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Abstract

In many nations, efforts to prevent and control COVID-19 have been significantly impeded
by the SARS-CoV-2 virus ongoing mutation. The Omicron strain, a more recent and preva-
lent strain, has had more significant detrimental effects in countries worldwide. To investi-
gate the impact of the Omicron BA.2 strain on vaccine efficacy, we proposed a model with
vaccination and immunological decline in this research. Then, we fitted our model based on
the number of daily new instances reported by the government in Jilin and Shanghai, China.
We estimated the effective reproduction number R, = 4.71 for the Jilin and R, = 3.32 for
Shanghai. Additionally, we do sensitivity analysis to identify the critical factors affecting the
effective reproduction number R.. It was found that vaccination rate, effectiveness rate, and
declining rate had a significant effect on R,. Further, we investigate the relevant parameter
thresholds that make R, lower than unity. Finally, rich numerical experiments were then car-
ried out. We observed that even when vaccine efficiency was not high, increasing vaccina-
tion rates had a significant effect on early disease transmission, that limiting social distance
was the most economical and rational measure to control the spread of disease, and that for
a short period, reducing immune decline was not significant in curbing disease
transmission.

Introduction

From the initial SARS-CoV-2 virus infection in 2019 to the ongoing COVID-19 recurrent out-
break, more than two years have passed. The COVID-19 epidemic has created a serious threat
to public health security and negatively impacted both social and economic progress and psy-
chological health [1, 2]. Despite some stringent interventions (vaccination, city closures, com-
munity blockades, travel meltdowns, medical isolation, etc.) adopted by the Chinese
government at the beginning of the phase outbreak, a cyclical epidemic character may still
develop in mainland China due to the complexity of the virus’s mode of transmission [3, 4].
The number of fatalities and the risk of infection can be significantly decreased by non-phar-
maceutical measures such as isolation and blocking [5, 6]. However, they frequently result in
significant socioeconomic losses.

An efficient vaccine is one of the finest strategies to stop infectious diseases brought on by
viruses. In a comparatively open setting, vaccination can dramatically lower the fatality rate
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and lessen the severity of infection [7]. Furthermore, Nicol Gozzi et al. showed that non-phar-
macological measures during vaccination rollout are just as crucial to halting disease develop-
ment [8, 9]. A press release from China’s National Health and Wellness Commission states that
1,234.54 million people nationwide—or 87.61% of the population—have completed all recom-
mended vaccinations [10]. There are ongoing outbreaks even though the immunization rate is
almost 90%. It’s because a variety of factors affect the effective of vaccines [11-15]. The effec-
tiveness of the vaccine is influenced by several factors, including the nature of the virus and the
vaccine itself. Alpha, Beta, Gamma, Delta, and Omicron (includes BA.1, BA.2, BA.3, BA 4,
BA.5, and descendent lineages) are the main variation of concern (VOC) strains of SARS-CoV-
2. Additionally, it contains circulating recombinant BA.1/BA.2 strains like XE) [16], of which
the Omicron strain is the most recent version to be common in mainland China [17, 18]. One
of the main obstacles to herd immunity is the ongoing development of viruses [19].

Vaccination rate and efficiency are important elements impacting vaccine effectiveness and
are of research interest. Vaccines are one of the most effective ways to prevent and control
infectious diseases. To characterize the immunization schedule, Manuel Adrian Acua-Zegarra
et al. developed an optimal control problem with mixed constraints and ran simulations of
vaccine efficacy, coverage, and induction. By simulating vaccine efficacy, coverage, vaccine
induction, and natural immunity, a vaccination plan that reduces the burden of COVID-19
was developed [20]. When vaccine supplies are scarce, Yinggao Zhou et al. suggested a vacci-
nation approach and came to the conclusion that the control technique should be changed to
time-varying vaccination rates [21]. In order to create an optimal control problem for each
aspect separately, Anuj Kumar et al. took into account a vaccine model with information
induction and limited treatment. They discovered that the application of control strategies in
combination lessened the severity of the disease burden and the associated financial burden
[22]. Thompson et al. developed tools to estimate time-varying reproduction numbers charac-
terizing the spread of infectious diseases, based on which control interventions during epidem-
ics can be optimized [23]. The literature provides extensive information on more recent
relevant investigations [24-31].

As a result of this wave of outbreaks brought on by the Omicron variety, we examine in
this research the effects of various vaccination rates and efficacy rates on the control of the
epidemic in mainland China. In Section 2, an ODEs model for the population-wide dis-
semination of COVID-19 is created while taking the vaccination rate and effectiveness rate
into account. Some critical model parameters are fitted based on the actual number of
reports in Section 3. In Section 4, the analytical formulas for the thresholds for the sensitiv-
ity analysis and effective reproduction number are obtained. An extensive numerical
experiment is conducted in the next section. The final section is a discussion of our ongo-
ing research.

Mathematical model

Direct contact between a healthy person and a virus carrier, often known as direct transmis-
sion, is the main way that COVID-19 is spread [32]. Furthermore, in indirect transmission,
healthy people can contract the virus by coming into touch with virus particles that are
released into the air when an infected person sneezes, spits, or coughs [33]. Because SARS-
CoV-2 viruses can live after being isolated from the host for hours or even days in the right cir-
cumstances, indirect transmission can occur [34]. The chance of contracting a virus through
direct contact with an infected person is higher than the risk of contracting a virus from an
object’s surface, according to research by Xin Zhang et al. [35]. Consequently, we solely con-
sidered the novel coronavirus’s direct transmission in the population.
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Vaccines quickly cause people to develop vast numbers of antibodies in reaction to a subse-
quent viral invasion after entering the human body. Due to the complexity of the immune
response process, vaccination efficacy is not always guaranteed [11]. The amount of antibodies
in the body eventually diminishes as a result of the metabolic process of the individual, and
this decline in antibody levels is constant across all populations, independent of the recipient’s
gender, age, or history of chronic disease [12]. As a result, we defined the parameter &
described the immunological decline phenomenon.

When considering the dynamics of the spread of COVID-19 in a population, we divided
the total population N into five components according to the individual’s status in the space of
the disease: Susceptible (S), Exposed (E), Asymptomatic infected (I,), Symptomatic infected
(D), and Recovered (R). After a period of time, some of those exposed over time develop con-
firmed symptoms of infection, while others remain asymptomatic. Over time, the asymptom-
atic infected either become symptomatic or clear the virus with the immune system or
medication and become recovered. The symptomatic infected become recovered after medica-
tion. The immune level of recovered individuals declines over time until they become suscepti-
ble again.

According to national guidelines for the prevention and management of COVID-19 out-
breaks, symptomatic patients are isolated medically as soon as they are identified. However,
there is a risk of transmission through healthcare workers [36, 37]. We hypothesized that (1)
exposed individuals carry the virus but are not infectious. Asymptomatic and symptomatic
infected individuals have the ability to infect healthy individuals. (2) individuals who become
recovered are at risk of reinfection [38, 39]. (3) Individuals have the potential for natural death
at each stage of virus transmission. (4) Vaccinated individuals are those who have completed
complete vaccination according to the current vaccine strategy. (5) There is no difference in
the rate of immune decline for all individuals.

