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AIM: To assess differences in qualitative and quantitative parameters of pulmonary perfusion
from dual-energy computed tomography (CT) pulmonary angiography (DECT-PA) in patients
with COVID-19 pneumonia with and without pulmonary embolism (PE).
MATERIALS AND METHODS: This retrospective institutional review board-approved study

included 74 patients (mean age 61�18 years, male:female 34:40) with COVID-19 pneumonia in
two countries (one with 68 patients, and the other with six patients) who underwent DECT-PA
on either dual-source (DS) or single-source (SS) multidetector CT machines. Images from DS-
DECT-PA were processed to obtain virtual mono-energetic 40 keV (Mono40), material
decomposition iodine (MDI) images and quantitative perfusion statistics (QPS). Two thoracic
radiologists determined CT severity scores based on type and extent of pulmonary opacities,
assessed presence of PE, and pulmonary parenchymal perfusion on MDI images. The QPS were
calculated from the CT Lung Isolation prototype (Siemens). The correlated clinical outcomes
included duration of hospital stay, intubation, SpO2 and death. The significance of association
was determined by receiver operating characteristics and analysis of variance.
RESULTS: One-fifth (20.2%, 15/74 patients) had pulmonary arterial filling defects; most filling

defects were occlusive (28/44) located in the segmental and sub-segmental arteries. The
parenchymal opacities were more extensive and denser (CT severity score 24�4) in patients
with arterial filling defects than without filling defects (20�8; p¼0.028). Ground-glass opac-
ities demonstrated increased iodine distribution; mixed and consolidative opacities had
reduced iodine on DS-DECT-PA but increased or heterogeneous iodine content on SS-DECT-PA.
QPS were significantly lower in patients with low SpO2 (p¼0.003), intubation (p¼0.006), and
pulmonary arterial filling defects (p¼0.007).
CONCLUSION: DECT-PA QPS correlated with clinical outcomes in COVID-19 patients.
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Introduction

Patients with coronavirus 2019 (COVID-19) infection are
reported to have endothelial dysfunction, activation of
coagulation, thromboembolic disease, and disseminated
intravascular coagulation.1e3 Vascular complications, such
as deep vein thrombosis, pulmonary thromboembolism,
systemic arterial thrombi and emboli, myocardial
ischaemia, and ischaemic stroke, are reported in patients
with COVID-19 infection.3e7 Occlusions in the pulmonary
arterial circulation are thought to be related to severe dis-
ease and higher mortality in COVID-19 infection,8 although
the exact causes for disease severity and host response
remain unclear.

It is also unclear if patients with COVID-19 pneumonia
develop PE or in situ thrombi, and if imaging can differen-
tiate between these two entities. Peripheral venous
thrombosis was absent in most COVID-19 patients but these
patients were diagnosed with PE,3 raising the possibility of
in situ thrombi in the pulmonary arterial circulation.
Although prophylaxis and treatment of PE in patients with
COVID-19 pneumonia is of increasing clinical interest, it is
unclear if pulmonary arterial in situ thrombosis should be
treated in a similar fashion to PE.3,9

To be detectable on computed tomography (CT), pul-
monary arterial filling defects must extend beyond the
pulmonary microcirculation to at least segmental or prox-
imal subsegmental pulmonary arteries or lead to assessable
changes in pulmonary perfusion.10 Quantitative lung
parenchymal perfusion (QPS) has been assessed in non-
COVID-19 patients with PE using DECT pulmonary angiog-
raphy (DECT-PA) perfusion maps and material decomposi-
tion iodine (MDI) images.11 Recent publications in COVID-19
patients have described decreased perfusion in con-
solidative opacities surrounded by a “hyperaemic halo” of
increased perfusion and dilated adjacent pulmonary ar-
teries on DECT12,13 without a clear explanation for these
findings. There is increasing evidence that DECT-PA can
depict changes in pulmonary perfusion in the absence of
visible PE and in situ thrombi.14,15 The present study
assessed differences in qualitative and quantitative pul-
monary perfusion from DECT-PA in patients with COVID-19
pneumonia with and without visible filling defects in the
pulmonary arteries.
Materials and methods

