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Abstract
Objectives To investigate the association between longitudinal total pulmonary infection volume and volume ratio over time and
clinical types in COVID-19 pneumonia patients.
Methods This retrospective review included 367 patients with COVID-19 pneumonia. All patients underwent CT examination at
baseline and/or one or more follow-up CT. Patients were categorized into two clinical types (moderate and severe groups). The
severe patients were matched to the moderate patients via propensity scores (PS). The association between total pulmonary
infection volume and volume ratio and clinical types was analyzed using a generalized additive mixed model (GAMM).
Results Two hundred and seven moderate patients and 160 severe patients were enrolled. The baseline clinical and imaging
variables were balanced using PS analysis to avoid patient selection bias. After PS analysis, 172 pairs of moderate patients were
allocated to the groups; there was no difference in the clinical and CT characteristics between the two groups (p > 0.05). A total of
332 patients, including 396 CT scans, were assessed. The impact of total pulmonary infection volume and volume ratio with time
was significantly affected by clinical types (p for interaction = 0.01 and 0.01, respectively) using GAMM. Total pulmonary
infection volume and volume ratio of the severe group increased by 14.66 cm3 (95% confidence interval [CI]: 3.92 to 25.40) and
0.45% (95% CI: 0.13 to 0.77) every day, respectively, compared to that of the moderate group.
Conclusions Longitudinal total pulmonary infection volume and volume ratio are independently associated with the clinical
types of COVID-19 pneumonia.
Key Points
• The impact of total pulmonary infection volume and volume ratio over time was significantly affected by the clinical types (p for
interaction = 0.01 and 0.01, respectively) using the GAMM.

• Total pulmonary infection volume and volume ratio of the severe group increased by 14.66 cm3 (95% CI: 3.92 to 25.40) and
0.45% (95% CI: 0.13 to 0.77) every day, respectively, compared to that of the moderate group.
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COVID-19 Coronavirus disease
CRP C-reactive protein
GAMM Generalized additive mixed model
GGO Ground glass opacity
HRCT High-resolution CT
IL-6 Interleukin-6
MERS Middle East respiratory syndrome
OR Odds ratio
PS Propensity scores
QCT Quantitative computed tomography
SARS Severe acute respiratory syndrome
SARS-CoV-2 Severe acute respiratory syndrome coronavi-

rus 2
VoD Volume of disease
WBC White blood cells
WHO World Health Organization

Introduction

In December 2019, a mass outbreak of a novel coronavirus
infection occurred in Wuhan, Hubei Province, China. The
novel coronavirus that was named severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) by the International
Committee on Taxonomy of Viruses caused a pneumonia
outbreak in China [1]. The disease caused by the virus, named
coronavirus disease (COVID-19) by the World Health
Organization (WHO), can spread through human-to-human
contact [2]. At present, the infection has spread from China
to the world, including more than 200 countries, reaching a
pandemic level [3–5].

The National Health Commission of China formulated
the Diagnosis and Treatment Program of 2019 New
Coronavirus Pneumonia (seventh trial version) [6, 7], based
on the recommendations of the WHO on severe acute respi-
ratory syndrome (SARS) and the Middle East respiratory
syndrome (MERS) [8, 9]. In the seventh trial version, the
clinical type of COVID-19 pneumonia was classified into
mild, moderate, severe, and critical, according to the clinical
manifestations [7]. Patients with mild and moderate disease
have good prognosis. However, when COVID-19 pneumo-
nia develops to severe and critical levels, pulmonary edema,
respiratory failure, shock, and multiple organ failure can
eventually cause death. Therefore, it is very important to
accurately assess the factors related to disease severity in
clinical practice. A previous study suggested that the total
pulmonary infection volume was significantly associated
with the clinical types of COVID-19 pneumonia [10], the
decrease of the absolute value of CD4+T cells, and the in-
crease of Interleukin-6 (IL-6) level [11]. Additionally, the
total pulmonary infection volume can estimate the SARS-
CoV-2 burden [12] and accurately predict the need for

