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Abstract — Since the first case of COVID-19 was reported in 2019, the epidemic is still raging around the world, and
human life safety and health are facing a major threat. To quantify the transmission rate and severity of the Omicron
epidemic in the early stage of Hangzhou, based on the epidemic data of Hangzhou in China from March 25, 2022 to
April 26, 2022, we applied multiple mathematical formulas to directly calculate the basic reproductive number (Rg)
and effective reproductive number (R.). This is of great significance for retrospectively evaluating the transmission
ability of Omicron virus, observing the development of the epidemic situation, as well as analyzing the effectiveness of

prevention and control of Omicron virus in Hangzhou.
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. INTRODUCTION

Since the outbreak of COVID-19, human health has been constantly under threat. Even if countries adopt
strict epidemic prevention measures, it is difficult to resist the epidemic. According to real-time statistics from
Johns Hopkins University (CSSE), as of 2 April 2023, the total number of laboratory-confirmed cases during the
pandemic has reached more than 67,000,000, 6,000,000 deaths, and 4,000,000 new cases have been reported,
including 28,000 deaths in the last 28 days [1]. The global fight against the COVID-19 pandemic is far from

over.

In the past two years, SARS-COV-2 variants of concern (VOC) have been evolving in countries or regions
with high virus transmission rates and low vaccine coverage [2]. When assessing the infectivity of different
variants, a parameter in the epidemiological concept has attracted much attention, the basic reproductive number
(Reproductive R,), which refers to the average number of secondary cases that an infected person can infect
during his or her infection in the absence of any intervention [3]. In the process of epidemic prevention and
control, R, can be used to describe the infectibility of a certain disease, evaluate the difficulty of disease control,
help predict the speed and scale of disease transmission, as well as the level of population immunity required for
disease control, etc. R, has become a very important threshold parameter used to quantify the spread of diseases
[4]. According to R, estimation, from Alpha to Delta, and then to Omicron, the transmission capacity of VOCs
(Delta: 3.2-8, Omicron: 3.47-10) has exceeded the original strain (2.5-2.79) by 3-5 times [5] [6]. According to
the definition of R, the best time for its value that is likely to be accurately estimated is at the beginning of the
outbreak. As various interventions are implemented, such as testing [7], isolation [8], [9], tracing [7], vaccines
[10], and other non-drug interventions [11], or if there are many infections already, the calculation of R, will
deviate significantly from reality. Therefore, another important epidemiological index, effective reproductive
number (Reproductive R.), is introduced, which is time-changing and usually defined to quantify the number of

secondary cases that an average infected person can infect during the infection period in a population where the
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target population is not all susceptible at time t [12]. When evaluating the effectiveness of vaccines or other
public health measures, the effective reproductive number (R.) is a more appropriate indicator than R,,.
Effective assessment of epidemic transmission situation has become a hot issue of widespread concern in global
public health, R, estimated value of provides an indispensable reference for different countries and regions to

respond to the epidemic.

This study will focus on the Omicron epidemic in the initial stage of Hangzhou, China. Driven by the actual
epidemic data, we will use three kinds of mathematical calculation methods (Exponential growth method,
Maximum likelihood method, Sequential Bayesian method) to estimate R.. The results quantify the
transmission rate of epidemic and analyze the impact of different calculation methods, providing scientific
reference and foundation to better understand the epidemic development and evaluate the potential effectiveness

of prevention and control measures in Hangzhou.
Il. MATERIALS AND METHODS
2.1. Data Sources

The study collected data on daily confirmed cases reported by Hangzhou Municipal Health Commission from
March 25 to April 26, 2022, including infection date, newly infected case number, the infection severity

(asymptomatic/mild/severe), and the epidemic source [13].
2.1. Methods

2.2.1. Exponential Growth Method (EGM)

The exponential growth method is a calculation method of R, based on mathematical derivation [14]. This
method first assumes that the number of newly infected people per day is still increasing exponentially, so the
R, value used to calculate the early stage of an epidemic is more appropriate. The opposite is another
reproductive number R., which has a similar meaning to R, but “all susceptible people” is replaced by “some
immune people”, and it is obviously more widely used in practice. The following algorithm is compatible with
both reproductive numbers, and since the derivation assumes that the population is not entirely composed of

susceptible populations, it is used R, here directly.
Ro = (1 +rT)( +rT), (D

where r denotes the growth rate of exponential growth, T, is the average length of incubation period of the
infected person, and T; represents the length of recovery. If b(t) denotes the number of new infections on day t.

At is the time length since the beginning of the epidemic on day t, then
b(t) = b(t — At)e™:. ()

Arranging (2),

In(Yt
r=mn00; (3)
with

b
Vt= s (4)
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According to (1) and (2), we obtain,

Ry=1+1TG+p*(1—p)* (TG *1rTG), 6)
where
TG=TI+TLp="TL/p.. (6)

2.2.2. Maximum Likelihood Estimation (MLE)

Maximum likelihood estimation is a statistical method based on the principle of maximum likelihood, which
is the application of probability theory in statistics [14]. MLE provides a method to evaluate the parameters of a
model given the observed data, that is, “the model is determined, the parameters are unknown”. It is called MLE
by observing the results of a number of experiments and using the test results to obtain a parameter value that
maximizes the probability of the sample occurrence. The estimated value can be compared with the estimated
value of the branching process of the offspring mean. The branching process assumes either that the sequence
intervals are single-point distributed with mean 1 or that we can cluster the data into generations on the basis of
prior knowledge of the sequence intervals or clusters evident in the data (reasonable for diseases with long-
latency distributions). For example, if the mean value of consecutive intervals is p, the vector of daily case

denoted by N; would be:
N = {NI'NZ""'NT} . (7)

