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Coronavirus  disease  2019  (COVID-19),  caused  by  severe  acute  respiratory  syndrome  coronavirus  2
(SARS-CoV-2),  has been  reported  as  a global  emergency.  As  respiratory  dysfunction  is  a major  clinical
presentation  of COVID-19,  chest  computed  tomography  (CT) plays  a central  role in  the diagnosis  and
management  of patients  with  COVID-19.  Recent  advances  in  imaging  approaches  using artificial  intelli-
gence  have  been  essential  as  a quantification  and  diagnostic  tool  to  differentiate  COVID-19  from  other
respiratory  infectious  diseases.  Furthermore,  cardiovascular  involvement  in  patients  with  COVID-19  is

not negligible  and  may  result  in  rapid  worsening  of the  disease  and  sudden  death.  Cardiac  magnetic
resonance  imaging  can  accurately  depict  myocardial  involvement  in  SARS-CoV-2  infection.  This  review
summarizes  the role  of  the radiology  department  in  the  management  and  the  diagnosis  of  COVID-19,  with
a  special  emphasis  on  ultra-high-resolution  CT findings,  cardiovascular  complications  and  the  potential
of artificial  intelligence.

©  2021  Société  franç aise  de  radiologie.  Published  by  Elsevier  Masson  SAS. All  rights  reserved.
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1. Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has been
reported as a global emergency. Due to the extensive transmis-
sibility and high rate of death, the World Health Organization
declared the COVID-19 spread a pandemic. As respiratory dysfunc-
tion is a major clinical presentation of COVID-19, chest computed
tomography (CT) plays a central role in the diagnosis and manage-
ment of patients with COVID-19 [1,2]. Recent advances in imaging
approaches using artificial intelligence (AI) have been essential as

a quantification and diagnostic tool for differentiating COVID-19
from other respiratory infectious diseases. Furthermore, cardiovas-
cular involvement in patients with COVID-19 is not negligible and

Abbreviations: ACE2, Angiotensin-converting enzyme 2; COVID-19, Coronavi-
rus  disease 2019; CO-RADS, COVID-19 reporting and data system classification
system; CT, Computed tomography; DVT, Deep vein thrombosis; MRI, Magnetic
resonance imaging; PCR, Polymerase chain reaction; PE, Pulmonary embolism; PPE,
Personal protective equipment; RT, Radiological technologist; SARS-CoV-2, Severe
acute respiratory syndrome coronavirus 2; U-HRCT, Ultra-high-resolution com-
puted tomography; VTE, Venous thromboembolism.
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ay  be related to the rapid worsening of the disease and sudden
eath. Cardiac magnetic resonance imaging can accurately detect
yocardial involvement in SARS-CoV-2 infection. The purpose of

his review was  to summarize the role of the radiology department
n the management and the diagnosis of COVID-19.

. Infection control inside CT suites

Human-to-human transmission via droplets and contact has
een established as the main mode of transmission for COVID-19.
he infection rate among people in the hospital is reportedly around
1% (29% for hospital staff and 12% for inpatients) [3]. In the radi-
logy department, many outpatients and inpatients with various
isease statuses, including COVID-19, undergo imaging examina-
ions in a limited space [4], and there may  be a substantial risk of
ospital-related transmission of SARS-CoV-2 [5]. Therefore, careful
ttention should be paid to safety management in the CT suite.

In our institution, one of the three CT scanning machines has
een used to evaluate COVID-19 patients. CT examinations were
erformed according to the flowchart in Fig. 1 to separate patients

ith positive and negative COVID-19 results. For the evaluation

f positive or highly suspected COVID-19 patients, the CT exam-
nations were performed using the “2 radiological technologist
RT)” protocol to avoid spreading the SARS-CoV-2 in the CT suite
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Fig. 1. Flowchart for the CT examination. CT = computed tomography; COVID-19 = coronavirus disease 2019; HEPA = high efficiency particulate air; RT = radiological technol-
ogist.