A point worth noting is that many researchers, when considering data based on actual
cases, refer to the inverse of the rate of transmission from exposed to infected as the incubation
period. However, there is often an error between the statistically obtained data and the true
incubation period, due to the fact that many exposed individuals are classified as infected only
after they have been diagnosed, but in fact, become infected before they are diagnosed. There-
fore, when combining actual infection data, the inverse of the transmission rate from exposed
to infected cannot simply be called the incubation period.

Based on the previous description and assumptions, the following ODEs model was devel-
oped to simulate the transmission dynamics of COVID-19 in the population. Fig 1 shows the
corresponding transmission path diagram.
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Fig 1. COVID-19 transmission pathways in the population.
https://doi.org/10.1371/journal.pone.0290640.9001

where N=S+ E + I + I, + R. The initial condition for system (1) takes the form

S(0) > 0,E(0) > 0,1,(0) > 0,1(0) > 0,R(0) > 0. (2)

Here A indicates the recruitment rate of the susceptible population. The immune level of
recovered individuals declines at the rate of 6. y denotes the vaccination rate. Parameter 0 rep-
resents the vaccine efficiency rate, and yf means the proportion of susceptible persons success-
fully vaccinated. §; and 3, represent the exposure rate of susceptible persons with
asymptomatic infections and symptomatic infections, respectively. According to the actual
treatment principles, we assume f; > f,. € is the transmission rate per unit of time (day, in
case of COVID-19) that exposed individuals become infectious, and p denotes the proportion
of exposed persons becoming asymptomatic infections. Then 1 — p represents the exposed
becomes symptomatic and asymptomatic infected become symptomatic at the rate of 7. y; and
7, denote the treatment rates of asymptomatic and symptomatic infections, respectively.
Parameters a; and o, represent the causal mortality rates of asymptomatic and symptomatic
infections. Similarly, we assume a; < @,. p represents the natural mortality rate.

Data and parameter estimation

For this section, we compiled the number of confirmed COVID-19 cases reported in mainland
China from March 1 to May 31, 2022. Using epidemic data from Shanghai and Jilin, we
adapted the improved Markov chain Monte Carlo (MCMC) approach to fit the model’s
parameters.

Data sources

We acquired epidemic data for each province (March 1-May 31) from the “COVID-19 Epi-
demic Prevention and Control Column” on each local government website in order to gain
more precise surveillance data. Detailed data can be obtained from here (see S1 Appendix).
The government department websites were updated daily with case data throughout the
COVID-19 epidemic, which offers exceptional ease for collecting ongoing and comprehensive
infection data. Fig 2 displays the total number of infections for each province on the Chinese
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Fig 2. Cumulative number of infections by province and maximum number of infections in a single day. The blue column indicates the cumulative
additions from March 1 to May 31, 2022 for each province. The red bar indicates the maximum value of single-day additions in each province from March
1 to May 31, 2022.

https://doi.org/10.1371/journal.pone.0290640.9002

mainland and the number of individuals with the highest number of new infections in a day
from March 1 to May 31, 2022. The OmicronBA.2 strain most severely impacted Shanghai
City and Jilin [40, 41]. Fig 3 displays the daily new and cumulative cases in the cities of Shang-
hai and Jilin. The number of illnesses rose quickly during the initial phase. The Omicron BA.2
strain is more contagious than the preceding strain, which is the first Omicron BA.2 strain
pandemic in China. Due to the large numbers of infections in Shanghai and Jilin, using sur-
veillance data from these two provinces to fit the model is realistic and representative.

The trend of the blue solid and dashed lines in Fig 3 shows that the daily number of new
infections in Jilin Province fluctuates widely and the disease outbreak is relatively rapid, reach-
ing a daily maximum of new infections in two weeks from March 1, suggesting that there may
be occult transmission in Jilin Province. In contrast, the trend of daily new infections in
Shanghai is relatively flat and more in line with the trend of natural transmission.

Parameter estimation

By combining the Adaptive Metropolis (AM) algorithm with the Delayed Rejection (DR)
method, Haario et al. created a DRAM-MCMC approach that is superior to the traditional
MCMC method when without an excellent prior distribution [42, 43]. Reference [44] gives the
DRAM-MCMC toolbox. Before the implementation of DRAM-MCMC, we obtained the val-
ues of some parameters based on statistical data. According to the statistical report of the
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Fig 3. Trend of cumulative infections and daily new infections in Jilin and Shanghai. The blue solid line indicates the daily trend of new infections in
Jilin, and the red solid line indicates the daily trend of new infections in Shanghai. The blue dotted line indicates the cumulative new infections in Jilin,
and the red dotted line indicates the cumulative new infections in Shanghai.

https://doi.org/10.1371/journal.pone.0290640.9003

national economic and social growth of Jilin in 2021 [45], the total population of Jilin is

23,753,700 people, and the average number of newborns born is A = 23753700 x 4.7%o/365
per day, where 4.7%o is the yearly birth rate [45]. Considering that births will be avoided dur-
ing the epidemic and that newborns will receive enough protection from infection [46, 47], we
assumed that the recruitment rate of the susceptible population was 5% of the birth rate. That

is, the recruitment rate of the susceptible population in Jilin Province is A = A x 5% =
15.2935 per day. The natural mortality rate in Jilin is obtained from the statistical bulletin on
the development of health care in China in 2021 [48] as y = 1/(78.2 x 365) per day, where 78.2
years is the national life expectancy per capita. From the Shanghai 2021 National Economic
and Social Development Statistical Bulletin [49]. Shanghai has an annual resident population
of 24,894,300 people, a natural mortality rate of 4 = 1/(84.11 x 365) per day, and a life expec-
tancy of 84.11 years. The yearly birth rate is 4.67%o, with an average birth rate of A =
24894300 x 4.67%o/365 per day [49]. The recruitment rate of susceptible population in
Shanghai was assumed to be A = A x 5% = 15.9255 per day similarly.

According to the relevant data released by the National Health Commission of the People’s
Republic of China, as of February 25, 2022, 1,234,540,000 people have been fully vaccinated
nationwide [50]. As of June 1, 2022, 1,256,857,000 people have been fully vaccinated
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Table 1. Parameters values and sources in system (1).

