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A B S T R A C T

Purpose: To compare the diagnostic performance and interobserver agreement of three reporting systems for
computed tomography findings in coronavirus disease 2019 (COVID-19), namely the COVID-19 Reporting and
Data System (CO-RADS), COVID-19 Imaging Reporting and Data System (COVID-RADS), and Radiological Society
of North America (RSNA) expert consensus statement, in a low COVID-19 prevalence area.
Method: This institutional review board approval single-institutional retrospective study included 154 hospitalized
patients between April 1 and May 21, 2020; 26 (16.9 %; 63.2 � 14.1 years, 21 men) and 128 (65.7 � 16.4 years,
87 men) patients were diagnosed with and without COVID-19 according to reverse transcription-polymerase
chain reaction results, respectively. Written informed consent was waived due to the retrospective nature of
the study. Six radiologists independently classified chest computed tomography images according to each
reporting system. The area under receiver operating characteristic curves, sensitivity, specificity, positive pre-
dictive value, negative predictive value, accuracy, and interobserver agreements were calculated and compared
across the systems using paired t-test and kappa analysis.
Results: Mean area under receiver operating characteristic curves were as follows: CO-RADS, 0.89 (95 % confi-
dence interval [CI], 0.87–0.90); COVID-RADS, 0.78 (0.75–0.80); and RSNA expert consensus statement, 0.88
(0.86–0.90). Average kappa values across observers were 0.52 (95 % CI: 0.45–0.60), 0.51 (0.41–0.61), and 0.57
(0.49–0.64) for CO-RADS, COVID-RADS, and RSNA expert consensus statement, respectively. Sensitivity, speci-
ficity, positive predictive value, negative predictive value, and accuracy were the highest at 0.71, 0.53, 0.72, 0.96,
and 0.56 in the CO-RADS; 0.56, 0.31, 0.54, 0.95, and 0.35 in the COVID-RADS; 0.83, 0.49, 0.61, 0.96, and 0.55 in
the RSNA expert consensus statement, respectively.
Conclusions: The CO-RADS exhibited the highest specificity, positive predictive value, which are especially
important in a low-prevalence population, while maintaining high accuracy and negative predictive value,
demonstrating the best performance in a low-prevalence population.
1. Introduction

The prevalence of coronavirus disease 2019 (COVID-19) differs
significantly across countries and regions. In addition, the degree of
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ongoing local transmission has been changing very dynamically [1]. In
Tokyo, Japan, disease prevalence was 268 per million population in April
2020 [2, 3]. Pending the development and delivery of highly effective
medications and vaccines, public health interventions constituted the
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primary transmission-reduction strategy [4, 5, 6]. The pandemic will
very likely continue with a fluctuation of new cases. In high-prevalence
areas of COVID-19, rapid diagnostic tools with high sensitivity and
negative predictive value (NPV) are crucial to isolate the patients with
COVID-19 and initiate specialized care without delay. Conversely, in
low-prevalence areas, both high specificity and positive predictive value
(PPV) are also required to avoid excessive isolation and precautions.
Although the specificity (0.95–1 with 32.0–38.0 % of COVID-19 cases)
[7, 8] and PPV (0.95–0.96 with 17.7–19.9 % of COVID-19 cases [9]) of
reverse transcription-polymerase chain reaction (RT-PCR) are high,
specific equipment is required to perform, involving a lengthy
result-acquisition process, making it unsuitable for a rapid determination
of the necessity of specialized management for COVID-19.

Chest computed tomography (CT) can determine the presence and
extent of pneumonia rapidly and has been sometimes applied for
screening or a follow-up study for COVID-19. While COVID-19 can pre-
sent a broad spectrum of CT findings, several standardized reporting
systems of CT findings in COVID-19 have been proposed to facilitate the
standard CT diagnosis with an acceptable inter-observer agreement.
Among these systems, the Radiological Society of North America (RSNA)
expert consensus statement [10], COVID-19 Reporting and Data System
(CO-RADS) [11], and the COVID-19 Imaging Reporting and Data system
(COVID-RADS) [12], have been commonly used. These three systems
were initially designated as simple and sensitive surveillance tools to aid
the diagnosis of COVID-19 during the ongoing community transmission.
However, the application of these standardized reporting systems to
low-prevalence study populations is unknown. Moreover, no study has
conducted a detailed diagnostic performance and interobserver agree-
ment comparison among these reporting systems.