According to (7), N can also be divided into several generations, for example:

N* = {No, Bt Ne, B85 Nes o, B s Neb (8)
where
T/u=m. )

In this case, using N* to estimate R,, we have:

& _ TN
Ry = =i, (10)

i=1"i-1

where N; corresponds one-to-one with the vector N* in (8).
2.2.3. Sequential Bayesian Method (SBM)

The SBM method estimates the R, value by the average duration of the infection period, and the prior

distribution of R, at each time point is the posterior distribution at the previous time point [15]. The incidence
number N,,; at time t + 1 is approximately the Poisson distribution of mean N.e("®~1) where = describes the
Y

average duration of the infection period, and the calculation formula is given by [16]:

P(N¢+1|R,Ng,...Nt)P(R|Ny,...N¢)

P(R[Ng, ..., Ny1) = P(No,Nes1)

(11)
I11. NUMERICAL RESULTS

According to the available data, we plotted the regional distribution and time changes of the epidemic in Han-
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-gzhou, as shown in Figure 1 and Figure 2. From Figure 1, one can be intuitively observed that the epidemic in
Hangzhou is geographically concentrated, mainly occurring in three districts: Yuhang, Binjiang, and Gongshu.
Figure 2 shows that the daily changes of new cases in Hangzhou over time. Hangzhou’s Omicron outbreak has
shown two peaks in a short period of time, with the previous peak being smaller than the latter. And the infected

person is almost asymptomatic.

Fig. 1. The regional distribution of COVID-19 cases in Hangzhou, China, from March 25 to April 26, 2022, where the letter symbols are
shorthand for the initials in the Chinese names of different regions of Hangzhou. Data source from Hangzhou Municipal People’s

Government Public Emergency website [13].
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Fig. 2. Omicron epidemic change of Hangzhou, China from March 25 to April 26, 2022. Data source from Hangzhou Municipal People’s
Government Public Emergency website [13].
In next, to assess the transmission capacity of this epidemic, three methods (SGM, MLE, and SBM) were
used for quantitative analysis of R, based on the number of daily confirmed cases reported by the Health
Commission of Hangzhou in China from March 25 to April 26, 2022. In this study, SGM and MLE were carried

out using VScode software and python language, and SBM was performed using R language.
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Fig. 3. EGM Result. Fig. 4..MLE Result.
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Fig. 5. SBM Result.

3.1. EGM

According to Equation (5), we plotted the situation of R, over time, where the recovery period was TI = 4.40
days [17], and the incubation period was TL = 2.52 days [18]. Depending on the range of data available, the
initial value is set by the data on March 25, and t is the number of days. It can be seen from Figure 3 that the R,
value estimated by EGM is in a stable state at about 1 at the beginning, and then it increases greatly to about 4.5
on March 30, and then declines rapidly until April 9, which is in the fluctuation state from 2.0 to 3.0, and falls to
the range of 1.0 to 2.0 on April 10, and rises on April 20. It reaches more than 2.0. From the overall point of

view, the change of R, is relatively large.
3.2. MLE

R, here is calculated according to Formula (10), where the sequence interval is p = 2.75 days [19]. Since this
method needs the data of the first five days to calculate the R, of the sixth day, so the plot of R, over time starts
on March 29, as shown in Figure 4. It can be intuitively seen from the figure that R, is always in the state of
around 1.0 before April 9, rises to above 2.0 on April 9, and then quickly falls on April 13. After April 20, it

gradually rises to more than 2.0. In general, the fluctuation of R, is larger than that of the EGM.

3.3.SBM
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distribution is 2.13 and the standard deviation is 1.69 [18]. As can be seen from Figure 5, before April 2, it is

always in a stable state of about 1.0, rises to more than 2.20 on April 2, and then rapidly falls to the range of 2.0
to 1.0, reaches about 1.0 on April 17, and begins to rise by 2.0 on April 20. In general, the fluctuation trend of
R, is similar to the result obtained by EGM.

1. DISCUSSION AND SUMMARY

This study focused on the hot issues of public health in Hangzhou of China, and conduct a retrospective
quantitative analysis of the important epidemiological indicator R, based on the actual epidemic data in
Hangzhou. Driven by the Omicron epidemic data in Hangzhou of China, this study used EGM, MLE and SBM
to evaluate the R, value of Omicron, and quantified the transmission ability of Omicron in Hangzhou from
multiple perspectives, making the results more scientific. The numerical analysis showed that the interval of the
basic reproductive number of Omicron epidemic in Hangzhou was about 2.055 (95%CI 1.78, 2.33). However,
different models would lead to different results, where the results obtained by EGM and SBM were very close.
The MLE is expected the larger sequence interval to be the better when estimating R, but the sequence interval

of omicron is short, which may result in an unprecise result.

Significantly, the R, values in this study were estimated with the use of mathematical or statistical models
based on retrospective data. In fact, its estimation results are also related to many factors, such as the accuracy
of data, the distribution of data, and the structure of the model, etc. Therefore, the R, values calculated in the
past epidemics of the same infectious disease may not be applicable to the future outbreaks of the same

infectious disease [20]. In addition, due to the delay of data collection, their practicability is further limited [21].

In a conclusion, when analyzing the basic reproductive number of an epidemic, different methods have a
great impact on the obtained results, a reasonable estimation result can provide not only an intuitive
understanding of the development situation and prevention and control effect of COVID-19 in Hangzhou, but
also a useful reference for the evaluation of the transmission capacity of the epidemic in the short term.
Therefore, how to choose an appropriate method to realize the quantification of the basic reproductive number

of an epidemic is still a topic worthy of in-depth research.
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