Parameters

4
0

A

4!
72
(1
o
P
5(0)
E(0)
14(0)
1(0)
R(0)

https://doi.org/10.1371/journal.pone.0290640.t001

Jilin Shanghai Sources
0.0014 0.0014 Assumed
0.7 0.7 [52]
15.2935 15.9255 Estimated
3.50E-05 3.26E-05 Estimated
4.82E-06 1.46E-06 DRAM-MCMC
5.04E-08 5.35E-08 DRAM-MCMC
6.13E-05 0.0046 DRAM-MCMC
0.0304 0.0803 DRAM-MCMC
0.0062 0.0062 DRAM-MCMC
0.0008 0.0659 DRAM-MCMC
0.9670 0.7853 DRAM-MCMC
6.30E-06 5.37E-08 DRAM-MCMC
3.70E-05 5.19E-05 DRAM-MCMC
0.7857 0.8233 DRAM-MCMC
23752596 24882546 Estimated
1000 1000 Estimated
50 3 Estimated
4 1 S1 Appendix
14530851 15222894 Estimated

nationwide [51]. From February 25, 2022 to June 1, 2022, the total number of people who have
completed the full vaccination nationwide is 22,317,000 people. Therefore, the average vacci-
nation rate is estimated to be ¥ = 0.0014. The prevented mortality rate for two doses of fire sup-
pression vaccine is 66.8% [52] for inactivated vaccines used almost exclusively in mainland
China. Omicron BA.2’s ability to bypass the immune system has yet to be fully understood
[52]. Therefore, we chose a conservative vaccine effectiveness rate 8 = 0.7. Table 1 displays the
precise parameater values attained by DRAM-MCMC. The results of the fitting are shown in
Figs 4 and 5, respectively, for Jilin and Shanghai.

The parameter values in Table 1 show that the exposure rate of susceptible and asymptom-
atic infected individuals is greater in Jilin than in Shanghai. It is due to the occult transmission
of this outbreak in Jilin province. In addition, the difference in population density and preven-
tion and control measures resulted in different rates of transmission from exposed to infected
persons in the two regions, but the differences were within acceptable limits.

Effective reproduction number and sensitivity analysis

The effective reproduction number R, is a cutoff value that we introduce in this subsection to
measure disease transmission in the context of vaccination treatments. R, is subjected to a
global sensitivity analysis to identify the critical variables impacting the effective reproduction
number. It is possible to acquire the parameter threshold that causes R, to be equal to 1.

Effective reproduction number

The basic reproduction number Ry, a threshold value in epidemic systems generally, is used to
decide whether a disease is extinct. The basic reproduction number, however, is only relevant
when there are few sick people at the outset of an outbreak, and everyone else is vulnerable.
We employ the effective reproduction number R, here, a more appropriate criterion when

PLOS ONE | https://doi.org/10.1371/journal.pone.0290640  August 25, 2023 7/19


https://doi.org/10.1371/journal.pone.0290640.t001
https://doi.org/10.1371/journal.pone.0290640

PLOS ONE

Impact of vaccine measures on the transmission dynamics of COVID-19

3500 T T T T T T T T T T
99%CI
95%CI
3000 |- * 90%CI |
' 50%CI
II Model Fit
2500 | ll — @ — Monitor Data | -

= [\~
ot o
o (=)
(=} (=)

Daily new confirmed cases
=
o
(]
o

500
0
" A 39 3 Q Q Q Q Q Q
‘20‘22’% QQ‘Z‘Z'?’A‘N‘Z‘}?’"L‘10‘73'%’?’202%A‘A‘m‘ﬂ’A‘fzrl()‘ﬂ’A’%QQ‘ZQ’E’A%Q‘Z?’%Q%Q‘L‘Z'&%

Date

Fig 4. Model fitting based on daily new infection data in Jilin. The solid black line is the fitted value for Jilin, the gray
area is the confidence interval, and the solid red dot is the observed data of Jilin.

https://doi.org/10.1371/journal.pone.0290640.9004

interventions are present. The effective reproduction numbers illustrate the disease transmis-
sion under the intervention accurately.

First, a disease-free equilibrium point H; (M(?éigi)u) ,0,0,0, u(},{ﬁg +H)) for the system (1) can

be easily obtained.
Further, we use the method of the next generation matrix (see S2 Appendix for the detailed
procedure) [53] to get the effective reproduction number as

(Bhyp + Bonp + (1 = p)Byhy ) (6 + u)Ae

R = p(FV1) =
= P(EVT) 10 + 6 + ) (e + whyh,

(3)

Sensitivity analysis

In addition, we investigate the global sensitivity of the parameter of interest to one using the
Latin Hypercube Sampling-Partial Rank Correlation Coefficient (LHS-PRCC) method [54].
We make the following assumption: that all parameters have a uniform distribution. The
parameter range is 20% of the parameter estimates in Table 1, the sampling number is 1000,
The results of the sensitivity analysis are shown in Figs 6 and 7, and the detailed values are
shown in Table 2. The parameter affects Re positively if PRCC is positive. It has a detrimental
impact otherwise. A more significant influence is indicated by a higher PRCC value. The effect
of this parameter on R, is negligible when the p-value is higher than 0.01 without changing the
overall concept.
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The parameters y, 6, y, 1, and y; have a negative effect on the effective reproduction number
R, from Figs 6 and 7. That is, R, decreases as the parameters increase. On the contrary, R,
increases with increasing parameters A, f5;, 3, and p. In Jilin and Shanghai, increasing the rate
of immune loss § (natural and vaccine-induced immune loss) had a facilitative effect on dis-
ease transmission. Conversely, increasing the vaccination rate y and vaccine effectiveness rate
0 had a suppressive effect on disease transmission. Thus, it is further shown that system (1) can
reflect the transmission of COVID-19 in the population to some extent realistically. Increasing
the contact rate 8, has a facilitative effect on the spread of the disease. Social distance (wearing
a mask, maintaining one-meter line, etc.) is still needed after vaccination to be more conducive
to eradicating the disease. An increase in the proportion p of exposed individuals becoming
asymptomatically infected contributes to the spread of the disease in the population. There-
fore, increased Covid Test is needed at the beginning or during an outbreak to detect infected
individuals as early as possible is essential to containing the spread of the disease. In addition,
treatment for asymptomatic infected individuals is necessary, which will effectively lower the
effective regeneration number.

Critical threshold for R, = 1

Let L = y0 and the parameter L denotes the percentage of successful vaccination. Assuming
R, =1, we obtain the expression of L*, §*, and f5] as follows.

B 0+ pu
pthyhy (€ + 1)

*

(e(A(By(1 = p)hy + p(B,hy + Byn)) — phyhy) — ﬂthhz) (4)
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5 = ERUL(BAQL = p) — hy(L + 1)) + pA(Bihy + Byn)) — whiy(L + 1) (5)
H2h1h2 - S(hl(ﬁzA(l - ,0) - h2ﬂ) + pA(ﬁth + ﬁz”l))

o ((hQ//‘Z + ((L + 5)h2 - Aﬁz(l - p)),u - ﬁzaA(l - p))hl - ﬁ2’7,0A(5 + ,u))e + h1h2ﬂ2(L +0+ :u) (6)

h,peA (6 + 1)

As a result, parameters satisfy one of L > L* or § < 6* or f§; < f§; canresultin R, < 1,
which allows the disease to be eradicated more quickly while other parameters are held con-
stant. Based on the parameters in Table 1, we estimated R, = 4.71 ([3.61, 5.57], 90% CI) for
Jilin and R, = 3.32 ([3.30, 3.33], 90% CI) for Shanghai. The results were broadly similar to the
mean effective reproduction number of 3.4 (range 0.88 to 9.4, median 2.8. IQR:2.03, 3.85) in
reference [55].

