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Background: Coronavirus disease 2019 (COVID-19) has widely spread worldwide and caused a pandemic.
Chest CT has been found to play an important role in the diagnosis and management of COVID-19.
However, quantitatively assessing temporal changes of COVID-19 pneumonia over time using CT has still
not been fully elucidated. The purpose of this study was to perform a longitudinal study to quantitatively
assess temporal changes of COVID-19 pneumonia.

Methods: This retrospective and multi-center study included patients with laboratory-confirmed
COVID-19 infection from 16 hospitals between January 19 and March 27, 2020. Mass was used as an
approach to quantitatively measure dynamic changes of pulmonary involvement in patients with COVID-19.
Artificial intelligence (AI) was employed as image segmentation and analysis tool for calculating the mass of
pulmonary involvement.

Results: A total of 581 confirmed patients with 1,309 chest CT examinations were included in this study.
The median age was 46 years (IQR, 35-55; range, 4-87 years), and 311 (53.5%) patients were male. The
mass of pulmonary involvement peaked on day 10 after the onset of initial symptoms. Furthermore, the mass
of pulmonary involvement of older patients (>45 years) was significantly severer (P<0.001) and peaked later
(day 11 vs. day 8) than that of younger patients (<45 years). In addition, there were no significant differences
in the peak time (day 10 vs. day 10) and median mass (P=0.679) of pulmonary involvement between male and
female.
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Conclusions: Pulmonary involvement peaked on day 10 after the onset of initial symptoms in patients

with COVID-19. Further, pulmonary involvement of older patients was severer and peaked later than

that of younger patients. These findings suggest that Al-based quantitative mass evaluation of COVID-19

pneumonia hold great potential for monitoring the disease progression.
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Introduction

Coronavirus Disease 2019 (COVID-19) has officially been
declared a pandemic by the World Health Organization
(WHO), which was ultimately found to be caused by a new
severe acute respiratory syndrome coronavirus 2 (SARS-
Cov-2) (1). This virus has spread to over 200 countries,
with more than 5,000,000 cases and over 300,000 deaths
reported worldwide as of 24 May, 2020.

Chest CT plays a central role in monitoring the disease
severity of COVID-19 pneumonia to guide clinical
management (2). Ground-glass opacities (GGO) and
consolidations are two most common CT features of
COVID-19 pneumonia, which are affected by the amount
of exudation in the pathological process and may transform
into each other over time (3). COVID-19 pneumonia
presents as chest lesions with rapid evolution from focal
unilateral to diffuse bilateral GGO that progressed to or
co-existed with consolidations within several weeks (4).
Because of the co-existed different changes in the
number/size and density of lung lesions (5), quantitatively
measuring temporal changes of COVID-19 pneumonia
can be challenging. Several studies investigated the
temporal changes of COVID-19 pneumonia, but these
studies assessed imaging findings using CT images all by
radiologists’ subjective experience (2,5-9), which were
unable to accurately and quantitatively evaluate the disease
severity with large inter- and intra-observer variability.
To date, quantitatively assessing dynamic changes of
COVID-19 pneumonia over time has still not been fully
elucidated.

Diameter measurement and volumetric measurement
are two common parameters for evaluating the changes
in lung lesions (10,11). However, neither diameter
measurement nor volumetric measurement can accurately
and quantitatively evaluate the progression from GGO
lesions to consolidation lesions. Mass is a parameter that
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integrates volume and density: mass increases if the volume
of a lesion increases or if its density increases. Mass can
be calculated by multiplying nodule volume and density
because X-ray attenuation values are proportional to tissue
density (i.e., mass per unit volume) (12). In fact, mass
measurement has been confirmed to enable detection of
growth of pulmonary ground-glass nodules earlier and is
subject to less variability than are diameter or volumetric
measurement (13). Therefore, in the present study, we
introduced mass estimation as a method for quantitatively
evaluating temporal changes of COVID-19 pneumonia.
In addition, it is now recognized that artificial intelligence
(AI) holds great promise for segmentating and quantifying
pneumonia lesions (14,15). In this study, to investigate
temporal changes of COVID-19 pneumonia, we further
introduced Al to quantitatively measure mass of pulmonary
involvement in patients with COVID-19. We present the
following article in accordance with the STROBE reporting
checklist (available at http://dx.doi.org/10.21037/atm-20-
4004).

