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EVALUATION OF A NEW RECONSTRUCTION TECHNIQUE FOR DUAL-ENERGY

(DECT) LUNG PERFUSION: PRELIMINARY EXPERIENCE IN 58 PATIENTS

ABSTRACT

Purpose: To compare dual-energy (DE) lung perfused blood volume generated by
subtraction of virtual monoenergetic images (Lung Mono) with images obtained by three-
compartment decomposition (Lung PBV).

Material and methods:

The study included 58 patients (28 patients with and 30 patients without PE) with
reconstruction of Lung PBV images (i.e., the reference standard) and Lung Mono images.
The inter-technique comparison was undertaken at a patient and segment level.
Results: The distribution of scores of subjective image noise (patient level) significantly
differed between the two reconstructions (p<0.0001), with mild noise in 58.6% (34/58)
of Lung Mono images vs 25.9% (15/58) of Lung PBV images. Detection of perfusion
defects (segment level) was concordant in 1104 segments (no defect: n=968; defects
present: n=138) and discordant in 2 segments with a PE-related defect only depicted on
Lung Mono images. Among the 28 PE patients, the distribution of gradient of attenuation
between perfused areas and defects was significantly higher on Lung Mono images
compared to Lung PBV (median= 73.5 HU (QI=65.0; Q3=86.0) vs 24.5 HU (22.0; 30.0);
p<0.0001). In all patients, fissures were precisely identified in 77.6% of patients (45/58)
on Lung Mono images while blurred (30/58; 51.7%) or not detectable (28/58; 48.3%) on
Lung PBV images.

Conclusion: Lung Mono perfusion imaging allows significant improvement in the overall

image quality and improved detectability of PE-type perfusion defects.

KEY WORDS: dual-energy CT; lung perfusion; monoenergetic imaging; actue pulmonary
embolism; pulmonary arteries
ABBREVIATIONS: DE: dual energy; DECT: dual-energy compouted tomography; PBV:

pulmonary blood volume; Mono+: monoenergetic plus; keV: kilo-electronvolt



INTRODUCTION

Dual-energy CT (DECT), also called spectral or multi-energy CT, has gained wide
acceptance in clinical practice owing to its unique post-processing capabilities enabling
optimization of morphologic imaging and introduction of functional imaging. This is
accomplished by an almost simultaneous acquisition of datasets with two x-ray beams of
different energy, or by using spectral detectors, and then processing the data. Among
the most important DECT reconstructions are virtual monoenergetic images, virtual
unenhanced images, virtual noncalcium images and iodine maps for perfusion imaging
(1). In the context of chest imaging, the most frequent clinical objective of DECT
angiographic examinations is to provide simultaneous assessment of the pulmonary
vasculature and analysis of the parenchymal iodine distribution, both generated from the
same data set at a radiation dose similar or moderately higher than single-energy CT
pulmonary angiography (2-7). The pattern of iodine enhancement has been shown to
correspond to lung blood volume at planar scintigraphy and single photon-emission CT
(8,9) and is considered a surrogate marker of lung perfusion (10,11).

In the field of pulmonary vascular diseases, detection of perfusion alterations can
help in the diagnostic approach of acute (12,13) and chronic (14-16) pulmonary
embolism but also in the diagnostic work-up of pulmonary hypertension (17-21).
Numerous additional applications have also been reported in smoking-related diseases
(22,23), interstitial lung diseases (24) and to predict post-operative lung function (25)
while lung microvascular disease can also be imaged in COVID-19 using DECT lung
perfusion imaging (26-29).

The technique for assessing pulmonary perfusion on DECT angiographic
examinations is based on material decomposition into iodine and soft tissue of different
density (mixtures of air and soft tissue). The iodine map visualizes the regional
pulmonary distribution of intravenous contrast in distal pulmonary vessels including the
capillaries (30). Whereas the iodine distribution is interpretable in the majority of cases,

there is a well-known influence of patient body habitus on the overall image quality.



Image noise increases with the patient BMI and noise texture gets grainy, coarse and
patchy. If image graininess is not a limiting factor for detection of PE-type defects, it may
preclude confident depiction of patchy perfusion defects. Furthermore, spatial resolution
is reduced in the Lung PBV images, potentially limiting the depiction of small perfusion
defects. As an alternative to the established Lung PBV algorithm, dual-energy images of
the lungs can also be processed by subtracting virtual monoenergetic images of different
energy levels. This approach takes advantage of the improved iodine, contrast-to-noise
ratio (CNR) of virtual monoenergetic images, in particular at low energy levels, while
maintaining spatial resolution and fine noise texture. To avoid noise increase at lower
calculated energies, which is a known drawback of virtual monoenergetic images at low
kilo-electron volt (keV), a regional spatial frequency-based combination of the high
contrast at lower energies and the superior noise properties at medium energies can be
performed to optimize CNR (31). These images are called Monoenergetic Plus (i.e.,
Mono+).

The purpose of our study was to compare the image quality of iodine maps
generated by subtraction of virtual Mono+ images with that of the traditional Lung PBV
approach. This comparative study was undertaken in the clinical context of acute
pulmonary embolism with a primary objective focusing on the detectability of PE-related
perfusion defects. The secondary objective was to investigate whether the theoretical
improvement in image quality of subtracted mono+ images could be verified in

conditions of daily clinical practice.

