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An increasing number of patients are being killed by coronavirus disease
2019 (COVID-19), however, risk factors for the fatality of COVID-19
remain unclear. A total of 21,392 COVID-19 cases were recruited in the
Hubei Province of China between December 2019 and February 2020,
and followed up until March 18, 2020. We adopted Cox regression
models to investigate the risk factors for case fatality and predicted
the death probability under specific combinations of key predictors.
Among the 21,392 patients, 1,020 (4.77%) died of COVID-19. Multivari-
able analyses showed that factors, including age (>60 versus <45
years, hazard ratio [HR] = 7.32; 95% confidence interval [CI], 5.42,
9.89), sex (male versus female, HR = 1.31; 95% Cl, 1.15, 1.50), severity
of the disease (critical versus mild, HR = 39.98; 95% Cl, 29.52, 48.86), co-
morbidity (HR = 1.40; 95% Cl, 1.23, 1.60), highest body temperature
(>39°C versus <39°C, HR = 1.28; 95% Cl, 1.09, 1.49), white blood cell
counts (>10 x 10°%/L versus (4-10) x 10%/L, HR = 1.69; 95% ClI, 1.35,
2.13), and lymphocyte counts (<0.8 x 10%/L versus (0.8-4) x 10°/L,
HR = 1.26; 95% Cl, 1.06, 1.50) were significantly associated with case
fatality of COVID-19 patients. Individuals of an older age, who were
male, with comorbidities, and had a critical iliness had the highest death
probability, with 21%, 36%, 46%, and 54% within 1-4 weeks after the
symptom onset. Risk factors, including demographic characteristics,
clinical symptoms, and laboratory factors were confirmed to be impor-
tant determinants of fatality of COVID-19. Our predictive model can pro-
vide scientific evidence for a more rational, evidence-driven allocation of
scarce medical resources to reduce the fatality of COVID-19.

KEYWORDS: COVID-19; FATALITY; RISK FACTOR

INTRODUCTION

An unprecedented outbreak of coronavirus disease (COVID-19) has swept
across the globe since the end of 2019."” As of April 28, 2020, 3,034,801
confirmed COVID-19 cases, and 210,511 deaths have been reported globally,
with an overall case fatality rate (CFR) of 6.9%.

The CFR of COVID-19 varied greatly across countries and geographical
areas.®" The exploration of risk factors which contributed to the variation
in CFR of COVID-19 has significant clinical significance, since this effort could
help identify vulnerable patients who most need clinical treatment and care.
However, the risk factors for its case fatality have been only examined in a
few studies with a relatively small sample size in Wuhan, China.®® The infor-
mation is urgently needed for countries where it is not feasible to treat every
patient due to limited medical resources and capacity. In this regard, if we
identify the most vulnerable subgroups among the increasing number of
cases, the limited medical resources can be rationally targeted to this group
to reduce the fatality rate.'® In addition, no studies have explored the survival

of COVID-19 patients under different combinations of important determi-
nants of case fatality.

We thus conducted this study with the aim to identify the risk factors for
COVID-19 case fatality using the data of 21,392 patients from Hubei Prov-
ince. We further constructed a predictive model based on the estimated pa-
rameters from Cox analyses, which could be used in clinical decision-
making.

RESULTS
Descriptive Results

As of February 27, 2020, 70,233 COVID-19 cases were reported in Hubei
Province, including confirmed, clinical, suspected, and asymptomatic cases,
some of which were excluded from diagnosis during follow-up. Among them,
21,392 cases were selected for our interview and included in this study. Table
S3 shows the comparison of the general demographic characteristics of the
included and excluded cases; the two groups had a similar fatality rate (4.77%
versus 5.00%, p = 0.21). However, the included participants were more likely
to be males and be of a young age. There was no loss to follow-up during the
follow-up period, and 1,020 patients died of COVID-19, giving an overall CFR
of 4.77% in Hubei. The CFR across different characteristics is presented in
Table 1. Patients aged 60 years and older presented the highest fatality
rate (14.05%) compared with other groups. A relatively higher fatality rate
was observed among males (5.87%) than females (3.58%). Patients with co-
morbidities had a higher fatality rate (11.33%) than those without (2.98%). An
increasing fatality rate was found with higher disease severity, with the high-
est in the critical level (48.59%). The patients with a longer interval between
symptom onset and diagnosis had a higher fatality rate (7.87% for those
longer than 14 days and 4.27% for those fewer than 7 days). Patients
admitted to hospital before February 8 had a higher fatality rate (5.97%)
than those admitted after February 8, 2020 (2.41%). Relatively higher fatality
rates were also present among patients with higher WBC counts (16.50%), a
lower count (8.86%) and percentage (8.59%) of lymphocytes, and a higher
percentage of neutrophils (7.93%). Differential CFRs were also found across
different strata of other factors, such as level of admitted hospital, occupa-
tion, and residence.

