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ABSTRACT

Background The early spatiotemporal transmission of
COVID-19 remains unclear. The community to healthcare
agencies and back to community (CHC) model was tested
in our study to simulate the early phase of COVID-19
transmission in Wuhan, China.

Methods We conducted a retrospective study. COVID-19
case series reported to the Municipal Notifiable Disease
Report System of Wuhan from December 2019 to March
2020 from 17 communities were collected. Cases from
healthcare workers (HW) and from community members
(CM) were distinguished by documented occupations.
Overall spatial and temporal relationships between HW
and CM COVID-19 cases were visualised. The CHC model
was then simulated. The turning point separating phase 1
and phase 2 was determined using a quadratic model. For
phases 1 and 2, linear regression was used to quantify the
relationship between HW and CM COVID-19 cases.
Results The spatial and temporal distributions of
COVID-19 cases between HWs and CMs were closely
correlated. The turning point was 36.85+18.37 (range
15-70). The linear model fitted well for phase 1 (mean
R2=0.98) and phase 2 (mean R?=0.93). In phase 1, the
estimated &s were positive (from 18.03 to 94.99), with
smaller Bs (from 2.98 to 15.14); in phase 2, the estimated
as were negative (from —4.22 to —81.87), with larger Bs
(from 5.37 t0 78.12).

Conclusion Transmission of COVID-19 from the
community to healthcare agencies and back to the
community was confirmed in Wuhan. Prevention and
control measures for COVID-19 in hospitals and among
HWs are crucial and warrant further attention.

INTRODUCTION

COVID-19, caused by SARS-CoV-2, has
changed people’s life worldwide. Available
evidence suggests that the virus can spread
from person to person by droplets, fine aero-
sols and fomites," as well as with close personal
contactin familial,2 social®* and external envi-
ronments.’ Moreover, the virus does transmit
randomly or evenly through penetrate
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Strengths and limitations of this study

» Transmission of COVID-19 from the community to
healthcare agencies and back to the community
was confirmed in Wuhan.

» In addition to advancing our understanding of the
COVID-19 epidemic and its control, the findings of
this study provide new evidence for prevention and
control of a novel pathogenic epidemic.

» The study was a secondary analysis and data on
other factors at the community and individual levels
that may affect the two-phase CHC model (commu-
nity to healthcare agencies and back to community)
were not included.

» Data used in this study were from Wuhan only and
caution is needed when generalising the findings to
other places with different conditions.

Many studies have been conducted to
simulate the spatiotemporal transmission
dynamics of COVID-19. A study from Ohio,
USA showed that there is substantial spatial
variation in the spread of the disease, with
localised areas showing marked differences
in disease attack rates.” In addition, results
from a study in South Asia revealed spatial
hot spot along with a descriptive output on
different parameters of COVID-19.” However,
these studies cannot reflect the characteris-
tics of individuals. Using individual patients’
trajectory data, Cheng et al'’ revealed that
there is a strong positive correlation between
transmission of COVID-19 and mobility of the
general public. However, in depth, based on
daily surveillance and antiepidemic actions in
Wuhan, we find that a patient’s occupation
is very important in COVID-19 transmission.
Namely, in the early period, an important
two-phase COVID-19 transmission model—
transmission from communities to healthcare

Dr Xinghua Liu; barriers following various venues in favour of  agencies and back to communities (CHC)—
liu_xinghua@hust.edu.cn transmission to a whole population.®” might exist.
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Figure 1 A proposed transmission model from the
community to healthcare agency and back to the community
for the novel pathogen SARS-CoV-2.

The CHC model proposes that when infected members
from the community visit a healthcare agency during the
early period, they become a source of infection for health-
care workers (HW). Later, when infected HWs get home

after work, they bring the virus back to the community,
infecting other community members (CM). According to
the CHC model, based on observations, the COVID-19
epidemic among CMs and HWs forms two distinctive
phases: phase 1 and phase 2 (figure 1). In phase 1, there
is faster spread of infections among HWs due to very
short distances and close contacts between HWs and
infected CMs. On the contrary, during the same period,
there is slower spread of infections among CMs. In phase
2, the virus spreads slower among HWs but faster among
CMs. With increased awareness of COVID-19, healthcare
agencies and HWs are often the first to adapt evidence-
based preventive measures quickly and strictly, which can
significantly slow down the speed of virus transmission.
However, it takes more time and requires more efforts
for all CMs to adopt any preventive behaviours. There-
fore, it can be inferred that even with the same number of
infected, the epidemic will grow quicker among CMs than
among HWs. A meta-analysis of 11 studies showed that
10.1% of COVID-19-positive patients are HWs.!' However,
the spatial and temporal distributions among HWs and
CMs remain unclear.