MATERIAL & METHODS

1-Technical background

The DE Lung Mono prototype (eXamine Version XYZ) subtracts Mono+ images of
different energy levels. To visualize iodine distribution, 190 keV Mono+ images are
subtracted from 40 keV Mono+ images. The 40 keV images have a highly increased

iodine signal on top of the underlaying lung density. The 190 keV images only contains



the lung density information, with practically no iodine signal because of the high keV.
The subtraction images therefore show just the increased iodine signal.

In order to assess objectively the differences in noise and spatial resolution between
images being processed with the Lung PBV and the DE Lung Mono approach, we used the
resolution insert CTP528 of the CAT phantom (Catphan 500, The Phantom
Laboratory,USA). Beside homogeneous areas which allow for noise measurements in
terms of standard deviation, the phantom contains inserts of line pairs from 1 up to 21
per cm for high resolution measurements. The phantom was scanned in dual-energy
mode on a SOMATOM Force (Siemens Healthineers; Forchheim; Germany) with the
acquisition parameters listed in Table 1 and was reconstructed with the default settings
(kernel Qr40; FOV 300). Low- and high-energy images were processed with both
algorithms, DE Lung PBV and DE Lung Mono. Noise in terms of standard deviation was
11.2 HU and 19.4 HU for the Lung PBV and the Lung Mono, respectively. Despite lower
noise in terms of standard deviation, the noise texture was more patchy and grainy for
the Lung PBV images. Resolution was maintained in the case of Lung Mono (6 Ip/cm),

and lower in the case of Lung PBV (4 Ip/cm) (Figure 1).

2-Study population

From our CT data base prospectively established, we retrospectively selected patients
fulfilling the following criteria: (@) a positive or negative dual-energy CT (DECT)
angiogram indicated for clinical suspicion of acute PE; (b) positive CT angiograms for PE
with at least one defect on perfusion imaging; (c) absence of co-morbid respiratory
disease, potentially responsible for perfusion alterations; (d) DECT angiograms obtained
on the same CT equipment (i.e., a 3™ generation dual-source CT system; SOMATOM
Force; Siemens Healthineers; Forchheim; Germany). All patients referred for clinical
suspicion of acute PE who had been scanned with single-energy CT were excluded from
the study population. The scanning protocols and reconstruction parameters are

summarized in Table 1.



We planned to include 30 patients with acute PE and 30 patients without acute PE.
Positive PE examinations with perfusion defects were used to select PE-type perfusion
defects for comparative analysis on Lung Mono and Lung PBV images; negative PE
examinations, subsequently without PE-type defects on Lung PBV, were necessary to
ensure the absence of false-positive findings on Lung Mono images.

Patient selection was obtained as follows: (a) between July 2015 (date of installation of
the 3-rd generation DSCT scanner in our department) and December 2019 (date of our
investigation), 28 consecutive patients with acute PE were eligible (Group 1), including
26 patients with both lungs analyzable and 2 patients with a single lung analyzable owing
to the presence of a contralateral lung tumor; (b) in our data base, the first 30
consecutive patients with a negative DECT angiogram for acute PE were selected (Group
2); all patients had been scanned in 2019 and both lungs were analyzable. The limited
number of PE-positive patients fulfilling the inclusion criteria is linked to the scanning
protocols proposed to patients suspected of acute PE in our department: (a) patients who
are short of breath (i.e., the majority of cases referred in this clinical contest), the
scanning protocol is a high-pitch mode, obtained with single-energy CT; (b) when they
can hold their breath for 4-6 seconds, the scanning mode is based on dual-energy CT.

On the basis of 10 segments per lung, 540 segments in Group 1 and 600 segments in
Group 2 were included for lung perfusion analysis. Among the 1140 segments to-be-
analyzed, 34 segments (2.98%) were excluded from the comparative analysis because of
the impossibility to evaluate perfusion in areas of lung consolidation (i.e., lung infarction)
or passive atelectasis in close contact to pleural effusion. The inter-technique comparison

was thus undertaken at the level of 1106 segments (Figure 2).

3-Analyzed parameters

3-1: Characteristics of the study population

At a patient level, the following parameters were recorded: age, sex, weight and height
enabling us to calculate the body mass index, smoking history and tobacco consumption.

In Group 1, the distribution of clots, severity of arterial obstruction and presence of



features suggestive of right ventricular dysfunction were recorded. Acute pulmonary
embolism was rated as uni- or bilateral, with clots exclusively located within
subsegmental and/or segmental arteries (i.e. peripheral PE) or present within central
(i.e., from the pulmonary trunk to lobar arteries) and/or peripheral pulmonary arteries.
The clot burden of each patient was calculated using the Mastora scoring system (32).
This scoring system is applied to five mediastinal (the pulmonary artery trunk, the right
and left main pulmonary arteries, and the right and left interlobar arteries) , six lobar
(the right truncus anterior, the left upper lobe pulmonary artery (upper arterial branch,
i.e., the culminal branch), the right middle lobe pulmonary artery, the left upper lobe
pulmonary artery (the lower arterial branch, i.e., the lingular artery),and the right and
left lower lobe pulmonary arteries) and 20 segmental arteries (the three right and left
upper lobe (upper division) segmental arteries; the two right middle lobe and left upper
lobe (lower division) segmental arteries; and the five right and left lower lobe segmental
arteries).The CT severity score is based on the percentage of the obstructed surface of
each central and peripheral pulmonary arterial section using a 5-point scale: 1:<25%;
2:25-49%; 3:50-74%; 4:75-99%; 5: 100%. The maximum obstruction score is 155.
The heart strain was evaluated on morphological basis, i.e., the right/left
ventricular diameter ratio >1 with leftward displacement on the interventricular
septum; when these features were present and seen in the absence of increased
thickness of the right ventricular wall (i.e. the right ventricular wall thickness
<4mm), this suggested acute right ventricular dysfunction in the context of

acute PE.

