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Background: We use longitudinal chest CT images to explore the effect of steroids
therapy in COVID-19 pneumonia which caused pulmonary lesion progression.

Materials and Methods: \We retrospectively enrolled 78 patients with severe to critical
COVID-19 pneumonia, among which 25 patients (32.1%) who received steroid therapy.
Patients were further divided into two groups with severe and significant-severe illness
based on clinical symptoms. Serial longitudinal chest CT scans were performed for each
patient. Lung tissue was segmented into the five lung lobes and mapped into the five
pulmonary tissue type categories based on Hounsfield unit value. The volume changes
of normal tissue and pneumonia fibrotic tissue in the entire lung and each five lung lobes
were the primary outcomes. In addition, this study calculated the changing percentage
of tissue volume relative to baseline value to directly demonstrate the disease progress.

Results: Steroid therapy was associated with the decrease of pneumonia fibrotic
tissue (PFT) volume proportion. For example, after four CT cycles of treatment,
the volume reduction percentage of PFT in the entire lung was —59.79[+12.4]%
for the steroid-treated patients with severe illness, and its p-value was 0.000
compared to that (—27.54[£85.81]%) in non-steroid-treated ones. However, for the
patient with a significant-severe illness, PFT reduction in steroid-treated patients was
—41.92[+52.26]%, showing a 0.275 p-value compared to —37.18[£76.49]% in non-
steroid-treated ones. The PFT evolution analysis in different lung lobes indicated
consistent findings as well.

Conclusion: Steroid therapy showed a positive effect on the COVID-19 recovery, and
its effect was related to the disease severity.

Keywords: COVID-19, chest-CT, steroids, quantitative analysis, pneumonia treatment

Abbreviations: FiO,, fraction of inspiration oxygen; IQR, interquartile range; PaO,, partial arterial oxygen pressure; SD,
standard deviation; RUL, right upper lobe; RML, right middle lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left
lower lobe; HU, Hounsfield unit; ET, emphysema lung tissue; N'T, normal lung tissue; PFT, pneumonia fibrotic tissue; GGO,
ground-glass opacity; RLO, reticular and linear opacification; SO, consolidations.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic has posed
a great challenge to the world’s healthcare security (1). Steroids
have been applied in pneumonia treatment for a long time,
and they have shown positive efficacy during the treatment of
SARS (2) and MERS (3). Therefore, the latest WHO treatment
opinion strongly recommends systemic steroids for severe and
critically ill patients with COVID-19 (4). However, the steroids’
use in pneumonia is still controversial for the absence of specific
evidence to systematically expound its effect (5). Based on some
literature, steroid therapy could suppress the inflammatory storm
in the patient’s body and prevent the patient from suffering bad
outcomes because of the excessive inflammatory response (6,
7). However, the use of steroids may also decrease the ability
of the patient’s organism to clear the virus while prolonging
the time of virus clearance (8, 9). Therefore, the effect of
steroid therapy on patients with COVID-19 is in urgent need
to be evaluated.

Beyond clinical and biological variables, computed
tomography (CT) scans of patients with pneumonia carry
salient disease information (10, 11). Therefore, CT has been
proposed as an ancillary approach for screening individuals
with suspected COVID-19 pneumonia during the epidemic
period and monitoring treatment response according to
the dynamic radiological changes (12-14). Traditional CT
image analysis methods such as manual or semiquantitative
assessments rely on the previous experience of radiologists,
and these methods are subjective, time-consuming, and lack
interobserver consistency (15, 16). As a fast, accurate and
reproducible analytical tool, quantitative CT image analysis
has been increasingly implemented in pulmonary diseases to
extract objective data that can aid in lesion characterization and
quantification (17, 18).

In this work, we aim to study the effect of steroids on
pulmonary lesion progression. To achieve a well-controlled
comparison between patients with and without steroid therapy,
we only consider the monitored disease progression during
hospitalization. Specially, we retrospectively enrolled a number
of 78 patients with severe to critical COVID-19 pneumonia,
among which 25 patients (32.1%) received steroid therapy.
Serial longitudinal chest CT scans were performed for each
patient during hospitalization. Through the quantitative analysis
method, the volume changes of normal tissue and pneumonia
fibrotic tissue (PFT) in the entire lung and each five lung
segmentation lobes were the primary outcomes.