Although the CHC model is commonly used in commu-
nicable diseases,12 reported study has merely empirically

Table 1 Participant characteristics
Variable Healthcare workers Community members Total
Total population in Wuhan (1000) 127.4 10765.5 10892.9
COVID-19 cases in Wuhan 2900 47105 50005
Attack rate (per 1000) 22.76 4.38 4.59
Sample ratio, n (%) 1138 (39.24) 12882 (27.35) 14020 (28.04)
By severity, n (%)
Asymptotic and mild 513 (45.08) 5876 (45.62) 6389 (45.57)
Moderate 455 (39.98) 4603 (35.73) 5058 (36.08)
Severe 170 (14.94) 2403 (18.65) 2573 (18.35)
By district, n (%)
District 1 88 (7.73) 1013 (7.86) 1101 (7.85)
District 2 177 (15.55) 2078 (16.13) 2255 (16.08)
District 3 214 (18.80) 3000 (23.29) 3214 (22.92)
District 4 115 (10.11) 1348 (10.46) 1463 (10.44)
District 5 442 (38.84) 3851 (29.89) 4293 (30.62)
District 6 102 (8.96) 1592 (12.36) 1694 (12.08)
By sex, n (%)
Male 380 (33.39) 5994 (46.53) 6374 (45.46)
Female 758 (66.61) 6888 (53.47) 7646 (54.54)
By age, n (%)
<35 341 (29.96) 1540 (11.96) 1881 (13.42)
35-49 443 (38.93) 2963 (23.00) 3406 (24.29)
>50 354 (31.10) 8379 (65.04) 8733 (62.29)
Mean (SD) 39.60 (12.12) 55.22 (15.71) 53.96 (16.49)
Days, symptom to diagnosis
Median (IQR) 9 (5-16) 10 (5-16) 10 (5-16)
Mean (SD) 11.52 (8.69) 12.50 (8.31) 12.43 (8.34)
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Figure 2 Spatial and temporal correlation of COVID-19 cases between community members (CM) and healthcare workers
(HW) in Wuhan, China. (A) Spatiotemporal distribution of COVID-19 in CMs and HWs. (B) Daily new cases of CMs and HWs. (C)

Daily cumulative cases of CMs and HWs.

tested this hypothesis in COVID-19. If the CHC model is
tenable, effective early interventions to control HW to
CW transmission would effectively reduce the community
transmission of COVID-19. Hence, the purpose of this
study is to test the proposed CHC model in COVID-19 to
expand evidence on COVID-19 transmission.

MATERIALS AND METHODS

The first suspected case of COVID-19 was identified in
Wuhan on 8 December 2019."% A national outbreak was
declared on 20 January 2020. Wuhan is the provincial
capital of Hubei, with 13 administrative districts and 270

communities, with a total population of 11 million and a
total gross domestic product (GDP) of $231 830 million.

Source of data

A retrospective study was conducted. Case series of resi-
dent patients with COVID-19 reported to the Wuhan
Center for Disease Prevention and Control from
December 2019 to 26 March 2020 were included. For
individual cases, data on occupation and community
where they live were also extracted. All data were derived
from the Municipal Notifiable Disease Report System of
Wuhan (https:/ /wwwcdcgov/coronavirus/2019-ncov/
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hcp/infection-control-recommendations.html; accessed
21 May 2020).

Patient and public involvement

Patients or the public were not involved in the design,
or conduct, or reporting or dissemination plans of our
research.