To fill the knowledge gap, we aimed to evaluate the diagnostic per-
formance and interobserver agreement of the three sets of a reporting
system for chest CT in a low-prevalence patient population.

2. Material and methods

2.1. Ethical approval

This single-center retrospective comparative study was conducted
with the approval of our Institutional ethics review board and was per-
formed in accordance with the 1964 Declaration of Helsinki and its later
amendments. Written informed consent was waived due to the retro-
spective nature of the study. The privacy of all patients was protected.
Figure 1. Flowchart of patient selection. COVID-19, coronavirus disease 2019; CT, c
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2.2. Sample size calculation

The primary endpoint of this cohort study was assessed by both an
area under a receiver operating characteristic curve (AUC) and interob-
server correlation (as indicated by the kappa-value) with expected values
of AUC and kappa-value set at 0.91 and 0.47 respectively by referring to
the original study of CO-RADS [11]. The sample size was determined for
the lower limit of 95 % confidence intervals of 0.86 (for AUC) and 0.4
(for kappa) when each indicator of the primary endpoints reached the
expected values. This estimate resulted in the need for a total of 137
people, including 23 positive cases at a low positive rate, with 16.7 % of
COVID-19 cases.

2.3. Study population

In our hospital, patients with one or more symptoms suggestive of
COVID-19 (fever (�37.5 �C), cough, dyspnea, tachypnea, malaise, hyp-
oxemia) were reported by their attending physicians to a dedicated
COVID-19 team, consisting of pulmonologists and infectious disease
specialists for the purpose of COVID-19 control. Patients who reported to
the dedicated COVID-19 team between April 1 and May 21, 2020, were
included in the study population after confirming the presence of COVID-
19-suggestive symptoms on the medical chart. A total of 192 patients met
the criteria, excluding 38 due to being hospitalized longer than 2 weeks
upon symptom prevalence to avoid including cases of nosocomial
infection (n ¼ 9), being younger than 20 years old to unify subjects with
adult patients (n ¼ 9), having no RT-PCR or CT examination performed
(n ¼ 11 and n ¼ 9, respectively). Finally, 154 patients, including 26 with
COVID-19 (16.9 %), were planned for further evaluation (Figure 1).
Patients with COVID-19 in the hospital during the period were included
in the study population.

Patients were classified either as COVID-19 or as non-COVID-19 ac-
cording to RT-PCR results. RT-PCR for the detection of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) from nasopharyngeal
or sputum samples was performed using LightMix® Modular SARS and
Wuhan CoV E-gene kit (TIB Molbiol, Berlin, Germany) and LightMix®
Modular Wuhan CoV RdRP-gene kit (TIB Molbiol) with LightCycler
Multiplex RNA Virus Master (Roche, Basel, Switzerland) according to the
manufacturer's instructions [13]. Some patients underwent testing by
RT-PCR multiple times, as a high index of clinical suspicion remained
despite the negative result. Patients were diagnosed with COVID-19 if
they tested positive on RT-PCR at least once.
omputed tomography; RT-PCR, reverse transcription-polymerase chain reaction.



Table 1. Characteristics of the patient cohort.

Parameter COVID-19 cases (N ¼ 26) Non-COVID-19 cases (N ¼ 128) P-value

Age [years, mean � SD (range)] 63.2 � 14.1 (24–89) 65.7 � 16.4 (16–95) 0.47

Gender (%) 0.19

Men 21 (80.8 %) 87 (68.0 %)

Women 5 (19.2 %) 41 (32.0 %)

Smoking (%)

Yes 10 (38.5 %) 59 (46.1 %) 0.52

No 16 (61.5 %) 69 (63.9 %)

RT-PCR test [times, number (%)] <0.001

One 26 (100 %)* 47 (36.7 %)

Two 0 (0 %) 71 (55.5 %)

