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Background: Chest computed tomography (CT) is a useful tool for the diagnosis of corona-

virus disease-2019 (COVID-19), although its exact value for predicting critical illness re-

mains unclear. This study evaluated the efficacy of chest CT to predict disease progression,

pulmonary complications, and viral positivity duration.

Methods: A single-center cohort study was conducted by consecutively including hospi-

talized patients with confirmed COVID-19. The chest CT patterns were described and a

total severity score was calculated. The predictive accuracy of the severity score was

evaluated using the receiver operating characteristic analysis, while a Cox proportional

hazards regression model was implemented to identify the radiological features that are

linked to prolonged duration of viral positivity.

Results: Overall, 42 patients were included with 10 of them requiring intensive care unit

admission. The most common lesions were ground glass opacities (92.9%), consolidation

(66.7%), and crazy-paving patterns (61.9%). The total severity score significantly correlated

with inflammatory and respiratory distress markers, as well as with admission CURB-65

and PSI/PORT scores. It was estimated to predict critical illness with a sensitivity and

specificity of 75% and 70%, respectively. Time-to-event analysis indicated that patients
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without ground-glass opacities presented significantly shorter median viral positivity (16

vs. 27 days).

Conclusions: Chest CT severity score positively correlates with markers of COVID-19 severity

and presents promising efficacy in predicting critical illness. It is suggested that ground-

glass opacities are linked to prolonged viral positivity. Further studies should confirm

the efficacy of the severity score and elucidate the long-term pulmonary effects of

COVID-19.

© 2021 The Japanese Respiratory Society. Published by Elsevier B.V. All rights reserved.
1. Introduction

Coronavirus disease-2019 (COVID-19) represents an emerging,

potentially life-threatening, respiratory syndrome caused by

severe acute respiratory syndrome coronavirus-2 (SARS-CoV-

2), a betacoronavirus fist recognized in Wuhan, China [1]. It is

mainly transmitted by respiratory droplets with a mean in-

cubation time of five days, while pre-symptomatic carriers are

suggested to contribute significantly to the disease spread [2].

Viral cell entry is based on the binding of its spike protein to

the angiotensin-converting enzyme 2 (ACE2) receptor, which

is mainly expressed by type II alveolar epithelial cells [3].

COVID-19 may range from asymptomatic disease to acute

respiratory distress syndrome (ARDS), sepsis, and multiorgan

failure, depending on patients’ age, comorbidities, and host

immune response [4]. Moreover, the disease may be linked to

a hypercoagulable state, which may lead to arterial and

venous thrombotic complications and even diffuse intravas-

cular coagulation [5]. Various treatment strategies have been

proposed, with promising evidence supporting the potential

efficacy of dexamethasone [6] in reducing COVID-19-related

mortality and remdesivir [7] in shortening the time to recov-

ery in hospitalized patients.

Effective risk stratification is essential to guide clinical

decisions regarding patient triaging and allocation of health-

care resources. To this point, much research effort has been

devoted to the development of prognostic scores aiming to

identify COVID-19 patients at increased risk of complications

early during the course of the disease [8]. In this context,

various predictive models have been constructed including

several demographical and laboratory parameters, such as

age, sex, comorbidities, lymphopenia, elevated D-dimers, and

inflammatory markers [9]. However, the existing models have

been criticized for being at high risk of bias, and lacking

external validation; hence, no single clinical score is currently

recommended to be widely applied in the clinical setting [10].

Chest computed tomography (CT) represents a useful tool

for the initial evaluation of patients with suspected SARS-

CoV-2 infection, presenting high sensitivity for the diagnosis

of the disease [11]. Diffuse ground-glass opacities have been

suggested as the hallmark of COVID-19, while several atypical

manifestations have been also reported [12]. Ground-glass

opacities as a radiological feature is non-specific for COVID-

19, though it is typical and highly suggestive for the disease,

especially when noted bilaterally and in the peripheral, sub-

pleural location. This probably explains the low sensitivity of
chest radiography for the depiction of lung changes during the

early stages of the disease. The extent, distribution, and

morphology of ground-glass opacities may vary on chest CT;

therefore, diffuse, confluent, or patchy areas of ground glass

may be observed as well as round-shaped. Furthermore,

ground-glass opacities admixed with consolidation, as well as

ground glass opacities with superimposed interlobular septal

thickening, resulting in a crazy-paving pattern, have been

described as frequent but non-specific radiological findings of

COVID-19 pneumonia [13,14].

