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Abstract. - OBJECTIVE: To develop and val-
idate in-hospital mortality risk score comprising
radiological aberrances in chest computed to-
mography (CT) performed on admission.

PATIENTS AND METHODS: Single-center,
longitudinal cohort study in adult patients admit-
ted with Coronavirus Disease 2019 (COVID-19) to
our ward. Patients were followed-up during hos-
pitalization until discharge or death. Eligibili-
ty criteria for the study comprised positive re-
al-time reverse transcription-polymerase chain
reaction test (RT-PCR) for severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) and
ground-glass opacities in chest CT. In-hospital
death was the outcome of interest. Radiological,
laboratory, and clinical data were analyzed. Ra-
diological determinants of mortality were used
as variables in multivariate logistic regression
analysis, and results were used to build a radio-
logical risk score.

RESULTS: 371 patients were enrolled in de-
velopment and validation cohorts (181 and 190
respectively), with a total of 47 non-survivors.
Univariate analysis data determined 12 predic-
tive factors (nine risk and three protective). In
multivariate analysis, we developed COVID-RRS
(COVID-19 Radiological Risk Score) - a radiolog-
ical score predicting in-hospital COVID-19 mor-
tality risk comprising estimated lung involve-
ment percentage, pleural effusion, and domi-
nation of consolidation-type changes in chest
CT. Our score was superior in the prediction of
COVID-19 mortality to the percentage of lung in-
volvement alone, Chest Computed Tomography
Severity Score (CTSS), and Total Severity Score
(TSS) in both groups with AUC of 0.910 and
0.902, respectively (p <0.001).

CONCLUSIONS: Additional imaging features
independently contribute to COVID-19 mortali-

ty risk. Our model comprising lung involvement
estimation, pleural effusion, and domination of
consolidations performed significantly better
than scores based on the extent of the chang-
es alone. COVID-RRS is a simple, reliable, and
ready-to-use tool for clinical practice.
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Introduction

We have been confronting severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2)
pandemics for more than two years'. Throughout
the pandemics, many papers on radiological as-
pects of Coronavirus Disease 2019 (COVID-19)
have been published regarding diagnostics and
prognosis in this disease, including an early and
thorough review by Ye et al’ that described
frequent and rare chest computed tomography
(CT) manifestations of this disease. During the
severe COVID-19, typical signs of interstitial
pneumonia are present: bilateral ground-glass
opacities (GGO) that evolve into consolidations
or progress into GGO with marked interstitial
septal thickening giving crazy paving pattern lat-
er in the disease’. Many authors*® developed and
tested different lung parenchyma involvement
indices, such as chest CT score or total severity
score (TSS), assessed by radiologists or artificial
intelligence. The complexity of the abovemen-
tioned scores varies greatly and extents from
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simple estimation in percentage by assessing
radiologists through scores assessing every lung
lobe or segment separately, such as adapted from
severe acute respiratory syndrome coronavirus 1
(SARS-CoV-1), outbreak chest CT severity score
(CT-SS) or TSS*”. On the other hand, COVID-19
radiological features comprise many additional
signs such as pleural effusion, lymphadenopathy,
vascular enlargement, or air bronchogram that
can affect prognosis®. However, most papers*’
focus on either lung involvement or additional
features without assessing their independent in-
fluence on prognosis.

In our study, we aimed to assess whether add-
ing additional imaging signs to the estimation of
lung involvement in computed tomography can
improve predicting mortality in COVID-19. We
developed and validated a radiological model of
in-hospital mortality comprised of an estimation
of the extent of interstitial changes and inde-
pendent radiological variables that occurred in
on-admission chest CT in patients hospitalized
due to COVID-19.

Patients and Methods

Study Setting and Population

We conducted a single-center, longitudinal
cohort study in 371 adult patients admitted
with COVID-19 to our ward (secondary care
settings in multi-specialty hospital) that has
functioned as a COVID-19 facility from March
16™, 2020, to February 28", 2022. Patients were
followed-up during hospitalization on our ward
and in ICU, if applicable, until hospital dis-
charge or death. The derivation group was as-
sessed retrospectively, whereas the validation
group was prospective. The retrospective cohort
was hospitalized between March 16", 2020, and
January 31%, 2021, whereas prospective data
were gathered between February 1% and June
16™, 2021 (discharge of the last patient). Eligibil-
ity criteria for the study were positive real-time
reverse transcription-polymerase chain reaction
test (RT-PCR) result for SARS-CoV-2 from the
nasopharyngeal swab, and ground-glass opaci-
ties present in chest CT performed upon admis-
sion to the hospital. The study size was arrived
at including all patients hospitalized within the
abovementioned time range who were eligible.
Patients were treated following local guidelines,
which evolved during the study. Oxygen supple-
mentation was given to patients who presented