oxygenation support and intubation [13]. The total pulmo-
nary infection volume-based CT can be rapidly and accu-
rately quantified using artificial intelligence (AI) technolo-
gy. However, the published studies restrict analysis to the
initial CT scan and do not focus on the changes of the total
pulmonary infection volume over time. In addition, in clin-
ical practice, it is hard to regularly follow up using CT,
resulting in different time and frequency data. Generalized
additive mixed models (GAMMs) [14] can easily accom-
modate unbalanced and unequally spaced observations [15]
and are therefore ideal tools for analyzing longitudinal data.
To the best of our knowledge, assessments of the associa-
tion between longitudinal total pulmonary infection volume
and volume ratio and clinical types in patients with COVID-
19 pneumonia have not been reported. Therefore, the pri-
mary objective of our study was to investigate the exact
association between the longitudinal total pulmonary infec-
tion volume and volume ratio, and the clinical types in pa-
tients with COVID-19 pneumonia, using the GAMM.

Materials and methods

Patients

This retrospective cross-sectional study was reviewed and ap-
proved by the Biomedical Research Ethics Committee of our
institution, and the requirement for patient consent was waived.

The inclusion criteria were as follows: (1) the availability of
positive reverse-transcription polymerase chain reaction (RT-
PCR) tests confirming the SARS-Cov-2 origin of pneumonia,
and (2) the availability of a chest CT at the time of diagnosis.
We excluded the following patients: (1) patients with lung le-
sions that could not be visualized by high-resolution CT
(HRCT) images, (2) patients with other lesions in the lung,
and (3) patients with COVID-19 pneumonia in whom the in-
terval between initial CT and confirmation of the clinical type
was longer than 3 days. Finally, we retrospectively identified
367 consecutive patients with confirmed COVID-19 pneumo-
nia at our Hospital between February 20 and March 31, 2020
(Fig. 1). All clinical results were extracted from their electronic
medical records in the hospital information system. The mild
type was defined as mild clinical symptoms with negative im-
aging findings. Thus, positive CT findings were often found in
patients with moderate, severe, and critical disease [7]
(Table 1). Therefore, the study participants were categorized
into the following two groups: the moderate group and the
severe group including severe and critical patients.

CT scanning

Pulmonary CT was performed using 128-slice multidetec-
tor row CT scanners (uCT 760, United Imaging
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Healthcare). CT scans were obtained with the following
parameters: 120 kV, adaptive tube current, beam collima-
tion of 128 × 0.6 mm, and a 512 × 512 matrix. A non-
enhanced CT was performed. The slice thickness was
0.625 mm. Images were captured at window settings that
allowed viewing of the lung parenchyma (window level -
600 to - 700 HU; window width 1200–1500 HU) and the
mediastinum (window level 20–40 HU; window width 400

HU). The scanning range included all the regions of both
lungs, from the apices to the bases.

Radiological imaging analysis

Total pulmonary infection volume and volume ratio were cal-
culated by artificial intelligence software (uAI-Discover-NCP
R001, United Imaging Healthcare) [16].

Table 1 The clinical
classification of Covid-19 pneu-
monia from the 7th edition of the
National Commission of China
classification [7]

Types Findings

Mild Mild clinical symptoms (fever < 38°C (quelled without treatment), with or without cough, no
dyspnea, no gasping, no chronic disease)

* No imaging findings of pneumonia

Moderate Fever, respiratory symptoms

* Imaging findings of pneumonia

Severe Meet any of the following:

a. Respiratory distress, RR ≥ 30 times/min

b. SpO2 < 93% at rest

c. PaO2/FiO2 ≤ 300 mmHg

* Patients showing a rapid progression (> 50%) on CT imaging within 24-48 hours should be
managed as severe (added in the trial sixth edition)

Critical Meet any of the followings:

a. Respiratory failure, need mechanical assistance

b. Shock

c. “Extrapulmonary” organ failure, intensive care unit is needed

*CT findings

n = 563

Archive data of patients who were confirmed
COVID-19 pneumonia and underwent CT 
examination at baseline and/or one or more 
follow-up CTbetween February 20 
and March 31 2020 from *** hospital