3-2 : Quality of CT angiograms :

On each CT angiogram, measurements of attenuation value within the pulmonary trunk,
the apical segmental artery of the right upper lobe (RA1) and the posterior segmental
artery of the right lower lobe (RA10), the latter measurements enabling calculation of the

gradient of attenuation between RA1 and RA10.



3-3: Perfusion imaging

« Detection of perfusion defects
The analysis was obtained at the level of analyzable segments; in each of these
segments, the readers determined the number of PE-type defects (triangular, pleural-

based) identified.

e Subjective image quality evaluation
Readers rated subjective image noise with a 3-point scale (score 3: marked noise,
precluding perfusion analysis; score 2: moderate noise, and score 1: mild noise, both
enabling perfusion analysis). They scored fissure visibility as follows: fissures not
detected (score 3); fissures detectable but blurred (score 2) and fissures clearly
identified as fine linear structures (score 1). They also rated the presence of artifacts at
the level of ribs, diaphragmatic dome, around cardiac cavities and opacified systemic
veins at the level of lung apices (i.e., around the subclavian artery) and around the
superior vena cava, as marked (score 3), moderate (score 2) and mild (score 1); scores
1 and 2 did not alter the overall quality of perfusion images and score 3 precluded

interpretation of perfusion in the vicinity of artifacts.

e Subjective and objective evaluation of perfusion defects
This analysis was undertaken at the level of one defect per segment, either the only one
depicted or the largest defect in case of multiple defects. Borders of this defect were
rated as well defined (score 1) or blurred (score 2). Measurement of attenuation values
within the defect and in the adjacent well-perfused lung parenchyma was obtained; the
ROIs for these measurements had the largest surface without crossing vascular or

bronchial structures, in areas devoid of artifacts.

4-Conditions of image analysis
The reading of Lung PBV images (i.e. transverse CT sections and MPRs) was first

undertaken to detect PE-type perfusion defects and rate subjective image quality. This



analysis required simultaneous display of Lung PBV reconstructions and corresponding
lung images to ensure reliable location of defect(s) and to avoid misinterpretation of
fissures for PE-related defects. A second reading session was obtained in similar
conditions for the analysis of Lung Mono images. A third session focused on quantitative
analysis of perfusion defects; it required simultaneous display of Lung PBV and Lung
Mono images to ensure similar positioning of ROIs within perfused and non-perfused lung
areas. The three reading sessions were obtained by consensus between two readers, i.e.,
a junior reader with 3 years of experience in CT (JP) and a senior reader with a 10-year
experience (AH). They were unaware of the presence or absence of acute pulmonary
embolism and read anonymized cases, presented in random order. Analysis of

morphologic imaging was undertaken by a single reader (i.e., the junior reader).

5-Statistical analysis

This is an exploratory study aimed at providing preliminary results on a new
reconstruction technique for dual-energy CT lung perfusion. No formal sample size
calculation was performed. We planned to recruit 30 patients in each group, i.e., patients
with and without PE. Data were analyzed using the SAS software version 9.4 (SAS
Institute, Cary, NC). Quantitative variables are reported as mean (standard deviation),
median (interquartile range) and range values and categorical variables are reported as
numbers (percentage). Patients and CT angiogram characteristics are compared between
patients with and without PE by using Mann-Whitney U tests for quantitative variables
and by using the Chi-Square test (or Fisher’s exact when excepted cell frequency<5) for
categorical variables. In the overall study sample (patients with and without PE pooled
together), we compared the perfusion image quality score according to the imaging
techniques (Lung PBV vs Lung Mono) by using a Wilcoxon signed-rank test. We also
used a Wilcoxon signed-rank test to compare the attenuation values between the two
imaging techniques in patients with PE. Statistical testing was conducted at the two-

tailed a-level of 0.05.



RESULTS

1-Study population

As shown in Table 2, there was no significant difference between Group 1 and Group 2
in the distribution of BMI (p=0.19), distribution of BMI categories (p=0.23), number of
smokers (p=0.06); in Group 1, there was a trend toward a higher tobacco consumption
without reaching statistical significance (p=0.057). Group 1 had a higher proportion of
males (p=0.034) and patients were significantly older (p=0.028). The distribution,

severity of PE and PE-related defects in Group 1 are summarized in Table 3.

2- Quality of CT angiograms

As shown in Table 4, there was no significant difference between Group 1 and Group 2
patients in the distribution of attenuation values within the pulmonary trunk (p=0.06),
RA1l (p=0.056) and RA10 (p=0.17) nor in the distribution of differences in attenuation
between RA1 and RA10 (p=0.13). The distribution of DLP did not differ between the two

groups (p=0.23).

3- Detection of PE-type perfusion defects

At the level of the 1106 segments analyzed, there were concordant findings between
Lung Mono and Lung PBV in 1104 segments (1104/1106; 99.8%) (absence of defects:
n=968; presence of defects: n=138) (Figure 3) and discordant findings in 2 segments
(RS4 and LS2 in two different Group 1 patients). These perfusion defects were
confidently detected on Lung Mono images but not described on Lung PBV images.
Combined analysis of Lung Mono and Lung PBV images suggested potential explanations
for these discordant interpretations: (a) in LS2, the perfusion defect was likely to have
been misinterpreted as cardiac motion artifact on Lung PBV images (Figure 4); (b) in
RS4, the perfusion defect could have been missed because of marked image noise and a
very coarse noise texture in this obese patient (Figure 5). Both patients had bilateral

acute PE with multiple perfusion defects.