Three 0 (0 %) 10 (7.8 %)

Symptom onset to CT [days, median (range)] 7 (0–14) 2 (0–34) 0.017

Symptom onset to positive RT-PCR result [days, median (range)] 7 (0–15) –

Comorbidities (%)

Absent 5 (19.2 %) 24 18.8 %) >0.99

Present (any)** 21 (80.8 %) 104 (81.2 %)

Respiratory disease 6 (23.1 %) 39 (30.5 %)

Diabetes 7 (26.9 %) 30 (23.4 %)

Hypertension 9 (34.6 %) 54 (42.2 %)

Chronic kidney disease (grade 5) 1 (3.8 %) 18 (14.1 %)

Cardiac disease 8 (30.8 %) 45 (35.2 %)

Malignancy 3 (11.5 %) 41 (32.0 %)

Immune deficiency 0 (0 %) 0 (0 %)

COVID-19, coronavirus disease; CT, computed tomography; SD, standard deviation; RT-PCR, reverse transcriptase-polymerase chain reaction.
* Number of examinations until the first positive result was obtained.
** Multiple answers included.
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2.4. Clinical data

The clinical and imaging findings extracted from the patient medical
records were reviewed. We focused on demographic data, presence or
absence of smoking history, underlying comorbidities, symptoms and
signs, and duration from onset of symptoms to CT.
Table 2. RT-PCR positive and negative rates for each category.

Sum of single observations RT-PC

CO-RADS

CO-RADS 1 170 10 (5.

CO-RADS 2 256 8 (3.1

CO-RADS 3 107 2 (1.9

CO-RADS 4 236 25 (10

CO-RADS 5 155 111 (7

COVID-RADS

COVID-RADS 0 44 0 (0 %

COVID-RADS 1 209 13 (6.

COVID-RADS 2A 35 1 (2.9

COVID-RADS 2B 472 54 (11

COVID-RADS 3 164 88 (53

RSNA expert consensus statement

Cov19Neg 150 8 (5.3

Cov19Aty 246 9 (3.7

Cov19Ind 315 10 (3.

Cov19Typ 213 129 (6

RT-PCR, reverse transcriptase-polymerase chain reaction; CO-RADS, COVID-19 Rep
System; CI, confidence interval, RSNA, Radiological Society of North America; Cov
findings/typical findings in the RSNA expert consensus statement.

* Fleiss' kappa.
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2.5. Chest CT acquisition

Chest CT was performed using a 4–320-row multi-detector CT unit
(Aquilion PRIME, Aquilion ONE, Aquilion Precision, Alexion, Aquilion,
Activion 16, Asteion; Canon, Tochigi, Japan; Revolution CT, Revolution
Frontier, Revolution EVO, Discovery CT750 HD, LightSpeed VCT,
R positive RT-PCR negative kappa (95 % CI)*

9 %) 160 (94.1 %) 0.58 (0.54–0.62)

%) 248 (96.9 %) 0.39 (0.35–0.43)

%) 105 (98.1 %) 0.25 (0.21–0.29)

.6 %) 211 (89.4 %) 0.35 (0.31–0.39)

1.6 %) 44 (28.4 %) 0.76 (0.72–0.80)

) 44 (100 %) 0.45 (0.41–0.49)

2 %) 196 (93.8 %) 0.28 (0.24–0.32)

%) 34 (97.1 %) 0.19 (0.15–0.23)

.4 %) 418 (88.6 %) 0.35 (0.31–0.39)

.7 %) 76 (46.3 %) 0.61 (0.57–0.65)

%) 142 (94.7 %) 0.56 (0.52–0.60)

%) 237 (96.3 %) 0.38 (0.34–0.42)

2 %) 305 (96.8 %) 0.38 (0.34–0.43)

0.6 %) 84 (39.4 %) 0.69 (0.65–0.73)

orting and Data System; COVID-RADS, COVID-19 Imaging Reporting and Data
19Neg/Aty/Ind/Typ, negative for pneumonia/atypical findings/indeterminate



Table 3. Comparison of AUC and Cohen's kappa-values between the three
criteria.