196 excluded:
(a) patients with lung lesions that could not be visualized by HRCT images(n = 90)        
(b) patients with other lesions in the lung (n = 19)
(c) patients with COVID-19 pneumonia in whom the interval between initial CT and 
confirmation of the clinical type was longer than 3 days (n=87)

n = 367
COVID-19 pneumonia

n = 207
Moderate patients

n = 160
Severe patients

Propensity score matching

n = 172
Moderate patients

n = 160
Severe patients

Fig. 1 Flow chart of the patient selection process
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We used the original cross-sectional images for analysis.
All images were analyzed by two chest radiologists both with
8 years of experience, who were blinded to the clinical details.
When their readings were not consistent, the final results were
determined by consensus. The two chest radiologists evaluat-
ed the following characteristics: (a) location: right, left, or
bilateral lungs; (b) distribution: peripheral, central, or diffuse
(The outer one-third of the lung was defined as peripheral, the
rest was defined as central [17], and diffuse included periph-
eral and central.); (c) attenuation: including ground glass
opacity (GGO), crazy-paving pattern, and consolidation
[18–20]; (d) maximum lesion range, only for the largest le-
sion: ≤ 5 cm, 5–10 cm, and > 10 cm; (e) lobe involvement: the
five lung lobes were divided into categories of ≤ 2 lobes, 3–4
lobes, and 5 lobes; and (f) number of lesions: one, two, and
three or more.

Statistical analyses

Normal distribution and variance homogeneity tests were per-
formed on all continuous variables. Continuous variables
(age, body mass index [BMI], total pulmonary infection vol-
ume, and volume ratio) with a normal distribution were
expressed as mean ± standard deviation; otherwise, they were
expressed as median and range.

Study participants were categorized into the following two
groups: the moderate group and the severe group. The severe
patients were matched to the moderate patients via PS. A PS
(logit model) was calculated for everyone, based on the base-
line clinical variables (age, sex, smoking, body mass index,
fever, cough, myalgia or arthralgia, headache, nausea or
vomiting, diarrhea, abdominal pain, smoking history, cardio-
vascular disease, diabetes, hypertension, chronic obstructive
pulmonary disease (COPD), chronic liver disease, chronic re-
nal disease, malignant tumor, white blood cells (WBC) count,
lymphocyte count, C-reactive protein (CRP), distribution, at-
tenuation, maximum lesion range, number of lesions, and in-
volvement of lobes). Matching was performed by using a 1:2
matching protocol to select the matched moderate group with-
out replacement (greedy-matching algorithm), with a caliper
width equal to 0.2 of the standard deviation of the logit of the
PS. We compared the unmatched and matched baseline vari-
ables between the moderate and severe groups by using the
chi-square test or Student t test.

In this study, longitudinal data were the total pulmonary
infection volume and volume ratio over time. The total
pulmonary infection volume and ratio were repeatedly
measured by AI software after every CT scan. We set the
time of the initial CT scan as 0, and the time was the
interval from the initial CT scan. The longitudinal total
pulmonary infection volume and volume ratio were ana-
lyzed using the GAMM [14], which easily accommodates
unbalanced, unequally spaced observations [15], and is,

therefore, an ideal tool for analyzing longitudinal data.
All models also included intercept and time as random
terms. Random effects allowed each participant’s starting
value to vary from the population average (intercept) and
the longitudinal trajectory to vary from the population av-
erage longitudinal trajectory (slope). In the mixed-effects
model, the interaction term between a fixed effect variable
and time evaluates whether this variable is a predictor of
the longitudinal changes in the dependent total pulmonary
infection volume and volume ratio.

A two-tailed p value less than 0.05 was considered statis-
tically significant. All analyses were performed with the R
software (version 3.4.3, R Foundation for Statistical
Computing, and Empower Stats, X&Y Solutions Inc.).

Results

Clinical and CT characteristics before and after
matching

The clinical and CT baseline characteristics of the severe
and moderate patients before and after PS matching are
shown in Table 2. The PS distributions for the groups both
before and after matching are shown in Fig. 2. Two hun-
dred and seven moderate patients and 160 severe patients
were enrolled. The baseline clinical and imaging variables
were balanced using PS analysis to avoid patient selection
bias. After PS analysis, 172 moderate patients matched
with 160 severe patients were allocated to the groups and
there was no statistically significant difference in the base-
line clinical and CT characteristics between the two groups
(p > 0.05). Before matching, age, cough, myalgia or ar-
thralgia, distribution, attenuation, maximum lesion range,
number of lesions, and the involvement of lobes were sig-
nificantly different between the moderate and severe
groups (p < 0.05). After matching, there was no statistical-
ly significant difference between the moderate and severe
groups (p > 0.05). A total of 332 patients, including 396
CT scans, were assessed. All patients received supplemen-
tal oxygen therapy and antiviral therapy. Thirty-five severe
patients received not only oxygen therapy and antiviral
therapy but also hormone therapy. The CT scan frequency
varied from 1 to 4 times (Table 3). The CT scan time was
3–31 days (mean days, 11.8 days) from the initial CT scan.