Patients and protocols

The institutional review boards approved this retro-
spective study with a waiver of informed consent at both
Massachusetts General Hospital (Site A) and Aarhus Uni-
versity Hospital (Site B). This retrospective study included
74 adult patients with reverse transcription polymerase
chain reaction (RT-PCR) confirmed COVID-19 pneumonia
from two quaternary hospitals (site A: 68 patients, site B:
six patients). All patients underwent DECT-PA for suspected
PE as part of clinical care.
Details were recorded regarding duration of hospital stay
(<10 days or �10 days), disease outcome (death or
discharge with recovery), intubation status (yes or no) and
peripheral oxygen saturation (SpO2; low <90%; normal
�90%) at the time of DECT-PA. No patients were excluded
based on their size or body mass index.

Patients from site A underwent DECT-PA on either a dual-
source (DS), 192-section multidetector-row CT machine
(Siemens Definition Force, Siemens Healthineers; n¼45 pa-
tients) or single-source (SS), 64-slice multidetector-row CT
(GE Discovery 750HD, GE Healthcare; n¼23 patients). The
imaging parameters for DS-DECT-PAwere 80/150 kVwith tin
filter, automatic exposure control (CareDose 4D, Siemens
Healthineers) at quality reference tube current of 180 mAs,
1.1:1 pitch, 0.28-second gantry rotation time, and 192 � 0.6
detector configuration. The SS-DECT-PA examinations were
performed at 80/140 kV with rapid voltage-switching, fixed
tube current of 280e360 mA, 0.5-second rotation time,
1.375:1 pitch, and 64 � 0.625 detector configuration.

Site B patients were scanned on a dual-source, 128-
section multidetector-row CT (Siemens Definition Flash;
n¼6 patients). The imaging parameters for DS-DECT-PA
were 100/140 kV with tin filter, automatic exposure con-
trol (CareDose 4D) at quality reference tube current of 180
mAs, 1.1:1 pitch, 0.28-second gantry rotation time, and
128�0.6 detector configuration.

All patients at both sites received 350e370 mg iodine/ml
iodinated contrast media injected at 4e5 ml/second (80 ml
for patients�80 kg body weight; 100ml for patients>80 kg
body weight). Images were reconstructed at 1e1.25 thick-
ness with 50% overlap. For all DECT-PA, transverse virtual
mono-energetic (Mono 40 keV) and material decomposi-
tion iodine (MDI) images were generated.

Qualitative evaluation

Two thoracic radiologists (SRD and MKK with 16 and 13
years of experience) reviewed Mono 40 keV and MDI im-
ages in consensus to assess COVID-19 pneumonia-related
lung findings, filling defects in pulmonary arteries, and
qualitative perfusion abnormalities. As the DS-DECT-PA
MDI images segment the inflated lungs and exclude the
opacified lungs, the 40 keV images were reviewed to assess
contrast enhancement within regions of opacities to
differentiate pulmonary opacities related to pneumonia and
pulmonary infarction. Imaging findings and severity were
assessed on 40 keV images to score severity and type of
opacities. Based on prior publications,16,17 the COVID-19
pneumonia-related findings were graded separately in
each of the five lung lobes for extent (0, no pulmonary
opacity; 1, opacities involving <5% lobar volume; 2, 5e25%
lobar involvement; 3, 26e50% lobar involvement; 4,
51e75% lobar involvement; 5, >76% lobar involvement) and
type of opacities (1, ground-glass opacities 2, consolidation
or mixed opacities such as ground-glass opacities with
consolidation, interlobular septal thickening or nodules).
For each lobe, the extent and type of pulmonary opacities
were added to obtain lobar involvement scores (maximum
score of 5). The entire lung severity score was obtained by
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adding lobar scores for all the five lobes (maximum score of
35). Also, contrast enhancement (from Mono 40 keV) and
iodine uptake (fromMDI) in regions of pulmonary opacities
was recorded (as decreased, increased, or variable relative
to the adjacent normal lung). Radiologists could adjust the
window levels and widths at their discretion.