Risk Factors of Fatality of COVID-19

Table 2 shows the associations between potential risk factors and fatality
risk from COVID-19. In the univariate analyses, age, sex, longer intervals be-
tween symptom onset and diagnosis, non-medical-related occupation, mi-
grants, admittance before February 8, admittance to a higher level of hospital,
severe and critical status, and living in Wuhan city were significantly associ-
ated with a higher fatality rate. In multivariate analyses, we observed an
increased case fatality among patients aged 45-60 years (HR = 2.35; 95%
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Table 1. Descriptive Characteristics of Study Participants by Survival Status in Table 1. Continued
Hubei, China
Variable Deceased, n (%) Alive, n (%) p Value
Variable Deceased, n (%) Alive, n (%) p Value WBC count (n = 12,948) <0.001
Sex <0.01 <4 x 10°/L 137 (3.42) 3,865 (96.58)
Male 652 (5.87) 10,447 (94.13) 4-10 x 10%/L 350 (4.19) 7,996 (95.81)
Female 368 (3.58) 9,925 (96.42) >10 x 10%/L 99 (16.50) 501 (83.50)

Age group <0.001 Lymphocytes count (n = 12,872) <0.001
<45 years 54 (0.66) 8,073 (99.34) <0.8 x 10%/L 251 (8.86) 2,583 (91.14)

45-60 years 176 (2.30) 7,465 (97.70) 0.8-4 x 10°/L 295 (3.05) 9,385 (96.95)
>60 years 790 (14.05) 4,834 (85.95) >4 x 10%/L 19 (5.31) 339 (94.69)

Occupation <0.001 Lymphocytes percentage (n = 12,924) <0.001
Medical-related 12 (1.08) 1,101 (98.92) <20% 385 (8.59) 4,076 (91.41)
Service-related 7 (2.94) 231 (97.06) 20%-40% 169 (2.41) 6,843 (97.59)

Office worker 100 (2.07) 4,733 (97.93) >40% 34 (2.34) 1,417 (97.66)
Home worker 810 (6.00) 12,697 (94.00) Neutrophils percentage (n = 12,925) <0.001
Others 91 (5.35) 1,610 (94.65) <50% 54 (2.77) 1,894 (97.23)
Residence <0.01 50%-70% 153 (2.45) 6,084 (97.55)
Local 749 (4.20) 17,079 (95.80) >70% 376 (7.93) 4,364 (92.07)
Migrant 271 (7.60) 3,293 (92.40)
Time between symptom onset and diagnosis <0.001

Cl, 1.73, 3.21) and among the elderly aged 60 years and above (HR = 7.32;
<7 days 550 (4.27) 12,317 (95.73) 95% Cl, 5.42, 9.89). Males (HR = 1.31; 95% Cl, 1.15, 1.50) and patients
admitted before February 8 were more likely to die of COVID-19. Significantly
higher fatality risks were found among patients with severe symptoms, espe-
>14 days 120 (7.87) 1,405 (92.13) cially for critical level (HR = 39.98; 95% Cl, 29.52, 48.86). The fatality rate was
higher among patients living in Wuhan with an HR of 2.61 (95% Cl, 2.26, 3.01)
compared with those from other cities of Hubei Province.
Before February 8 846 (5.97) 13,319 (94.03) Table 3 demonstrates the association between comorbidity, clinical symp-
toms, laboratory tests, and death risk of COVID-19 patients. The HR of death
was higher in patients with existing chronic diseases (such as hypertension,
Hospital level <0.001 diabetes, and kidney disease) in both univariate and multivariate models.
For example, existing hypertension (HR = 1.29; 95% Cl, 1.13, 1.47), diabetes
(HR = 1.27; 95% Cl, 1.06, 1.51), and kidney disease (HR = 1.53; 95% Cl,
Grade Il 410 (3.81) 10,364 (96.19) 1.13, 2.07) were all associated with increased risk of death. Regarding the
clinical symptoms, we found that no dry cough, no muscular soreness, and
the highest body temperature being higher than 39°C (HR = 1.28; 95% Cl,
Severity <0.001 1.09, 1.49) was associated with a higher fatality risk. Regarding the laboratory
testing, we found that WBC counts higher than 10 x 10°%/L (HR = 1.69; 95% Cl,
1.35, 2.13), lymphocytes lower than 0.8 x 10%/L (HR = 1.26; 95% Cl, 1.06,
Moderate 75 (0.85) 8,721 (99.15) 1.50), lymphocyte percentage below 20% (HR = 1.52; 95% Cl, 1.26, 1.82),
and neutrophil percentage above 70% (HR = 1.45; 95% Cl, 1.20, 1.76) were
also associated with a higher fatality risk from COVID-19.
Critical 567 (48.59) 600 (51.41) Figure 1 shows the survival curves by sex, age, severity of illness, and co-
morbidity condition. The survival probability was remarkably higher in female
participants than male patients and was lower among the older patients and
Yes 221 (4.70) 4,482 (95.30) patients with severe illnesses and existing chronic diseases.
Our sensitivity analysis based on confirmed cases produced similar re-
No 799 (4.79) 15890 (95.21) sults (Table S4). For example, the HR for older age (=60 versus <45 years)
Comorbidity <0.001 was 7.04 (95% Cl, 5.14,9.62) in multivariate analysis, which is consistent with
that of the original analysis (HR = 7.32; 95% Cl, 5.42, 9.89). We analyzed the
Yes 520 (11.33) 4,071 (88.67) effects of demographic factors among the included and excluded partici-
No 500 (2.98) 16,301 (97.02) pants, and found a generally comparable result among the two groups (Table
S5). For example, the HR for male (versus female) was 1.72 (95% Cl, 1.51,
1.95) among included patients and 1.91 (95% Cl, 1.76, 2.08) among the
excluded participants, indicating that the analysis based on the included par-
ticipants may provide a representative result.

