomplete resolution of thromboembolus, organized
thrombus with intravascular scar, or obstruction and steno-
sis of peripheral pulmonary arteries due to pulmonary artery
remodeling [47, 48]. It is important to diagnose CTEPH
since it is a treatable cause of PH. CTPA shows character-
istic morphological changes of chronic PE, such as mural
detects, webs, bands, intimal irregularities, abrupt stenosis,
and complete obstruction [49]. Findings reflecting PH can
also be seen, described in the section below. The diagnos-
tic performance of CTPA for detecting CTEPH is high in
comparison to invasive pulmonary angiography, particularly
at the main/lobar level (sensitivity 95%, specificity 96%)
[50, 51] but less so at the segmental level (sensitivity 88%,
specificity 89%) [52]. Sensitivity for subsegmental level PEs
was 64—70%. In another study, CTPA sensitivity has been

icantly improved contrast (mean attenuation—475 HU) in the pulmo-
nary arteries (arrow), which allows salvage of this suboptimal study
without the need for an additional bolus of contrast

shown to be lower than that of V/Q scintigraphy for detect-
ing chronic PEs (51% vs 96-97.4% for V/Q scintigraphy),
particularly for peripheral lesions [53], although it is not
certain that all the defects seen in V/Q scan are necessarily
attributable to CTEPH.

MECT shows perfusion defects in chronic PE, that are
typically more extensive than in acute PE. These perfusion
defects often appear as well-defined wedge-shaped, mosaic,
or mottled areas of decreased iodine content on CT perfu-
sion (Fig. 9). Overall, MECT perfusion has high sensitivity
(96-100%) and specificity (76-92%) for the diagnosis of
CTEPH [13, 54], and is superior to CTPA which has low
sensitivity [55]. With ventilation/perfusion (V/Q) scinti-
graphic scans as the reference standard, MECT had a sen-
sitivity and specificity of 100% and 92% respectively for
detecting chronic PE at the segmental level [54]. Because
of this, MECT is a good alternative to V/Q scans for chronic
PE and CTEPH, with the additional advantage of obtain-
ing high-resolution morphological information in the same
study. Often, a perfusion defect may be the only finding,
either due to a small thrombus or recanalization, making this
technique extremely valuable in the evaluation of CTEPH
[23]. This is particularly relevant in patients who present
with chronic dyspnea of unknown etiology.

Perfusion defects from CTED/CTEPH have lower lung
attenuation (median: 27 vs 38 Hounsfield units), lower PBV
(median: 17 vs 13) and a higher peak pulmonary artery
enhancement to lung attenuation ratio (median: 17 vs 11)
than acute PE [56]. A delayed phase MECT acquisition
shows more enhancement with chronic than acute PE due to
the presence of systemic collateral vessels [57]. The pattern
of perfusion defect can differentiate CTEPH and idiopathic
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Fig.9 Chronic pulmonary embolism. a Axial CTA shows peripheral
filling defect in artery to the right upper lobe (arrow), consistent with
chronic pulmonary embolism. b Axial CT perfusion image shows
heterogeneous perfusion of the entire lung, with a wedge shaped per-

pulmonary artery hypertension (IPAH) [58]. False positive
lesions can be seen due to artifacts and parenchymal lesions
[59], making it imperative to evaluate these along with the
lung windows of the CT scan. Perfusion defects can also
be seen in small airways disease, which also manifests like
CTEPH as mosaic attenuation with alternating dark and
bright areas. In CTEPH, the perfusion defect is concordant
with the dark area of mosaic attenuation, whereas in small
airways disease, the perfusion defect is discordant, is usu-
ally smaller than the lucent area, and shows air trapping on
expiratory imaging [60, 61]. It is also possible to perform
a MECT ventilation scan using Xenon gas, which has lim-
ited availability and requires careful monitoring [62]. The
presence of higher iodine concentration in brighter areas
of mosaic attenuation indicates a vascular etiology rather
than an airway abnormality [63]. False negative results with
normal perfusion in the presence of a chronic PE can be seen
due to collateralization or sub-occlusive thrombus, since
iodine can pass through collateral vessels unlike perfusion
tracers on V/Q scintigraphy [64, 65].

CTEPH is curable by surgery (pulmonary artery endar-
terectomy [PEA]) or endovascular treatment (balloon pul-
monary angioplasty [BPA]) [45, 66—68]. The surgery is
successful if it is performed in appropriate patients such
as those who have abnormalities at a more proximal level.
Hence, if there is a perfusion defect in a segment supplied by
a morphologically abnormal and obstructed vessel, it usually
responds well to the surgery (Fig. 10). However, a perfusion
defect without a corresponding abnormal vessel indicates
that the diseases is at a more peripheral level or may reflect
a tiny PE that is beyond the limits of spatial resolution of
CT. These may not be amenable to surgery [4, 69] and are
associated with poor post-procedural results such as persis-
tent elevated mean pulmonary artery pressure (mPAP) and
pulmonary vascular resistance (PVR) and higher complica-
tion rates [70, 71]. Occasionally, a perfusion defect is absent
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fusion defect (arrow) color coded as blue in the anterior segment of
the right upper lobe. ¢ Coronal CT perfusion image shows the wedge
shaped perfusion defect in the right upper lobe (arrow)