Both radiologists assessed pulmonary arterial filling de-
fects for location (from main pulmonary trunk to sub-
segmental arteries) and degree of occlusion (occlusive, non-
occlusive). The number (one score for each positive pulmo-
nary arterial filling defect) of pulmonary arterial filling de-
fectswas recorded. The presence of focal or diffuse dilatation,
narrowing, wall thickening, and irregularity of pulmonary
arteries and veins was also recorded. The presence and type
of opacities (normal lung parenchyma, ground-glass,
consolidation, or mixed opacities) were assessed in the
lung supplied by the pulmonary artery with filling defect.
The presence and lobar location of pulmonary infarction
were recorded. The radiologists also assessed for right heart
strain (ratio of right to left ventricle diameters and flattening
or leftward bowing of the interventricular septum), and the
diameter of the main pulmonary trunk. A study co-
investigator (C.A.) reviewed dictated radiology reports of
included DECT-PA to record PE documentation.

Quantitative evaluation

The low and high voltage DS-DECT-PA were processed
with the lung lobe segmentation and perfusion analysis
software (CT Lung Isolation, eXamine, Siemens Healthi-
neers, Forchheim, Germany). The artificial intelligence-
based software automatically estimates quantitative
perfusion statistics (QPS) from DS-CT over the entire vol-
umes of both lungs, right lung, and left lung, as well as the
five lung lobes (Fig 1).11 QPS includes contrast media
amount, concentration, mean and median contrast
enhancement, standard deviation, variance, skewness, and
kurtosis of iodine distribution in the entire lung and indi-
vidual lung lobes. These QPS features are generated auto-
matically by the software and cannot be individually
verified by the users. An important distinction between the
qualitative evaluation of perfusion and QPS was that for the
former, both radiologists assessed lung perfusion in regions
with and without parenchymal opacities, whereas QPS
quantifies lung regions without dense parenchymal opaci-
ties (consolidation, infarcts, or atelectasis). DS-DECT-PA
image series in two patients (2/51) could not be processed
with the software. The software is designed for DS-DECT-
PA, and therefore the SS-DECT-PA images were not
assessed for QPS.

Statistical analyses

Data were analysed with Microsoft EXCEL (Microsoft,
Redmond, WA, USA). Apart from the descriptive statistics,
one-way analyses of variance (ANOVA) was performed to
determine the differences in severity scores, pulmonary
arterial filling defects, and QPS for patients with low and
normal SpO2, intubation (yes or no), hospital admission
duration (<10 days, �10 days), and outcomes (death versus
recovery). For statistically significant parameters, receiver
operating characteristics (ROC) curve analyses was per-
formed to determine the area under the curve (AUC). A p-
value of <0.05 was considered a statistically significant
difference.

Results

Clinical features and outcomes

There were 74 adult patients with COVID-19 pneumonia
(age range 21e96 years; mean age 61�18 years; 40 females
and 34 males). At the time of DECT-PA, 54% (40/74) were on
anticoagulants (heparin, warfarin, rivaroxaban, or enox-
aparin) as part of their standard of care treatment, 45% were
admitted for �10 days (33/74), 59% had SpO2 of <90% (44/
74), and 22% were intubated (16/74). The mortality rate in
this group was 14% (10/74; Table 1).