Numerical simulations

In order to more clearly see how vaccinations and immunizations impact disease transmission
in our model, numerical experiments on the analytical results of the model using MATLAB
(R2019b) are performed in this subsection.

For Jilin, we take L € [0.0014, 0.025], 3, € [5.0E — 07, 6.0E — 06], and 6 € [2.0e — 06, 9.0e
— 05] respectively. For Shanghai, we take L € [0.0014, 0.025], 3, € [1.0E — 07, 5.0E — 06], and &
€ [0.0001, 0.0.008] respectively. The other variables are all held constant. The impact of the
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parameters L, 51, and § on R, for Jilin is depicted in Fig 8(a)-8(c). Fig 8(d)-8(f) present the
Shanghai case. The contour plots of each parameter’s impact on R, are displayed in Fig 9(a)-9

(c), respectively. The cases in Fig 9(d)-9(f) highlight the case of Shanghai.

According to Fig 8(a) and 8(d), more people need to be vaccinated on time for Re<1. For
Jilin Province, the number of people successfully vaccinated per day needs to be greater than

Table 2. PRCC values and p-values of parameters in system (1) for Jilin and Shanghai.

Parameters Jilin

PRCC p-values PRCC p-values
Y -0.1760 p <0.001 —-0.0587 0.0087
0 -0.3668 p <0.001 -0.0702 0.0017
u —-0.2563 p <0.001 —-0.4662 p <0.001
A 0.4024 p <0.001 0.4452 p <0.001
b 0.3955 p <0.001 0.4713 p <0.001
Ba —-0.0036 0.8735 —-0.0109 0.6263
5 0.2513 p <0.001 0.1112 p <0.001

—-0.3830 p <0.001 —-0.2282 p <0.001

—-0.0040 0.8582 —-0.0292 0.1913
1 —-0.0585 0.0089 -0.2207 p <0.001
Y2 0.0377 0.0917 0.0341 0.1269
ap 0.0412 0.0653 —-0.0025 0.9111
a -0.0121 0.5879 -0.0156 0.4845
p 0.4291 p < 0.001 0.4341 p < 0.001

https://doi.org/10.1371/journal.pone.0290640.t002
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0.5% of the total population, while for Shanghai it needs to be greater than 1.4%. Considering
only the role of vaccines, more effort is required in Shanghai compared to Jilin Province. Vac-
cination rates also are affected by the amount of vaccine stockpiles and people’s willingness to
get vaccinated. It is still a challenge to curb the development of the disease with vaccines alone.
Fig 8(c) and 8(f) shows that booster vaccination alone does not curb disease transmission in
Jilin province if other interventions remain unchanged, due to the presence of occult transmis-
sion in Jilin province. In contrast, booster shots can be given aggressively in Shanghai to
reduce the rate of immune decline which is essential to curb the spread of the disease. R, < 1
may be produced by altering both L and f3;, L and § in Fig 9(a), 9(b) and 9(d), 9(e), respectively.
And this suggests that slowing disease transmission rates and immunological decline (due to
both natural and vaccine-induced immunity) may be more successful in stopping the spread
of the illness. Keeping a social distance is the best way to lower the transmission rate. There-
fore, minimizing the vaccine-induced immunological decrease is the primary goal of slowing
immune decline. And the most excellent way to slow immunological loss is to give booster
doses of vaccines. Fig 9(c) and 9(d) illustrate the investigation into the combined impact of
and & on R,. When f; and 6 meet particular criteria, there will be R, < 1.

Fig 10(a) and 10(d) demonstrate that reducing f; reduces the peak number of new diagno-
ses each day and delays the peak’s arrival. This finding implies that timely vaccine boosters
and protection against exposure during an epidemic’s early and emerging stages are essential
because the delayed rise allows health management organizations more time to respond and
create more effective control measures. Form Fig 10(b) and 10(e), it indicates that for Jilin
Province, controlling disease transmission by reducing the rate of immune decline is not sig-
nificant, probably because of the influence of occult transmission. In other words, the reces-
sion rate of immunization level has little effect on disease transmission in a short time. In
contrast, reducing the immune decline rate can reduce and delay the peak number of infec-
tions in Shanghai. Fig 10(c) and 10(f) suggesting that improving vaccine efficiency does not
have a significant impact on controlling disease transmission based on the majority of the pop-
ulation being vaccinated, but rather that vaccination rates should be increased. In conclusion,
regardless of high or low vaccine efficacy, vaccination should be administered as soon as possi-
ble at the beginning of a disease outbreak.

Conclusion and discussion

One of the critical strategies to stop epidemics from spreading is vaccination, which is affected
by a variety of circumstances during implementation, such as people’s desire to receive shots
and the supply of vaccinations. The effectiveness of the vaccination is also significantly influ-
enced by them. The amount of research and development and the virus’s unpredictability fre-
quently put a cap on vaccine effectiveness. Over time, the effect of vaccine-induced immunity
fades, which also has an impact on how well vaccinations work to prevent illness. In order to
investigate the effects of Omicron BA.2 on mainland China, we created an ODEs model,
including vaccination and immunological decline.

The DRAM-MCMC approach was used to fit the model, and the observation data for the
model was the daily number of new COVID-19 cases reported in Shanghai and Jilin, China,
between March 1 and May 31, 2022. To further depict the disease’s prevalence in the context
of therapies, we established the effective reproduction number Re. We calculated R, = 4.71
([3.61, 5.57],90% CI) in Jilin and R, = 3.32 ([3.30, 3.33], 90% CI) in Shanghai based on the
results of parameter fitting. In order to identify the critical variables impacting R,, we con-
ducted a global sensitivity analysis. According to research, R, lowers when vaccination rates
and vaccine efficacy rates rise.
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Fig 8. Evolution of R, with parameters for Jilin and Shanghai. (a)-(c) are the cases of Jilin and (d)-(f) are the cases of
Shanghai.

https://doi.org/10.1371/journal.pone.0290640.9g008

In this paper, the transmission rates of exposed individuals becoming infected is also influ-
enced by the population density of the two cities as well as control measures, in addition, some
individuals need treatment after being infected, either asymptomatic or symptomatic, but the
time to treatment is different between severe and mild cases, so it is more reasonable for us to
consider the average treatment rates and average mortality rates. The size of the infected popu-
lation in this epidemic differs in the two cities and the intensity of prevention and control mea-
sures, so it is more reasonable to use estimates to obtain transmission rates, treatment rates,
and mortality rates.
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Fig 9. Contour plots of the effect of parameters on R, for Jilin and Shanghai. (a)-(c) are the cases of Jilin and (d)-(f) are
the cases of Shanghai.

https://doi.org/10.1371/journal.pone.0290640.g009

In addition, decreasing the exposure and immune decline rates also reduced R.. We also
found the threshold of the parameter that makes R, < 1, and the results showed that the effect
of vaccines alone could not completely contain the disease development in both Jilin and
Shanghai. It is essential to increase the proportion of people successfully vaccinated and to
improve personal protection to reduce the transmission rate. It is also necessary to call for
more people to receive a booster dose of the vaccine.
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Fig 10. Effect of different intervention efforts on the final infection size in Jilin and Shanghai. (a)-(c) are the cases of Jilin
and (d)-(f) are the cases of Shanghai.
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A rich numerical experiment was also conducted to visualize the results of our study. R,
was also decreased by lowering the rates of immunological decline and exposure. However, for
epidemics with occult transmission and rapid outbreaks but short duration, controlling disease
progression by reducing the rate of immune decline is not as effective. Regardless of the type
of disease epidemic, it is essential that as many people as possible are vaccinated in the early
stages. We also determined the threshold of the parameter that makes R, = 1. Lowering the
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transmission rate is critical to raise the number of persons who receive valid vaccinations and
enhance personal protection. Calling more individuals to take a booster vaccination dose is
also necessary. A detailed numerical experiment was also carried out to illustrate the findings
of our investigation.