Criteria AUC
[mean, (95 % CI)]

Cohen's kappa
[mean, (95 % CI)]

CO-RADS 0.89 (0.87–0.90) 0.52 (0.45–0.60)

COVID-RADS 0.78 (0.75–0.80) 0.51 (0.41–0.61)

RSNA consensus statement 0.88 (0.86–0.90) 0.57 (0.49–0.64)

P-value for one-way repeated measures
analysis of variance

<0.001* 0.076

P-value for paired t-test

CO-RADS vs COVID-RADS 0.0019**

CO-RADS vs RSNA consensus statement 0.49

COVID-RADS vs RSNA consensus statement 0.0050**

Each AUC and Cohen's kappa value are derived from the average of each ob-
server's value.
AUC, area under receiver operating characteristic curves; CI, confidence interval;
CO-RADS, COVID-19 Reporting and Data System; COVID-RADS, COVID-19 Im-
aging Reporting and Data system; RSNA, Radiological Society of North America.

* Statistically significant.
** Statistically significant after family-wise error correction.

R. Kurokawa et al. Heliyon 7 (2021) e07743
Optima CT660; GE, Tokyo, Japan; SOMATOM Emotion 6, SOMATOM
go.Up; Siemens, Tokyo, Japan; IQon-Spectral; Philips, Tokyo, Japan)
applying the following parameters: tube voltage, 120–140 kVp; effective
current 69–749mA; spiral pitch factor, 0.798–1.5, helical pitch, 7.2–127,
the field of view, 27.5–45 cm; matrix size, 512 � 512. Acquisition pa-
rameters were modified to minimize patient radiation exposure while
maintaining sufficient resolution for chest CT evaluation. A 1.0–5.0-mm
gapless section was reconstructed before being reviewed on the picture
archiving and communication system monitor. In total, 142 patients
(COVID-19, n ¼ 24; non-COVID-19, n ¼ 118) were evaluated on CT with
a slice thickness of 3 mm or less; 12 patients (COVID-19, n ¼ 2; non-
COVID-19, n ¼ 10) were evaluated on CT with a slice thickness of 5
mm. Contrast-enhanced CTwas performed in 28 patients, while the other
126 patients underwent plain CT alone.
Table 4. Comparison of sensitivity, specificity, PPV, NPV, and accuracy between the

Criteria Sensitivity Specificity

CO-RADS 0.71 (111/156) 0.53 (408/768)

COVID-RADS 0.56 (88/156) 0.31 (240/768)

RSNA expert consensus statement 0.83 (129/156) 0.49 (379/768)

PV, positive predictive value; NPV, negative predictive value; CO-RADS, COVID-19 R
System; RSNA ¼ Radiological Society of North America.

a Each case was diagnosed as positive when radiologists selected CO-RADS 5, COV
statement, respectively, whereas negative when radiologists selected CO-RADS 1 or 2
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2.6. CT image interpretation

Six radiologists (W.G., M.I., Y.W., T.K., R.K., S.I.) served as observers
from a hospital in Japan. Five observers were board-certified diagnostic
radiologists.

Randomization was stratified by the patients’ disease status (patients
with vs. without COVID-19). All patient information was de-identified,
and observers were blinded to all clinical information. Each observer
independently categorized the same CT according to the three reporting
systems, namely, CO-RADS, COVID-RADS, and RSNA expert consensus
statement in a row, and recorded all data using a spreadsheet prepared in
advance (Microsoft, Redmond, WA, USA).

2.7. Statistical analysis

For quantitative analysis, findings on COVID-RADS and the RSNA
expert consensus statement were converted into numerical grades. The
conversion of both the COVID-RADS and RSNA expert consensus state-
ment was as follows: for COVID-RADS, COVID-RADS 0 into grade 0, 1
into grade 1, 2A into grade 2, 2B into grade 3, and 3 into grade 4; for the
RSNA expert consensus statement, negative for pneumonia (Cov19Neg)
into grade 0, atypical appearance (Cov19Aty) into grade 1, indeterminate
appearance (Cov19Ind) into grade 2, and typical appearance (Cov19Typ)
into grade 3.