Lung parenchymal assessment and severity scores

There were changes in the lung parenchyma in 97% of
patients (72/74). Of these, 89% (64/72) had mixed paren-
chymal opacities comprising ground-glass and consolida-
tion, and 11% (8/72) had pure ground-glass opacities. The
regions with pure ground-glass opacities had increased
perfusion compared to the adjacent normal lung paren-
chyma on the qualitative assessment of all MDI images
(Figs 2e4); however, patients with mixed or consolidative
opacities demonstrated a scanner-specific appearance of
lung perfusion (Figs 2e4). The consolidative and mixed
opacities demonstrated lower perfusion than normal lung
parenchyma on the DSCT-PA MDI (Figs 2e4), but increased
or heterogeneous perfusion on SS-DECT-PA MDI. There
were no regions of hyper-perfusion in lung parenchyma
adjacent to consolidative or mixed opacities in any patient.
The CT severity score was lower in patients with pure
ground glass (CT severity score 13�5) compared to patients
with mixed and consolidative opacities (CT severity score
22�6). The CT severity scores independently did not predict
the disease outcomes (death, mechanical ventilation, low
SpO2, or hospital stay duration: AUC<0.53, p>0.4). There
was no significant difference in the CT severity scores be-
tween the SS-DECT-PA (20.1�6.7) and DS-DECT-PA
(20.5�7.9; p¼0.83).

Pulmonary vascular changes

Approximately 20% of patients had pulmonary arterial
filling defects (15/74), and of these, 53% were on prophy-
lactic anticoagulation (8/15). There were 53 pulmonary
arterial filling defects with three in the main pulmonary
arteries and the other 50 in lobar and distal branches. Most
filling defects were in subsegmental or segmental branches
(44/53; 83%) and mostly within the lower lobes (32/50;
64%; Table 2). Only one patient with extensive PE had evi-
dence of right heart strain with the right to left ventricle
ratio of 1.3 and straightening of the interventricular septum.



Figure 1 QPS software in action. The software automatically generates MDI images in the transverse, coronal and sagittal planes as well as a
diagrammatic (bottom right image) and tabular representation (not shown) of QPS features for the whole lung, right lung, left lung, and each
lung lobe.
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The lung parenchyma adjacent to the arterial filling defects
in the lungs had consolidative or mixed (ground-glass
opacities with consolidation or interlobular septal thick-
ening) opacities in 80% (12/15) and only ground-glass
opacities in 20% (3/15) patients. Six patients (40%) had
pulmonary infarcts and were associated with occlusive
segmental or subsegmental filling defects in lower lobes.
Infarcts were non-enhancing, pulmonary opacities with a
broad pleural base on mono-energetic images and as re-
gions of perfusion defects onMDI images (Fig 3). Therewere
no PE in three patients (3/74) with deep venous thrombosis
in the upper or lower extremities. None of the patients had
pulmonary arterial wall thickening, irregularity, dilatation,
beading, or aneurysm, and none had filling defects in car-
diac chambers or systemic arteries. The severity scores for
pulmonary involvement were higher in patients with pul-
monary arterial filling defects (mean score 24�4 compared
to mean score 19 � 8; p¼0.02). The presence of pulmonary
Table 1
Summary of the clinical features and outcomes.

Patients 74 patients (68 from site A; 6 from site B)

Gender 40 females, 34 males

Age 61 � 18 years (average � standard deviation)

Yes No

Prophylactic
anticoagulation

40 (54%) 34 (46%)

Low SpO2 44 (59%) 30 (41%)
Intubation 16 (22%) 58 (78%)
Pulmonary embolism 15 (20%) 59 (80%)
Hospital stay 45 (61%) 29 (39%)
Death 10 (14%) 64 (86%)
arterial filling defects, however, did not affect any outcome
measure.

QPS

The QPS (contrast agent amount, kurtosis, variance, 10th

and 25th percentile values) were strong predictors for pa-
tient intubation (AUC 0.75e0.77; p¼0.0052e0.0012) and
duration of hospital stay (AUC 0.83, 95% confidence interval
0.68e0.91; p<0.0001). The deceased patients and patients
with low SpO2 had significant differences in these QPS
features compared to survivors and those with high SpO2
(p<0.05; Table 3) but was also associated with AUC (<0.68)
suggestive of significant overlap in perfusion statistics
within the groups.

