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AI-Based Quantitative CT Analysis of Temporal Changes
According to Disease Severity in COVID-19 Pneumonia
Selin Ardali Duzgun, MD,* Gamze Durhan, MD,* Figen Basaran Demirkazik, MD,* Ilim Irmak, MD,*
Jale Karakaya, PhD,* Erhan Akpinar, MD,* Meltem Gulsun Akpinar, MD,* Ahmet Cagkan Inkaya, MD,†

Serpil Ocal, MD,‡ Arzu Topeli, MD,‡ and Orhan Macit Ariyurek, MD*
Objective: Toquantitatively evaluate computed tomography (CT) parameters
of coronavirus disease 2019 (COVID-19) pneumonia an artificial intelli-
gence (AI)-based software in different clinical severity groups during the
disease course.
Methods: FromMarch 11 to April 15, 2020, 51 patients (age, 18–84 years;
28 men) diagnosed and hospitalized with COVID-19 pneumonia with a total
of 116 CT scans were enrolled in the study. Patients were divided into mild
(n = 12), moderate (n = 31), and severe (n = 8) groups based on clinical severity.
An AI-based quantitative CT analysis, including lung volume, opacity score,
opacity volume, percentage of opacity, and mean lung density, was performed
in initial and follow-up CTs obtained at different time points. Receiver operating
characteristic analysis was performed to find the diagnostic ability of quantitative
CT parameters for discriminating severe from nonsevere pneumonia.
Results: In baseline assessment, the severe group had significantly higher
opacity score, opacity volume, higher percentage of opacity, and higher
mean lung density than the moderate group (all P ≤ 0.001). Through con-
secutive time points, the severe group had a significant decrease in lung
volume (P = 0.006), a significant increase in total opacity score (P = 0.003),
and percentage of opacity (P = 0.007). A significant increase in total opacity
score was also observed for the mild group (P = 0.011). Residual opacities
were observed in all groups. The involvement of more than 4 lobes (sensitiv-
ity, 100%; specificity, 65.26%), total opacity score greater than 4 (sensitivity,
100%; specificity, 64.21), total opacity volume greater than 337.4 mL (sen-
sitivity, 80.95%; specificity, 84.21%), percentage of opacity greater than
11% (sensitivity, 80.95%; specificity, 88.42%), total high opacity volume
greater than 10.5 mL (sensitivity, 95.24%; specificity, 66.32%), percentage
of high opacity greater than 0.8% (sensitivity, 85.71%; specificity, 80.00%)
and mean lung density HU greater than −705 HU (sensitivity, 57.14%; spec-
ificity, 90.53%) were related to severe pneumonia.
Conclusions: An AI-based quantitative CTanalysis is an objective tool in
demonstrating disease severity and can also assist the clinician in follow-up
by providing information about the disease course and prognosis according
to different clinical severity groups.
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C oronavirus disease 2019 (COVID-19) disease was first re-
ported as an unknown pneumonia outbreak in Wuhan, China
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in December 2019 and has rapidly evolved into a pandemic. The re-
sponsible pathogen was a novel coronavirus, which has been called
“severe acute respiratory syndrome coronavirus-2”.1,2 The ideal im-
agingmethod to be used in the evaluation of COVID-19 pneumonia
should be diagnostic. It should also be accurate in terms of quanti-
fying parenchymal findings and objective evaluation of the time
course of the disease.3 Chest computed tomography (CT) has been
widely used in diagnosis and follow-up with high sensitivity rates.4

Computed tomography findings of COVID-19 pneumonia, correla-
tion of CT findings with clinical severity, and temporal changes of
the findings were previously reported in detail in the literature.5–9

Initially, Pan et al6 classified patients according to time from symp-
tom onset and defined 4 consecutive CT stages as follows: early-
stage (0–4 days), progressive stage (5–8 days), peak stage (9–
13 days), and absorption stage (≥14 days). The peak involvement
was observed around day 10, and radiological improvement began
after 14 days. In the early stage, the most common CT finding is
unilateral or multifocal ground-glass opacities (GGOs); as the dis-
ease progresses, the number and extent of GGOs increase, and
mixed patterns of GGOs, consolidations, crazy-paving pattern,
and linear opacities appear. In the late stage, opacities gradu-
ally resolve, while subpleural fibrotic bands and residual GGOs
are seen.5,6,10,11

