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Background: Vascular findings in coronavirus disease 2019 (COVID-19) are not systematically described
using 384-row state-of-the-art chest CT angiography (CTA). The relationship between CT-CTA features
and arterial blood gas (ABG) parameters is not fully understood.

Methods: Chest CT images were acquired with Dual Source 384-slice (2x192) CT (Siemens SOMATOM
Force). Quantitative volumetric assessment of lung lesions and the CT severity score were calculated by
using a deep learning algorithm trained on COVID-19 pneumonia and correlated with ABG parameters.
Assessment of pulmonary vascular tree was performed on CTA images. Statistical analysis included
Mann-Whitney U test and non-parametric Spearman’s Rho test, with significance threshold at P<0.05.
Results: Out of the 36 patients referred to the Covid Center, 30.6% (11/36) were admitted to the intensive
care unit (ICU) and 69.4% (25/36) to the non-ICU low-cure Covid Medicine. We found a significant inverse
relationship between the P/F ratio and lung lesion volume relative percentages (r=—0.52; 95% CI: -0.72, -0.23;
P=0.001), absolute volume (r=—0.58; 95% CI: —0.76, —0.31; P<0.001) and the CT severity score (r=—0.60;
95% CI: -0.77,-0.34; P<0.001) at day 0. At day 7, CTA showed pulmonary embolism in 2/10 patients (20%).
In 9/10 patients (90%) CTA detected vascular wall thickening/irregularity and stenoses of segmental and/or
subsegmental branches of pulmonary artery. CTA demonstrated subsegmental tubular vessel dilation in all
cases (100%) and the presence of subsegmental focal vessel dilations in 6/10 patients (60%).

Conclusions: In conclusion, 384-row Chest CTA is able to capture the full spectrum of vascular pathology
in COVID-19, comprising pulmonary embolism and stenoses together with tubular and focal dilations of

segmental and/or subsegmental branches of pulmonary artery.
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Introduction

More than 68 million people received the diagnosis of
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection and more than 1.5 million persons died
with the diagnosis of coronavirus disease 2019 (COVID-19)
all over the world at the time of writing. Chest CT shows
typical, though non-specific, features and has been used for
diagnostic purposes (1-5) as well as to follow-up (6,7) and to
predict clinical outcome (8,9).

Postmortem biopsies of patients with SARS-CoV-2 have
shown diffuse alveolar damage, cellular exudates, hyaline
membrane formation, thickening of intra- and inter-
lobular septa and interstitial mononuclear inflammatory
infiltrates mainly represented by lymphocytes (10,11).
These features are currently considered the pathological
correlates of ground-glass opacifications, crazy paving
pattern and consolidations detected on chest CT images
(1-5). Microscopic analysis of autopsy samples further
demonstrated CD4+ lymphocytes aggregated around
small vessels, some containing platelets and fibrin thrombi,
with vascular wall thickening, vascular congestion and
foci of hemorrhage (11,12). Moreover, histologic analysis
of pulmonary vessels revealed diffuse thrombosis and
microangiopathy in patients with COVID-19 (13).

Critical intensive care unit (ICU) patients with
COVID-19 have also high frequency of thrombotic
complications (14). Chest CT angiography (CTA) recently
showed high prevalence of acute pulmonary embolism
in patients with COVID-19 at a mean of 12 days from
symptom onset (15).

Free-breathing 384-row detector CTA with high
spatial resolution is not widely available in emergency
settings. However, the assessment of critical patients and
the evaluation of segmental and subsegmental pulmonary
vessels may benefit from the state-of-the-art technology,
which possibly may capture the full vascular picture
of COVID-19. Moreover, the relationship of CT and
CTA features with arterial blood gas (ABG) parameters,
as indicators of alveolar exchange, is so far not fully
understood.

The aims of this study were to quantitatively analyze
pulmonary disease burden on chest CT; to assess pulmonary
vessel involvement on 384-row state-of-the-art chest
CTA images in patients with COVID-19 pneumonia and
integrate these data with ABG analysis.

We present the following article in accordance with
the MDAR reporting checklist (available at http://dx.doi.
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Methods
Study design

We prospectively assessed patients admitted to the Covid
Center of our hospital between April 1" and April 15" 2020.
In particular, we longitudinally collected clinical, laboratory
and radiological data at the time of hospital admission (day 0)
and within the 7 days after hospitalization.

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study was
approved by institutional ethics committee of Universita
Campus Bio-Medico di Roma (Prot.: 88/20 OSS.NOT
ComEt CBM) and informed consent was taken from all the
patients.