Fig. 2. Schematic of CT suite in the setting of the patient infected with SARS-CoV-2. CT = computed tomography; MD = medical doctor; P = patient; PPE = personal protective
equipment; RT = radiological technologist; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.

Fig. 3. Process and staff distribution in the CT scanning machines and console rooms during CT examination of the patient infected with SARS-CoV-2. CT = computed
tomography; P = patient; RT = radiological technologist; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.
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Fig. 4. Serial change in ultra-high-resolution computed tomography images in a 69-year-old man  with coronavirus disease 2019 pneumonia. (A) Five days after onset of
symptom, ground glass opacity and reticulation are seen in the right lower lung. (B) Fourteen days after onset of symptom, consolidation worsened and linear opacities,
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indicating atelectasis, become apparent (thin arrows). Enlargement of pulmonary a
symptom, consolidation and atelectasis improved, but ground glass opacity remain
lower  lung. Enlargement of pulmonary artery improved.

(Figs. 2 and 3) [6]. One RT uses personal protective equipment (PPE)
to set up the patient on the CT imaging table, while the other RT
operated the CT console. The PPE includes eye protection (goggles),
a filtering facepiece respirator (N95), a surgical cap, gloves, a fluid-
resistant gown, and shoe covers. For disinfection after scanning, we
wiped the contact surfaces in the CT suite with alcohol-based dis-
infectants and ultraviolet-wand sanitizers. However, our protocol
was problematic. Asymptomatic and pre-symptomatic COVID-19
patients may  be examined using a “usual” CT protocol (Fig. 1). If
their CT images showed no significant lung opacity, the virus could
potentially be transmitted to the next patient. To reduce the risk,
the usual CT machine room equipment should be sanitized at least
three times a day [7]. Compared with CT suites, there may  be less
risk of hospital-related transmission in the radiology reading room.
However, it may  be better for radiologists to work in remote rooms.
In this regard, the importance of “teleradiology” has been increas-
ing since the COVID-19 pandemic. Three-dimensional printed face
protective shield may  be helpful in an institution with shortage of
PPE [8].

3. Typical CT characteristics of COVID-19

Typical chest CT findings of COVID-19 pneumonia include
ground glass opacity (GGO) in a peripheral, posterior, and dif-
fuse or lower lung zone distribution [9–16]. “Crazy-paving pattern”
and “reversed halo sign” were also representative chest CT find-
ings observed in patients with COVID-19 pneumoniae [17–19].
Serial evaluation of chest CT scans may  be useful for monitor-
ing disease progression and patient condition (Fig. 4) [20–22].
Many studies have reported chest CT findings of COVID-19 pneu-
monia. For instance, a prior study showed that lesions adjacent

to the pleura are associated with a high rate of respiratory fail-
ure in patients with COVID-19 [23]. Another study demonstrated
that bilateral GGO, peripheral-predominant lesions without air-
way abnormalities, nodules, mediastinal lymph nodes, and pleural
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near the consolidation is detected (thick arrow). (C) Thirty-two day after onset of
) Seven months after onset of symptom, CT reveals slight reticulation in the right

ffusion, yielded high diagnostic performance with area under the
urve in the receiver operating characteristic analysis of 0.88–0.92
or differentiating COVID-19 pneumonia from other respiratory
iseases [24]. The COVID-19 Reporting and Data System classifica-
ion system (CO-RADS) was established by the Dutch Radiological
ociety to classify the level of suspicion of COVID-19 pneumonia
25]. In CO-RADS, categories 3, 4, and 5 are indeterminate and typ-
cal for COVID-19 pneumonia, respectively [26]. However, most of
hese CT imaging features are non-specific, and pooled analysis
howed high sensitivity (93%) and relatively low specificity (69%)
sing CO-RADS thresholds of at least 3 [26]. In addition, the useful-
ess of preoperative chest CT screening for COVID-19 is doubtful
nd may  potentially lead to unnecessary delay of the surgery [27].