The AUC was calculated for each system by each of the observers.
Using the RT-PCR results as the gold standard of COVID-19 diagnosis, the
AUCwas used to assess each of the three reporting systems’ performance;
moreover, we calculated both the mean AUC across observers and 95 %
confidence interval (CI). Finally, we determined the average percentage
of patients assigned to each category, including 95 % CI, for each
criterion.

CT findings were considered radiologically positive for each system if
classified as CO-RADS 5, COVID-RADS 3, or Cov19Typ; they were
considered negative if classified as CO-RADS 1 or 2, COVID-RADS 0 or 1,
or Cov19Neg or Cov19Aty. We considered only CO-RADS 5 as positive
because a higher false-positive rate of CO-RADS 4 was expected in the
Figure 2. Typical coronavirus disease 2019 (COVID-
19) case classified as positive with all three sets of
reporting systems. Axial chest computed tomography
images of a 77-year-old woman with COVID-19 ob-
tained 5 days after the onset of symptoms show
bilateral, peripheral multifocal ground-glass opacity.
Crazy-paving appearance was found in the left lung.
Our majority classification was CO-RADS 5, COVID-
RADS 3, and typical for pneumonia in the RSNA
expert consensus statement (true positive). CO-RADS,
COVID-19 Reporting and Data System; COVID-RADS,
COVID-19 Imaging Reporting and Data system;
RSNA, Radiological Society of North America.

three sets of criteria.a

PPV NPV Accuracy

0.72 (111/155) 0.96 (408/426) 0.56 (519/924)

0.54 (88/164) 0.95 (240/253) 0.35 (328/924)

0.61 (129/213) 0.96 (379/396) 0.55 (508/924)

eporting and Data System; COVID-RADS, COVID-19 Imaging Reporting and Data

ID-RADS 3, or Cov19Typ for CO-RADS, COVID-RADS, or RSNA expert consensus
, COVID-RADS 0 or 1, or Cov19Neg or Aty.



Figure 3. Representative false-positive and false-
negative coronavirus disease 2019 (COVID-19)
cases. (a, b) Axial chest computed tomography
(CT) images of a 74-year-old woman without
COVID-19 obtained 7 days after the onset of
symptoms show bilateral, peripheral multifocal
ground-glass opacity. Our majority classification
was CO-RADS 5, COVID-RADS 3, and typical for
pneumonia in the RSNA expert consensus state-
ment (false positive on all the three reporting
systems). (c) Axial chest CT image of an 89-year-
old man with COVID-19 obtained on the same
day as that of onset of symptoms shows no
abnormal findings. Our majority classification
was CO-RADS 1, COVID-RADS 0, and negative for
pneumonia in the RSNA expert consensus state-
ment (false negative on all the three reporting
systems). CO-RADS, COVID-19 Reporting and
Data System; COVID-RADS, COVID-19 Imaging
Reporting and Data system; RSNA, Radiological
Society of North America.
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low-prevalence study population due to the definition, potentially
overlapping with other diseases.

The interobserver agreement was quantified using two types of kappa
value (Fleiss' kappa and Cohen's kappa) calculated across observers.
Cohen's kappa values were obtained by comparing the grades of each
observer to the median grade of the other remaining observers to
compare with the original article of CO-RADS (i.e., to calculate the kappa
value for observer 1, grades of observer 1 was compared to the median
grades of the observer 2 to 6.) [11]. The overall agreement was quanti-
fied using Fleiss' kappa. The degree of interobserver agreement was
judged using kappa: 0–0.20: poor; 0.21–0.40: fair; 0.41–0.60; moderate;
0.61–0.80: good; and 0.81–1.00: excellent agreement.