with arterial blood saturation measured with a
finger pulse oximeter (SpO,) <94% on room air,
and flow was titrated to achieve SpO, 95-98%.
Patients who deteriorated despite low-flow oxy-
gen supplementation were treated with a high-
flow nasal cannula (HFNC). Those who deterio-
rated despite or did not tolerate it were consulted
by anaesthesiologists, who individually quali-
fied patients into treatment in the intensive care
unit (ICU). In-hospital death was the outcome
of interest. Patients lost to follow-up with miss-
ing clinical and laboratory data were excluded
from the analysis. The study was developed and
described in accordance with the Transparent
Reporting of multivariable prediction model for
Individual Prognosis or Diagnosis (TRIPOD)
guideline’. We obtained the local ethical com-
mittee of Poznan University of Medical Scienc-
es’ opinion of the non-experimental character of
our research on February 3%, 2021, and approval
of the study on February 4", 2021 (consent No.
108/21).

Radiological, Clinical, and Laboratory
Assessment

We collected clinical, radiological, and labo-
ratory data available in hospital documentation
in a prospective way for the validation cohort
and retrospectively with a questionnaire pre-
pared for this research for the development
group. Chest CT scans were obtained with the
use of Siemens Somatom Sensation 64-slice
computed tomography machine (Erlangen, Ger-
many) on admission to the hospital in Emer-
gency Department (ED) or during the transfer
from ED to our ward. High resolution chest
CT protocol without intravenous contrast was
applied — thorax was examined from lung api-
ces to bases, patients were supine and holding
breath on maximal inspiration, slice thickness
1.0 mm, 120 kV, 150 mA (with automatic expo-
sure control system), 0.5 s rotation time, pitch
0.9, detector collimation 0.6 mm, kernel B8Of,
matrix of 512 x 512 mm. The analysis of lung
involvement was performed using Frontier Lung
Analysis software (Siemens, AG; Healthcare
Sector, Erlangen, Germany). The reconstruction
with the Br59 kernel was used. The percentage
of opacity (total percent of affected lung paren-
chyma), and percentage of high-volume opac-
ity (using a threshold of -200 Hounsfield unit,
HU) were analysed. Pulmonary and mediastinal
windows were acquired. Images were assessed
by radiologist with >15 years of experience in
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chest CT (K. Katulska) and by two internists/
rheumatologists with at least ten years of ex-
perience in assessing lung CT of patients with
interstitial lung diseases (P. Leszczynski, K.
Pawlak-Bus). Radiological signs were described
following the Fleischner Society glossary'?, and
special attention was paid to signs and symp-
toms described in the early review of COVID-19
chest CT images by Ye et al>. Lung involvement
was assessed with simple percentage estimation
and two radiological scores: chest CT score’” and
Total Severity Score’. Ground glass opacities
were present in all patients due to being one
of the inclusion criteria. Following additional
radiological signs were assessed: dominating
changes, their pattern and distribution in axial,
coronal, and sagittal planes, presence of consol-
idations, interlobular septal thickening, crazy
paving pattern, fibrotic changes, pleural effusion
and/or thickening, subpleural curvilinear line,
mediastinal and hilar lymphadenopathy, bron-
chial wall thickening, air bronchogram, vascu-
lar enlargement, dilated pulmonary artery (>29
mm), halo sign, reverse halo sign, nodular and
polynodular changes, pericardial effusion, air
bubble sign, tree-in-bud changes, emphysema,
and bronchiectasis?.