Nonetheless, the exact efficacy of chest CT in the predic-

tion of disease progression remains still under investigation.

The aim of the present study is to describe the time course of

lung lesions on chest CT among COVID-19 individuals, as well

as to assess the accuracy of a chest CT severity score for the

prediction of critical illness. In addition, the role of chest CT in

the detection of pulmonary complications, as well as the as-

sociation of imaging findings with the duration of viral posi-

tivity are also evaluated.
2. Materials and methods

2.1. Study design and participants

The present cohort study was approved by the institutional

review board of our institution (“Sotiria” Chest Diseases Gen-

eral Hospital, University of Athens, March 2020). Informed

consent was obtained by all patients or their next of kin. A

total of 42 patients with confirmed COVID-19 infection were

consecutively enrolled. The diagnosis was solely based on the

detection of SARS-CoV-2 by real-time reverse transcription

polymerase chain reaction (rRT-PCR) analysis of nasopha-

ryngeal swabs. All patients had at least one chest CT scan

upon admission; selected cases had also a follow-up scan

based on clinical indication. CT scans were categorized in four

groups based on their timing: group 1 (CT performed 0e9 days

after symptom onset), group 2 (CT performed 10e19 days after

symptom onset), group 3 (CT performed 20e29) days after

symptom onset) and group 4 (CT performed � 30 days after

symptom onset).

Information regarding patients’ comorbidities (hyperten-

sion, diabetes mellitus, heart failure, chronic obstructive

pulmonary disease, asthma, cancer, or immunodeficiency),

symptoms, and clinical and laboratory characteristics were

collected. Two pneumonia severity scores (Confusion, Urea,

Respiratory rate, Blood pressure, age � 65 years-CURB-65 [15]
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and Pneumonia Severity Index/Pneumonia Outcome Research

Trial-PSI/PORT [16]) were calculated at admission aiming to

predict the risk of complications, while the maximum scores

of Modified Early Warning Score (MEWS) [17], Sequential

Organ Failure Assessment (SOFA) [18], and Acute Physiology

and Chronic Health Evaluation II (APACHE II) [19] were

estimated in order to identify critical illness. Duration of

SARS-CoV-2 positivity was measured from the first day of

symptoms (or the day of molecular diagnosis when the first

day of symptoms was not available) to the day of the first

negative nasopharyngeal swab. All data were collected by two

researchers independently, while any potential discrepancies

were resolved by their consensus or discussion with all

authors.

2.2. CT image acquisition technique

Chest CT scans were performed using a 16-Slice CT Scanner

(GE Medical Systems, Optima CT540) with 2.5-mm section

thickness, 1.25-mm reconstruction slice thickness, and

120 KVp tube voltage. Non-contrast chest CT scan was ob-

tained with the patient in supine position and at end-

inspiration when possible, while a dedicated CT Pulmonary

Angiography protocol with bolus tracking was acquired in

cases of suspected pulmonary embolism.

2.3. Image interpretation

Two senior chest radiologists (14 and 15 years of experience)

evaluated separately all CT images, without access to the

clinical or laboratory characteristics of patients. The presence

of the following radiological lesions and patterns was retro-

spectively assessed [20]: ground-glass opacity (GGO), consoli-

dation, GGO with consolidation, round GGO, crazy-paving,

organizing pneumonia pattern, interlobular septal thickening,

parenchymal bands, halo sign, reverse halo sign, air-

bronchogram, traction bronchiectasis, cavitation, nodules,

subsegmental vessel enlargement, pleural effusion, and

lymphadenopathy. In addition, the location (unilateral/bilat-

eral), distribution (peripheral/peribronchovascular), zonal

predominance (upper/mid/lower), and the lung background

(normal/emphysema/fibrosis) were evaluated. Potential

complications, especially pulmonary embolism, radiological

signs of bacterial superinfection, mainly consolidation in a

specific lobe or lung segment, mucoid impactions, cen-

trilobular nodules with tree-in-bud and cavitation, as well as

predictive signs of pulmonary fibrosis including a combina-

tion of traction bronchiectasis, parenchymal bands, and

atelectasis were also taken into account.