. Specific imaging features of the chest in COVID-19:
lveolar collapse and vascular enlargement

Alveolar collapse or focal atelectasis is an important feature of
hest CT in COVID-19 [28]. As SARS-CoV-2 binds to the angiotensin-
onverting enzyme 2 (ACE2) on pulmonary epithelial cells and
auses acute pneumonia, SARS-CoV-2 can also suppress pulmonary
urfactant production in alveolar epithelial type II cells using the
CE2 receptor [29]. Reduced pulmonary surfactant may  be one of

he most important factors causing alveolar collapse in COVID-19,
eading to acute respiratory distress syndrome. Drugs containing
urfactants (e.g., ciclesonide) have been reported to be potentially
ffective against COVID-19 [30]. To evaluate the alveolar collapse,
he tiny structures in the affected lung tissue, that is, the Reid’s sec-
ndary lobules, should be visualized (Fig. 5). Ultra-high-resolution
T (U-HRCT), which has maximum in-plane spatial resolution of
.15 mm (pixel size 2048 × 2048) and through-plane spatial res-

lution of 0.2 mm,  can be clinically useful for such purpose [28].
he size of the Reid’s secondary lobule was approximately 10 mm
n diameter [31]. U-HRCT images have the capability to clearly
emonstrate that the size of the affected lobule is smaller than
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man with COVID 19. (A) Magnified CT image in the sagittal plane shows ground glass
(B) Magnified CT image in the coronal plane shows the Reid’s secondary lobules (arrows).
rrows). Crazy-paving appearance is also clearly depicted.

Fig. 6. An 80-year-old man with coronavirus disease 2019 pneumonia. Thin-slab
maximum intensity projection CT image (8-mm thickness) in the axial plane shows
l
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Fig. 5. Ultra-high-resolution computed tomography images in an 80-year-old wo
opacities and linear opacity patchy in dorsal peripheral zone of the right lower lung. 

The  size of affected lobule (arrowheads) is smaller than that of unaffected lobules (a

that of unaffected lobules in the “crazy-paving” appearance, which
may  be highly suggestive of COVID-19 lung lesions (Fig. 5) [28]. In
our experience, alveolar collapse may  be related to lung volume
reduction, leading to impaired pulmonary function [28]. Further-
more, CT disease severity is considered an independent predictor
of fibrotic-like changes 6 months after COVID-19 infection (post-
acute COVID-19 syndrome) [32].

Another important CT imaging feature is pulmonary vascular
enlargement in the affected lung [33,34]. Underlying mechanisms
of vascular findings has not been elucidated, but may  be vas-
cular inflammation, endothelial damage, microthrombosis and
dysfunctional vasoregulation [35]. Although the pathophysiology
has not been thoroughly investigated, “vascular enlargement” is
an important diagnostic finding for COVID-19. Our previous study
revealed that pulmonary vascular enlargement (subsegmental vas-
cular diameter > 4 mm)  and lesion extent on CT were independent
predictors of disease severity [34]. For the visual assessment of the
vascular enlargement, we believe that the comparison of the vessel
diameters in the diseased and non-diseased lung by using the slab
maximum intensity projection images (10–20 mm thickness) may
be helpful (Fig. 6).

Dual-energy CT imaging can depict not only dilated pulmonary
vessels, but also perfusion abnormalities. Lang et al. reported that
mosaic perfusion pattern, regional hyperemia overlapping with
areas of pulmonary opacities or immediately surrounding the opac-
ities, and opacities associated with corresponding oligemia were
frequently observed in dual-energy CT in 96%, 52%, and 96% of the
COVID-19 patients, respectively [33]. Imaging scrutiny using U-
HRCT and dual-energy CT may  improve the diagnostic ability and
provide useful information for patient management.

