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In 2019, a large outbreak of a novel coronavirus disease (COVID-19) occurred in China. The pur-
pose of this study is to quantitatively analyze the evolution of chest computed tomography
(CT) imaging features in COVID-19. Nine patients with positive real-time reverse-transcriptase
polymerase chain reaction results were included in this study. Totally 19 CT scans were
analyzed. Lesion density, lesion volume, and lesion load were higher in the severe group than
in the mild group. A significantly positive correlation was noted between major laboratory
prognosticators with lesion volume and load. Lesion load at the first week of disease was signif-
icantly higher in severe group (p Z 0.03). Our study revealed that several CT features were
significantly different between severely and mildly infected forms of COVID-19 pneumonia.
The CT lesion load value at the first week of infection may be applied as an outcome predictor
of the disease.
Copyright ª 2021, Formosan Medical Association. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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Introduction

In December 2019, a large outbreak of a novel coronavirus
infection occurred in Wuhan, Hubei Province, China.1,2 On
January 30, 2020, the World Health Organization declared a
global public health emergency against the outbreak of
coronavirus disease 2019 (COVID-19) due to its rapid spread
worldwide.3 Although most patients have mild symptoms
and good prognosis, patients with severe COVID-19 may
present with acute respiratory distress syndrome (ARDS)
and life-threatening systemic inflammation. Because the
time between symptom onset and ARDS development can
be as short as 9 days, early diagnosis of COVID-19 is
essential for appropriate patient management. Several
studies have proved the value of different biomarkers in
representing disease severity. Moreover, computed To-
mography (CT) was reported as a very sensitive tool in
disease diagnose and clinical severity indication along the
disease course. The major CT features of COVID-19 pneu-
monia include ground-glass opacities (GGO, 88 %) and
consolidations (32 %) distributed bilaterally (88 %) in the
peripheral lung zones (76 %).4 Evolution of the CT features
along disease course was also delineated.5 In the early
phase (0e4 days), GGO is the most common finding. During
the progressive phase (5e8 days), progression of the num-
ber and size of GGO with gradual transformation into mul-
tiple consolidations and the development of a “crazy-
paving” pattern. More extensive involvement of bilateral
lung with dense consolidations are noted in the peak stage
(9e13 days). In the absorption stage, consolidations were
resolved with appearance of fibrotic bands. However, the
relationship between CT features and important serum
prognosticators are still unclear. In this study, we aimed to
quantify the evolution of chest CT imaging features in pa-
tients with COVID-19 treated in Taiwan. Moreover, several
blood-based biomarkers were analyzed and compared with
imaging findings. Furthermore, the predictive imaging
feature is proposed to predict the clinical course of severe
and mild diseases.

Materials and methods

Patient information

The laboratory and CT data of nine patients with confirmed
COVID-19 were collected retrospectively in compliance
with all applicable laws, regulations, and policies for the
protection of human patients. The institutional review
board approved this study. A confirmed case was defined as
positive for real-time reverse-transcriptase polymerase-
chain-reaction (rRT-PCR) assay of nasopharyngeal swab
specimens.1 All patients were divided into two groups ac-
cording to disease severity. Patients experiencing any res-
piratory distress (increased respiratory rate with decreased
oxygen saturation under room air) during the whole course
of the disease were assigned to the severe group. Patients
with no obvious symptoms and signs of respiratory distress
during the entire disease course were assigned to the mild
group. The values of several blood-based biomarkers were
collected along the entire disease course, including white
blood cells (WBC), lactate dehydrogenase (LDH), C-reactive
719
protein (CRP), and ferritin. The first day of the disease was
defined as typical symptom onset including cough, fever,
myalgia or fatigue, sore throat, dyspnea, diarrhea, and
nausea and vomiting.6 For patients with asymptomatic
infection, day 1 was defined as the day when the disease
was confirmed using a PCR test.