At a patient level, there were no PE-type perfusion defects detected on Lung Mono nor
Lung PBV images in Group 2. The presence of emphysema in 9 patients (Group 1: n=5;
Group 2: n=4), rated as mild in 5 patients (Group 1: n=2; Group 2: n=3) and moderate/
marked in 4 patients (Group 1: n=3; Group 2: n=1), did not interfere with PE-type

perfusion defect analysis.

4- Subjective image quality of perfusion images

Overall study population (Table 5)

The distribution of scores of subjective noise significantly differed between Lung PBV and
Lung Mono images (p<0.0001) with mild noise in 58.6% of Lung Mono images and no
case of marked noise vs moderate and marked noise in 70.7% and 3.5% of Lung PBV
images, respectively. The distribution of scores of fissure visibility significantly differed
between Lung PBV and Lung Mono (p<0.0001) with fissures clearly identified in 77.6% of
cases on Lung Mono images vs fissures rated as blurred (51.7%) or not detectable
(48.3%) on Lung PBV images. There was no significant difference between the two
categories of perfusion images regarding the distribution of scores of artifacts at the level
of ribs, around the SVC and in the lung apex. However, the distribution of scores
significantly differed at the level of the diaphragm (p=0.0005) and around cardiac
cavities (p=0.0039) with a majority of Lung Mono images showing mild to moderate

artifacts.

Study population stratified by BMI (Table 6)

The distribution of scores of image noise significantly differed between the two categories
of perfusion images when considering the subgroups of underweight patients and
patients with normal BMI as a whole (p=0.0039) and the subgroup of overweight
patients (p=0.0002) but it did not differ for obese patients (p=0.125). On Lung Mono
images, mild image noise was observed in 86.4% of underweight and normal BMI

patients, in 50% of overweight patients and in 28.6% of obese patients (vs 54.5%, 9.1%



and 7.1% on Lung PBV images, respectively). In obese patients, marked image noise
was not observed on Lung Mono images (vs 14.3% on Lung PBV images).

The distribution of scores of fissure visualization significantly differed between the two
categories of perfusion images for underweight/normal BMI patients (p<0.0001),
overweight (p=0.016) and obese (p<0.0001) patients. Fissures were rated as clearly
identified on Lung Mono images in 95.5%, 77.3% and 50% of patients in
underweight/normal BMI, overweight and obese patients respectively (versus 0% in the
same categories on Lung PBV images). In obese patients, fissures were detected in all
but one patient on Lung Mono images whereas they were rated as not detected in 92.9%
of patients on Lung PBV images. Figures 3, 4 and 5 illustrate image quality in different

BMI categories.

5-Subjective and objective evaluation of perfusion defects

This evaluation was undertaken at the level of the 138 perfusion defects similarly
depicted by both techniques.

On Lung Mono images, 29 defects had sharp borders (29/138; 21.01 %) and 109
(109/138; 78.99%) had blurred borders. On Lung PBV images, 18 defects (18/138;
13.04%) had sharp borders and 120 defects (86.96 %) had blurred borders.

The rating of defect borders was concordant between the two techniques in 90.6% of
cases (125/138) and discordant in 9.4% (13/138). The 13 discordant ratings were
observed as follows: (a) 12 defects were rated with well-defined borders (score 1) on
Lung Mono images and rated as blurred (score 2) on Lung PBV images; (b) 1 defect was
rated with well-defined borders on Lung PBV images (score 1) and with blurred borders
on Lung Mono images (score 2). As shown in Table 7, the distribution of attenuation
values within perfused lung and within defects were both significantly higher on Lung
Mono images (p<0.0001). The distribution of gradient of attenuation between perfused
areas and defects was significantly higher on Lung Mono images (median=73.5 HU;
Q1=65.0; Q3=86.0) compared to Lung PBV (median=24.5 U; Q1=22.0; Q3=30.0)

(p<0.0001). Similar trends were observed when stratifying the population of 28 patients



with PE according to their BMI (Table 8); because of the small number of individuals in

the BMI categories, no statistical analysis could be performed.

DISCUSSION

To our knowledge, this is the first study investigating a new approach aimed at
optimizing DECT lung perfusion imaging. Considering lung PBV imaging as the reference
standard, our study was built as a two-step investigation, undertaken in the clinical
context of acute pulmonary embolism known to be responsible for specific perfusion
defects. The first step focused on the rate of detection of PE-type perfusion defects,
considering that the image quality of Lung Mono images would be worth analyzing only if
this new technique did not miss information accessible on reference images. Comparison
between Lung Mono and Lung PBV images showed an almost perfect agreement, with
concordant findings in all but 2 segments (i.e., rate of concordance of 99.8%). In the two
discordant ratings, segmental perfusion defects were clearly depicted on Lung Mono
images but not described on Lung PBV images. The most likely explanation was that they
had been missed because of marked coarse image noise in an obese patient and
misinterpreted as motion artifact in the second patient. This finding suggests an
applicability for DECT whatever the patient body habitus, thus more widely applicable
than Lung PBV.