There were significant differences in QPS in patients with
and without PE (p¼0.0045e0.0006) with the most impor-
tant predictors being mean, modal, and 10th percentile of
iodine-related contrast enhancement in Hounsfield units on
MDI images (AUC 0.73e0.75). The mean and mode values
were significantly lower in patients with PE (p¼0.0045).
There was no significant difference in any QPS features
between patients on anticoagulation and without (p>0.1).
As QPS assesses perfusion in the aerated portions of each
lung and lobes and excludes regions with dense opacities,
there was reduced iodine concentration and contrast
enhancement in lung lobes with consolidative or mixed
opacities that demonstrated decreased qualitative perfu-
sion. Despite the qualitative differences in perfusion onMDI
images, there was no difference in QPS features between
GGO (iodine concentration 1.7�0.7mg/ml) and normal lung
parenchyma (iodine concentration 1.4�0.4 mg/ml; p¼0.73).



Figure 2 (a,c) Transverse virtual mono-energetic (Mono 40 keV) and (b,d) material decomposition iodine (MDI) images belonging to two pa-
tients scanned with DS-DECT-PA. (a) Mono 40 keV image of a 67-year-old COVID-19 infected man demonstrates a mixed ground-glass and
consolidative opacity in the right lower lobe (red arrow) and pulmonary embolus in the segmental right lower lobe pulmonary arteries; (b) the
MDI image demonstrates decreased lung perfusion in the region of the mixed opacity consistent with a pulmonary infarction. (c) Mono 40 keV
image of an 80-year-old man has multifocal consolidations in bilateral upper and right lower lobes, which correspond to regions of perfusions
defects on MDI image (d). Both patients had RT-PCR positive COVID-19 pneumonia.

Figure 3 (a) Transverse virtual mono-energetic (Mono 40 keV) and (b) material decomposition iodine (MDI) images of a 48-year-old COVID-19
infected man with SS-DECT-PA. Mono 40 keV image demonstrate ground-glass opacities in bilateral upper lobes (along arrows), which corre-
spond to regions of increased perfusion (iodine related enhancement) on MDI images. The consolidative opacity in the right lower lobe
demonstrates variable perfusion pattern.

Figure 4 (a) Transverse virtual mono-energetic (Mono 40 keV) and (b) material decomposition iodine (MDI) images of a 54-year-old COVID-19
infected manwho underwent DS-DECT-PA. Mono 40 keV images demonstrate ground-glass opacities in the bilateral upper lobes (along arrows),
which correspond to regions of increased perfusion (arrowheads) on MDI images. The nodular foci of consolidation in the right lower lobe
demonstrate decreased perfusion compared to the adjacent normal lung (within the red ovals).
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Table 2
Summary of distribution of PE at different levels and lung lobes.

Location Occlusive
PE

Non-occlusive
PE

Total PE

Overall distribution
Main pulmonary trunk 0 0 0
Right and Left main PA 0 3 3
Lobar PA 0 6 6
Segmental PA 8 7 15
Subsegmental PA 20 9 29
Lobar distribution
Right upper lobe PA 0 1 1
Right middle lobe PA 10 0 10
Right lower lobe PA 8 7 15
Left upper lobe PA 4 3 7
Left lower lobe PA 6 11 17

Most PE were in segmental and subsegmental arteries of the lower lobes.
PE, pulmonary emboli; PA, pulmonary arteries.
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There were significant differences (p<0.0001) in QPS in
patients with extensive versus non-extensive COVID-19
pneumonia based on the severity scores (AUC of up to 0.83;
95% confidence interval 0.69e0.91) with best predictors
being 10th and 25th percentile of iodine-related contrast
enhancement, kurtosis, and contrast agent concentration
from the MDI images (lower in patients with extensive
disease as compared to thosewith a non-extensive disease).
This was true both on the entire lung severity scores
(combined scores for all lung lobes) and lobe-specific
severity scores (AUC 0.82e0.86, p<0.0001).
Discussion