Statistical analysis was conducted using the JMP statistical software
program (JMP Pro, version 15.0.0; SAS, Cary, NC, USA) and R software
(R version 4.0.0, The R Foundation for Statistical Computing, Vienna,
Austria). Quantitative variables were expressed as mean � standard de-
viation (range) or median and interquartile range based on the normality
of data. Categorical variables were presented as the percentage of the
total. The comparisons of quantitative variables were evaluated using a
non-paired t-test or Mann-Whitney U-test and categorical data using the
Pearson χ2 test. We compared AUC and kappa-values using one-way
repeated-measures analysis of variance, according to the normal
5

distribution assessed by the Shapiro-Wilk test; post hoc family-wise error
(FWE)-corrected comparisons between each pair of the systems was
conducted using a paired t-test while using Bonferroni's method in
multiple comparisons. All P values corresponded to two-sided tests, while
the statistical significance level was set at FWE-corrected P < 0.05.

3. Results

3.1. Clinical findings

Demographics and clinical characteristics of the study population are
summarized in Table 1. The study population comprised 154 patients,
with 26 patients with COVID-19 (16.9 %; 21 men; mean age, 63.2years
�14.1; range, 24–89) and 128 patients without COVID-19 (87men; mean
age, 65.7years �16.4, range; 16–95).

3.2. Diagnostic performances of the reporting systems

Six observers scored the CT images of 154 patients, resulting in a total
of 924 observations for each reporting system. The probability of COVID-
19 diagnosis of each category for each reporting system is summarized in
Table 2, whose numbers are derived from the sum of all single
Figure 4. Cases illustrative of upgrading in COVID-
RADS despite atypical patterns seen in coronavirus
disease (COVID-19). (a) Axial chest computed to-
mography (CT) image of a 72-year-old man without
COVID-19 obtained one day after the onset of symp-
toms shows consolidation along with bronchial ducts
in the right upper lobe against a background of
emphysema. Our majority classification was as fol-
lows: CO-RADS 2: typical for lobar pneumonia,
COVID-RADS 2A þ 1 (upgraded to 2B): consolidation
without GGO (2A) þ emphysema (1), RSNA expert
consensus statement: atypical appearance. (b) Axial
chest CT image of an 83-year-old woman without
COVID-19 obtained on the same day as that of the
onset of symptoms shows consolidation along with
bronchial ducts in the right upper lobe with pleural
effusion. Our majority classification was as follows:
CO-RADS 2: typical for lobar pneumonia, COVID-
RADS 2A þ 1 (upgraded to 2B): consolidation without
GGO (2A) þ pleural effusion (1), RSNA expert
consensus statement: atypical appearance, CO-RADS,
COVID-19 Reporting and Data System; COVID-RADS,
COVID-19 Imaging Reporting and Data system;
RSNA, Radiological Society of North America.



Figure 5. Cases illustrative of correct classification in
CO-RADS other than the other two reporting systems.
(a) Axial chest computed tomography (CT) image of a
65-year-old man without coronavirus disease 2019
(COVID-19) obtained 7 days after the onset of symp-
toms shows centrilobular nodules with surrounding
ground-glass opacity (GGO) in the right lung. Our
majority classification was as follows: CO-RADS 2:
typical for bronchopneumonia, COVID-RADS 3 þ 1
(2B): multifocal GGO (3) þ centrilobular distribution
(1), RSNA expert consensus statement: indeterminate
appearance. (b) Axial chest CT image of a 47-year-old
man without COVID-19 obtained on the same day as
that of the onset of symptoms shows centrilobular
nodules with surrounding GGO and a large mass in
the right upper lobe of the lung. Our majority classi-
fication was as follows: CO-RADS 2: typical for
obstructive bronchopneumonia caused by a tumor,
COVID-RADS 2A þ 1 (2B): multifocal GGO (3) þ
centrilobular distribution (1), RSNA expert consensus
statement: indeterminate appearance. CO-RADS,
COVID-19 Reporting and Data System; COVID-RADS,
COVID-19 Imaging Reporting and Data system;
RSNA, Radiological Society of North America.
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categorizations by the six radiologists. The diagnostic performance and
interobserver agreements for each reporting system set are summarized
in Table 3. Average AUCs with 95% CI for each criterion were: CO-RADS,
0.89 (95 % CI: 0.87–0.90); COVID-RADS, 0.78 (0.75–0.80); and RSNA
scoring system, 0.88 (0.86–0.90). The AUC values were significantly
lower in COVID-RADS than in CO-RADS or the RSNA scoring system (P¼
0.002 or 0.0005, respectively), with no significant difference between
the CO-RADS and the RSNA scoring systems (P ¼ 0.49).