While most patients have mild symptoms, approximately
14% and 5% of the patients progress to severe and critical disease,
respectively.12 Different visual and semiquantitative CT scoring
systems were used previously to estimate lung involvement, dis-
ease severity, and prognosis.13–15 However, adequate assessment
in the follow-up period may be challenging. The search for rapid
and objective evaluation led to the use of artificial intelligence
(AI)-based algorithms.RegardingCOVID-19 pneumonia,AIwas used
to detect and differentiate COVID-19 pneumonia from community-
acquired pneumonia, for quantitative evaluation of CT changes
and assessment of disease severity.7,9,16–19 Shen et al9 reported a
moderate to high correlation between lesion percentage detected
by radiologists and the software. Moreover, reduced reader vari-
ability was reported in the AI-based approach which is highly crit-
ical for the precise evaluation of disease progression.20

In this study, we aimed to quantitatively assess the initial CT
findings and temporal CT changes of COVID-19 pneumonia ac-
cording to different clinical severity groups. Our secondary purpose
was to investigate the performance of quantitative CT parameters in
differentiating severe from nonsevere pneumonia.

MATERIALS AND METHODS

Study Population
The study was approved by our institution's ethics committee

(project number: GO 20/391, approval number: 2020/08-05). Be-
cause of the retrospective study design, informed consent was
waived. Patients who underwent baseline chest CT for COVID-19
pneumonia between March 11, 2020, and April 15, 2020, were
sist Tomogr • Volume 45, Number 6, November/December 2021
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retrospectively analyzed from our institution's database. Patients
who had positive real-time reverse transcription-polymerase chain
reaction test results for severe acute respiratory syndrome coronavi-
rus 2, older than 18 years, and had at least 1 follow-up CT imaging
were included in the study. Exclusion criteria were as follows: (i)
negative real-time reverse transcription-polymerase chain reaction
result for COVID-19 pneumonia; (ii) CT scans with a poor quality
because of artifacts or expiratory phase; (iii) presence of confirmed
coinfection; (iv) patients without follow-up CT. Finally, 51 patients
with a total of 116 CT scans were included in the study. The enroll-
ment flowchart is shown in Figure 1.

According to disease severity on baseline presentation, pa-
tients were divided into 3 groups as mild, moderate, or severe based
on the previous guidelines. Patients were classified as “mild” if they
had mild symptoms, but no airspace opacities on baseline CT.
“Moderate” was defined as having 1 or more symptoms (eg, fever,
cough, myalgia) and also imaging findings of pneumonia. Patients
were classified as “severe” if they had one of the following condi-
tions: (a) respiratory distress with a respiratory rate of 30 breaths
per minute or higher, (b) mean oxygen saturation at rest of 93%
or lower, c) partial pressure of oxygen in arterial blood/oxygen con-
centration of 300 mm Hg or lower.21,22 Also, the time between
symptom onset and CT scans was noted for the assessment of tem-
poral changes. Computed tomography scans were classified into 4
groups as follows: stage 1, 0 to 4 days; stage 2, 5 to 8 days; stage
3, 9 to 13 days; and stage 4, 14 days or longer.6

CT Protocol
Computed tomography scans were obtained in supine posi-

tion, from apices to lung bases, during breath-hold at the end of
inspiration. Computed tomography scans were acquired without
intravenous contrast administration, on a third-generation dual-source
CT scanner (Somatom Force; Siemens Healthineers, Germany).
Scanning parameters were as follows: 110 kVp tube voltage, mod-
ulated mA using 52 mAs as reference (CareDose 4D; Siemens
Healthineers), pitch 3.2, 192 � 0.6 mm detector collimation,
0.25 s rotation time, and slice thickness of 3 mm. Images were
reconstructed with a slice thickness of 1mm. Iterative reconstruc-
tion was used (Adaptive Model-based Iterative reconstruction-
ADMIRE; Siemens Healthineers).