There is a significant difference in QPS of the lung in
COVID-19 patients for outcomes such as duration of hospital
stay, need for intubation, low SpO2, andmortality. There is a
high prevalence of pulmonary arterial filling defects in
Table 3
Summary of disease outcome variables and quantitative perfusion statistics (QPS

Outcome variables No. patients Contrast agent
(amount in mg)

Kurtosis Total lu
volume

Disease outcome
Survived 46 (S)

18 (GE)
4,176 � 1,440 13.8 � 12.1 2,864 �

Deceased 6 (S)
4 (GE)

3,829 � 1,671 7.9 � 3.8 2,381 �

Hospital stay duration
�10 days 33 (S)

12 (GE)
3,902 � 1,283 11.5 � 10.8 2,731 �

<10 days 18 (S)
11 (GE)

4,481 � 1,664 15.8 � 12.6 2,953 �

Intubation þ mechanical ventilation
Present 11 (S)

5 (GE)
4,414 � 1,798 15.3 � 15.9 2,921 �

Absent 40 (S)
18 (GE)

4,037 � 1,358 12.5 � 10.3 2,786 �

SpO2

Normal (>95%) 25 (S)
5 (GE)

4,335 � 1,502 13.4 � 10.1 2,903 �

Reduced 26 (S)
18 (GE)

3,902 � 1,386 12.8 � 13 2,727 �

S, Siemens; GE, General Electric.
patients with higher CT severity scores. Still, pulmonary
arterial filling defects did not affect the clinical outcome and
are not associated with peripheral vein thrombosis. The
qualitative perfusion changes noted onmono-energetic and
material decomposition images of DECT are scanner specific
and vary with a SS-DECT and DS-DECT scanners.

DECT allows estimation of iodine concentration in each
image voxel and therefore, can assess the distribution of
intravenously injected iodinated contrast medium in the
lung parenchyma and lung perfusion. The derived QPS are
based on deep learning algorithms and have been shown to
represent quantitative lobar perfusion accurately in pa-
tients with pulmonary embolism.11 In the present study,
QPS correlated to outcomes such as duration of hospital
stay, need for intubation, low SpO2, and mortality and was
independent of the presence of pulmonary embolism and
CT severity score. These results suggest that there are
perhaps changes in the microcirculation that affect the
perfusion of the lung. The changes in the microcirculation
may be related changes induced by parenchymal opacities
and ventilation. These changes may be secondary to
hypoxia-related vasoconstriction or direct involvement of
the vessels. Autopsy and pathology studies have demon-
strated endothelitis in COVID-19 pneumonia that resulted
in multiorgan failure and ischaemia in the kidney and small
intestine.2 These findings support observations that
decreased QPS was noticed in patients without pulmonary
arterial filling defects and was associated with severe dis-
eases such as consolidation and mixed opacities.

Lower kurtosis was noted in patients with adverse out-
comes (disease survival, shorter hospital admission dura-
tion, and normal SpO2) as opposed to those with favourable
outcomes. Lower kurtosis implies lower probability of
extreme values and a wider spread of values around the
mean of distribution. With more severe disease, such as
with cor pulmonale or increased pulmonary vascular
) that demonstrated significant statistical differences (p<0.05).

ng
(ml)

Variance of CT
values (HU)

10th percentile 25th percentile CT severity
score

1,001 1,351 � 939 -0.81 � 12.7 17.5 � 12 20 � 8.2

863 1,295 � 430 3.6 � 6.7 22 � 12 22 � 9.2

981 1,596 � 1,021 - 3.9 � 14 14.3 � 12.4 20.6 � 7.8

990 966 � 412 4.5 � 5.7 23.3 � 9.6 20.1 � 9.3

849 2,108 � 1,422 -9�15.5 10 � 10.4 21.7 � 8.6

1,019 1,174 � 597 1.3 � 11 19.6 � 11.9 20.1 � 8.3

980 1,188 � 579 1.8 � 9.2 19.6 � 11.4 18.5 � 9.8

992 1,534 � 1,108 -3.3 � 14.9 15.8 � 12.8 22.3 � 6.2
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resistance, there is greater lung involvement with denser
opacities (consolidation) and fewer regions with normal
lung parenchyma. These findings in turn decrease the
probability of extreme attenuation and iodine values, which
was likely responsible for a smaller kurtosis value in pa-
tients with adverse outcomes. A recent study reported that
pulmonary perfusion defects on DECT-PA were not related
to increased pulmonary vascular resistance or cor
pulmonale.15