A chest CT severity score was calculated by assessing the

degree of lobe involvement for each of the five lung lobes

separately as follows: 0% (no involvement), 1%e25% (minimal

involvement), 26%e50% (mild involvement), 51%e75% (mod-

erate involvement), and 76%e100% (severe involvement).

Corresponding scores for each degree of lobe involvement

were classified from lobe score 0 (no involvement) to lobe

score 4 (severe involvement). The overall lung “total severity

score”was calculated by adding the five lobe scores reaching a

range of possible scores from 0 to 20 [21]. Follow-up CT scans

were judged to show progression, resolution, or no change of
pulmonary lesions. Any disagreements between the two ra-

diologists were resolved through their consensus.

2.4. Data analysis

Statistical analysis was performed in R-3.6.3. The threshold of

a two-sided p-value < 0.05 was chosen to define statistical

significance. Inter-rater agreement was judged by estimating

the Cohen’s kappa (k) coefficient [22]. Patients were catego-

rized depending on whether they were admitted to the

intensive care unit (ICU), while CT scans were classified based

on their timing since symptom onset. The normality of

continuous variables was tested by the Shapiro-Wilk test [23].

Normally distributed data were expressed as mean and

standard deviation and were compared using the Student’s t-

test. Otherwise, the median and interquartile range were re-

ported and comparisons were conducted with the Mann-

Whitney U-test. The Fischer’s exact test was used for the

analysis of binary variables, while comparisons of three or

more groups were performed with the one-way analysis of

variance method or the Kruskal-Wallis test, as appropriate

[24]. The potential correlations of the chest CT severity score

with inflammatory (white blood cells, neutrophil-to-

lymphocyte ratio, C-reactive protein, procalcitonin, ferritin

and fibrinogen) and respiratory distress markers (PaO2/FiO2

ratio and arterial-alveolar gradient), as well as with clinical

scores (initial CURB-65 and PSI/PORT, worst MEWS, SOFA, and

APACHE II) were tested using the Pearson or the non-

parametric Spearman correlation coefficients, depending on

the normality of the data [25]. Multiplicity correction was

performed via false discovery rate estimation following the

Benjamini-Hochberg method.

The accuracy of the chest CT severity score in the predic-

tion ICU admissionwas evaluated by constructing the receiver

operating characteristics (ROC) curve and calculating the area

under the curve (AUC). Only the initial CT scans were taken

into consideration for the diagnostic accuracy analysis in

order to ensure the predictive nature of the CT score mea-

surements. The optimal threshold was identified by calcu-

lating the Youden index [26], and the corresponding

sensitivity and specificity were reported. Moreover, ROC

analysis was planned to be implemented, aiming to assess the

efficacy of maximum C-reactive protein and procalcitonin in

predicting bacterial superinfection, as detected by chest CT

imaging. A time-to-event analysis was also conducted by

applying a Cox proportional hazards regressionmodel, aiming

to identify which radiological features are associated with

prolonged SARS-CoV-2 positivity.
3. Results

3.1. Clinical characteristics

A total of 42 patients were included and 10 of them were

admitted to the ICU, requiring invasive mechanical ventila-

tion. The clinical and laboratory characteristics of the partic-

ipants are summarized in Table 1. Specifically, 29 patients

(69%) were males, while the mean age of the study population

was 56.64 years (SD: 14.12, range: 33 to 92). The most common
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Table 1 e Clinical and laboratory characteristics of the study population.

Clinical characteristics All patients (N ¼ 42) Admission to ICU p-value

Yes (N ¼ 10) No (N ¼ 32)