The major findings in this article are as follows:

1. Steroid therapy could promote the recovery of patients with
COVID-19 with severe illness.

2. Steroid therapy could promote the recovery of patients with
COVID-19 with significant-severe/critical illness, but its
effect still needs further research.

3. CT quantitative analysis results could be used in disease
severity evaluation and may be an important reference for
deciding the use of steroids.

PATIENTS AND METHODS

Patient Involvement

We retrospectively involved patients consecutively admitted
from 31 January to 17 February in the east campus of the Renmin
Hospital of Wuhan University. The patients were confirmed
of COVID-19 based on the detection of SARS-CoV-2 nucleic
acid by real-time RT-PCR assay. The patient inclusion criteria
are as follows: (1) age >18 years, (2) patients with severe or
critical COVID-19, and (3) patients with at least three CT
scans during the hospital stay. To ensure that the lesions in the
quantitative analysis were caused by COVID-19, we excluded the
patient with hematological or solid malignancies. In addition, to
avoid the patient’s immune system being affected by the drugs
administered before COVID-19 treatment, patients who went
through systemic steroids or immunosuppressive therapy in the
previous 6 weeks before admission were also excluded.

This study was approved by the Ethics Committee of
the Wuhan University People’s Hospital and was conducted
in accordance with the Declaration of Helsinki. The Ethics
Committee waived written informed consent in the setting of the
Wuhan COVID-19 crisis.

Clinical Trials

Among the total enrollment of 78 patients with severe to
critical COVID-19 pneumonia, 25 patients (32.1%) received
steroid therapy treatment during hospitalization. All the steroid
therapies were initiated at the time of admission at the discretion
of attending physicians based on clinical symptoms and CT
images. According to previous experience (19-22), intravenous
methylprednisolone at a dose of 1.0-1.5 mg/kg every 12 h was
initiated for 5 days or until oxygen saturation improved, followed
by gradual tapering by 0.5 mg/kg every 3-5 days.

For all the patients, other therapeutic interventions were
performed following the sixth edition of the Guidelines on
the Diagnosis and Treatment of COVID-19 published by the
National Health Commission of China.

Patient Category

For a more comprehensive study, we further divided 78 cases
into four groups to explore disease evolution for different levels
of severities. The COVID-19 disease severity was evaluated
according to the WHO interim guidance (4) or the sixth version
of Chinese national guidelines on the diagnosis and treatment for
COVID-19 (23). Patients were considered as a severe condition
if they met any of the following conditions: respiratory distress
and a respiratory rate >30 times per minute; oxygen saturation
on room air at rest <93%, and partial arterial oxygen pressure
(PaO,)/fraction of inspiration oxygen (FiO,) <300 mmHg.
Patients were considered critical if they met any of the following
conditions: respiratory failure requiring mechanical ventilation,
shock, and organ dysfunction requiring ICU management. In
this work, patients who met one clinical symptom listed above
are considered severe cases. And those who met more than one
clinical symptom are considered significant-severe cases. The
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patients with critical conditions are considered as significant-
severe cases as well.

Therefore, the four groups are the non-steroids-treated group
(NST-group) with severe (NST-S: 46) cases and significant-severe
(NST-SS: 7 cases) illness; and the steroids-treated group (ST-
group) with severe (ST-S: 12 cases) and significant-severe (ST-SS:
13 cases) illness. The clinic characteristics of each group are
shown in Table 1. It is worth noticing that the ST group involves
more SS cases, because, in the treatment plan, physicians tend to
use steroid therapy for more severe cases.

Chest Computed Tomography Protocol

All the patients underwent serial chest CT scans during
hospitalization to monitor disease progression. The first scan
was on admission, and the followed-up scans were conducted
during their hospitalization with an average time interval of 6[1]
days in-between each scanning. All the CT scans were performed
using a single inspiratory phase on a commercial multidetector
CT scanner (GE Optima CT680). To minimize motion artifacts,
CT images were acquired in a single breath, using standard lung
scanning settings as follow: 120 kV and automatic tube current
(180-400 mA); iterative primary reconstruction technique; and
64 mm detector: rotation time = 0.35 s: partial-thickness = 5 mm;
alloy = 0.625 mm; spacing = 1.5 mm; and matrix = 512 x 512.