Quantitative CT Analysis
Lung-lobe segmentation, lesion detection, and quantification

were performed using an artificial-intelligence-based algorithm
(CT Pneumonia, version 1.0.4, Research Frontier, Syngo.via,
VB30; Siemens Healthineers). The parameters quantified for total
lung, each lung, and each lobe were as follows: opacity score,
FIGURE 1. Flowchart showing the inclusion process.
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volume (mL), the volume of opacity and high opacity, percentage
of opacity and high opacity, and mean lung HU. Although the
“opacity” term corresponds to areas with density values greater
than −700 HU, the “high opacity” term is used for areas with den-
sity values higher than −200HU. The opacity scorewas calculated
automatically based on the percentage of infiltration within a
given lobe, and described as: 0, 0%; 1, 1% to 25%; 2, 26% to
50%; 3, 51% to 75%; 4, greater than 75%. So, the maximum
CT score is 4 for each lobe and 20 for the whole lung. Two radiol-
ogists blinded to patient data, with 8 and 13 years of experience (S.
A.D., G.D.), visually checked the precision of segmentation and
lesion detection for each slice; incorrectly or incompletely drawn
areas were manually corrected.

Statistical Analysis
Kolmogorov-Smirnov test was used to test the normal distri-

bution of continuous variables. Descriptive statistics were pre-
sented as mean ± standard deviation or median (interquartile
range [IQR]) according to the assumption of normal distribution.
Pearson χ2 test was used to compare the difference between
groups for categorical variables.When datawere not normally dis-
tributed, Mann-Whitney U test was used to compare 2 groups.
One-way analysis of variance was performed to compare the dif-
ferences among groups. Kruskal-Wallis was used to compare
mean rank of more than 2 groups. After Kruskal-Wallis test, Dunn
test (multiple comparisons) was used to determine the differences
between the groups. The mixed models analysis of variance test
was used to determine whether each of the 2 main effects, and
the interaction effect was statistically significant. The receiver op-
erating characteristic (ROC) analysis was performed to evaluate
the diagnostic performance of quantitative CT parameters for dis-
criminating severe pneumonia from nonsevere pneumonia. The
area under the ROC curve (AUC) and 95% confidence interval
(95% CI) were calculated. Cutoff ranges were calculated to max-
imize sensitivity and specificity to differentiate severe pneumonia
by using the Youden index. P values of less than 0.05 were evalu-
ated as statistically significant. All statistical analyses were per-
formed by using IBM SPSS Statistics 21.0 software.
RESULTS
A total of 51 patients (23 women, 28 men) with 116 CT

scans were enrolled in the study. The patients were grouped ac-
cording to clinical severity. There were 12 patients in the mild
group (23.5%), 31 patients in the moderate group (60.8%), and
8 patients in the severe group (15.7%). The mean age was
49 ± 15 years (age range, 18–84 years). Age and sex were not
www.jcat.org 971
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significantly different among clinical severity groups (P = 0. 386,
and P = 0.344, respectively).

All patients were hospitalized and the median length of hos-
pital stay was 10 days (range, 2–42; IQR, 11). Pairwise compari-
sons showed that severe patients had significantly longer hospital
stay than mild (P = 0.003) or moderate groups (P = 0.022). There
was no significant difference between mild and moderate groups
in terms of length of hospital stay (P = 0.560) (Fig. 2). Among
the groups as disease severity increases, intensive care unit (ICU)
admission significantly increased (P = 0.002).

Baseline CT scans were obtained at 3.6 ± 3.27 days (range,
0–13 days) after the symptom onset. The time between the symp-
tom onset and the baseline CT scan in the severe patient groupwas
significantly longer than mild (P = 0.016) and moderate patients
(P = 0.046) (Fig. 2).

Baseline CT Analysis
The mild patient group included 12 patients, and none of

these patients had abnormal findings on baseline CT. Eight of
31 moderate patients (25.8%), and all of the severe patients
(100%) had involvement of the all 5 lobes. All severe patients
(8/8, 100%) and 17 of 31 patients (54.8%) in the moderate
group had bilateral lung involvement. In the moderate patient
group, the right lung (25/31, 80.6%) was affected more than
the left lung (23/31, 74.2%). The right lower lobe was the most
affected lobe (21/31, 67.7%), and the right middle lobe was the
least (10/31, 32.3%) affected lobe.

The opacity score, opacity and high opacity volumes, per-
centage of opacity and high opacity, the mean lung density
(HU), and the number of affected lobes were significantly differ-
ent among clinical groups (all P ≤ 0.005). Total lung volume
did not significantly differ among groups (P = 0.543). The patient
characteristics, baseline CT findings, and post hoc comparison re-
sults are summarized in Table 1.