Age (years) 56.64±14.12 61.30±8.51 55.19±15.28 0.120

Male gender 29 (69.0%) 9 (90%) 20 (62.5%) 0.134

Obesity 12 (28.6%) 4 (40%) 8 (25%) 0.433

Smoking history 11 (26.2%) 4 (40%) 7 (21.9%) 0.418

Comorbidities

Hypertension 12 (28.6%) 6 (60%) 6 (18.8%) 0.019

Diabetes mellitus 2 (4.8%) 2 (20%) 0 (0%) 0.052

Heart failure 1 (2.4%) 0 (0%) 1 (3.1%) 1

Chronic kidney disease 4 (9.5%) 1 (10%) 3 (9.4%) 1

Chronic obstructive pulmonary disease 1 (2.4%) 0 (0%) 1 (3.1%) 1

Asthma 4 (9.5%) 1 (10%) 3 (9.4%) 1

Cancer 2 (4.8%) 0 (0%) 2 (6.3%) 1

Immunodeficiency 2 (4.8%) 1 (10%) 1 (3.1%) 0.424

Symptoms

Fever 41 (97.6%) 10 (100%) 31 (96.9%) 1

Cough 28 (66.7%) 5 (50%) 23 (71.9%) 0.241

Fatigue 26 (61.9%) 4 (40%) 22 (68.8%) 0.130

Shortness of breath 25 (59.5%) 9 (90%) 16 (50%) 0.031

Diarrhea 13 (30.9%) 0 (0%) 13 (40.6%) 0.018

Vomiting 4 (9.5%) 2 (20%) 2 (6.3%) 0.245

Loss of smell 4 (9.5%) 0 (0%) 4 (12.5%) 0.556

Vital signs e Arterial blood gases at admission

Mean arterial pressure (mmHg) 90 [80.83e95.83] 93.33 [83.33e99.17] 89.17 [80e93.33] 0.458

Heart rate (beats/minute) 81.88±14.55 89.11±15.89 79.84±13.73 0.139

PaO2/FiO2 ratio (mmHg) 340.9 [288.7e376.5] 220 [190.6e271.4] 361.9 [328.6e388.1] <0.001
Arterial-alveolar gradient (mmHg) 37.93 [30.93e68.93] 130.85 [60.09e160.45] 36.73 [27.84e42.03] 0.002

Lactate (mmol/L) 1.14±0.32 1.23±0.30 1.12±0.32 0.350

Laboratory tests at admission

White blood cells (/mL) 6572±2518 6807±3586 6499±2152 0.801

Neutrophils (/mL) 4457±1997 5258±2954 4206±1571 0.304

Lymphocytes (/mL) 1335 [922e1875] 1214 [741e1560] 1500 [950e1912] <0.001
Neutrophil-to-lymphocyte ratio 3.04 [1.88e4.72] 4.15 [3.04e4.55] 3.01 [1.63e3.96] 0.090

Platelets (/mL) 197.29±64.85 174.97±60.94 204.27±65.37 0.211

Platelet-to-lymphocyte ratio 216 [160.5e394.5] 202.69 [175.3e249.07] 260.3 [159.8e449.6] 0.163

Hemoglobin (g/dL) 13.96±1.26 14.39±1.48 13.82±1.18 0.288

C-reactive protein (mg/dL) 6.4 [1.34e10.90] 12.52 [6.72e15.95] 3.34 [1.15e10.24] 0.024

Procalcitonin (ng/mL) 0.09 [0.04e0.13] 0.13 [0.10e0.20] 0.04 [0.03e0.11] 0.011

Ferritin (ng/mL) 496.2 [245e949.25] 989 [682.2e2259.5] 434.8 [188e833] 0.025

Lactate dehydrogenase (U/L) 265 [219e365] 359 [262.2e384.1] 258 [206.5e348] 0.071

Urea (mg/dL) 28.5 [23.25e37.5] 35 [30.5e50] 28 [22.75e33] 0.065

Creatinine (mg/dL) 0.9 [0.8e1.0] 1.0 [0.9e1.08] 0.9 [0.8e1.0] 0.062

Aspartate aminotransferase (U/L) 33 [24.5e43.75] 47 [31e68] 30.5 [22.75e43] 0.035

Alanine aminotransferase (U/L) 33.5 [21e54] 46.5 [24.25e62.75] 33 [21e45.5] 0.330

Total bilirubin (mg/dL) 0.6 [0.48e0.8] 0.6 [0.53e0.68] 0.6 [0.43e0.8] 0.875

Fibrinogen (mg/dL) 563.9±169.8 673.7±156.7 525.9±159.7 0.029

D-dimers (mg/mL) 0.56 [0.38e1.31] 0.74 [0.64e1.20] 0.49 [0.32e1.61] 0.249

Treatment

Oseltamivir 16 (38.1%) 5 (50%) 11 (34.4%) 0.465

Hydroxychloroquine 31 (73.8%) 10 (100%) 21 (65.6%) 0.041

Azithromycin 32 (76.2%) 10 (100%) 22 (68.8%) 0.084

Ceftriaxone 17 (40.5%) 7 (70%) 10 (31.3%) 0.062

Clinical scores

Initial CURB-65 1 [0e1] 2 [1,2] 0 [0e1] <0.001
Initial PSI/PORT 68 [52e81] 74.5 [71.5e111] 58 [47e78] 0.005