Chest Computed Tomography Image
Processing and Quantification

Lung Extraction and Segmentation

As demonstrated in Figure 1, we first conducted lung
segmentation from the chest CT image using a pretrained lung
segmentation neural network, especially proposed for COVID-
19-infected lungs (24), generating both whole lung mask and
lung lobe labels. The generated lung lobe labels contained the
left upper lobe (LUL), the left lower lobe (LLL), the right upper
lobe (RUL), the right middle lobe (RML), and the right lower lobe
(RLL), respectively.

Pulmonary-Lesion-Level Quantification

We assessed the pulmonary lesion level in each lung lobe,
referring to the CT HU range. As reported in several studies
(25-27), pulmonary tissue can be mapping into: emphysema lung
tissue (ET) [—1,024, —950] HU, normal lung tissue (NT) [—950,
—700] HU, ground-glass opacity (GGO) [—700, —534] HU,
reticular and linear opacification (RLO) [—534, —188] HU, and
consolidations (SO) [—188, 300] HU. The lung tissue, whose CT
HU value was greater than —700 HU, which included GGO, RLO,
and SO, was defined together as pneumonia fibrotic tissue (PFT).

Tissue Volume Proportion Evolution Along Different
Computed Tomography Scan Time
For each patient, the longitudinal extracted lung images
were denoted as CTy, CT; ---,and CT,, where CTy was
the baseline CT scan at admission; CTy --- , and CT,, were
the follow-up scans, the number n depended on the disease
duration of the patient.

We further assessed the effect of steroids on the evolution of
COVID-19 pneumonia progression by computing volume

proportion in each different level of pulmonary tissue,
alternations on tissue percentage %Tissue = %ET, %NT,
%GGO, %RLO, %SO. Specifically, the percentage of different
lesion levels in the entire lung and each of the five lung lobes

(LUL, LLL, RUL, RML, and RLL) were computed, respectively, as
Tissue volume at CT; in ROI
Total volume of ROI at CT;’

Tisue = {ET, NT, GGO, RLO, and SO}, and
ROI = {fulllung, LUL, LLL, RUL, RML, and RLL}. For

. 0 ET volume at CTy in LUL
example, in the LUL lobe, %ETcr) 7T voume of LUL at CTy"

the following equations: %Tissuect, =

where

Data Calculation
Outcomes Assessment
We used the %Tissue as the primary outcome to monitor COVID-
19 progression. Thus, the increase of %NT and the decrease
of %PFT (%GGO, %RLO, and %SO) indicated the alleviation
of pulmonary infections, which presented the improvement of
disease condition.

The secondary outcomes were the baseline normalized
(BN) tissue volume, defined as: Tissuegn cr;,» (ETBN T
NTgn_cr;» ETprr_ct;» GGOBN_cT;» RLORLO_CT;> and ETso_cr;)-

We normalized the tissue volume of each type by dividing its
Tissue volume at CT; in ROI
Tissue volume of ROI at CTy " After

normalization, the values of Tissuegy cr, were all equal to 1. The
value of Tissuegy cr; above 1 indicated that the tissue volume
increased over time. In a way, Tissuegy cr; could reflect the rate
of recovery. The higher value of NTpn c¢r and the lower value
PETgN cr; both reflected an improvement of disease condition.

volume at CTy : Tissuegn cr; =

Statistical Method

We conducted significant tests to confirm the statistically
significant difference between the patients’ disease progression
with and without steroid therapy. Our null hypothesis was that
there was no significant variation between the disease progression
of the two types of treatment. While the p-value was less than
0.05, we considered the null hypothesis false and therefore
existed a statistical difference between tested patient groups. The
clinical characteristics are presented in Table 1. For continuous
variables, normally distributed data were presented as mean
with SD, and non-normally distributed data were presented
as median with interquartile range (IQR). The Students t-test
was used for normally distributed continuous variables, and the
Mann-Whitney U test was used for non-normally distributed
continuous variables. For serial quantitative CT parameters (e.g.,
%Tissue at different time points), we tested differences between
two groups over time by using repeated-measures ANOVA with
no imputation for missing values. In addition, we conducted a
significant test of each tissue type in volume percentage for the
entire lung and each five lung lobes. A two-sided p-value less than
0.05 was considered to be statistically significant.