Clinical factors that we extracted included
age, sex, body-mass-index (BMI), symptoms,
time from symptoms onset to hospital admission,
World Health Organization Ordinal Scale", heart
rate, temperature, SpO,, oxygen concentration
(FiO,, estimated with the method by Wettstein et
al'?), systolic and diastolic blood pressure (SBP
and DBP), respiratory rate (RR), comorbidities
and Charleson Comorbidity Index (CCI)" and
treatment instituted throughout hospitalization.
Laboratory data included: complete blood count
(CBC), C-reactive protein (CRP), procalcitonin
(PCT), interleukin 6 (IL-6), lactate dehydroge-
nase (LDH), high-sensitive troponin I (hs-Tnl)
and D-dimer. All analysed clinical and laboratory
results were obtained on admission — within the
first 48 hours (in ED or on our ward). They were
obtained using laboratory analysers (Roche Co-
bas ¢501, Siemens ADVIA Centaur CP, Abbott
ARCHITECT i1000SR, Sysmex XN-100,0, and
Werfen ACL Top 700).

Statistical Analysis

We conducted the statistical analysis with
PQStat v.1.8.2. We used the Chi-square test
to compare categorical data under the condi-
tion that Cochrane’s rule was applicable; when
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it was not, and the expected frequency was
small, Fisher’s exact test was used. Ordinal and
continuous data without normal distribution
were analysed with the Mann-Whitney U test,
whereas continuous data with normal distribu-
tion was evaluated with the 7-Student test (the
equality of variances rule was satisfied). Sub-
sequently, univariate logistic regression was
applied to radiological covariates to achieve
unadjusted odds ratios. Afterward, we per-
formed multivariate binary stepwise logistic
regression using obtained risk and protective
factors as dependent categorical variables. We
identified independent predictors of COVID-19
in-hospital mortality using the backward elim-
ination method (predictors with a p >0.05 were
removed). Interactions between the radiologi-
cal variables were considered before building
the model. Calibration was assessed with the
Hosmer and Lemeshow “goodness of fit” test.
Internal validation was performed with the
use of 10-fold cross-validation. Then, we de-
rived the COVID-19 Radiological Risk Score
(COVID-RRS) via simplifying B coefficients
from the model. Performance and discrimina-
tion were evaluated via area under curve (AUC)
analysis of the receiver operating characteristic
(ROC) curve and the estimated ROC curve of
the model (DeLong’s method). A comparison
of AUCs in ROC curves of derived COVID-
RRS and scores mentioned in the previous sec-
tion (percentage lung involvement estimation,
chest CT score, and TSS) was also performed
with DeLong’s method. Cut-off points were
obtained with the Youden index. We defined
statistical significance with a p-value equal to
or less than 0.05.

Results

Three hundred seventy-one patients hospital-
ized in our ward were eligible, and we included
them in the study. Due to organizational issues,
four patients in the development cohort and two
patients in the validation group needed to be
transferred to other non-ICU wards and were ex-
cluded from the study due to missing data in the
follow-up. The rest was followed-up throughout
hospitalization. The participant flow diagram is
presented in Figure 1.

Descriptive characterization of derivation and
validation groups is presented in Table I. Pa-
tients from development and validation groups
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Eligible patients with COVID-19
n=371

Development cohort
(hospitalized from Mar 16% 2020 to Jan 315 2021)

Validation cohort
(hospitalized from Feb 1%t 2021 to Jun 30% 2021)

Non-survivors
n=27

Missing data
n=4

n=181 n =190
Survivors Survivors
n=152 n=168

Non-survivors
n=20

Missing data
n=2

Figure 1. Participant flow diagram of the study.

differed not only in comorbidity burden mea-
sured with CCI but also in the type of comorbid-
ities — more patients in the development group
had heart failure (8 vs. 2) and end-stage chronic
kidney disease (3 vs. 0). Groups did not differ
significantly in the prevalence of hypertension,
chronic kidney disease, ischaemic heart disease,
diabetes mellitus, connective tissue disorders,
transplant recipients, asthma/COPD, neoplas-
tic disease, and inflammatory bowel disease.
Patients between development and validation
groups also differed in instituted treatment, pre-
dominantly due to the availability of treatment
options and evolution of treatment schedules
throughout pandemics. In both groups steroids,
remdesivir, and tocilizumab were broadly used
(135 patients in the development and 185 pa-
tients in the validation group received GCS,
respectively, 108 and 146 were treated with
remdesivir, whereas 55 and 85 patients also
had treatment with tocilizumab instituted). In
the development cohort, 32 patients additionally
received chloroquine and 6 — lopinavir/ritonavir
(LPV/RTV). Both drugs were not used in the
validation cohort. More patients in the develop-
ment group were also treated with convalescent
plasma (104 vs. 7). Almost all patients in both
groups received prophylaxis with anticoagu-
lants, predominantly low-molecular-weight hep-
arins (LMWH, 168 patients in the development
group and 183 in the validation cohort), and

others received unfractionated heparin (UHF, 2
and 4 respectively) or new oral anticoagulants
(NOACs, 7 and 1 respectively). Twenty-eight
patients in the development and 35 in the val-
idation group also received antiplatelet agents
(mainly acetylsalicylic acid and clopidogrel).