Maximum MEWS 1 [0e2] 3 [2e4] 1 [0e2] <0.001
Maximum SOFA 2 [1e3] 3 [3e3] 2 [1,2] 0.001

Maximum APACHE II 6.5 [3.75e9] 11 [9e11] 5 [2e7.5] <0.001

Bold text indicates statistical significance (p-value <0.05). Continuous data are expressed asmean ± standard deviation ormedian [interquartile

range].
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comorbidity was hypertension (28.6%), while the most prev-

alent symptoms were fever (97.6%) and cough (66.7%), fol-

lowed by fatigue (61.9%) and shortness of breath (59.5%).

Patients who were subsequently admitted to the ICU pre-

sented at hospital admission significantly lower PaO2/FiO2

ratio (p-value < 0.001) and higher arterial-alveolar gradient (p-

value: 0.002), as well as lower lymphocyte count (p-

value < 0.001) and higher serum C-reactive protein (p-value:

0.024), procalcitonin (p-value: 0.011), ferritin (p-value: 0.025),

aspartate aminotransferase (p-value: 0.035), and fibrinogen (p-

value: 0.029). In addition, critically-ill ICU patients had signif-

icantly higher initial CURB-65 (p-value < 0.001) and PSI/PORT

(p-value: 0.005) scores, as well as significantly higher

maximum values of MEWS (p-value < 0.001), SOFA (p-value:

0.001), and APACHE II (p-value < 0.001) scores.
Table 2 e Chest CT findings of the included patients.

Radiological characteristics All patients (N ¼ 42

Background

Normal lung 37 (88.1%)

Emphysema 3 (7.1%)

Fibrosis 1 (2.4%)

Emphysema þ fibrosis 1 (2.4%)

Location

Unilateral 0 (%)

Bilateral 39 (92.9%)

No. of affected lobes 5 [4,5]

Distribution

Peripheral 13 (30.9%)

Peribronchovascular 2 (4.8%)

Both 24 (57.1%)

Zonal predominance

No predominance 7 (16.7%)

Upper 7 (16.7%)

Mid 2 (4.8%)

Lower 26 (61.9%)

Pattern of lesions

Ground glass opacity 39 (92.9%)

Consolidation 28 (66.7%)

Crazy paving 26 (61.9%)

Interlobular septal thickening 25 (59.5%)

Parenchymal bands 23 (54.8%)

Ground glass opacity with consolidation 21 (50%)

Organizing pneumonia pattern 20 (47.6%)

Traction bronchiectasis 19 (45.2%)

Round ground glass opacity 11 (26.2%)

Pleural effusion 9 (21.4%)

Lymphadenopathy 10 (23.8%)

Air-bronchogram 4 (9.5%)

Reverse halo sign 3 (7.1%)

Halo sign 1 (2.4%)

Nodules 1 (2.4%)

Cavitation 0 (0%)

Subsegmental vessel enlargement 0 (0%)

Complications

Radiological superinfection 5 (11.9%)

Pulmonary embolism 3 (7.1%)

Signs predictive of fibrosis 22 (52.4%)

Severity score 11.75±4.75

Bold text indicates statistical significance (p-value <0.05).Continuous data
range].
3.2. Radiological findings

Inter-rater agreement was assessed to be strong, as the esti-

mated values of Cohen’s kappa were found to be > 0.8 in all

outcomes (Suppl. Table 1). The radiological features of pa-

tients are presented in Table 2. Evaluation of pulmonary

background revealed normal lung in 88.1% of cases, while

emphysema was detected in three patients (7.1%). In the

majority of patients, lesions were present bilaterally (92.9%),

affecting predominantly the lower lobes in 61.9% of cases.