As summarized in Table 2, radiological false negatives were noted in
10/170 (5.9 %) and 8/256 (3.1 %) in CO-RADS 1 and CO-RADS 2,
respectively; false positives were observed in 44/155 (28.4 %) in CO-
RADS 5. False negatives were found in 0/44 (0 %) and 13/209 (6.2 %)
in COVID-RADS 0 and 1, respectively; false positives were noted in 76/
164 (46.3 %) in COVID-RADS 3. False negatives were observed in 8/150
(5.3 %) and 9/246 (3.7 %) in Cov19Neg and Cov19Aty, respectively,
whereas false positives were noted in 84/213 (39.4 %) in Cov19Typ.

As summarized in Table 4, sensitivity, specificity, PPV, NPV, and
accuracy were the highest, at 0.71, 0.53, 0.72, 0.96, and 0.56, respec-
tively, in CO-RADS vs. 0.56, 0.31, 0.54, 0.95, and 0.35 in COVID-RADS
vs. 0.83, 0.49, 0.61, 0.96, and 0.55 in the RSNA scoring system.

Representative true-positive, false-positive, and false-negative cases are
shown in Figures 2 and 3. Figure 4 shows CT images from non-COVID-19
patients with COVID-RADS 2B, CO-RADS 2, and Cov19Aty. Figure 5 shows
6

CT images from non-COVID-19 patients with CO-RADS downgraded to
category 2, while COVID-RADS and RSNA expert consensus statements
were classified as COVID-RADS 2B and Cov19Ind, respectively.

3.3. Inter-observer variabilities of the criteria

The inter-observer variabilities of COVID-19 diagnosis with 95 % CI
of each scoring system were summarized in Table 3. The overall agree-
ment was moderate; the average Cohen's kappa in all observers was 0.52
(95 % CI: 0.45–0.60), 0.51 (0.41–0.61), and 0.57 (0.49–0.64) for CO-
RADS, COVID-RADS, and RSNA scoring system, respectively. No signif-
icant difference was found in Cohen's kappa between the three sets of
reporting systems (P ¼ 0.08). A representative case with non-uniform
classifications in each of the three reporting system is shown in Figure 6.

The details of all 924 observations by all six observers are summa-
rized in Supplementary Tables S1-S4. Associations between each system
are summarized in Supplementary Tables S5-S7.

4. Discussion

We compared three standardized reporting systems of CT findings in
COVID-19 (i.e., CO-RADS, COVID-RADS, and the RSNA expert consensus
statement) in a low-prevalence study population. The AUC of COVID-RADS
Figure 6. Cases illustrative of ununified classification
in all reporting systems. Axial chest computed to-
mography image of a 77-year-old man with corona-
virus disease 2019 (COVID-19) obtained 3 days after
the onset of symptoms shows linear and reticulated
opacity in the right lower lobe and ground-glass
opacity along with bronchial duct in the left lower
lobe. Our classification was divided as follows: CO-
RADS: divided into 2, 3, and 4 (classified by two ra-
diologists for each), COVID-RADS: divided into 1
(classified by one radiologist), 2A (two), 2B (two), or
3 (one), RSNA expert consensus statement: divided
into Neg (classified by one radiologist who considered
these findings not indicating pneumonia), Aty (two),
and Ind (three). CO-RADS, COVID-19 Reporting and
Data System; COVID-RADS, COVID-19 Imaging
Reporting and Data system; RSNA, Radiological Soci-
ety of North America.
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peak was significantly lower than the CO-RADS's and the RSNA expert's
consensus statement. Interobserver agreement was moderate in all sys-
tems, showing no significant differences between them. Specificity, PPV,
and accuracy were the highest in CO-RADS while maintaining a high NPV.