Follow-Up CT Analysis
For the assessment of temporal changes, a total of 116 CT scans

in 4 different time stages were analyzed. Most of the follow-up chest
CTs were obtained during hospitalization period, between March 25
to June 18, 2020. For mild, moderate, and severe groups, the number
of CT examinations obtained after discharge were 2, 7, and 1,
FIGURE 2. Box plots showing the distribution of the length of hospital sta
clinical severity group. Figure 2 can be viewed online in color at www.jc
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respectively. Forty-one patients had 2, 8 patients had 3, 1 patient
had 4, and 1 patient had 6 CT scans. The temporal change of
CT parameters is shown in Figure 3. Quantitative CT parameters
are also shown in detail in Table 2.

Lung Volume
All groups had a decrease in total lung volume at stage 4

compared with baseline volume. However, lung volume loss was
statistically significant only in the severe patient group (P = 0.008;
mean lung volume at baseline, 4848 ± 587.4 mL and mean lung
volume at stage 4, 2987.4 ± 445.6 mL).

Opacity Score
The total opacity score was statistically different between

stage 1 and stage 4 in the mild patient group (P = 0.011). In the
mild patent group, the total opacity score increased through all
stages and peaked at stage 4 (4.37 ± 1.1).

The change of total opacity score was also significant in the
severe patient group between stage 2 and stage 4 (P = 0.003). The
total opacity score was highest in severe patient groups in all
stages reaching 10.2 ± 0.83 in stage 4.

In the moderate patient group, no significance was observed
between stages 1 and 4, the total opacity score increased through
the first stages, peaked at stage 3 (4.82 ± 0.7), and slightly de-
creased in stage 4 (3.1 ± 0.6).

Opacity Volume-The Percentage of Opacity
Total opacity volume and total opacity percentage were

highest in the severe patient group in all stages. The pairwise com-
parisons revealed that the total opacity volume was significantly
higher in the severe patient group compared with mild andmoder-
ate patient groups (both P < 0.001). However, there was no signif-
icant difference among clinical groups through different time
stages (P = 0.075).

On the other hand, the total percentage of opacity signifi-
cantly increased between stages 1 and 4 in the severe patient group
(P = 0.007). The maximum percentage of opacity in stage 4
reached 36.2 ± 3.44% in severe patients. The temporal change
of opacities in a patient with severe pneumonia was demon-
strated in Figure 4.
y (A), the time between symptom onset and baseline CT (B) for each
at.org.
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TABLE 1. Patient Characteristics and Baseline Quantitative CT Parameters

Mild (n = 12) Moderate (n = 31) Severe (n = 8) P Post Hoc Comparison

Sex (F/M) (n) 7/5 14/17 2/6 0.344
Age 45.7 ± 12 48.8 ± 16.8 55 ± 10 0.386
Symptom onset-baseline CT scan (d) 2.25 ± 2.4 3.16 ± 2.6 7.25 ± 4.3 0.016 Mild vs moderate, P = 1.00

Mild vs severe, P = 0.016
Moderate vs severe, P = 0.046

Length of hospital stay (d) 4.5 (7)
[2–31]

9 (11)
[3–42]

18 (13.75)
[12–31]

0.004 Mild vs moderate, P = 0.560
Mild vs severe, P = 0.003
Moderate vs severe, P = 0.022

Patients with ICU admission (n,%) 1 (8.3%) 5 (16%) 6 (75%) 0.002
The number of affected lobes (n) 0 3 (4)

[1–5]
5 (0) 0.001

Total lung volume (mL) 4332 ± 1463 4679 ± 1349 4163 ± 1065 0.543
Opacity score 0 3 (4)

[1–9]
6 (1.75)
[5–14]

<0.001 Mild vs moderate, P ˂ 0.001
Mild vs severe, P ˂ 0.001,
Moderate vs severe, P = 0.014

Opacity volume (mL) 0 8.3 (78)
[0.11–564]

517.5 (642)
[27–2731]

<0.001 Mild vs moderate, P ˂ 0.001
Mild vs severe, P ˂ 0.001
Moderate vs severe, P = 0.025