RESULTS

Patient Characteristics
From 31 January to 17 February, 111 patients with COVID-19
having severe or critical illness were admitted and screened.
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TABLE 1 | Clinical characteristics of all the patients.

Patient category NST-S ST-S P-value NST-SS ST-SS P-value
Patient number 46 12 7 13

Mean CT intensity on admission (HU) —803.45 [66.84] —714.76 [85.06] 0.007 —710.74 [171.04] —528.70 [201.56] 0.063
Average age (years) 60 [14] 53 [10] 0.049 63 [14] 69 [9] 0.133
Average hospital stay (Days) 28 [15] 33 [5] 0.012 36 [14] 41 [11] 0.302
Gender (male), n (%) 23 (50) 4(33.33) 0.348 4 (57.14) 8 (61.54) 1.000
Fever, n (%) 37 (80.43) 12 (100) 0.181 6 (85.71) 13 (100) 0.350
Breathing disorder, n (%) 18 (39.13) 5 (41.67) 1.000 7 (100) 12 (92.31) 1.000
Cough, n (%) 34 (73.91) 8 (66.67) 0.720 5(71.43) 9 (69.23) 1.000
Expectoration, n (%) 8 (17.40) 1(8.39) 0.668 0 (0.00) 2 (15.38) 0.521
Nausea or vomiting, n (%) 7 (15.22) 3 (25.00) 0.417 1(14.29) 2 (15.38) 1.000
Diarrhea, n (%) 6 (13.04) 4(33.33) 0.191 1(14.29) 3(23.07) 1.000
Fatigue, n (%) 38 (82.61) 10 (83.33) 1.000 7 (100.00) 11 (84.62) 0.521
Headache, n (%) 3(6.52) 1(8.33) 1.000 0 (0.00) 0 (0.00) 1.000
Muscle or joint pain, n (%) 3(6.52) 1(8.33) 1.000 1(14.29) 2 (15.38) 0.917

For continuous variables, normally distributed data were shown as mean [SD], and non-normally distributed data were shown as median [IQR]. Categorical variables were
shown as proportional number (%). SD, standard deviation; IQR, interquartile range; NST-S, non-steroids-treated group with severe iliness; ST-S, steroids-treated group
with severe illness; NST-SS, non-steroids-treated group with significant-severe iliness; ST-SS, steroids-treated group with significant-severe illness; M/F, Male/Female.

A Data Input B Segmentation ¢ Quantification

Original CT Image Lung CT Image

BN

o

Quantification

o

Full Lung |
gillmd  Quantification i

y Features ET

Extract Full Lung Mask -

Mask S
RLO PFT
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shbleg Quantification I so

Features

Lung Lobe Mask

D Mask Generation E Feature Output

FIGURE 1 | Pipeline of chest CT image processing and quantification. (A) Collect the original CT images of patients; (D) Generate the full lung mask and lung lobe
mask through a pre-trained neural network; (B) Extract the CT data of ROI from the original CT image based on the ROl masks; (C) Quantify the ROI CT data based

on the HU values; (E) calculate the data outcomes. The primary outcomes are different tissue volume proportion in the entire lung region and each lung lobe along
Tissue volume at CT; in RO/
,where CT; = {CTq,---,CT4},

Total volume of ROl at CT;
Tissue = {ET,NT,GGO,RLO, SO}, and ROl {full lung, LUL, LLL, RUL, RML, RLL}. ET, emhpysema lung tissue; NT, normal lung tissue; PFT, pneumonia fibrotic

tissue; GGO, ground-glass opacity; RLO, reticular and linear opacification; SO, consolidations.

longitudinal CT time points, which are generated in (E) Feature Output step as: %Tissuecr, =

Among these patients, 33 were excluded, including 30 patients 6 weeks, and one patient with solid malignancy. And finally,
with less than 3 serial CT scans, two patients receiving systemic  there were 78 patients with COVID-19 (53 patients without
corticosteroids or immunosuppressive therapy in the previous steroid therapy and 25 patients with steroid therapy) with severe
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TABLE 2 | The changes of normalized CT quantitative results after 5-CT-cycle treating.