Methods
Patients

The study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). This retrospective multi-
center study was approved by the Institutional Review
Board of each participating hospital. The written informed
consent was waived. This study included 1491 chest CT
examinations from 649 patients with laboratory-confirmed
COVID-19 at 16 hospitals between January 19 and March
27, 2020. The exclusion criteria included: (I) unknown date
of initial symptoms onset; (II) without initial symptoms; (I1I)
scans with slice thickness >5 mm; (IV) multiple calcification.
After applying the exclusion criteria, 1,309 chest CT
examinations from 581 patients were selected in this study
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Lesions segmentation

Figure 1 Flow diagram of the study population.

(Figure I). Treatment criteria for patients with COVID-19
pneumonia conformed to the Guidelines for the Diagnosis
and Treatment of COVID-19 Pneumonia published by the
National Health Commission of the People’s Republic of
China (http://www.nhc.gov.cn/yzygj/s7653p/202002/8334
28326dd94d329df351d7da8aefc2.shtml). The median CT
follow-up period was 10 days from symptoms onset (IQR,
6-16; range, 0-58 days). The number distribution of CT
follow-up examinations was summarized in Figure S1. All
patients were recovered after treatment and none of patients
were died.

CT protocol

CT examinations were performed using 16-slice to
128-slice CT scanners of different manufacturers, including
SIEMENS, GE, TOSHIBA, and PHILIPS. Chest CT
examinations were performed with a varying slice-thickness
from 1 to 5 mm. Standard lung algorithm settings were
used as follows: tube voltage, 100-130 kV; tube current,
100-440 mA; section thickness, 1 to 5 mm; reconstruction
matrix, 512x512.

Al-based quantization and mass calculation

The Quantitative Evaluation System of CT for COVID-19
(YT-CT-Lung, YITU Healthcare Technology Co., Ltd.,
China) (Figure S2) was employed as the image automatic
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Uncertain date of initial symptoms
onset (n=35)

Without initial symptoms (n=18)
Scans with slice thickness >5mm (n=6)

Multiple calcification (n=9)

Mass calculation of pneumonia lesions

segmentation and analysis tool under supervision of two
experienced radiologists (>5 years of experience in chest
imaging diagnosis) (16). This system combined a fully
convolutional network with adaptive thresholding and
morphological operations for segmentation of lungs and
pneumonia lesions (17). After segmentation, the total
volume and mean CT value of pneumonia lesions were
quantitatively computed by Al. CT value in Hounsfield
units can be translated directly into physical density in
milligrams per milliliter by adding 1,000 to the Hounsfield
unit value (12). The mass within the volume of pneumonia
lesions, as segmentated on all sections that contained
pneumonia lesions, was calculated by multiplying total
lesions volume by mean lesions density (i.e., mean CT
value +1,000) (12,13). Our goal is to quantitatively temporal
changes in mass of pulmonary involvement in patients with
COVID-19 pneumonia. Figure 2 showed temporal changes
in mass of pulmonary involvement in a 29-year-old woman
with COVID-19 pneumonia.

Statistical analysis

The day of initial symptom onset was defined as illness day
0. Continuous variables were expressed as the medians with
interquartile ranges (IQR). The median values of lesions
mass in all COVID-19 patients were plotted as a scatter
plot over time. The median age of the patients was 46 years
in this study, thus we further divided the patients into two
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Figure 2 Dynamic changes in mass of pulmonary involvement in a 29-year-old woman with COVID-19 pneumonia presenting with
persistent fever (38.0 °C) for two days. (A) At presentation (day 2), a small nodule of GGO with partial consolidation was demonstrated in the
left lower lobe; after segmentation, the volume mean CT value of lesions were calculated by artificial intelligence (AI). Day 2, the volume of
lesion was 6.51 cm’ and mean CT value of lesion was -487.08 TTU. Mass = 6.51x(-487.08+1000)=3339. (B) Scan obtained on day 4 showed
semi-consolidation with increased extent with superimposed inter- and intralobular septal thickening (crazy-paving pattern); day 4, the
volume of lesions was 12.05 cm’ and mean CT value of lesions was -355.86 HU. Mass = 12.05x(-355.86+1000)=7762. (C) Scan obtained on
day 12 showed multiple semi-consolidation with increased extent in both lower lobe; day 12, the volume of lesions was 206.19 cm’ and mean
CT value of lesions was -449.08 HU. Mass = 206.19x(-449.08+1000)=113594. (D) Scan obtained on day 27 showed obvious absorption of
abnormalities and only small pure GGO could be observed in the left lower lobe; day 27, the volume of lesion was 9.42 cm’ and mean CT
value of lesion was -637.33 HU. Mass = 9.42x(-637.33+1000)=3416. COVID-19, coronavirus disease 2019; GGO, ground-glass opacity.
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Table 1 The demographic characteristics, initial symptoms and
clinical outcomes of the included patients