Like DS-DECT-PA MDI images, the QPS software seg-
ments the inflated, non-opacified portion of the lungs and
quantifies iodine distribution in those portions only. Thus,
any portion of the lungs with dense pulmonary opacities,
such as from consolidation, atelectasis, and pulmonary in-
farctions, are excluded from estimation of QPS features. The
QPS software will therefore show decreased iodine distri-
bution in the presence of ischaemic loss of perfusion (from
pulmonary emboli, perfusion defects with and without
pulmonary infarction) and from exclusion of opacified
pulmonary parenchyma from any non-ischaemic process
(Fig 5). In both instances, the overall estimated lung
perfusion from QPS will decrease, and therefore, QPS can be
used for quantifying the effect of disease burden in absence
of true pulmonary perfusion defects of ischaemic aetiology.

In the present study, 20% of patients (15/74) with COVID-
19 infection that underwent DECT-PA had pulmonary
arterial filling defects. More than half were receiving pro-
phylactic anticoagulation at the time of diagnosis, and none
had documented DVT. In three patients with documented
peripheral DVT, no PE was detected. These findings concur
with Poissy et al.18 who reported pulmonary emboli in>20%
of COVID-19 patients with a median intensive care unit
(ICU) stay of 6 days. The overwhelming majority of 91% in
their study were also receiving prophylactic anti-
coagulation, and the incidence of DVT was only 4.7%.
Figure 5 (a) Transverse chest CT image in lung window of a 45-year-old w
and ground glass in the bilateral lower lobes along with multifocal groun
the transverse MDI image (a fused image of lung perfusion overlaid on con
emboli in the right lower lobar and segmental arteries. The decreased per
occlusive PE. The lack of perfusion in the left lower lobe without correspon
evaluation.
Therefore, it is not clear if the filling defects in pulmonary
arteries truly represent emboli originating from thrombus
elsewhere or represent in situ thrombi in pulmonary ar-
teries. No specific features, such as pulmonary arterial or
venous wall irregularity, eccentric location of thrombi, and
focal dilatation or tortuosity of pulmonary arteries with
filling defects, were found that could have favoured
thrombosis in situ rather than an embolic cause. Although
the lack of specific findings does not exclude in situ pul-
monary thrombosis, DECT-PA differentiation of in situ
thrombosis from PE is limited. The presence of mixed or
consolidative opacities adjacent to most pulmonary arterial
filling defects (12/25 patients, 80%) could suggest diffuse or
advanced pneumonia in these patients or an increased
thrombogenic potential of these opacities compared to pure
ground-glass opacities.