Percentage of opacity (%) 0 0.16 (1.65)
[0.0025–23.4]

13.1 (16.1)
[0.46–64.2]

<0.001 Mild vs moderate, P ˂ 0.001
Mild vs severe, P ˂ 0.001
Moderate vs severe, P = 0.029

Volume of high opacity (mL) 0 0.7 (8.18)
[0–174]

86 (152.5)
[1.5–546]

<0.001 Mild vs moderate, P ˂ 0.001
Mild vs severe, P ˂ 0.001
Moderate vs severe, P = 0.022

Percentage of high opacity (%) 0 0.02 (0.14)
[0–7.2]

1.73 (4.34)
[0.02–12.8]

<0.001 Mild vs moderate, P ˂ 0.001
Mild vs severe, P ˂ 0.001
Moderate vs severe, P = 0.026

Mean lung density (HU) −806 (61)
[−847 to −767]

−822 (72)
[−863 to −620]

−749 (136)
[−818 to −542]

0.013 Mild vs moderate, P = 1.00
Mild vs severe, P = 0.026
Moderate vs severe, P = 0.017

Categorical variables are expressed as n (%), continuous variables of normal distribution are expressed as mean ± SD, continuous variables of skewed
distribution are shown as median (IQR and [range]).

F, female; M, male.
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In the mild andmoderate patient groups, the temporal change
of opacity percentage was not significant. The total percentage of
opacity increased through the stages, while peaked at stage 3
(8.9 ± 2.9%), then slightly decreased (4.65 ± 2.6%) in the moder-
ate patient group. The peak was observed in stage 4 in the mild pa-
tient group (5.7 ± 4.7%).

High Opacity Volume-The Percentage of High Opacity
High opacity volume and the percentage of high opacity

were highest in the severe patient group in all stages. But, the
temporal change of high opacity volume and percentage was
not significantly different among clinical groups (P = 0.068 and
P = 0.064, respectively).

Mean Lung Density
Themean lung density was higher in the severe patient group

in all stages. However, the temporal changes in mean lung density
were not significantly different among clinical groups (P = 0.319).

Predicting Severity From Quantitative
CT Parameters

Patients were classified as severe and nonsevere (mild and
moderate) pneumonia for the assessment of diagnostic performance
of aforementioned quantitative parameters. For the discrimination
of severe from nonsevere pneumonia, the optimal cutoff value was
© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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4 for the number of affected lobes (sensitivity, 100%; specificity,
65.26%; AUC, 0.826; 95% CI, 0.745–0.890, P < 0,0001), 4 for
total opacity score (sensitivity, 100%; specificity, 64.21%; AUC,
0.899; 95% CI, 0.830–0.948; P < 0,0001), 337.4 mL for total
opacity volume (sensitivity, 80.95%; specificity, 84.21%; AUC,
0.897; 95% CI, 0.827–0.946; P < 0.0001), 11% for total opacity
percentage (sensitivity, 80.95%; specificity, 88.42%; AUC, 0.895;
95%CI, 0.825–0.945;P < 0,0001), 10.5 mL for total volume of high
opacity (sensitivity, 95.24%; specificity, 66.32%; AUC, 0.882;
95% CI, 0.809–0.935; P < 0,0001), 0.8% for total percentage of
high opacity (sensitivity, 85.71%; specificity, 80.00%; AUC, 0.879;
95% CI, 0.805–0.932; P < 0,0001), −705 HU for total mean lung
HU (sensitivity, 57.14%; specificity, 90.53%; AUC, 0.806; 95% CI,
0.723–0.874; P < 0.0001).
DISCUSSION
In this study, we evaluated AI-based quantitative CT param-

eters of the patients diagnosed with COVID-19 pneumonia and
the temporal evolution of these parameters in different clinical se-
verity groups. Our major findings are, first, quantitative CT pa-
rameters vary according to different clinical severity groups and
different time points. Second, between stage 1 and stage 4, although
total lung volume decreases, opacity score, opacity and high-opacity
volume, percentage of opacity and high-opacity, mean lung density
increases in all clinical groups. However, the only parameters that
www.jcat.org 973
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FIGURE 3. The graphics show the temporal change of (A) lung volume (mL), (B) opacity score, (C) the number of affected lobes, (D) the
percentage of opacity (%), (E) the percentage of high opacity (%) and (F) mean lung density (HU) for different clinical severity groups.
Figure 3 can be viewed online in color at www.jcat.org.
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reached statistical significance were total lung volume loss, the in-
crease of opacity score and percentage in the severe patient group,
and the increase of opacity score in the mild patient group. Quan-
titative CT parameters (total opacity score, opacity volume, per-
centage of opacity, high opacity volume, percentage of high
opacity, mean lung density) could differentiate severe from
nonsevere pneumonia.