The second step of our study was to evaluate whether the theoretical superiority
of image quality on subtracted images was perceptible on images acquired in real-life
conditions. The most striking finding was the higher spatial resolution of Lung Mono
images. Fissures were clearly identified in 77.6% of cases on Lung Mono images while
rated as blurred (51.7%) or not detectable (48.3%) on the majority of Lung PBV images.
Detection of fissures is a key component for confident localization of perfusion
abnormalities, especially in the context of peripheral chronic thromboembolic disease.
While the objective image noise as measured in a CATPHAN 500 was higher for Lung
Mono than Lung PBV, the noise texture was less patchy, coarse and grainy. This leads to

a lower level of perceived subjective image noise on Lung Mono images which



participated in the overall impression of improved image quality. The distribution of
scores of subjective noise significantly differed between the two techniques with mild
image noise in the majority of Lung Mono images and no case of marked noise, while
noise was rated as moderate and marked in 70.7% and 3.5% of Lung PBV images,
respectively. Subjective improvement in image quality was logically perceptible in
underweight patients and in patients with normal BMI. However, it was important to
underline that subjective image quality was also more favorably rated on Lung Mono
images in overweight and obese patients. In the latter category of patients, image noise
was never rated as marked (vs 14.3% on Lung PBV images where it hampered perfusion
analysis) and fissures were clearly identified in 50% of examinations while not detectable
in 92.9% of Lung PBV images. On Lung Mono images, we also observed less pronounced
artifacts at the level of the diaphragm and around cardiac cavities compared to Lung
PBV, both contributing to the overall improvement in image quality.

A significantly higher gradient of attenuation between hypo- and normally
perfused lung was demonstrated on Lung Mono images. This mainly resulted from the
increased iodine signal at the level of the normally perfused lung parenchyma on
subtracted monoenergetic images. In the Lung Mono approach, a 190 keV image (with
negligible iodine contrast) is subtracted from a 40 keV image (with very high iodine
contrast), subsequently generating an image with the CT numbers of iodine at 40 keV.
On the Lung PBV image, the CT numbers of iodine correspond to an image acquired at
120 kV, with a mean energy of about 70 keV. Keeping in mind that the “background”
without iodine (i.e., perfusion defects) has similar CT numbers both for lung PBV and for
Lung Mono, the gradient of attenuation between perfused areas and defects is therefore
much larger for Lung Mono than for lung PBV.

It was also interesting to note a significantly higher attenuation within the areas
devoid of perfusion on LungMono images, suggesting that a subtle residual perfusion
beyond the endoluminal clots or via a systemic collateral supply was detectable in
patients with acute PE. However, this higher gradient of attenuation has no impact on the

rating of the sharpness of defect borders with concordant findings on Lung Mono and



Lung PBV images in 90.6% of cases. The combination of increased iodine signal and
lower image noise on Lung Mono images should open new horizons for lung perfusion in
clinical practice. In COPD, one might expect detection of subtle changes within lung
microcirculation, preceeding the depiction of morphologic changes (33). Among
interstitial lung diseases, there are disorders with pulmonary vasculopathy that can
develop in the absence of interstitial lung disease, as observed in systemic sclerosis (34).
Their depiction at an early stage of the disease would be clinically helpful. In the specific
context of acute pulmonary embolism, perfusion defects have already been shown to be
useful for assessment of the clinical severity of PE and proposed to be used as an
indicator of right ventricular dysfunction (35,36). In the population of patients suspected
of PE but without evident thromboembolic clot on CTA, Taks et al have more recently
reported that the volume of perfusion defects appeared to be predictive for all-cause
mortality (37). An improved quality of perfusion imaging could also benefit the
recognition of distal obstruction of the pulmonary arteries in peripheral CTEPH (19,38)
and facilitate the depiction of lung microcirculation alterations in pulmonary arterial
hypertension (17) as well as in those observed during the acute phase and in the follow-
up of COVID-19 pneumonia (29). Lastly, in more technically-oriented considerations,
Lung Mono imaging could be an interesting option for an improved reliability of CT-based
measurements of iodine concentration (24,39).

This study suffers from several limitations that have to be acknowledged. First,
this study investigated lung perfusion imaging in a single clinical setting, namely acute
pulmonary embolism, whereas image quality could have been tested in other diseases
with perfusion alterations. In the absence of external gold standard for assessment of
perfusion defects, we limited the diagnostic accuracy of perfusion images to the depiction
of PE-type defects, known to be easily recognized by their shape and location. We
considered that missing PE-type defects would disqualify Lung Mono images from further
qualitative evaluation. Second, our study population was limited to 58 patients. This
resulted from the strict inclusion criteria, avoiding patients with respiratory co-

morbidities and patients with nonobstructive endoluminal clots that did not alter lung



perfusion. Moreover, dual-energy CT is not the favored scanning mode for dyspneic
patients suspected of acute PE in routine clinical practice, preferably scanned with single-
energy, high-pitch acquisitions to ensure motion artifact-free examinations. Third,
perfusion analysis was performed by consensus between two readers without calculation
of intra- and inter-reader agreement. However, the two readers analyzed anonymized
cases, read in random order and without knowledge of the presence or absence of acute
PE. Lastly, one should mention the longer time needed to generate Lung Mono images
compared to Lung PBV (i.e., in the range of 3-4 minutes), not because of a longer time
for postprocessing but because of the need to transfer monoenergetic images to the
prototype reconstruction tool.