distal to an abnormal vessel due to collateral vessel forma-
tion, which also responds well to surgery [65]. Thus, MECT
provides a one-stop evaluation of anatomy and function,
rather than performing consecutive V/Q scan and CTPA
studies. The number of abnormal perfused lobes correlates
with pre-operative PVR [72]. Post-operative PVR correlated
negatively with the presence and extent of central thrombi
and dilated bronchial arteries in pre-operative CTs, and 60%
of patients without visible central thrombi had poor hemody-
namic improvement after surgery [72]. Mosaic changes also
reflect extensive distal disease and is a poor prognosis for
endarterectomy [72]. Preoperative PVR, subpleural densi-
ties, and abnormal lung perfusion correlate positively with
post operative PVR [72].

MECT allows for quantitatively assessing the severity of
CTEPH and treatment effects. Lung PBV is significantly
correlated with mPAP and PVR, which are the gold stand-
ards for the estimation of severity and prediction of outcome
in patients with CTEPH [73]. Lung PBV allows for the quan-
titative assessment of perfusion improvement after BPA with
significant correlation with the improvement of PAP, PVR,
and 6-min walking distance [74]. Moreover, it may be more
sensitive for the assessment of the treatment effect than V/Q
scintigraphy [75].

Pulmonary hypertension

Pulmonary hypertension (PH) encompasses disorders with
elevated resting pulmonary arterial pressure (>25 mm Hg
at rest). There are five types based on the 2013 WHO clas-
sification [76, 77]. CTPA shows several vascular findings,
including dilation of the central pulmonary arteries, a sign
which can be used to make a diagnosis of PH as well as
establish the etiology, described in detail elsewhere [76].
Secondary changes on the heart such as a dilated right ven-
tricle and atrium as well as reduced function can also be
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Fig. 10 Chronic pulmonary embolism. a Axial CTA image shows
that there is an eccentric filling defect in segmental branches of the
right lower lobe (arrow), consistent with chronic PE. There is no
lesion within left lower lobe segmental branch (arrowhead). b Axial
CT perfusion image shows heterogeneous perfusion of the lungs,
with poor perfusion in the right lower lobe (arrow) which was sup-

evaluated. The lungs can be assessed for causes of PH and
the consequences of PH [76, 78, 79].

In addition to morphological information, MECT also
provides functional information on pulmonary perfusion.
The changes in CTEPH are described in the section above.
Perfusion defects are also seen in non-CTEPH causes of
PH due to cellular proliferation, endothelial damage, vaso-
constriction, and distal vascular occlusion [80]. Unlike the
sharply-defined, large, multiple segmental or subsegmental
wedge-shaped defects seen in CTEPH, IPAH shows small,
heterogeneous, non-segmental, mottled, and patchy defects
[81] (Fig. 11). In PH patients, the attenuation thresholds for
PBYV are adjusted with the upper limits increased to —200
or —300 HU to include areas of the commonly prevalent
ground glass opacification in the analysis [3]. Mosaic attenu-
ation pattern of alternating high and lower attenuation areas
is seen in the lung parenchymal window settings of the CT
scan. Lung window settings are used to distinguish pseudo-
perfusion defects from parenchymal abnormalities. Vascular
mapping is also useful in distinguishing CTEPH from IPAH,
with the former having more stenosis and size variations [3].

MECT perfusion defects can be used to assess severity,
risk stratification, and prognosis. It also provides insights,
both qualitative and quantitative, on pulmonary hemody-
namics. Variable correlation has been reported between
the absolute pulmonary perfusion quantified in MECT and

plied by the abnormal vessel in CTA, and hence this will have
favorable response with pulmonary endarterectomy. There are also
perfusion defects in the left lower lobe (arrowheads), which did not
have corresponding vascular lesions and hence these will have poor
response for surgery

invasive hemodynamics. Some studies show good correla-
tion with mPAP and PVR [80, 82] whereas other studies did
not show correlation [65]. Another parameter that can corre-
late with PVR is the ratio of central to peripheral pulmonary
enhancement. In PH, there is more central than peripheral
enhancement [3]. There is also overall decreased global and
variable enhancement due to delayed contrast transit [80].
Due to heterogeneous perfusion, regional variation is seen
in PBV with high sensitivity, which can be measured manu-
ally or automatically and correlates with PVR [80]. PVR is
a more accurate indicator of pulmonary vascular disease and
can identify patients that may respond to vasodilators [3].

Other uses of MECT in PH include the use of VNC
to evaluate for calcification in the vessel wall or calcified
thrombi which can be obscured by contrast from CTPA due
to recanalization [3, 83, 84]. Right ventricle (RV) myocar-
dial ischemia and delayed iodine enhancement can be evalu-
ated using cardiac CT scans [3]. Low keV VMI can be used
to improve visualization of peripheral arteries as well as
systemic collateral vessels and can help salvage of subopti-
mal studies [38].

