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Abstract 1 

Background: New coronavirus disease (COVID-19), an infectious disease caused by 2 

a type of novel coronavirus, has emerged in various countries since the end of 2019 and 3 

caused a global pandemic. Many infected people went undetected because their 4 

symptoms were mild or asymptomatic, but the proportion and infectivity of 5 

asymptomatic infections remained unknown. Therefore, in this paper, we analyzed the 6 

proportion and infectivity of asymptomatic cases, as we as the prevalence of COVID-7 

19 in Henan province.  8 

Methods: We constructed SEAIUHR model based on COVID-19 cases reported from 9 

21 January to 26 February 2020 in Henan province to estimate the proportion and 10 

infectivity of asymptomatic cases, as we as the change of effective reproductive number, 11 𝑅𝑡 . At the same time, we simulated the changes of cases in different scenarios by 12 

changing the time and intensity of the implementation of prevention and control 13 

measures.  14 

Results: The proportion of asymptomatic cases among COVID-19 infected individuals 15 

was 42% and infectivity of asymptomatic cases was 10% of that symptomatic ones. 16 

The basic reproductive number  𝑅0  2.73, and 𝑅𝑡  dropped below 1 on 1 February 17 

under a series of measures. If measures were taken five days earlier, the number of cases 18 

would be reduced by 2/3, and after 5 days the number would more than triple. 19 

Conclusions: In Henan Province, the COVID-19 epidemic spread rapidly in the early 20 

stage, and there were a large number of asymptomatic infected individuals with 21 

relatively low infectivity. However, the epidemic was quickly brought under control 22 
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with national measures, and the earlier measures were implemented, the better.  23 

 24 

Keywords: COVID-19; asymptomatic cases; infectious dynamic model; the effective 25 

reproductive number; prevention and control measures;  26 

 27 

Background  28 

In early December 2019, the first case of pneumonia with unknown cause was 29 

reported. The disease was later confirmed to be coronavirus disease (COVID-19) 30 

caused by a type of novel coronavirus[1,2]. The rapid increase in confirmed cases and 31 

subsequent secondary outbreaks in many countries of the world had caused concern on 32 

an international scale. As a result, World Health Organization announced the COVID-33 

19 outbreak a Public Health Emergency of International Concern on 31 January and 34 

eventually classified it as a pandemic on 11 March[3]. As of 19 July 2020, 14 million 35 

COVID-19 cases and 597583 deaths have been confirmed globally, including 85937 36 

confirmed cases in China[4]. Although the number of confirmed cases was staggering, 37 

it was only the sicker part of those infected. Li et al. used Metapopulation model to 38 

estimate that 86% of the infections before 23 January 2020 were undetected in 39 

Wuhan[5]; Chinazzi et al. used GLEAM model to estimate that only one out of four 40 

cases were detected and confirmed in Mainland China by 1 February 2020[6]; Hao et 41 

al. used SAPHIRE model to estimate that 87% of the infections before 8 March were 42 

unascertained in Wuhan[7]. And some even suggested that most infections were caused 43 

by undetected cases[5,8]. A significant proportion of these undetected infected 44 
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individuals were asymptomatic[7], and although they had no symptoms, their viral load 45 

was comparable to that of the confirmed cases[9], making them somewhat 46 

infectious[10].  47 

The fraction of asymptomatic cases is a critical epidemiological characteristic that 48 

modulates the pandemic potential of emergent respiratory virus, and an important 49 

parameter in estimating the disease burden and evaluating the effectiveness of 50 

prevention and control measures[5,11-13]. Estimates of the proportion of asymptomatic 51 

cases will improve the understanding of COVID-19 transmission and the spectrum of 52 

diseases it causes, thereby providing insight into the spread of epidemics[13]. But the 53 

estimated proportion of asymptomatic infected individuals varied widely from place to 54 

place. A recent analysis of 21 retrieved reports by the Centre for Evidence Based 55 

medicine in Oxford found that estimates of asymptomatic COVID-19 cases ranged 56 

from 5% to 80%[14]. And current study only shows that asymptomatic infected 57 

individuals are less contagious than symptomatic ones, but there is no consensus on 58 

how contagious they are[15,16]. Therefore, it is important to estimate the proportion 59 

and infectivity of asymptomatic cases in various regions. Taking Henan province as an 60 

example, we used a model-inference framework to explore the proportion and 61 

infectivity of asymptomatic cases, so as to estimate the prevalence of COVID-19 and 62 

evaluate the effect of prevention and control measures.  63 

 64 

Methods  65 

Study area 66 
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The study area is located in east-central part of China (31°23′ to 36°22′ north 67 

latitude, 110°21′ to 116°39′ east longitude, Fig 1), with a population of more than 96 68 

million and an area of 167,000 km2. Most of Henan is located in the warm temperature 69 

zone and has the characteristic of climate transition from plain to hills and mountains 70 

from east to west. 71 

Source of data 72 

All data were obtained from official websites of Provincial and Municipal Health 73 