The radiologic characteristics of study partic-
ipants are presented in Table II. Signs that were
seen only occasionally were not presented, and
they comprise reverse halo sign (1 patient in
development group), polynodular changes (2 pa-
tients in development and 1 in validation group),
pericardial effusion (13 patients in development
and 4 in validation group), air bubble sign (8 and
2 patients respectively) and tree-in-bud changes
(1 patient in each group).

In a univariate analysis made with logistic
regression, we encountered 12 radiological de-
terminants of COVID-19 in-hospital mortality,
which are presented in Table I11.

Covariates obtained in the unadjusted analysis
were then used to develop the predictive mod-
el in multivariate logistic regression (Table 1V)
and then to derive calculator of COVID-RRS
(COVID-19 Radiological mortality Risk Score),
specified in Table V.

The performance of our index in both groups is
presented in Figure 2. The optimal cut-off point
derived from the Youden index was 5.5 points
in both groups, and in each group had excellent
sensitivity with good specificity.
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Table 1. Descriptive characterization of development and validation groups; N (%), median (Q1-Q3) or mean (+ SD).

Development group Validation group
Survivors Non-survivors Survivors Non-survivors
Characteristic n = 152 (84.9%) n =27 (15.1%) P n = 168 (89.4%) n = 20 (10.7%) P

Age (years) 59.8 (£ 14.4) 68.8 (+ 15.0) 0.003* 58.1 (£ 14.6) 65.6 (£ 12.3) 0.028*
Sex (male) 82 (54.7%) 15 (55.6%) 0.932%* 102 (60.7%) 12 (60.0%) 0.951%*
BMI (kg/m?) 28.0 (24.8-32.7) 30.0 (25.9-34.1) 0.245%** 28.1 (24.8-32.4) 29.2 (25.3-32.2) 0.769%*%**
Time from onset (d) 8.0 (6.3-11.0) 5.5 (5.0-10.0) 0.033%** 8.0 (6.0-10.0) 5.0 (3.5-9.0) 0.027%**
WHO Ordinal Scale:

4 18 (12.0%) - 0.079%*** 28 (16.7%) 2 (10.0%) 0.746%**%*

5 132 (88.0%) 27 (100.0%) 0.079%*** 140 (83.3%) 18 (90.0%) 0.746%***
SpO,/FiO, 180 (121-262) 116 (112-121) < 0.001%*** 254 (179-443) 116 (108-138) < 0.007%***
RR 14 (12-18) 20 (16-24) < 0.001%*** 14 (12-18) 20 (18-23) < 0.001%**
CCI 2 (1-4) 5(3-6) < 0.001*** 0 (0-1) 0(0-4) 0.062%**
Lab parameters:

CRP [mg/1] 66.7 (34.8-116.8) 110.6 (48.9-189.4) 0.018*** 69.5 (36.1-134.3) 143.5 (43.6-238.9) 0.035%**

PCT [ng/ml] 0.06 (0.04-0.11) 0.16 (0.08-0.82) < 0.001%*** 0.06 (0.03-0.10) 0.20 (0.07-0.80) < 0.007%%**

IL-6 [pg/ml] 36.0 (17.2-75.8) 87.5 (57.4-198.1) < 0.001%*** 40.8 (21.7-75.2) 62.5 (39.5-171.1) 0.010%#*

WBC [G/1] 6.4 (5.0-8.1) 7.8 (5.1-11.4) 0.106*** 6.0 (4.6-7.8) 8.1 (5.8-10.2) 0.005%**

PLT [G/]] 215 (163-288) 199 (155-254) 0.243%** 206 (163-287) 201 (146-278) 0.773%***

LDH [U/1] 324 (259-439) 508 (386-717) < 0.001%*** 372 (282-462) 507 (421-689) 0.007%##*

hs-Tnl [ng/1] 11.0 (6.0-19.5) 25.0 (11.5-52.0) 0.003*** 9.0 (6.0-20.0) 12.0 (7.5-31.5) 0.111%**