Image analysis

All CT scans were performed on a 64 slice CT unit (SOMATOM
Perspective, Siemens Healthcare) at 110 kVp tube voltage,
80 mAs reference tube current, 0.5s gantry rotation time,
pitch 0.8, detector collimation of 64 � 0.6 mm with z-flying
focal spot. All images were reconstructed with a slice
thickness of 5 mm and increment of 5 mm in the axial plane
using a corresponding lung kernel. Nonenhanced CT images
displayed in lung window (level: �200 Hounsfield units
[HU]; width: 2000 HU) were used for image analysis. A
board-certified radiologist (K.H., with 14 years of experi-
ence) blinded to clinical information and disease severity
delineated each lesion manually using OsiriX software
(Pixmeo, Geneva, Switzerland). All area with signal in-
tensity higher than adjacent normal-appearing lung pa-
renchyma was included in the regions of interest as the
involved parenchyma. The regions of interest were
confirmed and revised by another senior radiologist (G.Y.L.,
with 30 years of experience). Image pixels enclosed by the
defined lesion contour were used for further calculation
and analysis. The lesion density represents the mean value
of the HU measured from all lesions in each case. The lesion
volume is the summation of the measured volume of all
lesions in each case. The lesion load was defined as {the
measured density (HU) � air density} � lesion volume,
which stands for the increased density within the pulmo-
nary airspace and the extent of lesion involvement.

Statistical analysis

Since patients not always have CT and blood test at the
same day, both the imaging and serum data were separated
into 4 time periods along the disease course: day 1e3, day
4e7, day 8e14 and after day 15th. The mean values of the
biomarkers in each time period of each case were calcu-
lated. And the correlation tests between CT features and
serum biomarkers were performed according to the
abovementioned data subsets.

The Spearman’s rank-order correlation test was used to
calculate the correlation between blood-based biomarkers
and imaging features. The nonparametric ManneWhitney U
test was used for comparing the values of blood-based
biomarkers and different imaging features between pa-
tients with severe and mild disease. All statistical calcula-
tion was conducted using Prism software (release 8.0,
GraphPad Software Inc., La Jolla, CA, USA). A p value of
0.05 was considered statistically significant.

Results

Nine patients with confirmed COVID-19 pneumonia were
included in this study. Two of them presented with
asymptomatic infection. The first patient was admitted to
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our hospital on March 16, 2020, and the last patient was
admitted on April 25, 2020. The mean admission days was
23.6 (20e42) days. The cohort consisted of two men and
seven women with a mean age of 41.2 (�16.2, 22e66)
years. No COVID-19-related deaths was detected. Complete
laboratory data, including nasopharyngeal RT-PCR test for
COVID-19, complete blood count, blood chemistry tests,
and necessary serum inflammatory biomarkers, were
collected from all patients. Serial CT scans were conducted
at every 1e3 week interval, and in total, 19 chest CT ex-
aminations were performed in all these nine patients.
Blood-based biomarker findings

High values of LDH, CRP, and ferritin were noted in patients
of the severe group, especially of ferritin. These biomarker
levels increased from day 3 of symptom onset and remained
constant until day 12. The values of all biomarkers returned
to normal after day 20, except ferritin, which remained at
Figure 1 Serial change in the chest computed tomography ima
pneumonia. Increase in lesion volume was noted on day 6 (B, E, H) c
11 (C, F, I). The individual values of lesion density (J), lesion volum
symbols) than in the mild group (white symbols) along the entire c
load feature (L).

720
an abnormally high level until day 40. The WBC count was
not considerably different between both groups.

Chest CT imaging findings

All our patients had typical CT presentations of COVID-19:
multifocal ground-glass opacities with peripheral distribu-
tion.7,8 Consolidation and subpleural atelectasis were
prevalent in severe cases. No pleural effusion could be
identified in any of our patients (Fig. 1). In quantitative
analysis, lesion density, volume, and load were higher in
the severe group than in the mild group. These values
increased at disease onset and reached the peak approxi-
mately 7e9 days after disease onset.

Regarding the association between serum biomarkers
and chest CT images, Spearman’s correlation results
showed a positive correlation between LDH with lesion
volume (r Z 0.86, p Z 0.01), LDH with lesion load
(r Z 0.81, p Z 0.02), ferritin with lesion volume (r Z 0.88,
p Z 0.01), ferritin with lesion load (r Z 0.92, p < 0.01),
ge features of a patient with severe coronavirus disease 2019
ompared with that on day 3 (A, D,G) and then decreased on day
e (K), and lesion load (L) were higher in the severe group (black
ourse of disease. The phenomenon is most significant in lesion
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CRP with lesion volume (r Z 0.92, p < 0.01), and CRP with
lesion load (r Z 0.01, p < 0.01) (Fig. 2).