Univariable analysis

The baseline total pulmonary infection volume was 299.30
cm3 (range: 0.60–1973.50 cm3) in the moderate group and
658.65 cm3 (range: 2.60–1816.20 cm3) in the severe group.
The baseline total pulmonary infection volume ratio was
7.75% (range: 0.01–52.20%) in the moderate group and
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Table 2 The baseline clinical and CT characteristics of moderate and severe patients with COVID-19 pneumonia before and after propensity score
analysis

Characteristics Before match After match

Moderate (n = 207) Severe (n = 160) p value Moderate (n = 172) Severe (n = 160) p value

Sex, n (%) 0.26 0.56

Male 99 (47.83) 86 (53.75) 87 (50.58) 86 (53.75)

Female 108 (52.17) 74 (46.25) 85 (49.42) 74 (46.25)

Age, mean (SD), years 59.97 ± 13.80 64.83 ± 12.86 < 0.001 62.34 ± 12.29 64.83 ± 12.86 0.07

BMI, mean (SD), kg/m2 23.02 ± 3.32 26.39 ± 51.99 0.35 23.08 ± 3.51 26.39 ± 51.99 0.41

Fever, n (%) 0.19 0.79

No 62 (29.95) 38 (23.75) 43 (25.00) 38 (23.75)

Yes 145 (70.05) 122 (76.25) 129 (75.00) 122 (76.25)

Cough, n (%) 0.03 0.25

No 67 (32.37) 35 (21.88) 47 (27.33) 35 (21.88)

Yes 140 (67.63) 125 (78.12) 125 (72.67) 125 (78.12)

Myalgia or arthralgia, n (%) 0.09 0.46

No 142 (68.60) 96 (60.00) 110 (63.95) 96 (60.00)

Yes 65 (31.40) 64 (40.00) 62 (36.05) 64 (40.00)

Headache, n (%) 0.24 1.00

No 202 (97.58) 159 (99.38) 170 (98.84) 159 (99.38)

Yes 5 (2.42) 1 (0.62) 2 (1.16) 1 (0.62)

Nausea or vomiting, n (%) 1.00 1.00

No 206 (99.52) 159 (99.38) 171 (99.42) 159 (99.38)

Yes 1 (0.48) 1 (0.62) 1 (0.58) 1 (0.62)

Diarrhea, n (%) 0.34 0.63

No 199 (96.14) 150 (93.75) 164 (95.35) 150 (93.75)

Yes 8 (3.86) 10 (6.25) 8 (4.65) 10 (6.25)

Abdominal pain, n (%) 0.08 0.11

No 207 (100.00) 157 (98.12) 172 (100.00) 157 (98.12)

Yes 0 3 (1.88) 0 3 (1.88)

Smoking history, n (%) 0.38 0.41

No 195 (94.20) 147 (91.88) 162 (94.19) 147 (91.88)

Yes 12 (5.80) 13 (8.12) 10 (5.81) 13 (8.12)

Cardiovascular disease, n (%) 0.13 0.30

No 179 (86.47) 129 (80.62) 146 (84.88) 129 (80.62)

Yes 28 (13.53) 31 (19.38) 26 (15.12) 31 (19.38)

Diabetes, n (%) 0.39 0.73

No 168 (81.16) 124 (77.50) 136 (79.07) 124 (77.50)

Yes 39 (18.84) 36 (22.50) 36 (20.93) 36 (22.50)

Hypertension, n (%) 0.18 0.39

No 137 (66.18) 95 (59.38) 110 (63.95) 95 (59.38)

Yes 70 (33.82) 65 (40.62) 62 (36.05) 65 (40.62)

COPD, n (%) 1.00 1.00

No 204 (98.55) 157 (98.12) 169 (98.26) 157 (98.12)

Yes 3 (1.45) 3 (1.88) 3 (1.74) 3 (1.88)

Chronic liver disease, n (%) 0.78 0.77

No 199 (96.14) 155 (96.88) 165 (95.93) 155 (96.88)