Lung region Patient category NST-S ST-S P-value NST-SS ST-SS P-value
Patient number 16 9 6 10
Full lung A%ETgy 175.22 [313.04] 206.25 [364.58] 0.222 220.16 [520.97] 286.15 [352.31] 0.478
A%NT gy 1.4 [19.26] 26.31 [3.09] 0.002 16.23 [42.76] 64.4 [75.52] 0.029
A%PFT gy —27.54 [85.81] —59.79 [12.4] 0.000 —37.18 [76.49] —41.92 [562.26] 0.275
A%GGOgyN —18.39 [98.73] —42.13 [17.97] 0.002 —16.93 [90.32] 28.08 [69.34] 0.435
A%RLOgy —26.59 [98.31] —65.66 [11.47] 0.000 —42.87 [73.13] —49.46 [47.48] 0.275
A%SOgy —44.47 [84.74] —61.3[9.29] 0.009 —63.64 [39.91] —72.61[61.22] 0.478
Left upper lung A%ETgy 197.76 [362.18] 273.02 [100.0] 0.161 225.88 [738.82] 296.81 [487.23] 0.435
A%NT gy —1.42 [13.47] 10.12[2.12] 0.005 7.29 [32.99] 13.55 [38.21] 0.029
A%PFT gy —16.76 [42.18] —49.36 [6.88] 0.001 —35.6 [100.9] —22.99 [61.86] 0.393
A%GGOgyN —20.02 [43.73] —42.48 [9.51] 0.001 —39.91 [103.81] 55.85[111.19] 0.352
A%RLOgy —14.67 [44.5] —52.61 [7.23] 0.000 —31.03 [83.78] —40.53 [46.75] 0.151
A%SOgy —36.4 [53.6] —47.43 [14.86] 0.123 —28.61 [74.13] —59.42 [55.62] 0.029
Left lower lung A%ET gy 128.77 [315.09] 137.21 [676.74] 0.444 120.9 [317.91] 128.79 [136.36] 0.478
A%NT gy 4.34 [23.32] 43.74 [7.67] 0.000 20.87 [63.29] —0.74 [101.05] 0.352
A%PFT gy —36.96 [124.03] —61.65 [13.59] 0.004 —32.57 [77.43] —0.4[115.27] 0.313
A%GGOgyN —31.77 [165.25] —39.18 [26.08] 0.112 —10.74 [65.43] 7.32[77.98] 0.178
A%RLOgy —24.37 [114.6] —71.61 [10.65] 0.000 —34.1[116.02] 6.97 [154.24] 0.240
A%SOgy —51.05 [63.45] —76.64 [11.59] 0.003 —57.29 [77.06] —53.82 [101.23] 0.435
Right upper lung A%ET gy 42315 [711.11] 640.0 [410.0] 0.19 460.53 [773.68] 373.91 [793.48] 0.208
A%NT gy —1.91[14.48] 10.47 [3.95] 0.004 35.29 [37.86] 10.98 [41.08] 0.151
A%PFT gy —6.4[109.1] —52.0[6.75] 0.000 —60.94 [48.23] —22.2[82.15] 0.106
A%GGOgyN —8.62 [112.21] —44.28 [15.13] 0.000 —33.32 [81.97] —5.3[75.44] 0.393
A%RLOgy 0.54 [111.11] —51.26 [11.76] 0.000 —63.67 [38.4] —38.63 [69.41] 0.106
A%SOgy —21.37 [91.45] —56.22 [10.95] 0.008 —66.84 [48.21] —64.7 [61.44] 0.478
Right middle lung A%ET gy 120.93 [218.02] 164.52 [238.71] 0.123 114.6 [324.82] 291.84 [343.88] 0.275
A%NT gy —2.92 [10.85] 16.95 [2.82] 0.002 3.64 [29.49] 1.93 [31.55] 0.24
A%PFT gy —1.24 [88.49] —60.35 [2.88] 0.000 —20.03 [130.57] —8.02 [73.84] 0.393
A%GGOgy 0.35[99.53] —56.62 [3.22] 0.000 —15.15[153.44] —7.77 [78.07] 0.352
A%RLOgy 2.99 [77.31] —60.04 [10.86] 0.000 —37.24 196.06] —16.78 [83.93] 0.478
A%SOgy —25.0 [40.77] —42.35[18.37] 0.022 —59.81 [20.56] —41.3[76.4] 0.313
Right lower lung A%ET gy 210.38 [311.32] 278.26 [608.7] 0.399 262.86 [485.71] 140.2 [296.08] 0.106
A%NT gy 5.3 [38.87] 59.9 [6.01] 0.000 24.73[69.82] 5.16 [71.29] 0.178
A%PFT gy —29.94 [193.73] —67.96 [8.57] 0.001 —30.67 [65.16] —8.8[71.44] 0.127
A%GGOgy —20.38 [155.99] —45.34 [23.72] 0.015 1.12 [45.39] 33.1[67.18] 0.178
A%RLOgy —33.28 [168.51] —73.11 [6.45] 0.000 —32.24 [84.77] —13.2 [87.95] 0.208
A%SOgy —36.36 [62.27] —70.88 [8.59] 0.003 —66.92 [56.62] —69.38 [77.82] 0.275