7-14 days 350 (5.00) 6,650 (95.00)

Period <0.001

After February 8 174 (2.41) 7,073 (97.59)

Grade III 583 (6.43) 8,485 (93.57)

Grade | 27 (1.74) 1,523 (98.26)

Mild/asymptomatic 72 (0.85) 8,440 (99.15)

Severe 306 (10.49) 2,611 (89.51)

Live nearby a farmers’ market >0.05
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Table 2. Univariate and Multivariate Analysis of Demographic Characteristics and

Basic Information Associated with Risk of Death from COVID-19

Univariable Model

Multivariable Model

HR (95% CI) p Value HR (95% CI) p Value
Sex
Female 1.00 1.00
Male 1.66 (1.46,1.89)  <0.001 1.31(1.15,1.50) <0.01
Age group
<45 years 1.00 1.00
45-60 years 3.41(2.52,4.63) <0.001 2.35(1.73,3.21) <0.001
>60 years 22.44 (17.03, <0.001 7.32(5.42,9.89) <0.001
29.56)
Time between symptom onset and diagnosis
<7 days 1.00 1.00
7-14 days 1.06 (0.93,1.21)  >0.05 0.69 (0.60,0.79) <0.001
>14 days 1.59(1.30,1.94)  <0.001 0.54(0.44,0.66) <0.001
Occupation
Medical-related  1.00 1.00
Service-related  2.86 (1.12,7.25)  <0.05 3.07 (1.20,7.85) <0.01
Office worker 1.94 (1.06,3.52)  <0.05 1.92 (1.05,3.50) <0.01
Home worker 573 (3.24,10.13) <0.001 1.76 (0.98,3.16) >0.05
Others 5.07 (2.78,9.26)  <0.001 2.13(1.16,3.92) <0.01
Residence
Local 1.00 1.00
Migrant 1.75(1.52,2.01)  <0.001 0.86(0.74,1.01) >0.05
Period
Before 1.00 1.00
February 8
After 0.46 (0.39,0.54) <0.001 0.54 (0.46,0.63) <0.001
February 8
Hospital level
Grade | 1.00 1.00
Grade Il 2.02(1.37,2.99) <0.001 1.10(0.74,1.64) >0.05
Grade IlI 3.39(2.31,499) <0.001 1.15(0.77,1.73) >0.05
Severity
Mild/ 1.00 1.00
asymptomatic
Moderate 0.94 (0.98,1.30)  >0.05 0.97 (0.70,1.33) >0.05
Severe 11.97 (9.26, <0.001 7.05(5.44,9.16) <0.001
15.48)
Critical 70.65 (55.28, <0.001  39.98 (29.52, <0.001
90.34) 48.86)
Live nearby a farmers’ market
No 1.00 1.00
Yes 0.94 (0.81,1.09)  >0.05 0.75 (0.65, 0.88)  <0.001

Table 2. Continued

Univariable Model Multivariable Model

HR (95% CI) p Value HR (95% CI) p Value

Transfer to another hospital

No 1.00 1.00

Yes 1.03 (0.85,1.23)  >0.05 0.70 (0.61,0.82) <0.001
Area

Hlj_bei—other 1.00 1.00

cities

Hubei-Wuhan 3.04 (2.69,3.45) <0.001 2.61(2.26,3.01) <0.001

Prediction Model for Death Probability

The established nomogram demonstrated the contributions of each stra-
tum within a specific variable to the probability of death (Figure 2). For
example, given a patient who is an elderly male over 60 years without existing
chronic diseases but with a severe status of COVID-19, the scores of corre-
sponding Points for Age, Sex, Conditions, and Severity are 0, 0, 13, and 50,
respectively. The total score is 63, which corresponds to a death probability
of 2% within 1 week.