Our study also has two limitations; the exposure rate is not fixed and the vaccination rate is
time-varying due to the different prevention and control policies at different stages of the dis-
ease. This requires more complex mathematical models to reflect the disease transmission pro-
cess. Second, data on the number of asymptomatic infected and recovered persons and
vaccination rates are not yet available, and vaccine efficacy rates are not publicly available. This
poses a serious challenge for parameter estimation. In addition, qualitative and stability analy-
sis of the ODE model was not performed in this paper. In future work, we hope to model dif-
ferent vaccination rate functions with the aim of finding a more realistic vaccination rate
function. Thus, we can further improve the research related to the effect of vaccines on disease
transmission.

Supporting information

S1 Appendix. New confirmed diagnosis data reported in mainland China from March
1-May 31, 2022.
(XLSX)

S2 Appendix. The procedure for calculating the effective regeneration number R,.
(PDF)

Acknowledgments

The authors would like to thank the reviewers and editors for their careful examination of the
manuscript and valuable comments, which improved greatly this manuscript. The authors
would like to thank Dr. Kai Zhang for his insightful comments. This work was supported by
the Gansu Science and Technology Fund, the Research Fund for Humanities and Social Sci-
ences of the Ministry of Education, the Fundamental Research Funds for the Central Universi-
ties, the Leading Talents Project of State Ethnic Affairs Commission of China.

Author Contributions

Conceptualization: Hua Liu, Xiaotao Han.

Data curation: Xiaotao Han, Xiaofen Lin, Xinjie Zhu, Yumei Wei.
Project administration: Hua Liu.

Resources: Xiaofen Lin, Xinjie Zhu, Yumei Wei.

Software: Xiaotao Han, Xiaofen Lin, Xinjie Zhu.

Supervision: Hua Liu, Yumei Wei.

Validation: Hua Liu.

Visualization: Xiaotao Han, Xiaofen Lin, Xinjie Zhu, Yumei Wei.
Writing - original draft: Hua Liu, Xiaotao Han.

Writing - review & editing: Hua Liu.

PLOS ONE | https://doi.org/10.1371/journal.pone.0290640  August 25, 2023 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0290640.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0290640.s002
https://doi.org/10.1371/journal.pone.0290640

PLOS ONE

Impact of vaccine measures on the transmission dynamics of COVID-19

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

Godara M, Silveira S, Matthaus H, Heim C, Voelkle M, Hecht M, et al. Investigating differential effects of
socio-emotional and mindfulness-based online interventions on mental health, resilience and social
capacities during the COVID-19 pandemic: The study protocol. PLoS One. 2021; 16(11):e0256323.
https://doi.org/10.1371/journal.pone.0256323 PMID: 34735441

Poudel AN, Zhu S, Cooper N, Roderick P, Alwan N, Tarrant C, et al. Impact of Covid-19 on health-
related quality of life of patients: A structured review. PLoS One. 2021; 16(10):e0259164. https://doi.
org/10.1371/journal.pone.0259164 PMID: 34710173

Dong N, Guan X, Zhang J, Zhou H, Zhang J, Liu X, et al. Propagation dynamics and control policies of
COVID-19 pandemic at early stages: Implications on future resurgence response. Chaos. 2022; 32
(5):053102. https://doi.org/10.1063/5.0076255 PMID: 35649981

de Lima Gianfelice PR, Sovek Oyarzabal R, Cunha A Jr., Vicensi Grzybowski JM, da Conceicao Batista
F, E ENM. The starting dates of COVID-19 multiple waves. Chaos. 2022; 32(3):031101. https://doi.org/
10.1063/5.0079904 PMID: 35364850

Kaffai M, Heiberger RH. Modeling non-pharmaceutical interventions in the COVID-19 pandemic with
survey-based simulations. PLoS One. 2021; 16(10):e0259108. https://doi.org/10.1371/journal.pone.
0259108 PMID: 34710181

Xue L, Jing S, Wang H. Evaluating the impacts of non-pharmaceutical interventions on the transmission
dynamics of COVID-19 in Canada based on mobile network. PLoS One. 2021; 16(12):e0261424.
https://doi.org/10.1371/journal.pone.0261424 PMID: 34965272

Thompson J, Wattam S. Estimating the impact of interventions against COVID-19: From lockdown to
vaccination. PLoS One. 2021; 16(12):e0261330. https://doi.org/10.1371/journal.pone.0261330 PMID:
34919576

Gozzi N, Bajardi P, Perra N. The importance of non-pharmaceutical interventions during the COVID-19
vaccine rollout. PLoS Comput Biol. 2021; 17(9):e1009346. https://doi.org/10.1371/journal.pcbi.
1009346 PMID: 34506478

Van Egeren D, Stoddard M, Novokhodko A, Rogers MS, Joseph-McCarthy D, Zetter B, et al. Rapid
relaxation of pandemic restrictions after vaccine rollout favors growth of SARS-CoV-2 variants: A
model-based analysis. PLoS One. 2021; 16(11):e0258997. https://doi.org/10.1371/journal.pone.
0258997 PMID: 34818335

State council joint prevention and control mechanism february 26, 2022 press conference transcript. 2020.
Available from: http://www.nhc.gov.cn/xcs/fkdt/202202/8f49f6627a6540ce87511ac708ea7ad9.shtml.

Goldman JD, Wang K, Réltgen K, Nielsen SCA, Roach JC, Naccache SN, et al. Reinfection with SARS-
CoV-2 and Failure of Humoral Immunity: a case report. medRxiv. 2020. https://doi.org/10.1101/2020.
09.22.20192443 PMID: 32995830

Shrotri M, Navaratnam AMD, Nguyen V, Byrne T, Geismar C, Fragaszy E, et al. Spike-antibody waning
after second dose of BNT162b2 or ChAdOx1. The Lancet. 2021; 398(10298):385-7. https://doi.org/10.
1016/S0140-6736(21)01642-1

Elbasha EH, Podder CN, Gumel AB. Analyzing the dynamics of an SIRS vaccination model with waning
natural and vaccine-induced immunity. Nonlinear Analysis: Real World Applications. 2011; 12(5):2692—
705. https://doi.org/10.1016/j.nonrwa.2011.03.015

Alharbi MH, Kribs CM. A Mathematical Modeling Study: Assessing Impact of Mismatch Between Influ-
enza Vaccine Strains and Circulating Strains in Hajj. Bull Math Biol. 2021; 83(1):7. https://doi.org/10.
1007/s11538-020-00836-6 PMID: 33387065

Moghadas SM, Vilches TN, Zhang K, Wells CR, Shoukat A, Singer BH, et al. The Impact of Vaccination
on Coronavirus Disease 2019 (COVID-19) Outbreaks in the United States. Clin Infect Dis. 2021; 73
(12):2257—64. https://doi.org/10.1093/cid/ciab079 PMID: 33515252

Tracking SARS-CoV-2 variants. 2022. Available from: https://www.who.int/activities/tracking-SARS-
CoV-2-variants/tracking-SARS-CoV-2-variants.