Patients

Patients were admitted to ICU according to the following
criteria: COVID-19 with positive reverse transcriptase
polymerase chain reaction (RT-PCR) for SARS-CoV-2
and need for invasive and non-invasive ventilation based on
the clinical status. Patients with COVID-19 not requiring
ventilation were admitted to the low-cure Covid Medicine
area of the hospital (non-ICU). Patients admitted to non-
ICU area were symptomatic on room air and required
supplemental oxygen.

Since the day of admission, a thromboprophylaxis
regimen with enoxaparin was established as it follows: for
non-ICU patients with prophylactic daily dose of <40 mg a
day and for ICU patients with therapeutic dose of >40 mg
a day. The therapy was subsequently adjusted on a case-by-
case clinical basis.

The ABG analysis was used for monitoring the patients.
The following parameters were recorded: pO,, pCO,, F10,,
P/F ratio, SO,, lactates, pH and FO, Hb. P/F ratio equals
the arterial pO, divided by the FIO,. P/F ratio is commonly
used to identify acute hypoxemic respiratory failure when
supplemental oxygen is administered. Values of P/F ratio
>400 are typically normal. The severity of respiratory
distress was considered to be mild with P/F ratio of 200-
300, moderate with P/F ratio of 100-200 and severe with P/
F ratio <100.

All patients underwent a non-contrast chest CT scan
at the admission (day 0) and repeated the chest CT scan
with or without CT angiography within the first 7 days of

F Xiangya Med 2021;6:3 | http://dx.doi.org/10.21037/jxym-20-109


http://dx.doi.org/10.21037/jxym-20-109
http://dx.doi.org/10.21037/jxym-20-109

Journal of Xiangya Medicine, 2021

hospitalization on a case-by-case basis, according to the
clinical needs.

CT protocol and image analysis

Chest CT images were acquired with Dual Source 384-slice
(2x192) CT scanner {Siemens SOMATOM Force [tube
voltage: 100 kV; tube real-time dose modulation (CARE
Dose4D ™) 80-250 mAs; spiral pitch factor: 1.8; collimation
width: 0.6 mm]}.

CTA was performed after intravenous injection of
80 mL iodinated contrast agent (Omnipaque 350 mgl/mL,
GE Healthcare) at a flow rate of 5 mL/sec through
the automatic injector (Medrad Stellant CWS, Bayer
Healthcare), and using the main pulmonary artery as trigger
(triggering threshold at 80 HU) for image acquisition [tube
voltage: 150 kV; tube real-time dose modulation (CARE
Dose4D™) 80250 mAs; spiral pitch factor: 2.5; collimation
width: 0.6 mm].

DICOM data were transferred to a dedicated platform
for automatic detection and segmentation of lung lesions
InferRead™ CT Lung (COVID-19) (Infervision, Europe
GmbH, Wiesbaden, Germany), an artificial intelligence
(AI) solution specifically developed for support to the
diagnosis and management of COVID-19 pneumonia (16).
The quantitative assessment of chest CT images yielded
the following parameters: the volume of lesions (total and
lobar), the relative volume percentage of lesions in the lungs
and each lobe volume and the severity score based on the
percentages as explained elsewhere (8).

Three radiologists (PDA, CCQ, and CAM, with 19,
16 and 9 years of experience respectively) assessed the
vascular involvement by simultaneous reading, discussion
and consensus on a PACS workstation (Philips Healthcare
Information Solutions). Coronal and maximum intensity
projections (MIPs, thickness 10-20 mm) formatted
images were assessed for the detection of: (I) pulmonary
embolism (i.e., intraluminal filling defect), (II) stenosis and
vascular wall thickening/irregularity of segmental and/or
subsegmental branches of pulmonary artery; (III) tubular
dilation (>3 mm) of subsegmental branches of pulmonary
artery and (IV) focal dilation of subsegmental branches of
pulmonary artery.

Statistical analysis

For statistical purposes, patients were divided into two groups
(ICU and non-ICU) at day 0 based on the level of care

© Journal of Xiangya Medicine. All rights reserved.

Page 3 of 9

and in two groups (CTA and non-CTA) at follow-up
after admission, based on the need for contrast chest
CTA. Descriptive statistics, including means and standard
deviations were calculated to understand central tendencies
of the samples. Data distribution normality was checked by
means of Kolmogorov-Smirnov test. The Levene’s test was
used to assess the equality of variances. The Fisher exact
test was used to compare age and sex distribution among
groups. Statistical significance (threshold at P<0.05) of
comparisons between groups (Mann-Whitney U test) and
of non-parametric correlation between variables (Spearman’s
Rho) was obtained by using the Statistical Package for the
Social Sciences (SPSS) software version 26.0 IBM).