Tables ST and S2 illustrate the contribution of sex, age, comorbidity, and
severity to the probability of death. In general, with an older age and higher
severity of illness, the death probability would be higher; the death probability
of patients with comorbidity was higher than those without, and the death
probability was higher for males than females. We found that an elderly pa-
tient over 60 years with comorbidity and critical illness had the highest death
probability among different combinations, with 21%, 36%, 46%, and 54%
within 1-4 weeks after the symptom onset, respectively. The estimated C-in-
dex was 0.93 (95% Cl, 0.92, 0.93), indicating an ideal predictive accuracy of
the model. The calibration curves suggested a good agreement in the valida-
tion cohort between the nomogram prediction and actual observation for 1-,
2-, 3-, and 4-week survival (Figure S1).

DISCUSSION

With data from 21,392 COVID-19 patient, we confirmed several important
risk factors of fatality of COVID-19, including demographic factors, comorbid-
ity, clinical symptoms, and laboratory findings. We further established a pre-
dictive model for the probability of death for COVID-19 patients using age,
sex, severity of this disease, and comorbidity as the independent predictors.
Findings from this study will provide important implications for the appro-
priate treatment of the COVID-19 cases in a more rational way worldwide.

Consistent with previous studies, our study found that age and sex
were important independent predictors of fatality risk of COVID-19 pa-
tients.>""""® For instance, one study, including 1917 COVID-19 patients found
that older age was positively associated with an increased risk of in-hospital
death with an odds ratio (OR) of 1.10 (95% Cl, 1.03, 1.17) for each year in-
crease.” Similarly, Wu et al.'" found that older age was associated with an
increased risk of developing ARDS and subsequent death, probably due to
the relatively lower immune function in elderly patients. Older individuals
were believed to be physically weak and were more likely to have some co-
morbidities, which resulted in the higher risk of adverse outcomes, even
death.'® Jin et al.”® analyzed the distribution of sex among a dataset that
included 1,019 survival patients and 37 deaths due to COVID-19 and found
that males tended to have more severe illnesses than females. In this study,
a higher fatality rate was found among males than females (5.87% versus
3.58%), indicating that males may be more prone to greater disease severity
and mortality."® The underlying mechanisms about the differential prognosis
between males and females might be related to ACE2 receptor-mediated cell
damage. Similar with SARS-CoV, the clinical deterioration of in patients with
SARS-CoV-2 might result from an immune response induced by an inflam-
matory storm and cytopathic effects, which may cause severe ARDS.'*'®
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Table 3. Univariable and Multivariable Analyses for Comorbidities, Clinical
Symptoms, and Laboratory Findings Associated with Case Fatality from COVID-19

Univariable Model Multivariable Model

Table 3. Continued

Univariable Model Multivariable Model

HR (95% CI) p Value HR (95% CI) p Value
With comorbidity
No 1.00 1.00
Yes 3.93(3.47,4.44) <0.001 1.40(1.23,1.60) <0.001
Hypertension
No 1.00 1.00
Yes 3.72(3.27,4.23) <0.001 1.29 (1.13,1.47) <0.001
Diabetes
No 1.00 1.00
Yes 3.30(2.78,3.92) <0.001 1.27(1.06,1.51)  <0.01
Kidney disease
No 1.00 1.00
Yes 4.33(3.20,5.86) <0.001 1.53(1.13,2.07) <0.01
Liver disease
No 1.00 1.00
Yes 1.07 (0.51,2.25) >0.05 1.08(0.51,2.27) >0.05
Cardiovascular disease
No 1.00 1.00
Yes 497 (4.24,5.83) <0.001 1.51(1.28,1.77) <0.001
Respiratory disease
No 1.00 1.00
Yes 2.07 (1.60,2.67) <0.001 1.23(0.95,1.59) >0.05
Immune system disease
No 1.00 1.00
Yes 0.94 (0.13,6.64) >0.05 0.84(0.12,5.99) >0.05
Clinical Symptoms
Fever
No 1.00 1.00
Yes 1.26 (1.07,1.47) <0.01 1.03 (0.88,1.21) >0.05
Dry cough
No 1.00 1.00
Yes 0.89(0.78,1.01) >0.05 0.87 (0.76,1.00)  <0.05
Fatigue
No 1.00 1.00
Yes 1.24(1.09,1.42) <0.001 0.95(0.853,1.08) >0.05
Dyspnea
No 1.00 1.00
Yes 2.00(1.75,2.27) <0.001 1.10(0.96,1.25) <0.10