Xue L, Jing S, Zhang K, Milne R, Wang H. Infectivity versus fatality of SARS-CoV-2 mutations and influ-
enza. Int J Infect Dis. 2022; 121:195-202. https://doi.org/10.1016/.ijid.2022.05.031 PMID: 35584743

State Council joint prevention and control mechanism March 15, 2022 press conference transcript. 2022.
Available from: http://www.nhc.gov.cn/xcs/fkdt/202203/f305418902d44c9891727115d4440f55.shtml.

Mancuso M, Eikenberry SE, Gumel AB. Will vaccine-derived protective immunity curtail COVID-19 vari-
ants in the US?. Infect Dis Model. 2021; 6:1110-34. https://doi.org/10.1016/j.idm.2021.08.008 PMID:
34518808

Acufia-Zegarra MA, Diaz-Infante S, Baca-Carrasco D, Olmos-Liceaga D. COVID-19 optimal vaccina-
tion policies: A modeling study on efficacy, natural and vaccine-induced immunity responses. Mathe-
matical Biosciences. 2021; 337:108614. https://doi.org/10.1016/j.mbs.2021.108614 PMID: 33961878

PLOS ONE | https://doi.org/10.1371/journal.pone.0290640  August 25, 2023 17/19


https://doi.org/10.1371/journal.pone.0256323
http://www.ncbi.nlm.nih.gov/pubmed/34735441
https://doi.org/10.1371/journal.pone.0259164
https://doi.org/10.1371/journal.pone.0259164
http://www.ncbi.nlm.nih.gov/pubmed/34710173
https://doi.org/10.1063/5.0076255
http://www.ncbi.nlm.nih.gov/pubmed/35649981
https://doi.org/10.1063/5.0079904
https://doi.org/10.1063/5.0079904
http://www.ncbi.nlm.nih.gov/pubmed/35364850
https://doi.org/10.1371/journal.pone.0259108
https://doi.org/10.1371/journal.pone.0259108
http://www.ncbi.nlm.nih.gov/pubmed/34710181
https://doi.org/10.1371/journal.pone.0261424
http://www.ncbi.nlm.nih.gov/pubmed/34965272
https://doi.org/10.1371/journal.pone.0261330
http://www.ncbi.nlm.nih.gov/pubmed/34919576
https://doi.org/10.1371/journal.pcbi.1009346
https://doi.org/10.1371/journal.pcbi.1009346
http://www.ncbi.nlm.nih.gov/pubmed/34506478
https://doi.org/10.1371/journal.pone.0258997
https://doi.org/10.1371/journal.pone.0258997
http://www.ncbi.nlm.nih.gov/pubmed/34818335
http://www.nhc.gov.cn/xcs/fkdt/202202/8f49f6627a6540ce87511ac708ea7ad9.shtml
https://doi.org/10.1101/2020.09.22.20192443
https://doi.org/10.1101/2020.09.22.20192443
http://www.ncbi.nlm.nih.gov/pubmed/32995830
https://doi.org/10.1016/S0140-6736(21)01642-1
https://doi.org/10.1016/S0140-6736(21)01642-1
https://doi.org/10.1016/j.nonrwa.2011.03.015
https://doi.org/10.1007/s11538-020-00836-6
https://doi.org/10.1007/s11538-020-00836-6
http://www.ncbi.nlm.nih.gov/pubmed/33387065
https://doi.org/10.1093/cid/ciab079
http://www.ncbi.nlm.nih.gov/pubmed/33515252
https://www.who.int/activities/tracking-SARS-CoV-2-variants/tracking-SARS-CoV-2-variants
https://www.who.int/activities/tracking-SARS-CoV-2-variants/tracking-SARS-CoV-2-variants
https://doi.org/10.1016/j.ijid.2022.05.031
http://www.ncbi.nlm.nih.gov/pubmed/35584743
http://www.nhc.gov.cn/xcs/fkdt/202203/f305418902d44c9891727115d4440f55.shtml
https://doi.org/10.1016/j.idm.2021.08.008
http://www.ncbi.nlm.nih.gov/pubmed/34518808
https://doi.org/10.1016/j.mbs.2021.108614
http://www.ncbi.nlm.nih.gov/pubmed/33961878
https://doi.org/10.1371/journal.pone.0290640

PLOS ONE

Impact of vaccine measures on the transmission dynamics of COVID-19

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Zhou Y, Yang K, Zhou K, Liang Y. Optimal vaccination policies for an SIR model with limited resources.
Acta Biotheor. 2014; 62(2):171-81. https://doi.org/10.1007/s10441-014-9216-x PMID: 24723249

Kumar A, Srivastava PK, Dong Y, Takeuchi Y. Optimal control of infectious disease: Information-
induced vaccination and limited treatment. Physica A: Statistical Mechanics and its Applications. 2020;
542:123196. https://doi.org/10.1016/j.physa.2019.123196

Thompson R.N., Stockwin J.E., van Gaalen R.D., Polonsky J.A., Kamvar Z.N., Demarsh P.A., et al.
Improved inference of time-varying reproduction numbers during infectious disease outbreaks. Epidem-
ics. 2019; 29:100356. https://doi.org/10.1016/j.epidem.2019.100356 PMID: 31624039

Doutor P, Rodrigues P, Soares MD, Chalub FA. Optimal vaccination strategies and rational behaviour
in seasonal epidemics. J Math Biol. 2016; 73(6-7):1437-65. https://doi.org/10.1007/s00285-016-0997-
1 PMID: 27048430

Wang X, Peng H, Zhong W. Optimal Vaccination Strategies for a Time-Varying SEIR Epidemic Model
With Latent Delay. Applied Mathematics and Mechanics. 2019; 40(7):701-12. https://doi.org/10.21656/
1000-0887.400048

Deng J, Tang S, Shu H. Joint impacts of media, vaccination and treatment on an epidemic Filippov
model with application to COVID-19. Journal of Theoretical Biology. 2021; 523:110698. https://doi.org/
10.1016/j.jtbi.2021.110698 PMID: 33794286

Miura F, Leung KY, Klinkenberg D, Ainslie KEC, Wallinga J. Optimal vaccine allocation for COVID-19in
the Netherlands: A data-driven prioritization. PLoS Comput Biol. 2021; 17(12):1009697. https://doi.
org/10.1371/journal.pcbi. 1009697 PMID: 34898617