For the change of CT quantitative results, normally distributed groups were shown as mean [SD], and non-normally distributed groups were shown as median [IQR]. CT
quantitative results were expressed in the form of volume percentage related to the full lung and each lung lobe. SD, standard deviation; IQR, interquartile range; NST-S,
non-steroids-treated group with severe illness; ST-S, steroids-treated group with severe iliness; NST-SS, non-steroids-treated group with significant-severe iliness; ST-SS,
steroids-treated group with significant-severe iliness; ET, emphysema lung tissue;, NT, normal lung tissue; PFT, pneumonia fibrotic tissue; GGO, ground-glass opacity;

RLO, reticular and linear opacification; SO, consolidations.

and significant-severe and critical illness were included in the
analyses. Furthermore, they were divided into four groups: NST-S
(46 cases), NST-SS (7 cases), ST-S (12 cases), and ST-SS (13 cases).

Table 1 presents the baseline clinical characteristics of the
patient in these four groups. Fever, fatigue, and cough were the
three most common symptoms. The baseline characteristics were
similar (p-value > 0.05) for the patients with the same disease
severity. Their vital signs and the PaO,/FiO, ratio on admission
were also similar. In each trial, the patients treated with steroids
presented higher mean CT intensity value at baseline moment
(ST-S: —714.76[£85.06] HU vs. NST-S: —803.45[+66.84] HU,
p-value = 0.007 and ST-SS: —528.70[£201.56] HU vs. NST-
SS: —710.74[£171.04] HU, p-value = 0.063). For average
hospital stay, patients treated with steroids had a relatively (not
significantly) longer hospital stay as well (ST-S: 33[£5] days vs.

NST-S: 28[£15] days, p-value = 0.012 and ST-SS: 41[£11] days
vs. NST-SS: 36[£16] days, p-value = 0.302).

Computed Tomography Quantitative

Result Proportional Changes Over Time
This study quantitatively evaluated proportional volume
variations and normalized tissue volume of different tissue types
in the severe group and significant-severe group using different
therapy treatment. The evaluations were performed in the entire
lung and five different lung lobes, respectively.

For the trial of severely ill patients, at CTy moment (baseline
moment at admission) in Supplementary Table 1, %NT in the
ST-S group was significantly lower than that in the NST-S group
(i.e., ST-S: 68.56% vs. NST-S: 84.6%, p-value = 0.01 in the full
lung), and %PFT were much higher (i.e., ST-S: 31.06% vs. NST-S:
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13.67%, p-value = 0.01 in the full lung). Moreover, all five % Tissue
values existed statistical difference (p-value < 0.05) between the
NST-S group and ST-S group in the entire lung, and especially
in lobe LLL, RML, and RLL. However, most of these differences
went away after treatment of four CT cycles (on average 4 weeks).
As indicated in Supplementary Table 1 at CT4, the %NT and
%PFT percentage values in the ST-S group became much closer
to those in the NST-S group, which were observed in all ROIs.