Commissions (Additional file 1), which published COVID-19 case data and 74 

information. The case data included the number of newly confirmed cases, cured cases 75 

and deaths per day. The case information included age, gender, exposure history, date 76 

of symptom onset, and activity trajectory of confirmed cases. The identifiable personal 77 

information was removed for privacy protection. 78 

Case definition  79 

Although the definition of COVID-19 cases has been changed several times, which 80 

has greatly affected the observed epidemic curve in Wuhan[17], the change of cases in 81 

Henan province has been relatively stable, and the diagnosis of all cases in this study 82 

were based on the sixth edition of Diagnosis and Treatment Scheme for COVID-19 83 

released by the National Health Commission of China[18]. A laboratory-confirmed case 84 

was defined if the patient had a positive test of SARS-CoV-2 virus by the real-time 85 

reverse-transcription-polymerase-chain-reaction (RT-PCR) assay or high-throughput 86 

sequencing of nasal and pharyngeal swab specimens. Only laboratory-confirmed cases 87 

were included in this study.  88 
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Modeling the epidemic of COVID-19 in Henan province 89 

 To consider asymptomatic infected individuals, we constructed the susceptible-90 

exposed-asymptomatic-confirmed-unconfirmed symptomatic-hospitalized-removed 91 

(SEAIUHR) model by extending the classic susceptible-exposed-infectious-removed 92 

(SEIR) model to include asymptomatic cases, unconfirmed symptomatic cases who did 93 

not seek medical attention or get tested for mild symptoms, and quarantined confirmed 94 

cases. In this model, we divided the population into seven compartments: S(susceptible), 95 

E(latent), A(asymptomatic infectious), I(confirmed symptomatic infectious), 96 

U(unconfirmed symptomatic individuals), H(hospitalized) and R(removed). 97 

Susceptible individuals could acquire the virus after contacting with infected cases 98 

(both symptomatic and asymptomatic), and became latent when they were infected but 99 

noninfectious. After a period of time, some of the latent individuals developed into 100 

symptomatic infections, some of whom were confirmed and treated until they 101 

progressed into the removed stage and some went unconfirmed because they did not 102 

have present themselves to healthcare facilities or to get tested for mild symptoms; 103 

others developed into asymptomatic infections and remained infectious until they 104 

progressed into the removed stage. Removed stage included individuals who were 105 

recovered or died. 106 

 Dynamic of these seven parts over time could be expressed by the following 107 

ordinary differential equation: 108 
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{  
   
  
   
   
 dS𝑑𝑡 = −𝛽𝑡𝑆(𝐼 + 𝑈)𝑁 − 𝛽𝑡𝜃𝑆𝐴𝑁

dE𝑑𝑡 = 𝛽𝑡𝑆(𝐼 + 𝑈)𝑁 + 𝛽𝑡𝜃𝑆𝐴𝑁 − 𝐸𝑧
dI𝑑𝑡 = (1 − 𝜇1 − 𝜇2)𝐸𝑧 − 𝐼𝑟1
dA𝑑𝑡 = 𝜇1𝐸𝑧 − 𝐴𝑟2dU𝑑𝑡 = 𝜇2𝐸𝑧 − 𝑈𝑟3
dH𝑑𝑡 = 𝐼𝑟1 − 𝐻𝑟
dR𝑑𝑡 = 𝐻𝑟 + 𝐴𝑟2 + 𝑈𝑟3

 109 

Where 𝛽𝑡 was the transmission rate due to symptomatic infected individuals at time t, 110 

defined as the proportion of cases from susceptible individuals to infected individuals, 111 

both asymptomatic and symptomatic, caused by symptomatic infected cases; 𝜃 was 112 

the ratio of the transmission rate due to asymptomatic over symptomatic cases; 𝜇1 and 113 𝜇2  were the proportion of the asymptomatic and unconfirmed symptomatic cases 114 

among infected individuals, respectively; 𝑧  was the latent period; 𝑟1 , 𝑟2  and 𝑟3 115 

were infectious periods of confirmed symptomatic, asymptomatic and unconfirmed 116 

symptomatic cases, respectively and 𝑟  was the duration from hospitalization to 117 

recovery or death. Assume that +N S E I A U H R      . 118 

The differential equations in the model were numerically solved using a 4th order 119 