5. Cardiovascular complications in COVID-19
Cardiovascular complications, such as acute myocardial injury,
heart failure, pulmonary embolism, myocarditis/pericarditis, and
ventricular arrhythmias, are not negligible in patients with COVID-
19 [36]. The mechanism of this syndrome has not been elucidated,
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arger vessels in the affected lung (right upper lobe, arrows) than those in the less
ffected lung (left upper lobe).

ut it is suspected to have multifactorial causes, such as endothelial
ysfunction, systemic cytokine-mediated injury, or stress-related
ardiomyopathy [37]. A recent paper summarized the role of
maging modalities for the assessment of cardiac involvement in
OVID-19 patients, recommending echocardiography for heart fail-
re, contrast-enhanced CT for pulmonary embolism, and magnetic
esonance imaging for myocarditis [38].

A significant rate of venous thromboembolism (VTE), such as
ulmonary embolism (PE) or deep venous thrombosis (DVT), has
een reported in patients with COVID-19 (Fig. 7) [39]. In hos-
italized COVID-19 patients, the incidence of PE is reported to

e approximately 1.9–8.9% [40–42]. The efficacy of antithrom-
otic therapy may  be insufficient, as PE occurred in 16.7% of
OVID-19 patients despite thromboprophylaxis [43]. Regarding the
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Fig. 7. Acute pulmonary embolism in a 71-year-old man  with coronavirus disease 2019. (A) CT image in the axial plane shows consolidation in the right lower lung, and
ground glass opacity in the left lower lung (arrowheads). (B, C), CT images in the axial (B) and coronal (B) planes reveal contrast defect suspicious of thrombus in the right
lower  pulmonary artery (arrows).
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Fig. 8. Myopericarditis in a 68-year-old man  with coronavirus disease 2019. (A, B), C
and  bilateral consolidation and linear opacity in the lower lung (arrowheads, A) an
resonance image (T1 mapping) shows elevated native T1 time in the anteroseptal-i

prevalence of DVT in COVID-19, an autopsy study including 12 con-
secutive patients revealed DVT in 58% (7/12) of patients without
DVT suspicion before death [44]. A recent meta-analysis showed
that the incidence rates of PE and DVT were 16.5% and 14.8%,
respectively. DVT was present in 42.4% of patients with PE. D-dimer
may  be a useful test for screening of PE with an area under the
receiver operating characteristic curve of 0.737 [45]. However, a
substantial number of COVID-19 patients have elevated D-dimer,
so careful interpretation should be needed to identify patients with
PE [46,47]. Little is known regarding the underlying mechanism of
VTE in patients with COVID-19; however, hypoxia, inflammatory
response, and cytokine storm may  contribute to a hypercoagula-
ble state [48]. In addition, a previous case report has shown the
concomitant acute aortic thrombosis and pulmonary embolism,
suggesting potential hyper-coagulability associated with SARS-
CoV-2 infection [49].

The prevalence of myocardial injury, defined as an elevation of
the serum troponin levels, was reported to be 17–36% in patients
with COVID-19 [37]. In a study performed in New York, 985 of
2736 (36%) patients with COVID-19 had elevated levels of serum
troponin I (> 0.03 ng/dL), and patients showing even a slight ele-
vation of troponin I had a significantly worse survival probability
compared to those with normal troponin I [50]. In a study done
in Wuhan, serum creatine kinase MB,  myoglobin, troponin I, and
NT-pro brain natriuretic peptide levels were significantly higher in
those who died of COVID-19 patients than in those who  survived
[51]. These results demonstrate that myocardial injury is not
rare and is an important complication in patients with COVID-
19. Non-invasive imaging modalities, such as echocardiography
and magnetic resonance imaging, play an important role in the

detection of myocardial injury. Right ventricular dilatation was
detected in 8–41% of COVID-19 patients [52–56] and is a significant
predictor of mortality [54]. Cardiac MRI  can detect inflammation
or necrosis evoked by myocarditis [57], with a recent study
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ges in the axial plane using lung (A) and mediastinal (B) windows reveal peripheral
all amount of pericardial effusion was detected (arrows, B). (C), Cardiac magnetic

r wall (arrows), suggesting myocardial edema.