In conclusion, this is the first study demonstrating the improved quality of
subtracted monoenergetic perfusion imaging over traditional Lung PBV imaging in a

clinically representative study population of patients with suspected PE.
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FIGURE CAPTIONS
Figure 1: Objective assessment of image quality in terms of noise (standard
deviation in circular region of interest) and resolution (line pair per centimeter
high resolution test bar pattern) using CAT phantom insert CTP528 (Catphan
500, The Phantom Laboratory, USA).
Figure 1a corresponds to the morphologic image generated from both tubes, often
described as the averaged image, assimilated to a traditional 120 kV image.
Figure 1b corresponds to the perfusion image reconstructed by three-compartment
decomposition using the Lung PBV algorithm.
Figure 1c corresponds to the perfusion image generated by subtraction of virtual

monoenergetic images.

The Lung Mono algorithm (Fig 1c) maintains resolution of averaged morphologic images
(Fig 1a) (6 Ip/cm), whereas the Lung PBV resulted in a lower resolution (4 Ip/cm) (Fig
1b). The highest visible resolution pattern for all three setups are highlighted in yellow.
Noise was 11.2 HU and 19.4 HU for the Lung PBV and the Lung Mono, respectively. The
subjective noise texture is more patchy and grainy for the Lung PBV images than for the

Lung Mono images.

Figure 2: Study flowchart

Figure 3: Dual-energy CT angiographic examination obtained in a 62-year-old
overweight female with acute pulmonary embolism (160 cm; 70 kg; BMI: 27.34
kg.cm?)

Paired Lung Mono (Figure 3a) and Lung PBV (Figure 3b) images obtained at the level
of the right bronchus intermedius. Paired Lung Mono (Figure 3c) and Lung PBV (Figure

3d) images obtained at the level of the inferior pulmonary veins.



Similar depiction of triangular, peripheral perfusion defects in the right middle (double
white arrows) and right lower (single white arrows) lobes.

In Lung Mono images (Figures 3a, 3c¢), clear identification of the right and left major
fissures as fine linear opacities, not detectable on Lung PBV images (Figures 3b, 3d).
The right minor fissure is visible but blurred on the Lung Mono image (white arrowheads,
Figure 3a); it appears as a large zone of hypoattenuation on the Lung PBV image (white

arrowheads, Figure 3b).

Figure 4: Dual-energy CT angiographic examination obtained in a 72-year-old
male with acute pulmonary embolism in a context of bronchopulmonary
carcinoma. Overweight patient (185 cm; 95 kg; BMI: 27.75 kg.cm?).

Paired Lung Mono (Figure 4a) and Lung PBV (Figure 4b) images obtained at the level
of the right bronchus intermedius. Figure 4c: mediastinal image at the level of the

anterior segmental artery of the left upper lobe (LA2).

The small arrows in Figures 4a and 4b point to a large perfusion defect in the anterior
segment of the left upper lobe that was depicted in the Lung Mono image and
misinterpreted as motion artifact in the Lung PBV image. This perfusion defect was linked
to the presence of an obstructive clot within LA2 (arrows; Figure 4c).

Similar depiction of defects in the right upper lobe (large arrow) and in the apical

segment of the right lower lobe (arrowhead) in Figures 4a and 4b.

Figure 5: Dual-energy CT angiographic examination obtained in a 61-year-old
female with acute pulmonary embolism. Patient with morbid obesity (160 cm;
120 kg; BMI: 46.8 kg.cm?).

Large perfusion defect due to peripheral acute PE in the lateral segment of the right
middle lobe (arrows in Figures 5a, 5b). Less image noise and improved spatial
resolution are observed in Figure 5a. Similar ratings of artifacts around cardiac cavities

(small stars) and in the paravertebral regions (large stars).



Table 1

Scanning protocol and reconstruction parameters

Acquisition parameters

Tube A 70 kV-402 mAs (<65 kg)
80 kV-207 mAs (65-80 kg)
90 kV-208 mAs (>80 kg)

Tube B Sn 150 kV-115 mAs

Collimation 64 x 0.6 mm x 2

Pitch 0.55

Rotation time, s 0.25

Care Dose 4D off

Caudo-cranial acquisitions +

End-inspiratory acquisition +

Injection parameters

Iodine concentration, mg I/mL | 400

Flow rate, mL/s 4

Volume administered, mL

60 (iodine) + 40 (diluted contrast medium)

ROI position ascending aorta
Threshold, HU 100
Reconstruction parameters

Lung images:

-thickness, mm 1

-intervals, mm 1

-kernel BI57
Mediastinal images:

-thickness, mm 1

-intervals, mm 1

-kernel Br36

Perfusion images:

-thickness, mm 1

-intervals, mm 1

-range of HU selected -1000 HU/-200 HU
-range user 2

-kernel Q40




Table 2

Group 1 Group 2 P
Presence of PE Absence of PE
n=28 n=30
Sex ratio (males/females), n (%) 19 (67.9) ; 9 (32.1) 12 (40.0) ; 18 0.034 *
(60.0)
Age, yr
mean = SD 57.2 £ 14.0 47.4 £17.1 0.028***
median (Q1; Q3) 56.5 (48.0 ; 68.5) 42.0 (33.0; 64.0)
range (minimum; maximum) 28.0 | 83.0 24.0 | 76.0
BMI, kg/m?
mean = SD 27.9+£5.6 26.4 £ 6.6 0.19%*x*
median (Q1; Q3) 27.6 (24.3 ; 29.9) 25.8 (21.5; 30.4)
range (minimum ; maximum) 19.3 ] 46.9 17.1 1 44.1
BMI categories
underweight (<18 kg/m?), n (%) 0 (0.0) 1(3.3) 0.23**
normal (18-25 kg/m?2), n (%) 8 (26.7) 13 (43.3)
overweight (25-29 kg/m?), n (%) 14 (50.0) 8 (26.7)
obese (230 kg/m?), n (%) 6 (21.4) 8 (26.7)
Smokers, n (%) 16 (57.1%) 10 (33.3%) 0.068*
Tobacco consumption, pack-year
mean = SD 19.4 £17.9 6.9 7.2 0.057***
median (Q1; Q3) 15.0 (5.5 ; 27.5) 3.5 (2.0 ; 15.0)
range (minimum ; maximum) 1.0 | 60.0 1.0 ] 20.0