Yes 8 (3.86) 5 (3.12) 7 (4.07) 5 (3.12)

Chronic renal disease, n (%) 1.00 1.00

No 201 (97.10) 155 (96.88) 166 (96.51) 155 (96.88)
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20.95% (range: 0.10–82.50%) in the severe group (Fig. 3).
The baseline total pulmonary infection volume and volume
ratio were significantly different between the moderate and
severe groups (p < 0.001) (Fig. 4). The univariable analysis
showed that the baseline total pulmonary infection volume
(odds ratio (OR): 1.00; 95% confidence interval (CI): 1.00
to 1.00; p < 0.0001) and volume ratio (OR: 1.05; 95% CI:
1.03 to 1.07; p < 0.0001) were significantly associated with
the clinical types (moderate and severe groups).

Association between clinical types and longitudinal
total pulmonary infection volume

The GAMM showed that the total pulmonary infection vol-
ume did not significantly increase with time (β: 242.86; 95%
CI: - 61.03 to 546.75; p = 0.12) in all the patients.
Furthermore, subgroup analyses revealed that the total pulmo-
nary infection volume did not significantly decrease with time
(β: - 1.66; 95% CI: - 10.82 to 7.50; p = 0.73) in the moderate

Table 2 (continued)

Characteristics Before match After match

Moderate (n = 207) Severe (n = 160) p value Moderate (n = 172) Severe (n = 160) p value

Yes 6 (2.90) 5 (3.12) 6 (3.49) 5 (3.12)

Malignant tumor, n (%) 0.44 0.79

No 200 (96.62) 152 (95.00) 165 (95.93) 152 (95.00)

Yes 7 (3.38) 8 (5.00) 7 (4.07) 8 (5.00)

WBC count, n (%) 0.56 0.91

Decreased 9 (4.35) 4 (2.50) 6 (3.49) 4 (2.50)

Normal 188 (90.82) 146 (91.25) 156 (90.70) 146 (91.25)

Increased 10 (4.83) 10 (6.25) 10 (5.81) 10 (6.25)

Lymphocyte count, n (%) 0.41 0.48

Increased 32 (15.46) 33 (20.62) 27 (15.70) 33 (20.62)

Normal 170 (82.13) 124 (77.50) 140 (81.40) 124 (77.50)

Decreased 5 (2.42) 3 (1.88) 5 (2.91) 3 (1.88)

CRP, n (%) 0.59 0.53

Normal 159 (76.81) 119 (74.38) 133 (77.33) 119 (74.38)

Increased 48 (23.19) 41 (25.62) 39 (22.67) 41 (25.62)

Distribution, n (%) < 0.001 0.08

Peripheral or central 87 (42.03) 39 (24.38) 57 (33.14) 39 (24.38)

Diffuse 120 (57.97) 121 (75.62) 115 (66.86) 121 (75.62)

Attenuation, n (%) 0.002 0.06

GGO and GGO + crazy-paving pattern 70 (33.82) 39 (24.38) 47 (27.33) 39 (24.38)

GGO + consolidation 39 (18.84) 16 (10.00) 31 (18.02) 16 (10.00)

GGO + crazy-paving pattern + consolidation 98 (47.34) 105 (65.62) 94 (54.65) 105 (65.62)

Maximum lesion range, n (%) 0.005 0.13

≤ 5 cm 74 (35.75) 36 (22.50) 49 (28.49) 36 (22.50)

5–10 cm 64 (30.92) 46 (28.75) 58 (33.72) 46 (28.75)

> 10 cm 69 (33.33) 78 (48.75) 65 (37.79) 78 (48.75)

Number of lesions, n (%) 0.013 1.00

1 8 (3.86) 2 (1.25) 2 (1.16) 2 (1.25)

2 7 (3.38) 0 1 (0.58) 0

≥ 3 192 (92.75) 158 (98.75) 169 (98.26) 158 (98.75)

Involvement of lobes, n (%) 0.004 0.60

1 39 (18.84) 12 (7.50) 14 (8.14) 12 (7.50)

2 96 (46.38) 75 (46.88) 89 (51.74) 75 (46.88)

3 72 (34.78) 73 (45.62) 69 (40.12) 73 (45.62)

Note: BMI, body mass index; WBC, white blood cell; CRP, C-reactive protein; OR, odds ratio; CI, confidence interval; COPD, chronic obstructive
pulmonary disease
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group. However, it significantly increased with time (β: 7.42;
95% CI: 1.43 to 13.41; p = 0.02) in the severe group. The
impact of total pulmonary infection volume with time was
significantly affected by the clinical types (p for interaction
= 0.01). Total pulmonary infection volume of the severe group
increased by 14.66 cm3 (95% CI: 3.92 to 25.40) every day
compared to that of the moderate group (Table 4 and Fig. 5).