The severe patient group had significantly more extensive in-
volvement with bilateral and multilobar opacities on baseline CT.
All 5 lobes were involved in all severe patients. The number of af-
fected lobes, opacity score, opacity volumes, and opacity percent-
ages were significantly higher in the severe group than that of the
moderate group as reported previously in the literature.9,15,23 The
severe patient group had a significantly longer interval between
symptom onset to baseline CTand a longer hospitalization period.
These findings indicate that, although the treatment protocols may
have slight differences among different institutions and countries,
the hospital admission, diagnosis, and therefore, treatment may
be delayed in severe patients. In Huang et al.'s study, the
974 www.jcat.org
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hospitalization period was longer, and the CT severity score was
higher for patients if the time between symptom onset to diagnosis
is more than 3 days.24 Similarly, Liu et al13 reported an association
between initial CT severity score and extended hospitalization.
Also, individual factors, such as older age, male sex, and comor-
bidities, were previously associated with disease severity, but
age and sex were not significantly different between clinical sever-
ity groups in our study.2,25

We observed a decrease in total lung volume during the dis-
ease course in all patients, but it reached a statistical significance
only in the severe patient group. Significantly lower lung volumes
in severe COVID-19 pneumonia were reported in some stud-
ies.9,18,26 This might be explained by the histopathological find-
ings of diffuse alveolar damage with alveolar edema, exudation,
hyaline membranes, inflammatory cell infiltration, and late phase
fibrotic process.27,28 These changes assumably cause a decrease
in functional alveolar capacity. In Iwasawa et al.'s29 study using ul-
tra high-resolution CT, they reported lower CT lung volumes in
severe cases and smaller secondary lobes in crazy-paving pattern
© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 2. Quantitative CT Parameters on Stage 1 and Stage 4
According to Different Clinical Severity Groups

Mild (n = 26) Moderate (n = 69) Severe (n = 21)

Lung volume (mL)
Stage 1 4548.86 ± 375 4641.1 ± 258.4 4848 ± 587.4
Stage 4 4161.5 ± 498 4674.1 ± 295.8 2987.4 ± 445.6
P 1.000 1.000 0.008

Opacity score
Stage 1 0.46 ± 0.65 2.7 ± 0.47 6.9 ± 1.37
Stage 4 4.37 ± 1.1 3.1 ± 0.6 10.2 ± 0.83
P 0.011 1.000 0.194

Volume of opacity (mL)
Stage 1 16.36 ± 98.8 61.1 ± 70.9 657 ± 204.4
Stage 4 206.6 ± 175.4 171.2 ± 94.3 1166.7 ± 124
P 1.000 1.000 0.273

Percentage of opacity (%)
Stage 1 0.47 ± 2.72 1.93 ± 1.9 12.74 ± 6
Stage 4 5.7 ± 4.7 4.65 ± 2.6 36.2 ± 3.44
P 1.000 1.000 0.007

Volume of high opacity (mL)
Stage 1 7.4 ± 23.7 14.9 ± 19 163.1 ± 37
Stage 4 35.6 ± 47.6 31.15 ± 23.2 272.84 ± 30.3
P 1.000 1.000 0.374

Percentage of high opacity (%)
Stage 1 0.2 ± 0.75 0.5 ± 0.6 3.6 ± 1.27
Stage 4 1.22 ± 1.48 1 ± 0.73 8.4 ± 0.97
P 1.000 1.000 0.156

Mean lung density (HU)
Stage 1 −808 ± 20 −795 ± 14 −766 ± 44
Stage 4 −788 ± 34 −775 ± 19 −632 ± 26
P 1.000 1.000 0.051

Data are expressed as mean ± SD.
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comparing to clear lungs suggesting local volume loss. This was
explained by alveolar collapse, which is commonly observed in
acute respiratory distress syndrome (ARDS).