Miscellaneous

MECT is useful in a few congenital abnormalities and neo-
plasms. For example, it can be used in the evaluation of lung

@ Springer



1520

The International Journal of Cardiovascular Imaging (2019) 35:1509-1524

Fig. 11 Pulmonary hypertension. a Axial CT perfusion image shows
extensive heterogeneous and mottled perfusion (blue color) in a
patient with idiopathic pulmonary arterial hypertension. Note that the

perfusion in congenital disorders. Proximal interruption of
the pulmonary artery (agenesis of pulmonary artery) is a
congenital absence of either the right or left main pulmo-
nary artery with an intact main pulmonary trunk, usually
contralateral to the aortic arch. The lung is usually small,
and there is a lot of collateral supply from systemic arter-
ies such as bronchial, internal mammary, brachiocephalic,
subclavian or subdiaphragmatic arteries [83, 85]. In a V/Q
scan, no perfusion is demonstrated in the affected lung since
99mTc-macroaggregated albumin is trapped in pulmonary

Fig. 12 Pulmonary interruption. a Axial CT image shows absence of
the right pulmonary artery (arrow), consistent with proximal pulmo-
nary artery interruption. b Coronal PBV image of the same patient

@ Springer

main pulmonary artery (arrow) is severely dilated, measuring 4.2 cm.
b Coronal CT perfusion image in the same patient shows heterogene-
ous perfusion with extensive areas of low perfusion (blue color)

capillary bed and cannot reach collateral systemic circula-
tion. However, with MECT, perfusion is demonstrated in the
affected lung due to compensatory collateral supply from
bronchial and other systemic arteries (Fig. 12), since iodine
can pass into the collateral systemic circulation [5]. This can
be distinguished from agenesis of lung, in which there is no
lung, perfusion, or vascular supply.

Pulmonary arteriovenous malformation (AVM) is a high-
flow, low-resistance vascular structure that directly connects
a pulmonary artery to a pulmonary vein, bypassing the

b ] 2 e

shows decreased perfusion of the right lung, which is derived from
bronchial and systemic collateral circulation
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Fig. 13 Mass. a Sagittal CT image through the mass shows a large lobulated mass in the apex of the right ventricle (arrow). b Iodine map image
in the same plane shows that the iodine concentration of the mass (arrow) was 0.1 mg/ml, indicating that this is a thrombus

capillary bed. Majority of the pulmonary AVMs are con-
genital, commonly seen in hereditary hemorrhagic telangi-
ectasia. On CT angiography, a single feeding artery is con-
nected by a bulbous, non-septated communication to one or
more draining veins. MECT may improve that depiction and
evaluation of pulmonary AVM. Thin axial and coronal PBV
images can demonstrate small AVMs along with their nidi
[6]. Mildly increased iodine distribution is seen in the AVM
and its nidus compared to pulmonary hemorrhage, scarring
or inflammation, which also manifests as ground glass opac-
ity in a conventional CT [6]. One small study showed that
a wedged shaped perfusion defect was seen in 40% of cases
with pulmonary AVMs, with corresponded to the disease
extent [59]. Low-energy VMI can be used to enhance the
contrast signal to detect small AVM. VNC can be used to
distinguish contrast enhancement from calcification.
MECT is also useful in the evaluation of neoplasms
involving the pulmonary vasculature. In particular, it can
distinguish a tumor in the pulmonary artery from a bland
embolus by evaluating the iodine concentration. Undifferen-
tiated intimal sarcoma is the most common type of pulmo-
nary artery sarcoma which is seen as a mass with irregular
margins filling and expanding the lumen of the pulmonary
artery [83]. The tumor may spread in the direction of flow,
resulting in distal emboli. The presence of contrast enhance-
ment and uptake in FDG-PET helps in distinguishing a
sarcoma from PE [83, 86]. Although the attenuation (HU)

values of both of these lesions can be similar, in MECT,
the tumor shows a higher iodine concentration (1.49 +0.57
vs 0.61 £0.39) and a higher iodine attenuation value
(27.949.1 HU vs 10.6 +7.2) compared to PE [87] (Fig. 13).
One study on rapid kvp switching technology showed that a
iodine < 1.74 mg/ml has 100% sensitivity and 100% specific-
ity and area under curve of 1 for diagnosing thrombus [88].

MECT can also be used in the evaluation of vasculitis.
Apart from the morphological changes of vessel wall thick-
ening and delayed contrast enhancement, perfusion defects
have been reported in the lungs due to involvement of the
pulmonary circulation.

Conclusion

MECT iodine maps are highly useful in the evaluation of
pulmonary perfusion in acute pulmonary embolism, chronic
pulmonary embolism, pulmonary hypertension, congeni-
tal abnormalities, neoplasms, and vasculitis. The addition
of functional information to morphological information
obtained from CTPA makes MECT a one-stop-shop for
evaluating pulmonary vascular abnormalities. VMI at low
energy levels are utilized to enhance vascular contrast, and
VMI at high energy levels are utilized to decrease several
artifacts.
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