HR (95% CI) p Value HR (95% CI) p Value

Muscular soreness

No 1.00 1.00

Yes 0.78 (0.64,0.94) <0.01  0.68 (0.56,0.83) <0.01
Highest body temperature

<39°C 1.00 1.00

>39°C 1.91 (1.65,2.23) <0.001 1.28(1.09,1.49) <0.001

Laboratory Testing

WBC count

4-10 x 10%L  1.00 1.00

<4 x 10°/L 0.79 (0.65, 0.96) <0.05 0.83(0.68,1.01)  >0.05

>10 x 10°/L  4.24(3.39,5.30) <0.001 1.69 (1.35,2.13)  <0.001
Lymphocytes

0.8-4 x 10°L 1.00 1.00

<0.8 x 10°%/L  2.91(2.46,3.44) <0.001 1.26 (1.06,1.50) <0.01

>4 x 10%/L 1.74(1.09,2.77) <0.05 1.23(0.77,1.97) >0.05
Lymphocytes

20%-40% 1.00 1.00

<20% 3.61(3.01,4.33) <0.001 1.52(1.26,1.82) <0.001

>40% 0.98 (0.68,1.41) >0.05 1.14(0.79,1.66) >0.05
Neutrophils

50%-70% 1.00 1.00

<50% 1.13(0.83,1.54) >0.05 1.17 (0.86,1.61) >0.05

>70% 3.26 (2.70,3.94) <0.001 1.45(1.20,1.76) <0.001

An animal experiment suggested that sex-dependent differences in disease
severity stemmed from the enhanced susceptibility of male mice and lack
of protective effect from the sex-based estrogen receptor. '©

We found that the severe and critical status of illness were significantly
associated with increased fatality risks. This finding was consistent with
the study by Chen et al,'” which indicated that most patients with severe
acute respiratory distress syndrome worsened in a short period of time
and died of multiple organ failure. Given that severe patients were more likely
to be elderly, obese, have comorbidities,>'*'® and suffer from organ and
coagulation dysfunction (e.g., higher lactate dehydrogenase)'' compared
with non-severe patients, the implementation of early identification of pa-
tients with severe illness at an early stage was important for the management
and treatment of patients with COVID-19.

Existing comorbidity was found to be associated with increased fatality
risk of COVID-19 in our study, which was consistent with a few previous
studies. For example, Huang et al.'® found that a known history of type 2 dia-
betes may increase the likelihood of developing severe illness in COVID-19
patients by six times. Another study demonstrated that 64.3% of the patients
had at least one comorbidity, the most common of which were hypertension
(30%) and diabetes (12.1%), and older males with comorbidities were more
likely to be affected by COVID-19.7

The observed protective effect of muscular soreness was beyond our
expectation, but the underlying reason for this finding was not clear. We spec-
ulate that it might be because the clinical identification of muscular soreness
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Figure 1. Survival Curves of COVID-19 Cases. The survival curves showed probability of survival in patients with regards to sex (top left), age (top right), severity (bottom
left), and comorbidity (bottom right). The vertical axis represents the survival probability of an individual, the horizontal axis represents the days of survival. A score was
assigned to each stratum within these variables on the point scale, and a straight line was drawn down to estimate the death probability at different time point by summing

up the separate score and locating it on the Total Points axis.

was subjective. It is possible that different clinical doctors might have
different criteria for the diagnosis of this symptom, so this finding should
be interpreted cautiously.

Laboratory tests suggested that higher WBC counts, lower lymphocyte
counts, and higher neutrophil counts may be risk factors of the risk of fatality.
Several laboratory studies on immune cells supported this finding.'"'%'®
Based on the pathological process of SARS-CoV-2,' a high stimulus of inflam-
matory cytokines resulted in leukocytosis, and then a high degree of
apoptosis of lymphocytes led to lymphopenia and neutrophilia. Recently, it
has been reported that SARS-CoV-2 could enter the cells through the angio-
tensin converting enzyme 2 (ACE2) and then attack multiple organs and
trigger fatal complications.?'*?