It has been previously reported that CT lung volumetry can
be used to estimate lung volume and pulmonary function.30 In a
recent study, 3 months after discharge, 25.5% of the patients with
COVID-19 pneumonia showed lung function abnormalities on
spirometry, such as the impaired diffusion capacity for carbon
monoxide (DLCO). Also, 71% of these patients exhibited radiologi-
cal abnormalities.31 Santus et al32 prospectively analyzed respiratory
functions and DLCO of COVID-19 patients during hospitalization
and 6 weeks after discharge. During the acute phase, a restrictive
pattern was observed in approximately 50% of patients with a re-
duction of vital capacity, forced expiratory volume in 1 second
and DLCO impairment. These findings were correlated with dis-
ease severity and the presence of consolidations on CT.

In a 6-month follow-up chest CT study, older age, longer
hospitalization period, ARDS, noninvasive mechanical ventilation,
higher CT opacity score on initial CTwere found to be the predic-
tors of fibrotic change development.33 Liu et al34 reported that at
7-month follow-up CT, fibrotic changes were observed in %29 of
the patients. Between fibrosis and nonfibrosis groups, no difference
was detected in terms of the presence of comorbidities. Patients
with older age, severe type disease, and who were mechanically
ventilated were more likely to develop fibrosis, and these patients
had higher opacity scores, opacity volume, and opacity percentage
© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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at discharge CT. Therefore, quantitative CT may give information
about the necessity and duration of follow-up imaging. In Yang
et al's study, 16% of the patients had lung distortion suggestive of
fibrosis on peak CT (median, 20 days), but in 50% of these patients
fibrotic-like changes resolved on the last follow-up CTs (median,
56 days).35 It is still early to conclude whether these fibrotic
changes are persistent, individual differences and aforementioned
risk factors may play a role in the development and persistency of
fibrosis. According to these recent studies, early fibrotic changes
on CTmay not represent actual fibrosis, be related to the recovery
process, and may be partly reversible.34,35

The total opacity score, opacity volume, and percentage of
opacity were the highest in the severe group in all stages similar
to the literature.9,18,26 We found that although the dynamic change
of total opacity volumewas not significant, the total percentage of
opacity and opacity score based on percentages significantly in-
creased in severe patients. As both opacity volume and lung vol-
ume vary with the patient's height, weight, disease severity, and
time course, the percentage of opacity seems like a more reliable
parameter than opacity volume in follow-up period.

Moderate patient group did not have any significant changes
in CT parameters over periods. The increasing opacity trend
through the first 3 stages was followed by a slight decrease in
stage 4. The relatively stable course of nonsevere patients was
previously described.15,36 However, this was not the case for the
mild group in our study. The increase of opacity score was also
statistically significant for the mild patient group from stages 1
to 4. This might be explained by the fact that for the mild group
91.7% of the initial CTs were obtained in stage 1. This rate was
74% for moderate and 25% for severe patients. Patients in the
mild group had no airspace opacities on the baseline CT. There-
fore, the progression of CT parameters may be because of the ex-
pected disease course. On the other hand, follow-up CTs of the
mild group might have belonged to the patients with clinical dete-
rioration. Follow-up CTwas probably not needed for clinically re-
covered and discharged mild patients.

The radiological resolution was not complete at the end of
our study. The last CTs in each clinical group were obtained on
day 29, day 62, and day 49 for mild, moderate, and severe groups,
respectively. At stage 4, we observed residual opacities in all groups,
especially in the severe patient group reaching approximately 37%
of the lung volume. According to Ding et al.'s study, 98.1% of the
patients still showed CTabnormalities (mostly GGOs) after 28 days
from the symptom onset.10

These residual opacities may be explained with the histo-
pathological and radiological course of the disease. In a recent
study, 3 histologic phases of diffuse alveolar damage (exudative,
proliferative, and organizing-fibrotic) were correlated with CT
findings. Ground-glass opacity was seen in all phases, either iso-
lated in the exudative phase or in a mixed pattern in other phases.37

A major mechanism possibly explaining why the clinical course of
the disease is unpredictable might be cytokine storm induced ARDS
that aggravates lung injury. In a recent study, a significant correlation
betweenCT severity score and serum IL-2R and IL-6was reported.38

So, in patients with higher severity scores, there may be intervening
or overlapping immunologic mechanisms causing persistent or
new opacities.