The qualitative interpretation of MDI for iodine is subject
to errors due to variability in scanner type and image
reconstruction techniques. The pure ground-glass opacities
tend to have a higher qualitative perfusion irrespective of
location in both SS-DECT and DS-DECT scanners. The qual-
itative hyperperfusion in ground-glass opacities on MDI
images was likely a perception issue as there was no sig-
nificant difference in QPS between ground-glass opacities
and normal lung parenchyma (p¼0.73). This perception
issue may be related to the fact that the ground-glass
opacities have low negative attenuation values (often well
below e300 HU). Such low CT number implies that ground-
glass opacities will not be excluded from MDI images, and
thus, give a visual appearance of increased perfusion
without a measurable increase in iodine content. To the
authors’ best knowledge, the exclusion of ground-glass
opacities from processed MDI images has not been re-
ported and underscores the importance of quantitative
measurement of values on MDI images, which are typically
oman with COVID-19 pneumonia demonstrates mixed consolidation
d-glass opacities in the upper lobes. (b) At the same anatomical level,
ventional CT image in a soft-tissue window) depicts large pulmonary
fusion in the right lower lobe is attributed to a perfusion defect from
ding PE is artefactual as regions with consolidation are excluded from
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acquired by subtracting water from iodine and will not
visualise lesions with attenuation less than that of water
(ground-glass opacities). In contrast, whereas consolidative
opacities tend to have increased or heterogeneous iodine
distribution in SS-DECT-PA and decreased iodine distribu-
tion in DS-DECT-PA. These differences were likely related to
differences in how the vendors approach dual-energy im-
age or data processing for generating MDI images or based
perception of MDI images by the radiologists. The MDI
images from DS-DECT-PA datasets identify the air attenua-
tion portions of the lungs and exclude regions with higher
attenuation, such as consolidation, which makes the latter
appear hypoperfused. Although lung regions with higher
attenuation, such as consolidation, can be included in the
MDI images by changing the maximum threshold in the
image processing software, we did not change the default
threshold as it alters the image appearance andmakes them
less sensitive for detection of true ischaemia-related
perfusion defects. Conversely, the MDI images from SS-
DECT-PA does not isolate air-attenuation lungs and in-
cludes regions of consolidation; the latter could be there-
fore assessed qualitatively with increased or heterogeneous
perfusion on MDI images. Previous studies have also re-
ported differences in appearance of DECT-PA images be-
tween different vendors.19 Therefore, the increased iodine
distribution noted in ground glass halo around consolida-
tion in DS-DECT-PA does not necessarily imply “hyperaemic
halo”.12,13 Similarly, the findings of dilated pulmonary ar-
teries and increased subpleural vessels reported by the
same authors were not noted in the present series. Dilated
or prominent vessels could be a reflection of decreased lung
volumes related to atelectasis or fibrotic process (from an
apparent foreshortening of vessels with volume loss which
enables tracking of larger vessels to more peripheral lungs)
or fibrosis, and it is also difficult to explain the development
of subpleural collaterals in a short course of illness.

The present study has several limitations. DECT-PA was
performed on three different CT scanners, which may have
affected the quantitative evaluation of MDI images as im-
ages belonging to a SS-DECT CT scanner could not be pro-
cessed with QPS software. Another limitation pertains to
the lack of representation of patients with DECT-PAwithout
suspected or known PE as most patients without known or
clinically suspected PE undergo non-contrast chest CT
without dual-energy scan mode. Although most PE detec-
ted in the present study were located within the sub-
segmental arteries (29/53), extensive pulmonary opacities
could have limited the detection of additional subsegmental
PE and perfusion defects on DECT-PA. This limitation was
evident from the fact that regions with ground-glass
opacities demonstrated an apparent hyperperfusion and
consolidation was associated with a variable change in
perfusion based on the DECT vendor. Another limitation of
the study pertains to the fact that QPS were assessed over
anatomical regions of interest rather than confined to re-
gions with different opacity types. Although subjective
assessment of qualitative perfusion was performed in lung
regions with and without pulmonary opacities, the QPS
only quantifies perfusion in the aerated portion of the lungs
and not in regions with dense opacities regardless of their
aetiology (ischaemic or non-ischaemic). The present results
on predicting patient outcome from DECT-PA must be
interpreted with caution as a control arm of patients
without COVID-19 pneumonia was not included and the
patients were not distributed symmetrically between
different therapies.

In summary, there is a high prevalence of pulmonary
arterial filling defects in patients with COVID-19 infection,
and QP obtained from DECT-PA provide useful information
on the severity of disease and outcomes of COVID-19
pneumonia. Users must understand the limitation of both
DECT-PA and QPS in patients with parenchymal opacities
related to COVID-19 pneumonia as these opacities confound
the evaluation of qualitative and quantitative perfusion
changes in lungs.
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