For the trial of significant-severe ill patients in Supplementary
Table 2, at CTy %SO in ST-SS group of the full lung was
significantly higher than that in the NST-SS group (i.e., ST-S:
14.13% vs. NST-S: 6.89%, p-value = 0.08 in the full lung). The
statistical differences at CT of the full lung were mainly brought
by lobe LUL. As shown in Supplementary Table 2, all statistical
differences disappeared after four cycles of treatment, and %SO
became close in these two groups (ST-SS: 3.87% vs. NST-SS:
2.50% p-value = 0.127 in the full lung). However, %PFT in the
ST-SS group was still 10% higher than that in the NST-SS group
(i.e., 36.24 vs. 20.02% in the full lung p-value = 0.106) at CT4.

We plot the variations of Tissuepy (as defined in section
“Outcomes Assessment”) as curves along with CT scanning time
points in Supplementary Figure 1. In Part (A), in all ROIs, the
ST-S curve is above the NST-S curve in NTpy [indicating the
increased volume of normal tissue (NT) compared with CTy]
and below the NST-S curve in PFTgy (demonstrating decreased
volume of compromised tissue compared with CTy) during
hospitalization. Similar decreasing curve trends in GGOpyn and
RLOgN of Part (B) can also be observed. Notably, the error
bar of the ST-S curve is much smaller than that of the NST-
S curve at CTy, presenting more similar illness level conditions
among different patients in the ST-S group. For patients with
significant-severe illness, in the full lung, the ST-SS curve is
above NST-SS curve in NTgy and below NST-SS curve in
PFTpgN (especially in RLOgy and SOpgy), both indicating more
increased normal tissue and more decreased compromised tissue
for steroid therapy treated patients. However, similar results
do not arise in all five lung lobes. Especially for the GGOgy;,
the ST-SS group presents an upward trend (GGOpy 1) in
LUL, LLL, and RLL, which is not observed in the NST-
SS group.

Table 2 shows the change of Tissuepy (A%Tissuegy),
from CTo to CTy: A%Tissuegy (Tissuegy cr, — Tissuepn_cr,)*
100% (Tissuegy cr, — 1)*100%. After four CT cycles of
treatment, for the patients with severe illness, the changes of
NTpy and PFT gy showed a statistical difference (p-value < 0.05)
in the full lung and all the five lung lobes between the patients
with and without steroid treating. The steroid-treated patients
showed a higher proportion of increase in NTgy and decrease
in PFTpy (ie., for A%NTgy, ST-S: 26.31[£3.09] vs. NST-
S: 1.4[£19.26], p-value = 0.002 and for A%PFTgy, ST-S:
—59.79[+12.4] vs. NST-S: —27.54 [£85.81], p-value = 0.000).
For the patients with significant-severe illness, there were
no statistical differences of the variation A%PFTpy in all
ROIs between the patients with and without steroids (ST-SS:
—41.92[+52.26] vs. NST-SS: —37.18[+£76.49], p-value = 0.275
in the full lung). And the statistical difference of the A%NTpy
only existed in the full lung and left upper lobe (ST-SS:

—41.92[£52.26] vs. NST-SS: 16.23[£42.76], p-value = 0.029

in the full lung).

DISCUSSION

The treatment of severe COVID-19 pneumonia plays an essential
role in reducing mortality. An excessive inflammatory response
can induce deleterious effects and lead to tissue damage
mechanisms for patients under severe conditions (28). Steroids
have been commonly used as an adjunctive therapy during
serious infections for their immunomodulatory, though their
clinical effect is controversial (29). Some previous research
indicates that the proper use of steroids in severe COVID-19 may
be beneficial but do not recommend in routine treatment (30,
31). And in this study, we explore the effect of steroid therapy
COVID-19 treatment on patients with different pneumonia
severities. To better monitor the effects of steroid therapy on
patient recovery, we set some criteria to screen patients in this
work. Especially only the survivors that recovered from the
treatment were included and no one died during the treatment.
To our best knowledge, this is the first study to further assess
the effect of steroids on different severe COVID-19 levels.
Our results show that the effect of steroids is related to the
pneumonia severity and it shows a good effect in patients
with severe illness.