The three standardized reporting systems were originally designed
for simple and sensitive detection of patients with COVID-19 during the
spread of the pandemic, potentially interpreted as a non-satisfactory
diagnostic performance in a low-prevalence study population [10, 11,
12]. The overall diagnostic performance of each reporting system could
have been lowered under the low prevalence of 268 cases per million
populations in April in Tokyo. Actually, the overall diagnostic perfor-
mance of each reporting systemwas observed to be high with AUC values
of 0.89 and 0.88 with CO-RADS and the RSNA expert consensus state-
ment, respectively. While both the AUCs of CO-RADS and the RSNA
expert consensus statement were similar, they were significantly higher
than the COVID-RADS's, which may be due to the wide range of appli-
cability of the COVID-RADS 2B category, which potentially includes
typical aspiration pneumonia or pulmonary edema by definition. Indeed,
more than half of all single observations (472/924, 51.1 %) were clas-
sified into COVID-RADS 2B, and 88.6 % were without COVID-19
(418/472). As a result, cases classified as COVID-RADS 2B were given
a less specific classification than in the other two systems. While cases
classified as CO-RADS 4 (n¼ 236) or Cov19Ind (n¼ 315) were classified
mostly as COVID-RADS 2B (193/236 (81.8 %) or 272/315 (86.3 %),
respectively), cases classified as COVID-RADS 2B were classified as
CO-RADS 4 and Cov19Ind in only 40.9 % (193/472) and 57.6 %
(272/472), respectively (Supplementary Tables S5-S7). Both the high
frequency and the wide applicability range of the COVID-RADS 2B
category compared to that of CO-RADS 4 and Cov19Ind may have
resulted in lower AUC, specificity, and PPV.

The CT image category in each reporting system is intended for
determination either by the presence or absence of pre-defined imaging
findings, regardless of the RT-PCR results; however, no high Fleiss’ kappa
values (0.39–0.49) were found in any assessed system in this study,
which was likely directly related to the low prevalence of COVID-19
pneumonia, where the majority of patients had different and more
diverse background features.

Kim et al. reported that the PPV of chest CT ranged between 0.02 and
0.27 in study populations with a low positive RT-PCR rate (<20 %) and
an overall specificity of 0.25–0.33 in study populations with a prevalence
of 25.1–33.3 % in their meta-analysis [9]. Because they included studies
between January 1, 2020, and April 3, 2020, no studies included in their
meta-analysis diagnosed COVID-19 on chest CT according to any of
CO-RADS (published online on April 27, 2020), COVID-RADS (published
online on April 28, 2020), or the RSNA expert consensus statement
(published online on March 25, 2020). Comparison of the results be-
tween their meta-analysis and this study indicates both an enhanced
specificity and PPV with CO-RADS (specificity, 0.52), COVID-RADS
(specificity, 0.48), and with all three systems (PPV: 0.58–0.84), respec-
tively. Among the three reporting systems in this study, the diagnostic
performance of CO-RADS was the numerically highest regarding AUC,
specificity, PPV, NPV, and accuracy. Especially, when classifying the CT
image as CO-RADS 5, the RT-PCR positive rate was 111/155 (71.6 %),
with the highest category kappa of 0.76 throughout the three systems.
These results suggest that CO-RADS may deliver the best performance in
a low-prevalence study population.

The limitations of this study are as follows: first, it is a single
institutional retrospective study; second, some included cases incor-
porated no high-resolution CT images, potentially affecting the classi-
fications; and third, the possibility that the reporting systems’ high
AUCs were attributable to the high non-COVID-19 rates of the study
population cannot be excluded; however, these reporting systems
showed both a higher specificity and PPV compared to the values re-
ported in the meta-analysis for chest CT diagnosis with no reporting
systems used in low-prevalence populations; as such, using these sys-
tems can be considered preferable.
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5. Conclusion

Among the three standardized reporting systems, the AUCs were
significantly higher with a CO-RADS and RSNA expert consensus state-
ment than with COVID-RADS in a low-prevalence study population. The
interobserver agreement was moderate with all of the systems. The
specificity, PPV, and accuracy were the highest in CO-RADS while
maintaining a high NPV. These results suggest that CO-RADSmay deliver
the best performance in a low-prevalence study population.
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