Association between clinical types and longitudinal
total pulmonary infection volume ratio

The GAMM model showed that the total pulmonary infec-
tion volume ratio increased significantly with time (β:
11.79; 95% CI: 2.57 to 21.01; p = 0.02). Subgroup analy-
ses revealed that the total pulmonary infection volume ratio
did not significantly decrease with time (β: - 0.04; 95% CI:
- 0.31 to 0.23; p = 0.76) in the moderate group. However, it
significantly increased with time (β: 0.19; 95% CI: 0.02 to
0.37; p = 0.04) in the severe group. The impact of total
pulmonary infection volume ratio with time was signifi-
cantly affected by the clinical types (p for interaction =
0.01). The total pulmonary infection volume ratio of the
severe group increased by 0.45% (95% CI: 0.13 to 0.77)
every day compared to that of the moderate group (Table 4
and Fig. 5).

Discussion

This study investigated the relationship between the longitu-
dinal total pulmonary infection volume and volume ratio, and
the clinical types of COVID-19 pneumonia, using the
GAMM. Our results revealed that the impact of total pulmo-
nary infection volume and volume ratio with time was signif-
icantly affected by the clinical types (p for interaction = 0.01
and 0.01, respectively) using the GAMM. Total pulmonary
infection volume and volume ratio of the severe group in-
creased by 14.66 cm3 (95%CI: 3.92 to 25.40) and 0.45%
(95% CI: 0.13 to 0.77) every day compared to that of the
moderate group. Total pulmonary infection volume and vol-
ume ratio were independently associated with clinical types of
COVID-19 pneumonia.

A few studies have explored the relationship between
CT and clinical characteristics and disease severity. Li
et al [21] found that the incidences of consolidation, linear
opacities, crazy-paving pattern, and bronchial wall thick-
ening were higher in severe/critical patients, while the in-
cidences of lymph node enlargement, pericardial effusion,
and pleural effusion were significantly higher in severe
patients than those in ordinary patients. Zhao et al [22]
found that architectural distortion, traction bronchiectasis,
and CT involvement score according to the percentage of
pneumonia involvement [23] aided in the evaluation of the
severity and extent of the disease. Xiong et al [24] found
that the highest temperature and severity of opacifications
assessed on the initial CT were significantly related to the
progression of opacifications on follow-up CT. Wang et al
[25] found that the initial predominant pattern of abnor-
malities was ground glass opacity; the percent of mixed
pattern peaked during illness days 12–17 and became the
second most prevalent pattern thereafter. Although these
studies explored some CT and clinical characteristics

Fig. 2 Propensity scores of the
baseline characteristics before and
after matching. a Dot plot of the
distribution of propensity scores
in either matched or unmatched
groups. b Line plot of
standardized differences before
and after matching

Table 3 CT follow-up
frequencies Scan frequency n (%)

1 time 281 (71.0)

2 times 40 (10.1)

3 times 9 (2.3)

4 times 2 (0.5)

Total 396 (100.0)
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Fig. 4 Violin plot of total pulmonary infection volume and volume ratio. a Violin plot of total pulmonary infection volume between the moderate and
severe groups. b Violin plot of total pulmonary infection volume ratio between the moderate and severe groups

Fig. 3 a–c Chest CT findings of a 50-year-old man with severe COVID-
19 pneumonia (A) CT image of lung parenchyma showed multi-focal
GGO, crazy-paving pattern, and consolidation peripherally distributed
in the superior lobes of both lungs. b The lesions were automatically
labeled by artificial intelligence software. c Three-dimensional volume-
rendered reconstruction showed the extent of GGO, crazy-paving pattern,
and consolidation with a scattered pattern. d–f Chest CT of a 28-year-old

man with moderate COVID-19 pneumonia. d CT image of lung paren-
chyma showed multi-focal GGO and consolidation diffusely distributed
in the middle and inferior lobes of the right lung and of the inferior lobe of
the left lung. e The lesions were automatically labeled by artificial intel-
ligence software. f Three-dimensional volume-rendered reconstruction
showed the extent of the crazy-paving pattern and consolidation with a
scattered pattern. GGO, ground glass opacity
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related to disease severity, they could not explore the rela-
tionship between computer-aided quantitative analysis CT
characteristics and the severity of COVID-19.