Results

Out of the 36 patients referred to the Covid Center, 30.6%
(11/36) were admitted to the ICU and 69.4% (25/36) were
hospitalized in the non-ICU low-cure Covid Medicine
(Figure I). In this population, symptoms at admission were
fever (17/36, 47.2%), cough (12/36, 33.3%), dyspnea (8/36,
22.2%), myalgia and/or arthralgia (5/36, 13.9%), sore throat
(3736, 8.3%) and non-specific gastrointestinal symptoms
(3736, 8.3%). The flow chart of the study and the frequency
of comorbidities is shown in Figure 1.

Table 1 shows the age and gender of the patient
population, chest CT severity score and lung volume
assessment with automatic detection and quantitative output
of Al software and ABG at the time of admission (day 0).

All chest CT scans showed the known features of
COVID-19 pneumonia including peripheral, bilateral and
multilobar ground glass opacities, with or without crazy
paving pattern and in some cases with consolidations. These
features were automatically detected and segmented by the
Al software (Figure 2).

The chest CT severity score, lesion volume relative
percentage and absolute volume (cm’) were significantly
higher in the ICU group than in the non-ICU group
(P=0.01, P=0.05, P=0.005 respectively). Among ABG
parameters, ICU group showed significantly higher FiO,
and lower P/F ratio than non-ICU group (P=0.03 and
P=0.02, respectively). No other statistically significant
differences were found between the groups (Table 1).

At day 0, there was a significant inverse relationship
between the P/F ratio and absolute lesion volume (r=-0.58;
95% CI: -0.76, -0.31; P<0.001), lung lesion volume relative
percentages (r=—0.52; 95% CI: —-0.72, —0.23; P=0.001) and
severity score (r=—0.60; 95% CI: -0.77, -0.34; P<0.001).
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36 consecutive patients with RT-PCR
confirmed diagnosis of COVID-19
infection in the period April 1st-15th

Clinical criteria for hospitalization:
e Clinical symptoms

y

* Need of mechanical ventilation (11/36, 30.6%)

Y

»| ¢ Comorbidities:
Hypertension (18/36, 50.0%)

Hospitalization and chest CT
performed at day O for
staging and severity scoring
of COVID-19 pneumonia
(n=36)

Cardiovascular disease (14/36, 38.9%)
COPD (6/36, 16.7%)

Type Il diabetes (6/36, 16.7%)

Chronic renal failure (5/36, 13.9%)
Obesity (3/36, 8.3%)

Y

v

Non-ICU patients at day 0 ICU patientsat day 0
(n=25) (n=11)
Clinical criteria for CT angiography:
* P/F ratio worsening
v v “| ¢ Increase of oxygen needs
* Presence of comorbidities
Chest CT Chest CT angiography
performed at follow-up performed at follow-up
(n=8) (n=10)

Figure 1 Flow-chart of the study. RT-PCR, reverse transcriptase polymerase chain reaction; COVID-19, coronavirus disease 2019; COPD,

chronic obstructive pulmonary disease; ICU, intensive care unit.

Table 1 Descriptive statistics at hospital admission (day 0)

Day 0 All (n=36) ICU (n=11) Non-ICU (n=25) P value
Age (years) 73 (14.0) 70.1 (11.6) 74 (15.5) 0.46
Gender (F/M) 15/21 2/9 12/13 0.14
Lesions volume (%) 11.7 (23.3) 23.8 (29.8) 6.8 (18.6) 0.05
Lesions volume (cm®) 243.3 (449.4) 562.6 (690.0) 103.1 (211.6) 0.005
Severity score [0-20] 5(4.1) 7.7 (5.9) 3.9 (2.5) 0.01
pO, (mMmHg) 90.4 (31.3) 80.1 (16.0) 94.6 (35.0) 0.31
pCO, (mmHg) 37.7 (6.7) 40.7 (7.9) 36.5 (6.0) 0.12
FiO, 31.9(13.5) 39.8 (15.7) 28.7 (11.4) 0.03
P/F ratio 302.4 (101.8) 240 (114.5) 346.2 (135.9) 0.02
SO, (%) 98.4 (1.3) 98 (1.1) 98.6 (1.4) 0.22
Lactate (mmol/L) 9.3(@3.7) 9.8 (4.1) 9.3 (3.5 0.65
pH 7.6(1.3) 7.4 (0.0) 7.7 (1.5) 0.50
FO, Hb (%) 95.2 (1.5) 95.2 (1.2) 95.3(1.7) 0.87

Data are presented as mean (standard deviation). n, number of patients; ICU, intensive care unit.