Arruda EF, Das SS, Dias CM, Pastore DH. Modelling and optimal control of multi strain epidemics, with
application to COVID-19. PLoS One. 2021; 16(9):e0257512. https://doi.org/10.1371/journal.pone.
0257512 PMID: 34529745

Yang C, Yang Y, Li Y. Assessing vaccination priorities for different ages and age-specific vaccination
strategies of COVID-19 using an SEIR modelling approach. PLoS One. 2021; 16(12):e0261236. https:/
doi.org/10.1371/journal.pone.0261236 PMID: 34936650

Li X, DarAssi MH, Khan MA, Chukwu CW, Alshahrani MY, Shahrani MA, et al. Assessing the potential
impact of COVID-19 Omicron variant: Insight through a fractional piecewise model. Results in Physics.
2022; 38:105652. https://doi.org/10.1016/j.rinp.2022.105652 PMID: 35663799

Khan MA, Atangana A. Mathematical modeling and analysis of COVID-19: A study of new variant Omi-
cron. Physica A: Statistical Mechanics and its Applications. 2022; 599:127452. https://doi.org/10.1016/
j.physa.2022.127452 PMID: 35498561

GuY, Ullah S, Khan MA, Alshahrani MY, Abohassan M, Riaz MB. Mathematical modeling and stability
analysis of the COVID-19 with quarantine and isolation. Results in Physics. 2022; 34:105284. https://
doi.org/10.1016/j.rinp.2022.105284 PMID: 35155087

Scientific Brief: SARS-CoV-2 Transmission. 2021. Available from: https://www.cdc.gov/coronavirus/
2019-ncov/science/science-briefs/sars-cov-2-transmission.html#anchor_1619805240227.

van Doremalen N, Bushmaker T, Morris DH, Holbrook MG, Gamble A, Williamson BN, et al. Aerosol
and Surface Stability of SARS-CoV-2 as Compared with SARS-CoV-1. New England Journal of Medi-
cine. 2020; 382(16):1564—7. https://doi.org/10.1056/NEJMc2004973 PMID: 32182409

Zhang X, Wu J, Smith LM, Li X, Yancey O, Franzblau A, et al. Monitoring SARS-CoV-2 in air and on sur-
faces and estimating infection risk in buildings and buses on a university campus. J Expo Sci Environ
Epidemiol. 2022; 32(5):751-8. https://doi.org/10.1038/s41370-022-00442-9 PMID: 35477766

Pimenoff VN, Elfstrom M, Conneryd Lundgren K, Klevebro S, Melen E, Dillner J. Potential SARS-CoV-2
infectiousness among asymptomatic healthcare workers. PLoS One. 2021; 16(12):e0260453. https://
doi.org/10.1371/journal.pone.0260453 PMID: 34919570

Alishag M, Jeremijenko A, Al-Kanaani Z, Nafady-Hego H, Jboor DH, Saba R, et al. Prevalence and risk
factors for SARS-CoV-2 infection and seroprevalence among clinical and non-clinical staff in a national
healthcare system. PLoS One. 2021; 16(9):e0257845. https://doi.org/10.1371/journal.pone.0257845
PMID: 34591920

Gray AN, Martin-Blais R, Tobin NH, Wang Y, Brooker SL, Li F, et al. Humoral responses to SARS-CoV-
2 mRNA vaccines: Role of past infection. PLoS One. 2021; 16(11):e02597083. https://doi.org/10.1371/
journal.pone.0259703 PMID: 34748607

Wangari IM, Sewe S, Kimathi G, Wainaina M, Kitetu V, Kaluki W. Mathematical Modelling of COVID-19
Transmission in Kenya: A Model with Reinfection Transmission Mechanism. Comput Math Methods
Med. 2021; 2021:5384481. https://doi.org/10.1155/2021/5384481 PMID: 34777563

Liu Q, Tu X. Shanghai’s Response to Fast Spreading of the COVID-19 Pandemic—Omicron (B.2). Asia
Pacific Journal of Public Health. 2022:10105395221124278. https://doi.org/10.1177/
10105395221124278 PMID: 36086814

PLOS ONE | https://doi.org/10.1371/journal.pone.0290640  August 25, 2023 18/19


https://doi.org/10.1007/s10441-014-9216-x
http://www.ncbi.nlm.nih.gov/pubmed/24723249
https://doi.org/10.1016/j.physa.2019.123196
https://doi.org/10.1016/j.epidem.2019.100356
http://www.ncbi.nlm.nih.gov/pubmed/31624039
https://doi.org/10.1007/s00285-016-0997-1
https://doi.org/10.1007/s00285-016-0997-1
http://www.ncbi.nlm.nih.gov/pubmed/27048430
https://doi.org/10.21656/1000-0887.400048
https://doi.org/10.21656/1000-0887.400048
https://doi.org/10.1016/j.jtbi.2021.110698
https://doi.org/10.1016/j.jtbi.2021.110698
http://www.ncbi.nlm.nih.gov/pubmed/33794286
https://doi.org/10.1371/journal.pcbi.1009697
https://doi.org/10.1371/journal.pcbi.1009697
http://www.ncbi.nlm.nih.gov/pubmed/34898617
https://doi.org/10.1371/journal.pone.0257512
https://doi.org/10.1371/journal.pone.0257512
http://www.ncbi.nlm.nih.gov/pubmed/34529745
https://doi.org/10.1371/journal.pone.0261236
https://doi.org/10.1371/journal.pone.0261236
http://www.ncbi.nlm.nih.gov/pubmed/34936650
https://doi.org/10.1016/j.rinp.2022.105652
http://www.ncbi.nlm.nih.gov/pubmed/35663799
https://doi.org/10.1016/j.physa.2022.127452
https://doi.org/10.1016/j.physa.2022.127452
http://www.ncbi.nlm.nih.gov/pubmed/35498561
https://doi.org/10.1016/j.rinp.2022.105284
https://doi.org/10.1016/j.rinp.2022.105284
http://www.ncbi.nlm.nih.gov/pubmed/35155087
https://www.cdc.gov/coronavirus/2019-ncov/science/science-briefs/sars-cov-2-transmission.html#anchor_1619805240227.
https://www.cdc.gov/coronavirus/2019-ncov/science/science-briefs/sars-cov-2-transmission.html#anchor_1619805240227.
https://doi.org/10.1056/NEJMc2004973
http://www.ncbi.nlm.nih.gov/pubmed/32182409
https://doi.org/10.1038/s41370-022-00442-9
http://www.ncbi.nlm.nih.gov/pubmed/35477766
https://doi.org/10.1371/journal.pone.0260453
https://doi.org/10.1371/journal.pone.0260453
http://www.ncbi.nlm.nih.gov/pubmed/34919570
https://doi.org/10.1371/journal.pone.0257845
http://www.ncbi.nlm.nih.gov/pubmed/34591920
https://doi.org/10.1371/journal.pone.0259703
https://doi.org/10.1371/journal.pone.0259703
http://www.ncbi.nlm.nih.gov/pubmed/34748607
https://doi.org/10.1155/2021/5384481
http://www.ncbi.nlm.nih.gov/pubmed/34777563
https://doi.org/10.1177/10105395221124278
https://doi.org/10.1177/10105395221124278
http://www.ncbi.nlm.nih.gov/pubmed/36086814
https://doi.org/10.1371/journal.pone.0290640

PLOS ONE

Impact of vaccine measures on the transmission dynamics of COVID-19

41.