Community selection
The communities were selected according to geograph-
ical location, total number of COVID-19 cases and data
volatility. Among the 270 communities in Wuhan, 3 with
special geographical locations were excluded. In addi-
tion, to obtain robust model parameter estimates for
each community, communities with less than 40 infected
cases (n=244) and with unexpected fluctuations in daily
and accumulative cases (n=6) were excluded. Finally, 17
communities were included. All COVID-19 cases in these
17 communities were enrolled in the analysis.

These 17 communities were evenly distributed across
the north and south of Yangtze River in six administrative
districts and covered 17.21% of the population of Wuhan.

COVID-19 diagnosis and grouping

All COVID-19 cases included in this analysis were
confirmed by RT-PCR assay test in the laboratory with a
positive SARS-CoV-2. The test was conducted following
national standards.'* Clinic type was categorised as mild,
moderate, severe or critical according to the diagnosis
and treatment scheme for COVID-19 released by the
National Health Commission of China."”

According to occupation, subjects with COVID-19 were
divided into HW and CW infections. If cases were employed
by preventive and clinical care agencies, including hospi-
tals, outpatient clinics, emergency centres, pharmacies,
and disease control and prevention institution, they were
classified as HW infections. To better address the study
question, non-professional workers in healthcare settings
were also considered as HWs, such as security guards,
technicians and logistics personnel. Apart from this,
other cases were treated as CW infections.

Statistical analysis
Descriptive analysis was conducted to assess the distribu-
tion of cases by age, sex, date of disease onset, clinical
severity, location by district and days from first symptom
onset to diagnosis. Self-reported date of fever or cough
onset was used as the date of disease onset and was applied
to construct the onset curves. Attack rate was computed as
the ratio of the total COVID-19 cases divided by the total
population at risk. The total number of persons employed
by healthcare agencies and the total CMs (minus the total
HWs) in 2019 were used as the atrisk population for
HWs and CMs, respectively. Sample ratio was computed
by dividing the total COVID-19 cases included in the anal-
ysis over the total number of confirmed cases used in this
study.

Geographical mapping was used to describe the
geographical distribution of the selected communities.

Geographical mapping was conducted using ArcGIS
V.10.2 software (Environmental Systems Research Insti-
tute). Daily and cumulative COVID-19 cases for HWs and
CMs for the 17 communities were first plotted by date to
show the overall relationship between the two.

The CHC model was tested by the following process for
each community. First, cuamulative COVID-19 cases of HW
by date were plotted against those of CM to obtain a visual
assessment of the two-phase pattern: a slower increase in
phase 1 and a quicker increase in phase 2 with a turning
point. The trajectories of scatter plots were approximately
quadratic curves. Hence, to quantify the turning point,
data for individual communities were fitted with the
quadratic model:

y= o+ Brx+ Poxd, (1)
7= B1/(~2B2) (2)

where x and y are daily cumulative COVID-19 cases by
date for HW and CM, respectively.

After the turning point 7 was determined for a commu-
nity, the data for phase 1 and phase 2 were analysed sepa-
rately using a linear regression model. Statistical analyses
were performed with SPSS Software V.23.0 for Windows.

RESULTS

Demographic and epidemiological characteristics

Overall, the attack rates of COVID-19 per 1000 population
were 22.76 (2900/127.4) for HW and 4.38 (47 105/10
765.5) for CM, respectively. Table 1 summarises the char-
acteristics of the study participants from all 17 commu-
nities. Of a total of 14020 cases, 91.88% were CM and
8.12% were HW. Compared with HWs, there were more
male (46.53% vs 33.39%) and older (=50 years; 65.04% vs
31.10%) cases among CMs. The median (IQR) duration
from showing a symptom to receiving a clinical diagnosis
was 9 (5-16) days for HWs and 10 (5-16) days for CMs.

Spatiotemporal relationship between HWs and CMs

Figure 2 depicts the spatiotemporal relationship of
COVID-19 between HWs and CMs. As shown in figure 2A,
there were close geographical relations between the two
groups. The scatter plots in figure 2B (daily new cases)
and figure 2C (cumulative cases) show that temporal
trends in the COVID-19 epidemic among HWs were
exactly similar to those among CMs.

In figures 3 and 4, the cumulative cases of HW (right
vertical axis) and CM (left vertical axis) were plotted
for all 17 communities. All plots showed the two-phase
patterns, with slow increase early and a quick increase
later.