Examples of the inverse relationship between lung lesion younger patients (P<0.01 and P=0.02 respectively). Chest
burden on axial chest CT images and the corresponding CT severity score, lesion volume relative percentage and

measured P/F ratio are presented in Figure 3.

absolute volume (cm’) did not show significant difference

At follow-up within 7 days, male and older patients between the CTA group and non-CTA group (P=0.42,
underwent CTA more frequently than females and P=0.34, P=0.05 respectively). Among ABG parameters,

© Journal of Xiangya Medicine. All rights reserved.
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CT severity score = 15
P/F ratio = 102

CT severity score » 7
P/F ratio = 234

CT severity score = 3
P/F ratio = 424

Figure 2 Examples of the screenshots of the Al software viewer
with axial CT images after automated detection and segmentation
of patients with COVID-19 pneumonia. The lateral blue bar at
the right side of each panel indicates the levels where lung lesions
are detected and segmented. Patients with higher lung volume
involvement and severity score tend to show lower P/F ratios.
CT severity scores and P/F ratios are in the upper right inlets. Al
artificial intelligence; COVID-19, coronavirus disease 2019.
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Figure 3 Inverse association between CT-derived measures and
P/F ratios at day 0. Patients with higher lung volume involvement

and severity score tend to show lower P/F ratios.

P/F ratio only was significantly lower in the CTA group
(P<0.001) (Table 2). Of the 18 patients assessed at follow-up,
39% (7/18) showed mismatch between chest CT pattern
and P/F ratio, driven by reduction of lesion volume and
severity score despite worsening of the P/F ratio.

All the patients (10/10) evaluated with CTA were patients
admitted to the ICU.

CTA showed pulmonary embolism in 2 out of 10
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Follow-up All (n=18) CTA (n=10) Non-CTA (n=8) P value
Age (years) 66 (15.0) 73.5(11.9) 57.6 (14.3) 0.02
Gender (F/M) 5/13 0/10 5/3 <0.01
Lesions volume (%) 12.5(17.3) 15.5 (13.5) 8.6 (21.5) 0.42
Lesions volume (cm?) 321.9 (397.5) 404.8 (340.3) 218.4 (461.3) 0.34
Severity score [0-20] 5.3 (3.4) 6.7 (1.8) 3.6 (4.2) 0.05
Pulmonary embolism N/A 2/8 N/A N/A
Vessels stenosis at CTA (Y/N) N/A 9/1 N/A N/A
Vessels tubular dilations at CTA (Y/N) N/A 10/0 N/A N/A
Vessels focal dilations at CTA (Y/N) N/A 6/4 N/A N/A
P/F ratio 267.3 (140.1) 176.4 (80.1) 380.9 (113.5) <0.001

Data are presented as mean (standard deviation). n, number of patients; CTA, chest CT angiography; Y, yes; N, no.

patients (20%). Moreover, in 9 out of 10 patients (90%)
segmental and/or subsegmental branches of pulmonary
artery stenosis and vascular wall thickening/irregularity with
focal luminal occlusions were present. CTA demonstrated
subsegmental tubular vessel dilation in all patients (100%)
and subsegmental focal vessel dilations in 6 out of 10
patients (60%) (Figure 4).

Discussion

"This study elucidates the full spectrum of vascular pathology
in patients with COVID-19 by means of 384-row chest
CTA. Moreover, the present study helps to understand the
relationship between the quantitative pulmonary disease
burden and the vascular involvement of COVID-19 patients
with worsening P/F ratio.

Here, a spectrum of four different vascular findings
associated to COVID-19 pneumonia is shown. Interestingly,
almost all the patients investigated with chest CTA showed
segmental and/or subsegmental branches of pulmonary
artery stenosis and vascular wall thickening/irregularity with
focal luminal occlusions. These abnormalities, that were not
systematically investigated with 384-row CTA to the best of
our knowledge, are likely to be the counterpart of vascular
wall thickening, fibrin thrombi and vascular congestion
due to local inflammatory changes, reported by pathology
studies (11,12).