42,

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Fan X, Lu S, BailL, LiuH, FuJ, Jin X, et al. Preliminary Study of the Protectiveness of Vaccination
Against the COVID-19 in the Outbreak of VOC Omicron BA.2—Jilin City, Jilin Province, China, March
3—April 12,2022. China CDC Weekly. 2022; 4(18):377-80. https://weekly.chinacdc.cn/en/article/doi/10.
46234/ccdcw2022.081. https://doi.org/10.46234/ccdcw2022.081 PMID: 35686205

Heikki H, Eero S, Johanna T. An adaptive Metropolis algorithm. Bernoulli. 2001; 7(2):223-42. https://
www.jstor.org/stable/3318737?origin=crossref. https://doi.org/10.2307/3318737

Haario H, Laine M, Mira A, Saksman E. DRAM: Efficient adaptive MCMC. Statistics and Computing.
2006; 16(4):339-54. https://doi.org/10.1007/s11222-006-9438-0

Laine M. MCMC toolbox for Matlab. 2018. Available from: https://mjlaine.github.io/mcmcstat/.

2021 Statistical Bulletin of National Economic and Social Development of Jilin. 2021. Available from:
http:/Ajj.jl.gov.cn/tjsi/tjigb/ndgb/202206/t20220602_8466591.html.

Wen J. Impact of COVID-19 pandemic on birth outcomes: A retrospective cohort study in Nanjing,
China. Front. Public Health. 2022; 10. https://doi.org/10.3389/fpubh.2022.923324 PMID: 35923970

WangL, Liu Z, Guo C, Li Y, Zhang X. New global dynamical results and application of several SVEIS
epidemic models with temporary immunity. Applied Mathematics and Computation. 2021; 390:125648.
https://doi.org/10.1016/j.amc.2020.125648 PMID: 32934426

2021 Statistical Bulletin on the Development of China’s Health Undertakings. 2021. Available from:
http://www.nhc.gov.cn/guihuaxxs/s3586s/202207/51b55216¢2154332a660157abf28b09d.shtml.

2021 Shanghai Statistical Bulletin on National Economic and Social Development. 2021. Available
from: https://tjj.sh.gov.cn/tjigh/20220314/e0dcefec098c47a8b345c996081b5c94.html.

Transcript of the State Council Joint Prevention and Control Mechanism Press Conference on February
26, 2022. 2022. Available from: http://www.nhc.gov.cn/xcs/fkdt/202202/
8f49f6627a6540ce87511ac708ea7ad9.shtml.

Transcript of the State Council Joint Prevention and Control Mechanism Press Conference on June 2,
2022. 2022. Available from: http://www.nhc.gov.cn/xcs/fkdt/202206/
00f6839b4b434ad3a2c50829bbb83924.shtml.

McMenamin ME, Nealon J, Lin Y, Wong JY, Cheung JK, Lau EHY, et al. Vaccine effectiveness of one,
two, and three doses of BNT162b2 and CoronaVac against COVID-19 in Hong Kong: a population-
based observational study. Lancet Infectious Diseases. 2022; 22(10):1435—43. hitps://doi.org/10.1016/
S$1473-3099(22)00345-0 PMID: 35850128

van den Driessche P, Watmough J. Reproduction numbers and sub-threshold endemic equilibria for
compartmental models of disease transmission. Mathematical Biosciences. 2002; 180(1):29—-48.
https://doi.org/10.1016/S0025-5564(02)00108-6 PMID: 12387915

Marino S, Hogue IB, Ray CJ, Kirschner DE. A methodology for performing global uncertainty and sensi-
tivity analysis in systems biology. Journal of Theoretical Biology. 2008; 254(1):178-96. https://doi.org/
10.1016/j.jtbi.2008.04.011 PMID: 18572196

Liu'Y, Rocklév J. The effective reproductive number of the Omicron variant of SARS-CoV-2 is several
times relative to Delta. Journal of Travel Medicine. 2022; 29(3):taac037. https://doi.org/10.1093/jtm/
taac037 PMID: 35262737

PLOS ONE | https://doi.org/10.1371/journal.pone.0290640  August 25, 2023 19/19


https://weekly.chinacdc.cn/en/article/doi/10.46234/ccdcw2022.081
https://weekly.chinacdc.cn/en/article/doi/10.46234/ccdcw2022.081
https://doi.org/10.46234/ccdcw2022.081
http://www.ncbi.nlm.nih.gov/pubmed/35686205
https://www.jstor.org/stable/3318737?origin=crossref
https://www.jstor.org/stable/3318737?origin=crossref
https://doi.org/10.2307/3318737
https://doi.org/10.1007/s11222-006-9438-0
https://mjlaine.github.io/mcmcstat/
http://tjj.jl.gov.cn/tjsj/tjgb/ndgb/202206/t20220602_8466591.html
https://doi.org/10.3389/fpubh.2022.923324
http://www.ncbi.nlm.nih.gov/pubmed/35923970
https://doi.org/10.1016/j.amc.2020.125648
http://www.ncbi.nlm.nih.gov/pubmed/32934426
http://www.nhc.gov.cn/guihuaxxs/s3586s/202207/51b55216c2154332a660157abf28b09d.shtml
https://tjj.sh.gov.cn/tjgb/20220314/e0dcefec098c47a8b345c996081b5c94.html
http://www.nhc.gov.cn/xcs/fkdt/202202/8f49f6627a6540ce87511ac708ea7ad9.shtml
http://www.nhc.gov.cn/xcs/fkdt/202202/8f49f6627a6540ce87511ac708ea7ad9.shtml
http://www.nhc.gov.cn/xcs/fkdt/202206/00f6839b4b434ad3a2c50829bbb83924.shtml
http://www.nhc.gov.cn/xcs/fkdt/202206/00f6839b4b434ad3a2c50829bbb83924.shtml
https://doi.org/10.1016/S1473-3099(22)00345-0
https://doi.org/10.1016/S1473-3099(22)00345-0
http://www.ncbi.nlm.nih.gov/pubmed/35850128
https://doi.org/10.1016/S0025-5564(02)00108-6
http://www.ncbi.nlm.nih.gov/pubmed/12387915
https://doi.org/10.1016/j.jtbi.2008.04.011
https://doi.org/10.1016/j.jtbi.2008.04.011
http://www.ncbi.nlm.nih.gov/pubmed/18572196
https://doi.org/10.1093/jtm/taac037
https://doi.org/10.1093/jtm/taac037
http://www.ncbi.nlm.nih.gov/pubmed/35262737
https://doi.org/10.1371/journal.pone.0290640