As for the radiological course, during the absorption stage,
whereas consolidative opacities regress, more extensive GGO areas
with decreasing density have been described.39,40 Du et al19 re-
ported that while initial GGOs decrease or disappear, fibrotic changes
on predischarge CTs evolve into newGGOs. Hu et al8 observed con-
comitant new lesions with absorbing ones on days 10 to 18. These
residual opacities cannot be discriminated by AI-based algo-
rithms, as all GGOs, fibrotic bands, and consolidations account
www.jcat.org 975
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FIGURE 4. Chest CT images and 3-dimensional (3D) illustrations of lesion segmentation in a severe patient. (A, B) Chest CT obtained on stage
1 (day 4). (A) Coronal CT image shows foci of GGO in both lungs. (B) 3D illustration demonstrating the segmented opacities (percentage of
opacity 0.46%). (C,D)Chest CTobtained on stage2 (day8). (C) Coronal CT image shows that theGGOsmerged, and the size and extent ofGGOs
increased in both lungs. (D) 3D illustration showing the segmented opacities (percentage of opacity 11,23%). (E, F) Chest CT obtained on stage
4 (day 14). (E) Coronal CT image shows that the density and extent of opacities increased and consolidations developed in the interval period. (F)
3D illustration demonstrating the segmented opacities (percentage of opacity 33.5%). Figure 4 can be viewed online in color at www.jcat.org.
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for “opacity.” Thus, although AI-based quantitative CT analysis is
more objective on follow-up evaluation, the inability in discriminat-
ing between acute versus residual changes still mostly requires the
impression of a radiologist. Also, in a study radiologists observed
GGOs in 69.7% of the patients, whereas AI could not find any
opacities.19 One of the reasons for the higher residual opacity rate
in our study might be because of our supervision, as AI results
were checked and corrected manually.

In the current study, the involvement of more than 4 lobes
(sensitivity, 100%; specificity, 65.26%), mean lung density greater
than −705 HU (sensitivity, 57.14%; specificity, 90.53%), total
opacity score greater than 4 (sensitivity, 100%; specificity, 64.21),
percentage of opacity greater than 11% (sensitivity, 80.95%; speci-
ficity, 88.42%), and percentage of high opacity greater than 0.8%
976 www.jcat.org
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(sensitivity, 85.71%; specificity, 80.00%) can discriminate severe
from nonsevere pneumonia. Gouda and Yasin41 also analyzed these
parameters to differentiate mild to moderate cases from severe-
critical cases using the same AI-based software. The cutoff values
were −637.7 HU for mean lung density (sensitivity, 81.8%; speci-
ficity, 81.9%), 8.5 for total opacity score (sensitivity, 84.1%; speci-
ficity, 81.2%), 23.81% for percentage of opacity (sensitivity, 86%;
specificity, 81.2%), and 5.61% for percentage of high opacity (sen-
sitivity, 86%; specificity, 81.2%). The reason for our lower cutoff
values may be the lack of critical cases and a relatively lower
number of severe cases. Also, there was no mortality among
our patients. Lower cutoff values in this study may indicate that
multilobar (5 lobes) involvement with lower opacity percentages
may also show severity.
© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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Our study has several limitations. To begin with, the study
design was retrospective and the sample size was small especially
in mild and severe groups. The relative scarcity of CT scans ob-
tained on stage 4 in the mild patient group caused inadequate as-
sessment. Residual opacities were present in all groups at the end
of the study, thus monitoring the disease resolution completely
was not possible.

In conclusion, AI-based quantitative CTanalysis is an objec-
tive tool in the assessment of baseline and follow-up findings of
COVID-19 pneumonia. Computed tomography parameters differ
according to clinical severity and stage of the disease. Thus, quan-
titative CT parameters may help clinicians in predicting disease
severity and the disease course. In the follow-up period, quantifi-
cation of CT findings may give useful information to clinicians in
monitoring disease progression and demonstrate the lung changes
such as lung volume loss in severe pneumonia. Future prospective
studies with larger sample sizes imaged at more time points and
with longer follow-up periods may give additional information
about the course of the disease and disease resolution.
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