D-dimer [pg/ml] 0.76 (0.48-1.32) 1.53 (1.05-2.48) < 0.001%** 0.77 (0.52-1.25) 1.45 (0.89-2.68) 0.007%%**

*t-Student test, **Chi-square test, ***Mann-Whitney U-Test, **** Fisher’s exact test. Body mass index (BMI), World Health Organization (WHO), arterial blood saturation
measured with finger pulse oximeter (SpO,), oxygen concentration (FiO,), Respiratory Rate (RR), Charleson Comorbidity Index (CCI), C-reactive protein (CRP), procalcitonin
(PCT), inteleukin-6 (IL-6), white blood cells count (WBC), platelet count (PLT), lactate dehydrogenase (LDH), high specific troponin I (hs-Tnl).
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Table II. Radiologic signs and differences between survivors and non-survivors in development and validation groups; N (%) or median (Q1-Q3).

Development group

Validation group

Survivors Non-survivors Survivors Non-survivors
Characteristic n = 152 (84.9%) n = 27 (15.1%) P n = 168 (89.4%) n = 20 (10.7%) P

Lung involvement (%) 40 (25-50) 80 (68-88) <0.001* 30 (25-50) 75 (55-85) <0.001*
Lung involvement (chest CT score) 10 (6-13) 20 (17-22) <0.001* 8 (6-13) 19 (14-21) <0.001*
Lung involvement (TSS) 8 (5-10) 16 (14-18) <0.001* 6 (5-10) 15 (11-17) <0.001*
Dominating changes:

Ground glass opacities 97 (54.8%) 21 (11.9%) 0.183%* 130 (76.0%) 18 (94.7%) 0.079%***

Consolidations 48 (27.1%) 2 (1.1%) 0.009%** 39 (22.8%) 1 (5.3%) 0.082%**

Other 5(2.8%) 4 (2.3%) 0.012%** 2 (1.2%) 0 (0.0%) 1.000%**
Pattern:

Peripheral 80 (45.2%) 3 (1.7%) <0.001** 115 (67.3%) 5(26.32%) <0.001**

Diffuse 4 (2.3%) 23 (13.0%) <0.001** 53 (31.0%) 14 (73.7%) <0.001%*

Central 3 (1.7%) 1(3.7%) 0.487#*%* 4 (2.3%) - 1.000***

Rrandom 3 (1.7%) - 1.000%** - - -
Distribution (sagittal plane)

Anterior 3(2.0%) 0 (0.0%) 1.000%** 1 (0.6%) - 1.000***

Posterior 143 (95.3%) 27 (100.0%) 0.597*** 169 (98.8%) 19 (100.0%) 1.000***
Distribution (coronal plane)

Lower 106 (70.7%) 24 (88.9%) 0.048** 144 (84.2%) 19 (100.0%) 0.081#**

Middle 28 (18.7%) 2 (7.4%) 0.557*** 20 (11.7%) - 0.229%**

Upper 10 (6.7%) 1 (3.7%) 0.151%%* 5(2.9%) - 1.000%**
Consolidations 110 (73.3%) 18 (66.7%) 0.476** 130 (76.0%) 14 (73.7%) 0.783%**
Interlobular septal thickening 82 (54.7%) 18 (66.7%) 0.247** 106 (62.0%) 12 (63.2%) 0.921**
Crazy paving 9 (6.0%) 6 (22.2%) 0.014*** 1 (0.6%) - 1.000%**
Fibrotic changes 67 (44.7%) 6 (22.2%) 0.029** 60 (35.1%) 2 (10.6%) 0.030%*
Pleural effusion 16 (10.7%) 8 (29.6%) 0.014*** 5(2.9%) 5(26.3%) 0.001***
Pleural thickening 14 (9.3%) 3 (11.1%) 0.727%** 2 (1.2%) 1 (5.3%) 0.272%%%*
Subpleural curvilinear line 20 (13.3%) 1 (3.7%) 0.206%** 25 (14.6%) - 0.083***
Mediastinal lymphadenopathy 31 (20.7%) 11 (40.7%) 0.024** 25 (14.6%) 7 (36.8%) 0.023%**
Hilar lymphadenopathy 6 (4.0%) 6 (22.2%) 0.004*** 6 (3.5%) 2 (10.5%) 0.184%%**
Bronchial wall thickening 47 (31.3%) 9 (33.3%) 0.837** 23 (13.5%) 5(26.3%) 0.166%**
Air bronchogram 39 (26.0%) 20 (74.1%) <0.001** 59 (34.5%) 17 (89.5%) <0.001**
Vascular enlargement 40 (26.7%) 16 (59.3%) <0.001** 33 (19.3%) 11 (59.1%) <0.001%*
Dilated pulmonary artery 80 (53.3%) 22 (81.4%) 0.006** 1 (0.6%) 1(5.3%) 0.190%***