Number of patients

Variable (percentage)
Median [interquartile range] age (years) 46 [35-55]
Gender
Male 311
Female 270
Initial symptoms
Fever 449 (77.3%)
Cough 275 (47.3%)
Sore throat 60 (10.3%)
Fatigue 52 (8.9%)
Chest distress 42 (7.2%)
Chills 34 (5.9%)
Sore muscle 34 (5.9%)
Headache or dizziness 26 (4.5%)
Diarrhea 24 (4.1%)
Running nose 16 (2.8%)
Anorexia 8 (1.4%)

Clinical outcomes at the end of study
Recovery 581 (100%)

Died 0 (0%)
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groups (246 and <45 years). Then, the median values of
lesions mass in the patients <45 and >46 years were also
plotted as the scatter plot over time, respectively. The
median mass values of pneumonia lesions were compared
between groups using Kruskal-Wallis tests and Mann-
Whitney U tests. Statistical analyses were performed
using the R software package, version 3.6.2. P<0.05 was
considered to be statistically significant.

Results

A total of 581 confirmed patients with 1,309 chest CT
examinations were included in this study (Figure I).
Demographic and clinical characteristics of 581 patients
with COVID-19 were summarized in 7able 1. The median
age was 46 years (IQR, 35-55 years; range, 4-87 years),
and 311 (53.5%) patients were male. The most common
presenting symptoms were fever (77.3%) and cough
47.3%).

Figure 34 showed temporal changes in mass of
pneumonia lesions over weeks. There were significant
differences between the groups of different weeks (Kruskal-
Wallis test, P<0.001). The mass of pneumonia lesions
peaked on week 2 with the median values of 87952 (IQR,
24,222-185,326, Mann-Whitney U test, P<0.001, compared
to that of week 1). After that, the mass of pneumonia lesions
significantly declined on week 3 with the median values of
61,194 (IQR, 15,742-147,507, P=0.007, compared to that
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Figure 3 Dynamic changes in mass of pulmonary involvement over time after the onset of initial symptoms. (A) Dynamic changes in mass

of pulmonary involvement over weeks. Peak in mass of pulmonary involvement occurred on week 2. Coloured bars represent medians and

black bars represent interquartile ranges. (B) Dynamic changes in mass of pulmonary involvement over days. Peak in mass of pulmonary

involvement occurred on day 10 (curve fitting equation: y = -0.4301xx*+54.45xx’~2272xx’+32018x-7808, in which x = day from the onset of

initial symptoms, y = total mass of the pneumonia lesions; R’=0.08, P<0.001).
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Figure 4 (A,B) Dynamic changes in mass of involved pneumonia lesions from the onset of initial symptoms in the group of patients <45 and
>46 years, respectively. (A) In the group of patients <45 years, the peak in mass of pulmonary involvement occurred on day 8 (red arrow)
(curve fitting equation: y= —0.3906xx"+46.3 5xx'~1748xx’+20762x+16527, in which x = day from the onset of initial symptoms, y = mass of the
pneumonia lesions; R’=0.07, P<0.001); (B) in the group of patients >46 years, the peak in mass of pulmonary involvement occurred on day
11 (red arrow) (curve fitting equation: y = —0.5749xx*+73.15xx'-3099xx’+45349x-37890, in which x = day from the onset of initial symptoms,
y = mass of the pneumonia lesions; R’=0.11, P<0.001). (C,D) Dynamic changes in mass of involved pneumonia lesions from the onset of
initial symptoms in the group of male and female patients, respectively. (C) In the group of male patients, the peak in mass of pulmonary
involvement occurred on day 10 (red arrow) (curve fitting equation: y = -0.5323xx"+65.99xx'-2729xx’+38794x-20950, in which x = day from
the onset of initial symptoms, y = mass of the pneumonia lesions; R’=0.08, P<0.001); (D) in the group of female patients, the peak in mass of
pulmonary involvement occurred on day 10 (red arrow) (curve fitting equation: y = -0.3505xx"+44.29xx’~1837xx"+25470x+3803, in which x
= day from the onset of initial symptoms, y = mass of the pneumonia lesions; R’=0.1, P<0.001).