In our experience, intraluminal filling defects due to
pulmonary embolism were present in 20% (2/10) of the
patients. On this respect, we want to emphasize that this is

© Journal of Xiangya Medicine. All rights reserved.

a different entity compared to the aforementioned, since
it relates to thrombus migration through the bloodstream
with consequent pulmonary thromboembolism. Indeed,
thromboembolic risk, coagulopathy and anti-phospholipids
antibodies have been described in patients with COVID-19 (17).
The presence of acute pulmonary embolism has been
reported with contrast-enhanced CT in about 23% of
COVID-19 patients with severe clinical picture (15) and
associated to high D-Dimer values (18). However, a direct
comparison with other studied should be cautious since
pulmonary thromboembolism and pulmonary intra-vascular
local thrombosis, possibly coexisting in COVID-19,
might be easily confused especially when images quality is
suboptimal. Indeed, the terms MicroCLOT'S (microvascular
COVID-19 lung vessels obstructive thromboinflammatory
syndrome) or COVID-19 associated pulmonary thrombosis,
have been proposed to describe an inflammatory reaction
and microvascular pulmonary thrombosis (Figures 4,5) that
might be associated to COVID-19 (19,20).

Additionally, we found two different patterns of vascular
dilation. Subsegmental tubular vessel dilations were present
in all cases. This finding, of unclear etiology and possibly
reflecting vasodilation due to local inflammatory processes,
has been previously reported in a study by Caruso et al. (2).
Of note, we also found focal subsegmental vessel dilations,
mostly located at the level of COVID-19 consolidations
(Figures 4,5). A similar finding, referred as “microvascular
dilation sign”, has been reported by Zhou er 4/. (21) in
45.2% of the patients with COVID-19. These focal
dilations might be the consequence of vessel wall weakening
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Figure 4 CT angiography of the chest (MIP reconstructions on the coronal plane) in patients with RT-PCR confirmed COVID-19
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pneumonia, showing four different patterns of vascular involvement. Filling defects (pulmonary thromboembolism) of the interlobar artery

and upper right lobar artery [white arrows in (A)]. Multiple stenoses of the left pulmonary artery subsegmental branches [white arrows in

(B)]. Tubular dilation of left pulmonary artery subsegmental branches [white arrow in (C)]. Focal dilations of the left pulmonary artery

subsegmental branches [white arrows in (D)]. MIP, maximum intensity projection; RT-PCR, reverse transcriptase polymerase chain reaction;

COVID-19, coronavirus disease 2019.

and disruption. In support of this hypothesis, it has been
shown that SARS-CoV-2 can produce a direct infection
of the endothelial cells and endothelial inflammation
(i.e., endotheliitis), likely via a mechanism mediated by
angiotensin converting enzyme 2 (ACE2) receptors (22).
Interestingly, the P/F ratio at the time of admission
showed a strong association with the quantitative assessment
of lung lesions, as evaluated by Al using a deep learning
algorithm (23). At follow-up stable low or reduced P/F
ratios, a sign of therapy failure, was frequently associated
with vascular abnormalities at CTA, including segmental
and/or subsegmental vessel dilations and stenoses. Thus,

© Journal of Xiangya Medicine. All rights reserved.

chest CTA is a helpful tool to monitor the patients with
severe COVID-19 pneumonia.

Furthermore, we observed a mismatch between CT
quantitative volume assessment and P/F ratio in 39% of
the patients, meaning that a stable low or worse P/F ratio
at follow-up did not match with an improvement of the
aerated lung volume.

Although this is a small sample study, our results offer
the opportunity to consider that stenoses of segmental and/
or subsegmental branches of pulmonary artery due to viral-
mediated micro-angiopathic process can explain the lack of
treatment efficacy in some patients.
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Figure 5 Chest CT images of the left lung after injection of iodine-based contrast medium and MIP reconstructions on the coronal

plane using the windows for lung parenchyma (upper left panel) and vascular tree (upper right panel). VRT reconstruction of both lungs

(lower panel). Multifocal COVID-19 pneumonia with greater involvement of the left lung is shown (white asterisk on the upper left panel,

arrowhead on the lower panel). CT angiography of the chest demonstrates multiple stenoses and focal dilations of the left pulmonary artery

subsegmental branches (white arrows on the upper right panel), that are located at the level of lung consolidations. MIP, maximum intensity

projection; VRT, volume rendering technique; COVID-19, coronavirus disease 2019.

Conclusions

In conclusion, 384-row chest CTA is able to capture
the full spectrum of vascular pathology in COVID-19,
comprising pulmonary embolism and stenoses together
with tubular and focal dilations of segmental and/or
subsegmental branches of pulmonary artery. Follow-up
CTA would be helpful in order to understand the long-
term natural history and clinical significance of these
vascular abnormalities.
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