NB: comparisons were obtained with the chi? test (*), Fisher’s exact test (**) and Mann-
Whitney U test (***).
Abbreviations: SD: standard deviation; BMI: body mass index; Q1: first quartile; Q3:

third quartile




Table 3

Distribution, severity of PE and PE-related perfusion defects in Group 1

Distribution of acute PE
Type of PE:

-unilateral, n (%) 8 (28.6%)
-bilateral, n (%) 20 (71.4%)
Location of clots

-exclusively within central PAs 0
-exclusively within peripheral PAs, n (%) 12 (42.9%)
-within central & peripheral PAs, n (%) 16 (57.1%)

Severity of acute PE

CT obstruction score, %

mean (SD) 22.7 (16.3)
median 21.3
range 3.2 - 56.8
Heart strain

RV/LV ratio >1, n (%) 3 (10.7%)

PE-related perfusion defects

Number of PE-type perfusion defects per

patient

mean (SD) 49(2.7)
median 5
range 1-9
Extent of PE-type perfusion defects

-patients with segmental & subsegmental defects, n 18
-patients with only subsegmental defects, n 9
-patients with only segmental defects, n 1

NB: Central pulmonary arteries include main, lobar and interlobar pulmonary arteries;
peripheral pulmonary arteries include segmental and subsegmental pulmonary arteries.

Abbreviations: PE: pulmonary embolism; PA: pulmonary artery; RV: right ventricle; LV:
left ventricle; SD: stabdard deviation



Table 4

Characteristics of CT angiograms in Group 1 and Group 2

Group 1 Group 2 P
Presence of PE Absence of PE
28 patients 30 patients

Attenuation within the pulmonary
trunk, HU
mean + SD 351.5 £ 132.9 439.8 + 185.0 0.060
median (Q1; Q3) 311.5 (264.5 ; 387.0) 434.5 (284.0 ;
range (minimum; maximum) 184.0 | 704.0 534.0)

183.0 | 852.0
Attenuation within RA1, HU
mean + SD 401.6 + 146.4 488.6 + 189.6 0.056
median (Q1; Q3) 374.0 (307.5 ; 440.5) 493.5 (348.0 ;
range (minimum; maximum) 208.0 | 833.0 597.0)

213.0 ] 935.0
Attenuation within RA10, HU
mean £ SD 415.1 + 144.4 471.7 £ 163.7 0.17
median (Q1; Q3) 370.0 (307.0 ; 492.5) 432.5 (365.0 ;
range (minimum; maximum) 199.0 | 805.0 552.0)

215.0 | 885.0
Delta between RA10 and RA1, HU
mean = SD 54.9 £ 31.7 42.8 £ 31.5 0.13
median (Q1; Q3) 53.5 (29.0; 72.5) 37.0 (21.0; 65.0)
range (minimum; maximum) 41149 0]137
Dose-Length-Product, mGy.cm
mean £ SD 308.4 £ 63.4 314.7 £ 54.1 0.23
median (Q1; Q3) 282.5 (262.5 ; 352.5) | 297.5 (277.0; 336.0)
range (minimum; maximum) 241.0 | 436.0 231.0 | 434.0

NB: comparisons were obtained with the Mann-Whitney U test

Abbreviations: RA1: anterior segmental artery of the right upper lobe; RA10: posterior
segmental artery of the right lower lobe; HU: Hounsfield unit; SD: standard deviation:
Q1: first quartile; Q3: third quartile; mGy.cm: milligray.centimeter




Table 5

Comparison of lung perfusion image quality in the study population

Lung PBV Lung Mono P
58 examinations 58 examinations
Subjective noise, HU
mild (score 1), n (%) 15 (25.9) 34 (58.6) <0.0001
moderate (score 2), n (%) 41 (70.7) 24 (41.4)
marked (score 3), n (%) 2 (3.5) 0 (0.0)
Fissure visibility
clearly identified (score 1), n (%) 0 (0) 45 (77.6) <0.0001
visible but blurred (score 2), n (%) 30 (51.7) 12 (20.7)
not detected (score 3), n (%) 28 (48.3) 1(1.7)
Artifacts at the level of ribs
mild (score 1), n (%) 30 (51.7) 32 (55.2) 0.6250
moderate (score 2), n (%) 28 (48.3) 26 (44.8)
marked (score 3), n (%) 0 (0) 0 (0)
Artifacts at the level of the
diaphragm
mild (score 1), n (%) 20 (34.5) 30 (51.7) 0.0005
moderate (score 2), n (%) 34 (58.6) 26 (44.8)
marked (score 3), n (%) 4 (6.9) 2 (3.4)
Artifacts at the level of lung apex
mild (score 1), n (%) 12 (20.7) 12 (20.7) 1.0000
moderate (score 2), n (%) 37 (63.8) 38 (65.5)
marked (score 3), n (%) 9 (15.5) 8 (13.8)
Artifacts around the SVC
mild (score 1), n (%) 16 (27.6) 17 (29.3) 1.0000
moderate (score 2), n (%) 39 (67.2) 38 (65.5)
marked (score 3), n (%) 3 (5.2) 3 (5.2)
Artifacts around the cardiac
cavities
mild (score 1), n (%) 1(1.7) 3(5.2) 0.0039
moderate (score 2), n (%) 45 (77.6) 50 (86.2)
marked (score 3), n (%) 12 (20.7) 5 (8.6)

NB: comparisons were obtained with the Wilcoxon signed-rank test

Abbreviations: SVC: superior vena cava; HU: Hounsfield unit.