of week 2), and further significantly declined on week 4 with after the onset of initial symptoms, and then gradually
the median values of 44,061 (IQR, 3,874-99,480, P=0.015, declined (Figure 44). In the group of patients >46 years, the
compared to that of week 3). After week 4 (>28 days), mass of pneumonia lesions peaked at 11 days after the onset
pneumonia lesions of most patients were dissipated with of initial symptoms, and then gradually declined (Figure 4B).
the median values of 6,065 (IQR, 332-24,425, P<0.001, In addition, temporal changes in mass of pneumonia lesions
compared to that of week 4). In addition, Figure 3B showed over days were plotted in women patients (Figure 4C) and
temporal changes in mass of pneumonia lesions over days. men patients (Figure 4D), respectively. The peak in mass
The mass of pneumonia lesions peaked on day 10 after the of pneumonia lesions both occurred on day 10 in male and
onset of initial symptoms, and then gradually declined. female patients.

In this study, the median age of the patients was 46 years. In addition, the mass of pneumonia lesions in the patients
Then, we further divided the patients into two groups >46 years (median values, 76,499; IQR, 20,583-168,766)
(=46 years and <45 years). In the group of patients were significantly greater than that of the patients <45 years

<45 years, the mass of pneumonia lesions peaked at 8 days (median values, 26,526; IQR, 2,973-91,520) (P<0.001,
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Figure 5 Association between age (A) and sex (B) and the mass of pneumonia lesions. Coloured bars represent medians and black bars

represent interquartile ranges.

Figure 5A). There were no significant differences in mass of
pneumonia lesions between male patients (median values,
49,576; IQR, 6,679-145,001) and female patients (median
values, 51,826; IQR, 11,392-124,774) (P=0.679, Figure 5B).

Discussion

In this study, we systematically described dynamic
longitudinal changes of COVID-19 pneumonia by
quantitatively calculating mass of pulmonary abnormalities
in 581 patients with 1,309 chest CT examinations. To our
knowledge, our study is the first study in which mass was
used as an approach to measure changes of pulmonary
involvement in patients with COVID-19. Our findings
demonstrated that pulmonary abnormalities increased
quickly after the onset of initial symptoms, and peaked on
week 2. In more detail, peak of pulmonary involvement
occurred on day 10 after the onset of initial symptoms,
and then gradually declined. Furthermore, pulmonary
involvement of older patients (>45 years) peaked later than
that of younger patients (<45 years) (day 11 vs. day 8).
And pulmonary involvement in older patients (>45 years)
was significantly severer than that of younger patients
(<45 years). In addition, there were no significant differences
in the temporal changes of pulmonary involvement between
male and female patients.

Several studies reported temporal changes of CT
findings in COVID-19 pneumonia by subjectively
observing imaging findings in CT images. A previous study
described the characteristic CT findings of COVID-19 in
five temporal stages, including ultra-early stage, early stage,
rapid progression stage, consolidation stage, and dissipation
stage (3). In the ultra-early stage (asymptomatic, 1-2 weeks

© Annals of Translational Medicine. All rights reserved.