Peripheral and peribronchovascular distribution were detec-

ted in 30.9% and 4.8% of patients, respectively, while both

patterns were present in 24 individuals (57.1%) (Fig. 1). The

most common types of lesions were GGO (92.9%), consolida-

tion (66.7%), crazy-paving (61.9%), interlobular septal
) Admission to ICU p-value

Yes (N ¼ 10) No (N ¼ 32)

8 (80%) 29 (90.6%) 0.341

1 (10%) 2

1 (10%) 0

0 (0%) 1

0 (%) 0 (%) 1

10 (100%) 29 (90.6%)

5 [5e5] 5 [3e5] 0.080

0 (0%) 13 (40.6%) 0.015

1 (10%) 1 (3.1%)

9 (90%) 15 (46.9%)

2 (20%) 5 (15.6%) 1

2 (20%) 5 (15.6%)

0 (0%) 2 (6.3%)

6 (60%) 20 (62.5%)

10 (100%) 29 (90.6%) 1

7 (70%) 21 (65.6%) 1

8 (10%) 18 (56.3%) 0.270

8 (80%) 17 (53.1%) 0.162

7 (70%) 16 (50%) 0.305

7 (70%) 14 (43.8%) 0.277

3 (30%) 17 (53.1%) 0.284

7 (70%) 12 (37.5%) 0.144

1 (10%) 10 (23.8%) 0.245

2 (20%) 7 (21.9%) 1

2 (20%) 8 (25%) 0.181

2 (20%) 2 (6.3%) 0.236

0 (0%) 3 (9.4%) 1

0 (0%) 1 (3.1%) 1

0 (0%) 1 (3.1%) 1

0 (0%) 0 (%) N/A

0 (0%) 0 (%) N/A

2 (20%) 3 (9.4%) 0.577

3 (30%) 0 (0%) 0.010

9 (90%) 13 (40.6%) 0.010

12.60±4.25 7.38±4.23 0.004

are expressed as mean ± standard deviation or median [interquartile
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Fig. 1 e Axial CT chest images in a 57-year-old male patient in the upper, mid and lower zones showing extensive, bilateral

predominantly ground glass opacities in peripheral and peribronchovascular distribution. Estimated total CT severity score

18.
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thickening (59.5%), parenchymal bands (54.8%), GGO with

consolidation (50%), organizing pneumonia pattern (47.6%),

and traction bronchiectasis (45.2%). Less common findings

were round GGO (26.2%), pleural effusion (21.4%), lymphade-

nopathy (23.8%), air-bronchogram (9.5%), reverse halo sign

(7.1%), halo sign (2.4%), and nodules (2.4%). Patients admitted

to the ICU presented significantly higher rates of both pe-

ripheral and peribronchovascular distribution of lesions (p-

value: 0.015), as well as a higher risk of observing sings

predictive of pulmonary fibrosis (p-value: 0.01). Pulmonary

embolism was observed in three cases after admission to the

ICU (p-value: 0.01).

3.3. Time course

Totally, 14 follow-up CT scans were performed, with seven of

them showing progression, two regression, and five no sig-

nificant change of pulmonary lesions. The time course of lung

changes is depicted in Fig. 2. GGOwas themost prevalent type

of lesion during all phases of the infection. On the other hand,

late stages of the disease were linked to significantly lower

rates of crazy-paving (p-value: 0.002), interlobular septal

thickening (p-value: 0.023), and round GGO (p-value: 0.015). It

should be noted that the proportion of patients showing

radiological signs predictive of pulmonary fibrosiswas highest

(83.3%) in group 4 (�30 days from symptom onset) (Suppl.

Table 2).

3.4. Chest CT severity score

The mean chest CT severity score was estimated to be 11.75

(SD: 4.75, range: 0e18). Patients developing critical illness

presented significantly higher chest CT severity scores

(12.60 ± 4.25 vs. 7.38 ± 4.23, p-value: 0.004). The AUC of the

chest CT severity score for the prediction of ICU admission

was calculated to be 81.1%; hence, the marker was estimated

to provide a sensitivity of 75% and specificity of 70% at the

threshold of 10.5 (Fig. 3). Moreover, significant correlation was

observed between chest CT severity score and PaO2/FiO2 ratio

(r: 0.555, p-value < 0.001), arterial-alveolar gradient (r: 0.458, p-

value: 0.004), blood lactate (r: 0.433, p-value: 0.007), serum C-

reactive protein (r: 0.694, p-value < 0.001), ferritin (r: 0.487, p-

value: 0.007), fibrinogen (r: 0.474, p-value: 0.006), neutrophil-to-

lymphocyte ratio (r: 0.411, p-value: 0.008), initial CURB-65 (r:

0.581, p-value < 0.001), and PSI/PORT scores (r: 0.512, p-

value < 0.001), as well as with worst MEWS (r: 0.560, p-
value < 0.001), SOFA (r: 0.470, p-value: 0.004), and APACHE II (r:

0.576, p-value <0.001) scores (Fig. 4). No significant correlation

of chest CT severity score with white blood cell count (r: 0.105,

p-value: 0.507) and procalcitonin (r: 0.204, p-value: 0.234) was

estimated. A correlation matrix is depicted in Suppl. Fig. 1.