CHC model simulation

First, the turning points were measured by the quadratic
modelfor each community, as presented in table 2. Overall,
the average turning point separating phase 1 from phase
2 was 38.65 (SD=18.37, minimum=15, maximum=70).
Linear regression model was then applied to simulate the
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Figure 3 Temporal relationship in cumulative COVID-19 cases between healthcare workers (HW, blue line) and community
members (CM, red line) for communities 1-9 (A-l). Lower right is the residual graph.

relationship between the daily cumulative cases of CM
and HW before and after the turning point, namely phase
1 and phase 2. The results showed that the estimated R?
in phase 1 ranged from 0.92 to 0.99 (mean=0.98, SD=0.2),
while in phase 2 varied from 0.69 to 0.99 (mean=0.93,
SD=0.08). Consistent with the proposed CHC model in
figure 1, the estimated &s in phase 1 were positive for all
communities, ranging from 18.03 to 94.99 (mean=47.38,
SD=21.41), while the estimated as in phase 2 were all
negative, ranging from -4.22 to -81.47 (mean=-41.31,
SD=24.49). Moreover, the estimated Bs in phase 1 were
smaller than those in phase 2 for each community (from
2.98 to 15.14 vs from 5.37 to 78.12). Above all, the results
supported the proposed CHC model.

DISCUSSION
In this study, we empirically tested the proposed CHC
model in the early spread of COVID-19 in Wuhan. The
results confirmed the transmission of COVID-19 from
the community to healthcare agencies and back to the
community. To the best of our knowledge, this study is
the first to demonstrate this heterogeneity in the spread
of the novel virus.

Different from the theories of enrolling the whole popu-
lation, including infected and uninfected individuals, to
simulate the model,'®'” only daily cumulative COVID-19

cases were applied in our CHC model. Furthermore, the
core variable is an individual’s occupation. Published
literature well analysed the spatiotemporal transmis-
sion patterns of COVID—196_H; however, the influence of
individual characteristics has never been evaluated. The
findings of our study indicate that the novel virus can be
spread through special venues, and effective early inter-
ventions to control HW to CW transmission would effec-
tively reduce the community transmission of COVID-19.

Based on the daily surveillance and antiepidemic
actions in Wuhan, there is evidence supporting the CHC
model. Although an increased risk of COVID-19 infec-
tion among medical and health professionals'®** and
non-professional workers® has been reported, COVID-19
cases are detected earlier among CMs than among
HWs. A slower growth of cases is then observed among
CMs compared with HWs. Subsequently, there is a clear
turning point where CM cases progress faster than HW
cases. The progressive knowledge of COVID-19 in HWs
and the inadequate community protection in CMs might
cause different changes in different populations. Hence,
the simulation of the proposed CHC model in COVID-19
is of significance in order to understand its early spatio-
temporal transmission pattern.

The CHC model partially explains the surge of
COVID-19 during the early period in Wuhan'® and many
other places inside and outside of China.'**** During the
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Figure 4 Temporal relationship in cumulative COVID-19 cases between healthcare workers (HW, blue line) and community
members (CM, red line) for communities 10— to 17(A-H). Lower right is the residual graghph.

early period of the epidemic, few HWs adopted personal
protection equipment (PPE) when taking care of patients
and few hospitals imposed protective measures, except
specialised hospitals for infectious diseases.”® Moreover,
a lot of doctors experienced difficulties in correctly diag-
nosing a COVID-19 infection. In quick succession other
professionals by sending patients to various departments
for further assessment exposed, and then the epidemic
among HWs exacerbated.

What is much alarming than the spread among HWs is
that there is huge transmission from healthcare agencies
back to communities. With lack of knowledge about the
epidemic, infected HWs might bring the virus back to the
community without taking adequate protection measures.
Daily commute between healthcare agencies and commu-
nities directly provides an opportunity to unintentionally
spread COVID-19.