Chest CT plays an important role in the diagnosing
COVID-19 (32). Jiang et al. evaluated main CT features and
semiquantitative scores representing disease severity among
different clinical types (33). Their work indicated that CT images
could accurately assess the severity of COVID-19 and help
monitor the disease progression (33). However, semi-quantitative
visual assessment highly relies on the experience of the observer.
It is time-consuming, lacks reproducibility, and has interobserver
and even intraobserver variability (15). For the longitudinal study
in this work, semi-quantitative methods may significantly affect
the accuracy and feasibility of the results. Recent studies state
that the quantitative CT analysis method correlates well with
semiquantitative method in disease severity evaluation (16, 34).
The quantitative CT analysis method is efficient standardized,
and the result is consistently highly reproducible (17, 35). It
has been shown that quantitative CT analysis is an efficient
tool to monitor the disease progress and evaluate the treatment
effectiveness (18, 36, 37). In this work, we longitudinally assessed
the progress of COVID-19 through the quantitative CT analysis
method. The lung tissue, whose CT HU value was greater than
—700 HU, was defined as pneumonia fibrotic tissue (PFT). The
volume of PFT is the main index to evaluate disease severity.
The decrease of %PFT and A%PFT gy reflect an improvement of
the disease condition.

In our study, steroid therapy shows a positive efficacy in
accelerating the recovery of compromised lung tissue in patients
with severe illness. In contrast, this effect still exists in patients
with significant-severe illness but is limited. For patients with
severe illness, the patients in the ST-S group recovered better
and faster than those in the NST-S group. Their A%PFTpyn
show a significant different distribution at CT4 (p-value = 0.00).
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However, for patients with significant-severe illness, though
treated in four CT cycles, %PFT in ST-SS group patients
decreases a lot, the A%PFTpy in the ST-SS and NST-SS group
do not demonstrate statistical differences (e.g., p-value = 0.275
in full lung). The limited efficacy shown in patients with
significant-severe illness may be due to the insufficient number of
patients. Some recent studies reporting positive effects on steroid
treatment of COVID-19 (30, 31) might be more related to the
patient group with severe illness. And the more specific outcomes
of the steroids used in the patients with significant-severe illness
still require further studies.

In addition, as shown in our study, the effect of steroids may
associate more with the CT performance compared with the
clinical symptoms. In this work, the disease severity is classified
by clinical symptoms. But for patients with significant-severe
illness, CT mean intensity at admission time are significant
different between the NST-SS group and ST-SS group (p-
value = 0.023). Patients in the NST-SS group and ST-S group show
a quite close mean CT intensity distribution (p-value = 0.232).
Among these patients with similar CT performance, those who
used steroids therapy (ST-S group) are observed with a better
and faster recovery, as shown in CT performance and the
shorter average hospitalization time (p-value = 0.041). Some
previous studies show that chest CT features can be used to
assess the severity of pneumonia (38, 39). Therefore, it can be
concluded from our study that the CT information is a more
important reference for the patients with severe pneumonia when
measuring the significance of using steroids therapy compared
with the clinical symptoms. Steroid therapy for severe cases
whose CT mean intensity is not very high may have more positive
effect. We consider that for the patients with really severe CT
performance, the hyperinflammatory syndrome may not be the
main factor restricting the recovery of the disease, which explains
the limited effect of steroids in the ST-SS group.

This study still has some limitations. In total, 3~5 CT
scans were captured for each patient in this work, but
not all patients were scanned five times. Since, for some
patients, there was a lack of CT scanning at hospitalization
admission (CT at cycle 0), and some patients had recovered
and discharged from hospital before CT cycle 4. Thus, the
CT numbers at each CT cycle are not consistent. Our data
volume in patients with significant-severe illness is limited,
which may induce some bias in the whole analysis. Finally,
our analysis was based on the changes in voxel level of the
CT scans and only focused on the amount of change in
the relevant focal tissue in each lung lobe. The morphology,
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