Admission after February 8 was a protective factor for death compared
with admission before February 8. It may be due to a scarcity of knowledge
and understanding of the infection at the early stage as well as a lack of med-
ical resources, which were largely improved by subsequent measures,
including the establishment of more hospitals and the dispatch of medical
experts and medical supplies from the national and provincial level.

It was beyond our expectation that a shorter time interval from symptom
onset to diagnosis, being admitted to higher levels of hospital, and patients in
Wuhan were associated with a higher fatality risk in this study. It was possible
that patients with a longer interval between symptom onset and diagnosis
were more likely to be the mild cases, and the patients admitted to the higher
levels of hospitals had a severe illness.”® Although, when compared with
other cities in this province Wuhan is believed to have a higher level of med-
ical care, during the outbreak of the disease there was such a serious

shortage of medical resource and adverse medical environment® that
some patients were unable to get timely medical treatment. These patients
thus had a higher fatality risk. In fact, one study reported a 7-fold higher fatal-
ity rate of patients in Hubei Province compared with areas outside of this re-
gion, emphasizing the importance of strengthening the regulatory capacity of
health systems in caring for critically ill patients with COVID-19.2°

The severity of the disease was found to play a critical role in disease pro-
gression, followed by age. The individuals prone to be affected were found to
be elderly men over 60 years with a critical stage of the illness and previous
comorbidities. These observations were in agreement with previous studies.
For example, Zhou et al.” conducted a retrospective cohort study on adult in-
patients in two hospitals in Wuhan, China, and found that older age
(OR = 1.10; 95% ClI, 1.03, 1.17), blood levels of D-dimer (OR = 18.42;
95% Cl, 2.64, 128.55), and sequential organ failure assessment scores
(OR =5.65;95% Cl, 2.61, 12.23) were associated with increased risk of in-hos-
pital death. Wu et al."" investigated 201 COVID-19 cases using a Cox model,
and found that risk factors associated with the fatality of COVID-19 were
older age (HR = 6.17; 95% Cl, 3.26, 11.67), neutrophilia (HR = 1.08; 95% Cl,
1.01, 1.17), and organ and coagulation dysfunction (HR = 1.30; 95% Cl,
1.11, 1.52). We went one step further than previous studies and established
a model to predict the probability of death for patients with pneumonia be-
tween 1 and 4 weeks after diagnosis. The rapid increased probability of death
(up to 0.48 and 0.55, corresponding to 3 and 4 weeks) indicated that illness
progression in some high-risk individuals cannot be ignored. This finding
shared some similarities with that of Ruan et al's research,”® which investi-
gated the risk factors related to death of patients with COVID-19 using 150
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cases in Wuhan and suggested that the predictors of a fatal outcome in
COVID-19 cases included age, underlying diseases, secondary infection,
and increased inflammatory indicators in the blood. But, unlike our use of
quantitative estimates of death probability, they simply compared the vari-
ables between death and non-death groups. Overall, more studies that utilize
prediction models are warranted in future research to provide robust evi-
dence. Previous studies”” have shown that the accuracy of C-index is low
at 0.50-0.70, medium at 0.71-0.90, and high at 0.90-1, so our estimated
C-index (0.93) indicated a better prediction accuracy. Our calibration curves
also showed a good model performance in the validation cohort between
the nomogram prediction and actual observation for 1-, 2-, 3-, and 4-week
survival.

In the context of the ongoing global pandemic of COVID-19 and the limited
medical resources to deal with the outbreak,*® it is urgently necessary to iden-
tify risk factors related to the case fatality of COVID-19 to enable clinicians to
better tailor the treatment plans, better distribute limited medical resources,
and improve the survival rate of COVID-19 patients. The predictive model
can provide a scientific evidence base to inform the decision-making pro-
cesses of government medical resource allocation. Based on the death prob-
ability of patients in different situations, allocation could be carried out using a
hierarchical management to the most vulnerable groups.

Our study possessed a few advantages. We recruited 21,392 COVID-19
cases from Hubei, China, as our study subjects. The large sample size
ensured that this study has a greater power to detect any differences that
truly exist in the population. The study began in December 2019 and the
follow-up was completed on March 18, 2020, which essentially covers the
complete course of the COVID-19 outbreak in Hubei, China.