3.5. Bacterial superinfection

Bacterial superinfection was suspected by chest CT in nine

cases (5 initial and 4 follow-up scans). Of them, the infection

was microbiologically confirmed in five patients, with Acine-

tobacter baumannii being isolated in sputum in four cases and

Klebsiella pneumoniae in one case. The diagnostic accuracy of

maximum C-reactive protein and procalcitonin for the

detection of radiological superinfection was estimated to be

moderate (AUC: 74.1% and 70.3%, respectively). Specifically, C-

reactive protein provided a sensitivity of 88.9% and specificity

of 62.5% at the optimal threshold of 21.5 mg/L, while both the

sensitivity and specificity of procalcitonin were calculated to

be 75% at the cut-off of 0.2 ng/mL (Suppl. Fig. 2).

3.6. Duration of viral positivity

The median duration of SARS-CoV-2 positivity for the entire

cohort was 25 days (95% confidence intervals-CI: 23 to 32) from

the 1st day of symptoms. Univariate Cox proportional hazard

regression analysis indicated that the only radiological feature

associated with prolonged viral positivity was the presence of

ground-glass opacities. No significant association with posi-

tivity duration was estimated for age, sex, consolidation,

ground-glass opacities with consolidation, parenchymal

bands, crazy paving, air bronchogram, round ground glass

opacity, septal thickening, organizing pneumonia pattern,

pleural effusion, or bacterial superinfection pattern (Suppl.

Table 3). Therefore, as it is evident from the Kaplan-Meier

curve, cases without ground-glass opacities on the admis-

sion chest CT presented significantly shorter median viral

positivity (16 vs. 27 days, hazard ratio: 0.08, 95% CI: 0.02 to 0.35,

p-value < 0.001) (Suppl. Fig. 3).
4. Discussion

The present study evaluated the imaging findings of patients

with laboratory-confirmed SARS-CoV-2 infection in order to

assess the role of chest CT in the prediction of disease
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Fig. 2 e Frequency of lung changes at chest CT depending on the time of scan since symptom onset. Chest CT scans were

categorized based on whether they were performed 0e9, 10e19, 20e29 or ≥30 days from symptoms onset.
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progression and critical illness. To achieve this, the chest CT

severity score was estimated and diagnostic accuracy analysis

was performed, indicating promising efficacy of the score in

the detection of patients prone to develop severe disease. This

finding is in accordance with previous studies in the field

[27,28], supporting the significant association of initial chest

CT severity score with both short and long-term prognosis.

Importantly, the chest CT score was suggested to positively

correlate with admission inflammation markers (C-reactive

protein, ferritin, neutrophil/lymphocyte ratio, fibrinogen), as

well as with established clinical scores of pneumonia severity

(CURB-65, PSI/PORT) and critical illness (MEWS, SOFA,

APACHE II). In this context, it has been proposed that the

extent of pulmonary lesions may reflect the degree of sys-

temic inflammatory response, while preliminary data have

indicated the potential beneficial effects of glucocorticoid

therapy, leading to regression of lung infiltrates [29].

The majority of cases presented bilateral lung involve-

ment, affectingmainly the lower lobes. Ground glass opacities

and consolidations were the most prevalent lesions, espe-

cially during the initial phases of the disease. A crazy-paving

pattern was commonly noticed during the first 20 days from

symptom onset, while nodules, cavities, pleural effusion, and

lymphadenopathy were rarely observed. Interestingly, the
incidence of parenchymal bands and traction bronchiectasis

was high in scans performed after 30 days from disease onset

and thus indicative signs of pulmonary fibrosis were detected

in the majority of patients during the late phase of the infec-

tion. This observation is in accordance with previous reports

[30] and has been confirmed by recent autopsy findings, sup-

porting that lung specimens obtained by patients who died

after a long disease duration (i.e. > 30 days) presented pro-

nounced histologic fibrotic remodeling [31]. However, whether

COVID-19 may lead to long-term fibrosis and loss of pulmo-

nary function remains to be determined by further longitu-

dinal studies.