At present, computer-aided quantitative analysis of quanti-
tative computed tomography (QCT) has been used to diag-
nose COVID-19 pneumonia. Matos et al [12] quantified the
volume of disease (VoD) to predict the outcome and found
that VoD was one of the important variables to predict sever-
ity. Lanza et al [13] tested QCT as an outcome predictor for
COVID-19 and concluded that the compromised lung volume
was the most accurate outcome predictor. He et al [11] studied
the correlations of lymphocytes and cytokines between chang-
es of lung lesion volumes in patients with COVID-19 and
found that the decrease in the absolute value of CD4+ T cells
and the increase in IL-6 levels significantly correlated with the
volume of the lung lesion in critically ill patients. However,

these studies did not take into account the volume of lesion
changes with time. In this study, to avoid patient selection
bias, the baseline clinical and imaging variables were balanced
using PSmatching. The GAMMmodel was used to accurately
evaluate the relationship between total pulmonary infection
volume and volume ratio and clinical type considering chang-
es with time. The GAMM model showed that the impact of
total pulmonary infection volume and volume ratio with time
was significantly affected by the clinical types (p for interac-
tion = 0.01 and 0.01, respectively). Total pulmonary infection
volume and volume ratio of the severe group increased by
14.66 cm3 (95% CI: 3.92 to 25.40) and 0.45% (95% CI:
0.13 to 0.77) every day, compared to that of the moderate
group.

However, our study had several limitations. Firstly, the results
were established based on retrospective data obtained from a

Table 4 Longitudinal total pulmonary infection volume and rate derived from a linear mixed-effects regression model

Total pulmonary infection volume (cm3) Total pulmonary infection volume ratio (%)

β (95% CI) p value β (95% CI) p value

Time (all patients) 242.86 (−61.03, 546.75) 0.12 11.79 (2.57, 21.01) 0.02

Time (moderate group) −1.66 (−10.82, 7.50) 0.73 −0.04 (−0.31, 0.23) 0.76

Time (severe group) 7.42 (1.43,13.41) 0.02 0.19 (0.02, 0.37) 0.04

Time × severe vs moderate (test for interaction) 14.66 (3.92, 25.40) 0.01 0.45 (0.13, 0.77) 0.01

Note: CI, confidence interval
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Fig. 5 Association between total pulmonary infection volume and
volume ratio, and clinical types, using the generalized additive mixed
model. a The impact of total pulmonary infection volume with time
was significantly affected by the clinical types (p for interaction =
0.01). Total pulmonary infection volume of the severe group increased
by 14.66 cm3 (95% CI: 3.92 to 25.40) every day, compared to that of the

moderate group. b The impact of total pulmonary infection volume ratio
with time was significantly affected by the clinical types (p for interaction
= 0.01). The total pulmonary infection volume ratio of the severe group
increased by 0.45% (95% CI: 0.13 to 0.77) every day compared to that of
the moderate group. GAMM, generalized additive mixed model; CI,
confidence interval
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single center. Secondly, our study included only a small number
of CT follow-up patients (332 patients, including 396 CT) and
may not be sufficiently powered to detect changes in the total
pulmonary infection volume. Thirdly, all patients received sup-
plemental oxygen therapy and antiviral therapy in this study. So,
we did not take into account the effect of treatment, whichmaybe
lead to a bias. Lastly, we considered the most clinical and radio-
logical characteristics from the published paper and our clinical
experience for the PS analysis. But it did not mean that there are
not more clinical and CT differences between the groups. This
point also led to a bias. In the future, we will continue to follow
up more patients to obtain more evidence for the clinical appli-
cation of the lesion volume.

In conclusion, longitudinal total pulmonary infection vol-
ume and volume ratio are independently associated with the
clinical types of COVID-19 pneumonia. This suggests that the
changes in the total pulmonary infection volume and volume
ratio with time could help to accurately predict severe and
critical types of COVID-19 pneumonia.
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