In addition, the CHC model, of which ‘H’ indicates the
core of the spread, partially explains the rapid control of
the COVID-19 epidemic in China. With a population of
1.4billion, China technically controlled the epidemic by
8 March 2020, about 4months after the first suspected
case on 8 December 2019." Soon after the epidemic has
been understood, one important measure taken by China
was to control the path of transmission from the commu-
nity to healthcare agencies. Typical measures included
(1) strict protection measures among HWs (ie, using

PPE, not going home and instead staying at specialised
camps after work), (2) prohibition of hospital visits and
(8) quarantine of all infected cases in specialised or newly
constructed hospitals. 7751

The CHC model also bears significant implications for
emerging pathogen epidemics in the future. The greatest
threat of a novel epidemic is the transmission of infec-
tion among CMs to HWs then back to the CMs due to
lack of knowledge about the pathogen during the early
stage. The hidden attack of a novel infection makes it
hard to take antiepidemic measures for everyone and
every agency, particularly for healthcare professionals
and agencies, during the early stage of the epidemic.

There are limitations to this study. First, the data used
in this study were inadequate for us to link the transmis-
sion of the virus at the individual person level to prove the
CHC model. Second, this study was a secondary analysis.
Data on other factors at the community and individual
levels that may affect the two-phase CHC model were
not included, such as community type, population size,
economic level, knowledge about the epidemic, imple-
mentation of prevention measures by community and
healthcare agencies, use of PPE, and frequency of contact
between the infected and the uninfected within HWs and
CMs and between HWs and CMs.

Despite the limitations, this study is the first to test
the CHC model in the COVID-19 epidemic, with the
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Table 2 Relationship of cumulative daily COVID-19 cases between community members and healthcare workers in phase 1

and phase 2

Before After
Community  Turning point & B R? & B R?
1 62 72.71 7.92 0.99 —68.56 18.02 0.99
2 60 77.66 9.85 0.99 -81.87 16.03 0.99
8 43 39.69 7.50 0.97 -40.92 9.40 0.97
4 70 35.66 5.29 0.98 -10.56 78.12 0.69
5 40 36.65 15.14 0.97 -22.97 16.29 0.91
6 23 32.05 5.16 0.97 -4.22 23.51 0.97
7 70 68.12 10.30 0.99 -65.47 11.94 0.99
8 42 35.47 5.66 0.98 -42.77 11.18 0.97
9 32 49.22 10.26 0.98 -62.87 17.84 0.99
10 50 94.99 2.98 0.99 -50.51 9.81 0.98
11 38 44.20 3.01 0.98 -16.29 B8 0.82
12 21 25.61 6.47 0.96 -26.53 12.44 0.92
13 24 65.88 9.13 0.99 -73.35 11.01 0.99
14 23 39.79 4.46 0.99 -28.15 9.71 0.93
15 15 21.99 11.89 0.95 -29.25 15.80 0.93
16 29 47.79 10.08 0.99 -14.37 17.81 0.80
17 15 18.03 7.48 0.92 -63.65 17.27 0.98
Range 15,70 18.03, 94.99 2.98, 15.14 0.92, 0.99 -4.22,-81.87 5.37,78.12 0.69, 0.99
Mean 38.65 47.38 7.80 0.98 -41.31 17.74 0.93
SD 18.37 21.41 3.27 0.02 24.49 16.18 0.08

The estimated intercept and slope were all statistically significant at p<0.01 and R? was for assessment of data model fit.
The turning point was the number of cumulative COVID-19 cases among healthcare workers (see text for details).

Following the proposed CHC model, the & was positive before the turning point and negative after the point; and the B before the point was

smaller than after the point (see figure 1).

The difference in the mean « and g before and after the turning point was statistically significant (p<0.01 for both).

CHC, community to healthcare agencies and back to community.

results highlighting that blocking the transmission
between healthcare agencies and communities is crit-
ical to protecting invaluable HWs and slowing down the
epidemic in a population. In addition to advancing our
understanding of the COVID-19 epidemic and its control,
findings of this study add new data that can guide the
control and prevention of a novel pathogenic epidemic
and underscore the need for further research to explore
the underlying dynamics of the COVID-19 epidemic.

CONCLUSIONS

In summary, transmission of COVID-19 from the commu-
nity to healthcare agencies and back to the community
was confirmed in Wuhan.
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