*Mann-Whitney U-Test, **Chi-square test, ***Fisher’s exact test; computed tomography (CT), Total Severity Score (TSS).
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Table Ill. Prognostic factors of COVID-19 mortality identified in univariate analysis.

Risk factor OR 95% CI P
> 60% involved lung parenchyma 23.10 7.97-66.99 <0.001
Diffuse changes 8.39 2.76-25.47 <0.001
Air bronchogram 8.13 3.19-20.71 <0.001
Hilar lymphadenopathy 6.86 2.02-23.24 0.002
Crazy paving 4.48 1.45-13.86 0.016
Vascular enlargement around lesions 4.00 1.71-9.35 0.001
Dilated pulmonary artery 3.85 1.38-10.71 0.012
Pleural effusion 3.52 1.33-9.35 0.019
Mediastinal lymphadenopathy 2.64 1.11 -6.26 0.024
Fibrosis 0.35 0.14-0.92 0.049
Dominating consolidations 0.17 0.04-0.75 0.009
Peripheral changes 0.11 0.03-0.38 <0.001

Odds ratio (OR), 95% confidence interval (95% CI).

Table IV. Independent risk factors obtained with logistic regression analysis, summary of the model and point attribution to

COVID-19 Radiological Risk Score (COVID-RRS).

Attributed
score in

Risk factor aoOR 95% CI P B 95% CI SE Wald df COVID-RRS
Estimated lung involvement (%) 1.09 1.04-1.14  <0.001  0.09 0.04-0.14 0.025 13.04 1 x 0.1
Pleural effusion 3.13 1.39-7.01 0.006 114 0.33-195 041 1031 1 +1
Dominating consolidations 0.39 0.15-0.99 0.049 -093 -1.87-(-0.01) 048 948 1 -1
Summary of the model
Wald test »<0.001
Cox-Snell R? 0.33
Nagelkerk R? 0.58
Likelihood Ratio -39.76
Hosmer-Lemeshow test p=0.9966
AUC 0.935
Estimated AUC 0.848

Adjusted odds ratio (aOR), 95% confidence interval (95% CI), standard error (SE), degrees of freedom (df), COVID-19
Radiological Risk Score (COVID-RRS), area under curve (AUC).

COVID-RRS in derivation and validation co-
hort performed better than indices based sole-
ly on lung involvement — comparison of ROC
curves of our index and simple percentage esti-
mation of lung involvement is presented in Figure
3. It also outperformed TSS (AUC 0.910 vs. 0.881
in development cohort, 0.902 vs. 0.874 in valida-

Table V. COVID-19 Radiological Risk Score (COVID-RRS).

Variable Score
Estimated lung parenchyma involvement x 0.1
extent (%)
Presence pleural effusion +1
Domination of consolidations in the pattern -
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tion cohort, p = 0.026 and 0.022) and chest CT
score (AUC 0.910 vs. 0.879 in derivation group
and 0.902 vs. 0.873 in validation group, p = 0.031
and 0.029, respectively).

Discussion

In our study, we developed COVID-RRS, ra-
diological risk score for predicting in-hospital
mortality made from alternations in chest CT of
patients admitted due to COVID-19. The score is
easy to perform and is constructed with frequent-
ly reported radiological signs: estimated lung
involvement, presence of pleural effusion, and
dominating changes. We validated the score pro-
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1 - Specificity
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0.8+ AUC 0.910
SE(AUC) 0.029
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Figure 2. COVID-RRS performance - ROC curves and cut-off points in mortality prediction in development (A) and

validation (B) cohort.