Table 6

Comparison of quality of perfusion imaging according to patient BMI

IMAGE NOISE Rating of Rating of P
subjective noise on subjective noise
Lung PBV images on Lung Mono
images

Patients with normal BMI and
underweight patients (n=22)
mild noise (score 1), n (%) 12 (54.5%) 19 (86.4%) 0.0039
moderate noise (score 2), n (%) 10 (45.6%) 3 (13.6%)
marked noise (score 3), n (%) 0 (0%) 0 (0%)
Overweight patients (n=22)
mild noise (score 1), n (%) 2 (9.1%) 11 (50.0%) 0.0002
moderate noise (score 2), n (%) 20 (90.9%) 11 (50.0%)
marked noise (score 3), n (%) 0 (0%) 0 (0%)
Obese patients (n=14)
mild noise (score 1), n (%) 1(7.1%) 4 (28.6%) 0.125
moderate noise (score 2), n (%) 11 (78.6%) 10 (71.4%)
marked noise (score 3), n (%) 2 (14.3%) 0 (0%)
FISSURE VISUALIZATION Rating of fissure Rating of fissure P

visualization on visualization on

Lung PBV images Lung Mono

images

Patients with normal BMI and
underweight patients (n=22)
Clearly identified (score 1), n (%) 0 (0%) 21 (95.5%) <0.0001
Visible but blurred (score 2), n (%) 17 (77.3%) 1 (4.5%)
Not detected (score 3), n (%) 5 (22.7%) 0 (0%)
Overweight patients (n=22)
Clearly identified (score 1), n (%) 0 (0%) 17 (77.3%) 0.016
Visible but blurred (score 2), n (%) 12 (54.5%) 5 (22.7%)
Not detected (score 3), n (%) 10 (45.5%) 0 (0%)
Obese patients (n=14)
Clearly identified (score 1), n (%) 0 7 (50.0%) <0.0001
Visible but blurred (score 2), n (%) 1(7.1%) 6 (42.9%)
Not detected (score 3), n (%) 13 (92.9%) 1(7.1%)

NB: Comparisons were obtained with the Wilcoxon signed-rank test.




Table 7

Comparison of attenuation values within perfused and non-perfused areas
between Lung PBV and Lung Mono images in the 28 examinations with PE-
perfusion defects.

Lung PBV Lung Mono P
Attenuation within perfusion defect, HU
mean = SD 3.5+ 2.2 114 £ 6.1 <0.0001
median (Q1; Q3) 3.0 (2.0 ; 4.5) 10.5 (6.5 ; 16.5)
range (minimum; maximum) 1.0 9.0 1.0 ] 26.0
Attenuation within perfused lung, HU
mean + SD 30.4 £ 9.2 89.1 + 19.9 <0.0001
median (Q1; Q3) 26.5 (24.0 ; 33.5) | 85.0 (74.0; 100.0)
range (minimum; maximum) 15.0 | 55.0 50.0 | 131.0
Delta of attenuation between perfused
and non-perfused lung
mean = SD 26.9 £ 8.4 77.7 £ 20.0 <0.0001
median (Q1; Q3) 24.5 (22.0 ; 30.0) 73.5 (65.0 ; 86.0)
range (minimum; maximum) 12.0 ] 46.0 40.0 | 121.0

NB: comparisons were obtained with the Wilcoxon signed-rank test.
Abbreviations: SD: standard deviation; HU: Hounsfield unit; Q1: first quartile; Q3: third

quartile




Table 8

Comparison of attenuation values within perfused and non-perfused areas
between Lung PBV and Mung Mono images according to the patient BMI

Delta of attenuation
between perfused and
non-perfused areas
on Lung PBV images

Delta of attenuation
between perfused and
non-perfused areas
on Lung Mono images

Patients with normal and
underweight BMI (< 25) (n=8)

mean = SD 31.4 £ 9.6 85.9 £ 24.4
median (Q1; Q3) 28.5 (24.0; 40.0) 75.5 (69.0; 110.5)
range (minimum; maximum) 20.01i 46.0 56.01121.0
Overweight patients (n=14)

mean = SD 25.6 £7.8 73.1+17.1
median (Q1; Q3) 23.0 (21.0; 29.0) 65.5 (64.0; 79.0)
range (minimum; maximum) 17.0144.0 53.0I116.0
Obese patients (n=6)

mean = SD 23.8 £ 6.6 77.3 £ 20.1
median (Q1; Q3) 25.5 (22.0 - 28.0) 82.0 (74.0; 87.0)
range (minimum; maximum) 12.0130.0 40.0199.0

Abbreviations: SD: standard deviation; HU: Hounsfield unit; Q1:

quartile; BMI: body mass index

first quartile; Q3: third
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