Sequential SARS-CoV-2 testing in nasopharyngeal swabs

indicated that the duration of viral positivity was significantly

shorter in patients without ground-glass opacities at admis-

sion. Moreover, the presence of ground-glass opacities was

the only imaging feature associated with prolonged viral

positivity. Previous studies have suggested that prolonged

viral sheddingmay be linked to disease severity [32], as well as

to higher levels of CD8þ T-lymphocytes [33], although the

exact factors associated with the duration of SARS-CoV-2

positivity remain currently unclear. In this context, the com-

bination of clinical and radiological features may enable the

identification of patients at risk of longer viral presence in

https://doi.org/10.1016/j.resinv.2021.02.008
https://doi.org/10.1016/j.resinv.2021.02.008


Fig. 3 e Receiver operating characteristics curve of chest CT

severity score for the prediction of admission to the

intensive care unit. The threshold of 10.5 provided

sensitivity and specificity of 75% and 70%, respectively.

AUC: area under the curve.
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order to guide decisions about self-isolation and discharge of

hospitalized patients. Nonetheless, whether increased dura-

tion of SARS-CoV-2 positivity translates to prolonged infec-

tivity and transmission risk remains to be elucidated.

The present study has several strengths. Data were regis-

tered in a comprehensive database, with radiologists being

blinded to clinical and laboratory outcomes. Inter-rater
Fig. 4 e Correlation of chest CT severity score with clinical scor

horizontal x-axis depicts the chest CT severity score and the ve
agreement was high, supporting the robustness of radiological

evaluations. Patient recruitment was consecutive and the

examined variables and end-points were pre-specified; hence,

the risk of selection biaswas limited. To our knowledge, it is the

first time that the relationship of chest CT features with the

durationofviral shedding areassessed, suggesting that imaging

mayprovideuseful informationabout infectivity andcontribute

to theoptimizationof isolation strategies. Previous studies have

demonstrated that prolonged viral shedding may be also asso-

ciated with immunosuppression and elevated interleukin-6

levels [34], as well as with high viral load expressed as RNA

copies. Conversely, detecting serum neutralizing antibody titer

�1:20 has been linked to non-infectiousness [35]. On the other

hand, the interpretation of outcomes is mainly limited by the

available sample size; the study was a single-center one and

thus generalizability of the results to populations of other

countries cannot be ensured. In addition, only hospitalized pa-

tientswere examined; hence, data fromasymptomatic patients

were not included in the analysis. It should be also noted that

follow-up CT scans were performed by clinical indication and

thus radiological information was not uniformly available dur-

ing the late phase of the disease.

Several aspects remain to be clarified in order to shed light

on the exact role of chest CT in the prediction of critical illness

among COVID-19 patients. Specifically, the predictive accu-

racy of the chest CT severity score should be validated by

further studies using predefined thresholds, based on the

present outcomes. Moreover, the observed temporal changes

of lung lesions should be confirmed by prospective cohorts

performing CT scans at pre-specified time-points during the

course of the disease. The long-term effects of COVID-19 on

pulmonary parenchyma should be also assessed by exam-

ining whether the incipient fibrotic changes seen during the

acute phase may lead to permanent interstitial lung disease.

In addition, the influence of viral load on the radiological
es, inflammatory and respiratory distress markers. The

rtical y-axis shows the values of clinical markers.
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appearance and severity of lung lesions may be further eval-

uated by methods allowing absolute viral quantification.

Finally, it is important to combine chest CT findings with

clinical and laboratory data aiming to construct multivariate

predictive models, achieving optimal discrimination of pa-

tients at high risk of disease progression.
5. Conclusions

The present study suggests that chest CT severity score con-

stitutes a useful tool for the initial evaluation of COVID-19

patients as it positively correlates with markers of disease

severity and presents promising efficacy in the prediction of

critical illness and ICU admission. The temporal changes of

pulmonary lesions during the course of the disease were

described, suggesting that the presence of ground glass

opacities is the most prevalent radiological feature among

hospitalized patients, predisposing for prolonged viral posi-

tivity. Parenchymal bands and traction bronchiectasis are

increasingly observed during the late phases of the infection,

although whether COVID-19 may lead to long-term pulmo-

nary fibrosis remains to be elucidated.
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