after exposure), CT findings may include single or scattered
focal GGO and patchy consolidation (3). In the early stage
(early symptomatic presentation), CT findings may include
single or scattered patchy or agglomerated GGO. In the
rapid progression stage (days 3-7 after symptoms onset),
CT may show a fused and large-scale light consolidation
because of the cell-rich exudation in the alveolar cavity (3).
In the consolidation stage (2nd week of symptoms onset),
CT may show multiple patchy consolidations due to
the fibrous exudation in the alveolar cavity. During the
dissipation stage (2—3 weeks after symptoms onset), CT may
show dispersed patchy consolidation or strip-like opacity. In
addition, Pan et a/. (2) investigated the temporal course of
CT changes in 21 COVID-19 patients. During early stage,
most patients showed more GGO and a less involved lobes
relative to the later follow-up examinations. Nevertheless,
increased crazy-paving pattern, increased involved lobes
number, and appearance of consolidations were found in
most patients over time (2). Further, their findings showed
that lung abnormalities were greatest severity approximately
on day 10 after the onset of initial symptoms. After day 14,
improvement in imaging signs such as reduced involved
lobes number and dissipation of crazy-paving pattern and
consolidations occurred in 3/4 patients (2). In another
study, Wang et al. (6) investigated the temporal changes of
CT findings in 90 COVID-19 patients. They found that the
extent of pulmonary involvement peaked during days 6-11
after the onset of initial symptoms (6). However, all the
above studies about the temporal changes of COVID-19
pneumonia were investigated just by subjectively observing
imaging findings rather than quantitatively computing
pulmonary involvement on CT images. Consistent with
these reports (2,6), our multi-center, large sample study
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also showed pulmonary involvement peaked on day 10 after
the onset of initial symptoms. To our knowledge, our study
is the first study in which mass was used as an approach
to measuring change of pulmonary involvement using
Al-based quantitative CT measurements in patients with
COVID-19 pneumonia. Our study suggests that Al-based
quantitative mass evaluation for COVID-19 pneumonia
hold great potential for monitoring the disease progression.

Song er al. (18) reported the imaging findings in 51
patients with COVID-19 pneumonia. They found that
GGO was present in 77% and consolidations were reported
in 23% of younger patients. However, GGO in 55% and
consolidations in 45% of older patients were reported. The
older patients had more consolidation lesions than younger
patients (P<0.001) (18). Additionally, uncharacteristic
imaging signs were also present more commonly in older
patients with COVID-19 pneumonia (3). In this study, we
further found mass of pulmonary involvement of older
patients was severer than that of younger patients. One
possible reason for the more exudation in older patients is
that the elderly have higher levels of angiotensin converting
enzyme 2 in their lung alveoli (19), which is regarded as the
receptor for SARS-Cov-2. Further, we found pulmonary
involvement of older patients peaked later than that of
younger patients. Recently, Zheng et a/. (20) evaluated the
correlation between age and duration of virus. They found
that virus duration was longer in older patients than younger
patients (20), which is partly due to immunosenescence (21).
Considering sex-based differences in susceptibility to SARS-
CoV infection due to the differences in hormone levels (22),
in this study, we further investigated the differences in
temporal changes of pulmonary involvement between male
and female patients. However, there were no significant
differences in both the peak time and mass of pulmonary
involvement between male and female.

This study has a number of strengths, including the
multi-center, the large sample size, and the Al-based
quantitative evaluation. However, several limitations in
our study should be noted, such as the retrospective nature
of our study and lack of a severe COVID-19 comparison
subgroup. Subgroup comparison analysis would contribute
to a more comprehensive understanding of the disease
progression. In the future, prospective subgroup cohort
analysis of mild and severe patients should be performed.

In conclusion, pulmonary abnormalities peaked on
day 10 after the onset of initial symptoms in patients with
COVID-19 pneumonia. Further, pulmonary involvement
of older patients was severer and peaked later (day 11
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Wang et al. Temporal changes of COVID-19 pneumonia by mass evaluation using CT

vs. day 8) than that of younger patients. However, there
were no significant differences in the temporal changes of
pulmonary involvement between male and female patients.
To our knowledge, this study is the first study in which
mass was used as an approach to measure dynamic changes
of COVID-19 pneumonia using Al-based quantitative
CT measurements. These findings suggest that Al-based
quantitative mass evaluation of COVID-19 pneumonia hold
great potential for monitoring the disease progression.
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Figure S1 The number distribution of CT follow-up exams.
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Figure S2 The quantitative evaluation system of CT for COVID-19 with artificial intelligence (AI). COVID-19, coronavirus disease 2019.
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