spectively and proved that it performs better than
scores based on sole lung involvement extent. Its
performance did not differ between development
and validation cohorts. Thus, we proved that
additional radiological features contribute inde-
pendently to COVID-19 mortality prognosis. We
believe that this simple tool can be readily used
in clinical practice after further broad validation
by other investigators to make it fully reliable.
We also found twelve prognostic factors pre-
viously described as predictive of mortality in
COVID-19, proving their significance.
Radiological assessment is necessary for
COVID-19 severity and prognosis assessment.
Risk scores of lung involvement estimation, such
as CTSS, chest CT score, and TSS, were con-
structed and validated, proving their utility in
COVID-19 mortality estimation®”'*". Modifica-
tion of TSS (mTSS) with adding qualitative data
(type of dominating pattern) was also described'®.
The prognostic potential of additional radiologi-

cal factors such as diffuse changes, crazy-paving
pattern', or pleural effusion®’ was also described
broadly elsewhere. Some authors combined CT
features with clinical and laboratory ones. Khos-
ravi et al”” developed a model comprising lung
involvement, reticular pattern, anemia, and age
>65. Koch et al* developed a radiological score
with chest CT opacity score and coronary artery
calcium score that performed better than any
of the composites separately, emphasizing that
even extra-pulmonary imaging features contrib-
ute to COVID-19 prognosis. Elmokadem et al*
proved that combining TSS with the qualitatively
assessed pattern of changes (mTSS) improved
its specificity in discrimination of severe/critical
patients. Our model, based solely on respiratory
system alternations in chest CT, enables thorough
radiological mortality risk assessment.

External validation and reliability of COVID-
RRS make it a simple, quick, and ready-to-use tool
for clinicians working with COVID-19 patients. Its
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A Development group
11 — estimated lung involvement (%)
e ’ ~ COVID-RRS
0.8 Estimated lung involvement (%)
AUC 0.880
£ 06 SE(AUC) 0.038
= 95% CI 0.805-0.954
§ 0.4 COVID-RRS
wn AUC 0.910
SE(AUC) 0.029
0.2 95% CI 0.853-0.967
DeLong's method
ot AUC1-AUC2 0.029
. M : H ! H SE(AUC1-AUC2) 0.012
95% CI 0.004-0.053
Q
o oF & & D Z statistics 2315
1 - Specificity 2 0.021
B Validation group
1t -- | estimated lung involvement (%)
~ COVID-RRS
0.8 Estimated lung involvement (%)
2 AUC 0.873
= 0.6 SE(AUC) 0.035
= 95% CI 0.805-0.942
2 04 COVID-RRS
3 | AUC 0.902
i SE(AUC) 0.028
0214 95% CI 0.847-0.958
DeLong's method
0+ AUCI-AUC2 0.030
' : ; + 4 + SE(AUC1-AUC2) 0.014
N A N 6 ® A 95% CI 0.003-0.057
U SN Z statistics 2.228
1 - Specificity p 0.026

Figure 3. Comparison of ROC curves of COVID-RRS and estimated lung involvement (%) in mortality prediction in

development (A) and validation (B) group.

simplicity should be emphasized as it comprises
frequently reported radiological signs in real-life
conditions. Qualitative analysis’s importance was
also proved by finding significant independent
variables affecting prognosis. Development and
validation cohorts differed in time and, conse-
quently in dominating variants. This proves po-
tential reliability in different waves of pandemics.

Limitations

Limitations of our study comprise sin-
gle-center character and reliance on reports by
a single radiologist. Due to the limited study
group, we focused on frequent radiological fea-
tures in the developed model without clinical
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and laboratory parameters taken into regres-
sion analysis. Additional atypical and rarer
radiological signs described by authors such as
Chen et al*? also need to be taken into consider-
ation in COVID-19 patients which needs larger
study groups.

Given the abovementioned limitations,
COVID-RRS reproducibility ought to be exter-
nally assessed optimally in a multi-center study.
Performance of our score can also be studied with
different endpoints such as ICU admission or
long-term prognosis and mortality. Development
of new and validation of existing radiological risk
scores should be optimally studied in larger study
groups. Finally, the performance of COVID-RRS
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and other prognostic indices in the younger pop-
ulation could be assessed.

Conclusions

In our study, we proved that adding addition-
al imaging features to lung involvement extent
in chest CT on admission improves prognostic
performance. We created COVID-RRS, a sim-
ple, reliable, and ready-to-use clinical practice
tool to enhance radiological risk assessment in
COVID-19 patients.
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