Several limitations should be noted. Selection bias was possible as we only
recruited 21,392 participants out of the 70,233 cases in the study area, and
our analysis observed a relatively higher CFR among excluded patients. There
were 8,533 included patients who lacked complete laboratory testing resuilts,
which may lead to some degree of inaccuracy in our analysis. We only re-
cruited the COVID-19 cases in Hubei Province, which might also result in se-
lection bias. However, the bias would not be serious because approximately
75% of the cases in China occurred in Hubei. Data on clinical treatment and
medical resources were not available for our analyses, which may potentially
confound the estimate to some extent. Due to the inaccessibility of the data,
we can only obtain laboratory test indicators of WBCs, lymphocytes, and neu-
trophils, and about 40% of participants had missing values for these labora-
tory testing. We suggest that more indicators that can reflect the physiolog-
ical injury, such as C-reactive protein, D-dimer, and interleukin-6, should be
included in future studies. In addition, because the detailed information of
some variables cannot be obtained, there may be variable collinearity prob-
lems (such as hospital transfer and disease severity) in the process of model
analysis. Only age, sex, severity of this disease, and comorbidity were
included in the predictive model, as robust evidence suggested that the
four indicators were closely related to the progression of COVID-19.22°5
However, more confirmed variables should be included in future research.

Finally, detailed information on the clinical course of patients was not avail-
able for this study, which limited the possibility of exploring the relationships
between clinical progress outcomes and case fatality.

Our study confirms a wide range of risk factors to be determinants for
COVID-19 fatality. These factors include demographic (older age and
male), clinical (existing comorbidities, severe, and critical illness), and labora-
tory factors (decreased number of lymphocytes). The combination effects of
age, sex, severity of the disease, and pre-existing diseases estimated from
the predictive model could help identify the vulnerable populations and guide
the allocation of medical resources.

MATERIALS AND METHODS
Study Participants

We constructed a retrospective cohort based on the National Notifiable Infectious
Disease Reporting System and medical records of patients in Hubei Province, China. A
total of 21,392 COVID-19 patients were selected to conduct a face-to-face interview.
The inclusion criteria included that the patients were diagnosed with COVID-19 in Hu-
bei Province and that their illness onset occurred between December 10, 2019, and
February 27, 2020. Participants were excluded if they had missing information on
important clinical variables (including fever, cough, and body temperature) and labora-
tory testing results (including the counts/percentages of white blood cells, lympho-
cytes, and neutrophils). To examine the representativeness of the included partici-
pants, we compared the demographic characteristics of these patients with
remaining, excluded patients. The participants were recruited from December 10,
2019, to February 27, 2020, and their survival status was followed up until March
18, 2020.

This study was approved by the Ethics Review Committee of School of Public
Health, Sun Yat-sen University (No.: 2020016). As the data collection was part of the
infectious disease outbreak investigation, informed consent was waived.

Data Collection

The baseline demographic information was extracted from the National Notifiable
Infectious Disease Reporting System. We collected additional information through
face-toface interviews, such as the comorbidity, occupation, and residence. The
iliness-related information was collected from hospital records, including the clinical
symptoms, the date of symptom onset, the levels of the hospital of admittance, and
laboratory testing results. Data for the analysis included age (<45, 45-60, and >60
years), sex (male and female), days between symptom onset and diagnosis (<7,
7-14, and >14 days), occupation (medical-related, service-related, office worker,
home worker, and others), residence (local and migrant), hospitals level (grade |, grade
I, and grade II),>* severity of illness (mild/asymptomatic, moderate, severe, and crit-
ical), living close to a farmers’ market (yes or no), area (Wuhan or non-Wuhan in Hubei),
comorbidity (the existence of any of the following chronical diseases: hypertension,
diabetes, kidney disease, liver disease, cardiovascular disease, respiratory disease,
and immune system disease), and laboratory testing (counts of white blood cells, lym-
phocytes, and neutrophils).

The classification of the severity was based on a comprehensive analysis accord-
ing to the guidelines for diagnosis and treatment of COVID-19 issued by Chinese Na-
tional Health Commission.*® Specifically, severe cases were defined as (1) respiratory
rate >30 breaths/min, (2) oxygen saturation <93%, or (3) PaO,/FiO, ratio <300 mm
Hg. Critical severe cases were defined according to at least one of the following
criteria: shock, respiratory failure requiring mechanical ventilation, combination with
other organ failures, and admission to the intensive care unit. In this study, due to
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the lack of detailed information about the patient's clinical process, disease severity
was defined according to whether the patient experienced a severe or critical severe
condition. For example, if a patient was admitted to hospital with mild symptoms
but had severe conditions during the study period, they were defined as a severe
patient.

Considering that a shortage of medical resources during the early stages of the
pandemic may have been associated with a higher fatality rate of COVID-19, we
included an indicator to reflect this temporal trend, with February 8 as the cutoff point
according to the date of hospitalization of the patients; patients admitted to the hos-
pital before February 8 were defined as 1 and those after February 8 as 0. The date of
February 8 was selected for two reasons, first, two specifically designated hospitals
(Huoshenshan Hospital and Leishenshan Hospital) and several Fangcang hospitals
started to treat COVID-19 patients at around February 8; second, a number of medical
workers and resources from other provinces arrived in Hubei around that time.