To determine the predictive value of CT imaging fea-
tures, we compared the mean values of lesion density,
volume, and load at the first week of the disease between
both groups. Only lesion load at the first week of disease
was significantly different between mild and severe groups
Figure 2 Correlation results between computed tomography
findings and major serum prognosticators. Significant correla-
tion between ferritin with lesion volume (A), ferritin with
lesion load (B), lactate dehydrogenase with lesion volume (C),
lactate dehydrogenase with lesion load (D), C-reactive protein
with lesion volume (E), and C-reactive protein with lesion load
(F) are noted. (G) Significant difference of lesion load values at
the first week between the severely and mildly infected groups
is noted, which may be applied a predictor of disease
prognosis.

721
(445395 vs 13060, pZ 0.03, Fig. 2G). The lesion density and
volume were not significantly different between both the
groups (p Z 0.08 and 0.06, respectively).
Discussion

In this retrospective observational study, several imaging
biomarkers including lesion density, volume, and load could
distinguish between the severe and mild forms of COVID-19
pneumonia. The lesion volume and load were well corre-
lated with ferritin, LDH, and CRP levels along the entire
disease course. Moreover, we found that the first week CT
lesion load value is a predictor of disease prognosis.

COVID-19 is associated with variable prognosis. Most
patients presented flu-like symptoms only. However, up to
17 % of patients may experience respiratory failure and
require artificial ventilation. The overall mortality of pa-
tients with COVID-19 pneumonia ranges from 11 % to
15 %.1,9 In our cohort, only two patients (22.3 %) experi-
enced respiratory distress. Two patients remained asymp-
tomatic during the entire admission course. All patients
were discharged uneventfully within 42 days.

In recent studies, positive chest CT findings have been
proposed to be a diagnostic criterion for COVID-19 pneu-
monia.10 However, wide application of CT scan is limited by
poor specificity and high false-positive rate of CT findings
related to COVID-19. Different quantification methods of
determining disease extent through chest CT have been
proposed, including emphysema, pulmonary fibrosis, and
ARDS.11,12 Li et al. proposed triaging patients based on the
visual quantitative score of CT findings.13 Although the
score correlated with clinical severity well, the study did
not indicate the timing of CT image acquisition. Therefore,
whether the score can be used to predict the clinical dis-
ease course is unclear. Davide et al. applied the proportion
of disease-involved volume as a predictor of patient
outcome.14 However, determining “involved” lung paren-
chyma is sometimes subjective because ground glass
opacities can be faint, and the density may be close to
normal parenchyma. Wang et al. applied an artificial in-
telligence (AI) system to auto-segment the COVID-19
related CT lesions and also found difference of the vol-
ume, density, and location of the pulmonary opacity be-
tween different disease severity.15 However, the accuracy
of the AI-algorithm may need more verification in COVID-19
pneumonia. Therefore, we proposed that the lesion load is
a reliable method of quantifying disease severity, consid-
ering both the involved lung volume and the amount of fluid
accumulation within pulmonary air spaces. Our result
revealed that the value of lesion load is higher in the severe
group than that in the mild group (Fig. 1L). Moreover, it
correlated with CRP, LDH, and ferritin very well
(Fig. 2B,D,F). Furthermore, it is the only imaging method
that can predict disease prognosis at an early stage of the
disease (Fig. 2G).

Elevated levels of CRP, LDH, and ferritin have been re-
ported as poor prognosticators in patients with COVID-
19.1,16e18 The serum levels of LDH, CRP, and ferritin in our
cohort markedly increased in patients in the severe group
as compared with patients in the mild group, which is
compatible with previous studies. Additionally, our results
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revealed that both lesion volume and load obtained through
CT scans significantly correlated with the aforementioned
serum markers. This finding reinforced our assumption that
imaging features can be prognosticators of COVID-19
pneumonia. Other serum prognosticators including lym-
phopenia, neutrophil/lymphocyte ratio, interleukin-6,
procalcitonin, D-Dimer, and other coagulation abnormal-
ities were also reported before.17

Our study has several limitations. First, the retrospec-
tive design and the small patient cohort may limit the
generalizability of our results. Second, the delineation of
all pulmonary lesions in CT images was conducted manually
with the consensus of two radiologists. Subjective inter-
pretation of lesion territories can lead to bias in this study.
Third, comorbidities such as hypertension, diabetes melli-
tus, and smoking history were not considered in our
analysis.

In conclusion, our study revealed that lesion density,
volume, and load detected by CT images were signifi-
cantly different between severe and mild forms of COVID-
19 pneumonia. The lesion volume and load were well
correlated with several serum prognostic markers along
the entire disease course. The CT lesion load value at
the first week may be applied as a predictor of disease
prognosis.
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