howing that 78 (78%) of 100 COVID-19 patients had abnormal
ndings on cardiac MRI, including elevated native T1 time (73%),
ative T2 time (60%), and late gadolinium enhancement (32%)
Fig. 8). Further studies are necessary to elucidate the mechanism
nd clinical relevance, such as prognostic value, of these cardiac
bnormalities in COVID-19 patients.

. Artificial intelligence

As described previously, medical imaging, especially CT of the
hest, plays an important role in the diagnosis of COVID-19; how-
ver, interpretation of chest CT findings of COVID-19 pneumonia is
ometimes difficult for clinicians who  are not familiar with chest CT
mages. Modern AI technology can assist clinicians mainly on two
spects: 1) improving the accuracy of COVID-19 pneumonia diag-
osis and 2) automatic segmentation and quantification of lung
isease by COVID-19.

To improve the accuracy for diagnosing COVID-19, many AI algo-
ithms have been introduced [58]. For instance, COVNet based on
esNet50 was proposed by Li et al. [59], which included 4352 chest
T examinations obtained from 3322 patients, achieved a sensitiv-

ty of 90%, specificity of 96%, and area under the receiver operating
haracteristics curve of 0.96 for classifying COVID-19 class. A model
ade by Ni et al., which included 19,291 CT examinations of

4,435 individuals [60], yielded 94% accuracy and 100% sensitiv-
ty, and was  superior to the diagnostic performance of radiologists.
he fast-track COVID-19 classification network, based on VGG16
nd ResNet-50, can classify COVID-19, other pneumonia, and non-
neumonia with an accuracy of 96.97% [61]. Use of these AI-based
lgorithms may  improve the diagnostic process for COVID-19 pneu-

onia.
For the automatic segmentation of lung disease by COVID-19,

e developed a machine learning method using the results of seg-
entation by an expert radiologist. This computer-based automatic
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Fig. 9. Automated segmentation of lung disease by COVID-19 using artificial intellig
four  parts in a 76-year-old man with coronavirus disease 2019 pneumonia. (A)-(C
image. Violet indicates normal lung parenchyma; green indicates ground glass opac

segmentation enables classification of lung lesions into four parts
as follows: normal (violet), GGO (green), reticulation (blue), and
consolidation (orange) (Fig. 9) [34]. Furthermore, the volume of dis-
ease lesions (GGO, reticulation, and consolidation) are significantly
correlated with disease severity, as reflected by low oxygen satu-
ration, high serum C-reactive protein, high lactate dehydrogenase,
and high D-dimer levels [34]. This algorithm enables objective seg-
mentation of lung disease and may  provide new insights into the
risk stratification of COVID-19 patients.

7. Conclusion

In summary, various non-invasive imaging modalities play
important roles in the management of COVID-19. U-HRCT of the
lung can precisely evaluate pathologic changes in the alveoli and
pulmonary vessels, and serial assessment may  be useful for mon-
itoring disease severity. Myocardial involvement is not rare in
patients with COVID-19, and cardiac MRI  may  be important for
detecting myocardial abnormalities. Although there are many chal-
lenges, AI may  improve the diagnostic process and quantification
of disease severity, leading to appropriate risk stratification for
COVID-19 pneumonia.

Human rights
The authors declare that the work described has been carried out
in accordance with the Declaration of Helsinki of the World Medical
Association revised in 2013 for experiments involving humans.

R

498
 Computer-based segmentation enables objective classification of lung lesions into
-dimensional CT segmentation images, (D): Three-dimensional CT segmentation

lue indicates reticulation; orange indicates consolidation.
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