Laboratory testing data (white blood cell [WBC], lymphocytes, and neutrophils) were
classified into three groups according to the normal ranges."' WBC was divided to low
(<4 x 10%/L), reference (4-10 x 10%L), and high levels (>10 x 10°%/L); lymphocytes
were divided to low (<0.8 x 10%/L), reference (0.8-4 x 10°/L), and high levels (>4 x
10°%/L); lymphocyte percentage was divided to low (<20%), reference (20%—40%), and
high levels (>40%); neutrophil percentage was grouped to low (<50%), reference
(50%-70%), and high levels (>70%).

Case Definition

According to national guidelines, the COVID-19 cases were diagnosed using four
different definitions in Hubei Province. A confirmed case was defined as a positive
result of high-throughput sequencing or real-time reverse transcription polymerase
chain reaction (RT-PCR) in throat swab specimens.*® To identify SARS-CoV-2 infection,
throat swab samples were obtained from all patients at the time of hospital admis-
sion."" A clinically diagnosed case was defined based on symptoms, exposure, and
pulmonary imaging characteristics, but no nucleic acid test was conducted. Positive
chest computed tomography findings were recommended as the key evidence for clin-
ically confirmed cases by Chinese management guidelines for COVID-19 (version
7.0).> However, due to the limited detection capacity at the outbreak period, some in-
dividuals were also diagnosed as suspected cases. A suspected patient was defined
based on clinical symptoms and exposure history only. An asymptomatic case was
diagnosed by positive viral nucleic acid test result without typical symptoms, including
fever, dry cough, and fatigue.>* Among the 21,392 cases, 18,470 were confirmed
COVID-19 cases, 2,015 were clinically diagnosed cases, 865 were suspected cases,
and 42 were asymptomatic cases.

Statistical Analysis

We summarized the distribution of continuous variables by median and interquar-
tile range values. The differences of continuous variables across deceased and living
groups were examined by Student’s t tests, and categorical variables were compared
with chi-square test and Fisher's exact test.

Univariate and multivariate Cox proportional hazards models were fitted to quantify
the associations of potential risk factors with the fatality of COVID-19.3°*° The indica-
tor variable “Period” was also included in the multivariate models to control the impact
of medical resources at different stages of the epidemic. Variables with a p < 0.10 in
univariate analysis were included in the multivariate models. The survival time used in
Cox analyses was defined by days from the symptom onset date to date of death or to
the last day of follow-up on March 18, 2020, whichever came first. The associations
were shown as hazard ratios (HR) and 95% confidence intervals (Cl). We also plotted
survival curves according to age, sex, severity of iliness, and comorbidity. The curves
showed the survival probability with the days from symptom onset, which graphically
demonstrated the differences between different strata of the predictors.®’

Sensitivity analyses were conducted to test the robustness of the findings. We per-
formed one analysis by restricting the participants to the confirmed COVID-19 cases.
We also compared some demographic factors among the included (n = 21,392) and
excluded participants (n = 48,841) and assessed the associations of these factors
with CFR in the two groups.

Constructing a Nomogram for Prediction

A predictive model was then constructed based on the nomogram approach. A
nomogram is a reliable tool to quantify survival likelihood of one individual by incorpo-
rating the important factors affecting the prognosis of the disease and has been widely
used to evaluate prognostic factors in cancer patients.***° The nomogram is based on
the contribution of each factor to the outcome in the model, from which an influence
score is given, and then the total score of each individual is calculated to predict the
survival probability of each individual.***° For the easy application purpose, we
included four main variables for formulating a nomogram in this study, including
sex, age, comorbidity, and the severity of the disease in the predictive model, with
the aim to identify which combination would have the greatest impact on the death
of a COVID-19 patient.

The concordance index (C-index) represents the performance of model prediction.
It varies from 0.5 to 1.0, with 0.5 showing random chance and 1.0 indicating a good
ability to discriminate the outcome.*' To assess the validation of the model, we adop-
ted a random sampling method to select 80% of samples as a training cohort dataset
and 20% of samples as a validation cohort dataset. The nomogram was subjected to
1,000 bootstrap resamples for internal validation, and calibration of the nomogram for
1-, 2-, 3-, and 4-week survival was performed by comparing the predicted survival with
the observed survival after correcting for bias.

Al statistical analyses were performed using R 3.4.3, with p < 0.05 (two-sided) as
statistically significant.
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