Runge-Kutta (RK4) method. Specifically, for each step of the algorithm, each term on 120 

the right side of equation was determined using a random sample of the Poisson 121 

distribution[5]. 122 

On 25 January, Henan province implemented first-level public health emergency 123 

response to the epidemic and took a series of prevention and control measures, such as 124 
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traffic restriction, quarantine and so on[19]. We assumed that these major government 125 

measures caused the transmission rate to change from a constant rate to a time 126 

dependent exponentially decreasing rate[20].  127 

Then, the formula of 𝛽𝑡 could be expressed by the following step function: 128 𝛽𝑡 = {𝛽0    , 𝑡 <= 𝑡1𝛽0 ∗ 𝑒𝑥𝑝( − 𝑎 ∗ (𝑡 − 𝑡1)) , 𝑡 > 𝑡1 129 

Where 𝛽0 was the transmission rate due to symptomatic infected individuals before 130 

implementing measures; 𝑎 was the decreasing rate of transmission rate; 𝑡1 was the 131 

date to start implementing measures. 132 

 The effective reproductive number, 𝑅𝑡, could be computed as 133 𝑅𝑡 = (1 − 𝜇1 − 𝜇2)𝛽𝑡𝑟1 + 𝜇1𝜃𝛽𝑡𝑟2 + 𝜇2𝛽𝑡𝑟3 134 

In the initial state, namely, 𝑡 = 0, 𝑅𝑡 was the basic reproductive number (𝑅0). 135 

Estimation of parameters in the model 136 

Initial states and parameters setting in the model were presented in Table 1. We 137 

assumed that the initial latent population, asymptomatic infected population and 138 

unconfirmed symptomatic cases were drawn from uniform distribution [0,10]; the 139 

initial confirmed symptomatic infected population was 0; and the rest of Henan 140 

province were susceptible. For parameters, we estimated 𝛽0 , 𝜇1 , 𝜇2 , 𝜃  and 𝛼  by 141 

assuming that the values of parameters 𝑧,  𝑟1, 𝑟2, 𝑟3 and 𝑟 were fixed throughout 142 

the process. We assumed that the initial values of each parameter to be estimated were 143 

drawn using Latin hypercube sampling in uniform distribution. The initial ranges of 𝜇1, 144 𝜇2 and 𝜃 were chosen to cover most possible values, i.e. [0,1]; the initial range of 𝛼 145 

was selected to more broadly cover what the previous research covered[20]; The initial 146 
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range of 𝛽 was selected from the widest possible range of basic reproductive number 147 

(𝑅0);  148 

We used the Ensemble Adjustment Kalman Filter (EAKF) to infer epidemiological 149 

parameters of the model based on the number of cases presenting symptoms per day in 150 

Henan province[21–23]. The EAKF is a data assimilation algorithm, which only needs 151 

hundreds of ensemble members to obtain good results, especially suitable for the 152 

estimation of high-dimensional parameters of the model[24,25], and has been 153 

successfully applied to epidemics such as cholera and influenza[22,25]. In this study, 154 

we used 1000 ensemble numbers and 1,000 independent realizations to infer parameters 155 

and their corresponding 95% confidence intervals (Cls). 156 

Sensitivity analysis  157 

Synthetic testing. Before applying the model-inference framework to the number of 158 

new symptomatic cases per day, we tested the effect of model-inference framework 159 

with model-generated outbreak data. Specifically, we fixed the parameters of the model 160 

and used the model to generate synthetic outbreak data. We then applied the EAKF 161 

algorithm to the synthetic daily outbreak data, and assessed the model-inference 162 

framework by analyzing whether the model could fit the synthetic outbreak data and 163 

estimate parameters.  164 

Sensitivity of parameters estimation to the range of initial states and values of fixed 165 

parameters. In initial states, the quantities of 𝐸0, 𝐴0 and 𝑈0 were unknown, and our 166 

assumptions may affect the estimation of other parameters. Therefore, this study 167 

simultaneously investigated the results of parameters estimation when shortening and 168 
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expanding their ranges. At the same time, we changed values of fixed parameters 169 

respectively to test the robustness of our results. 170 

 171 

Results 172 

As shown in Fig 2, Our model could fit the observed data well and accurately 173 

capture the peak and tendency of the epidemic. The numbers of cases observed were 174 

within the confidence interval estimated by the model, except for a few days in the later 175 

stages of the outbreak.  176 

 The mean estimation of transmission rate due to symptomatic infected individuals 177 

was 1.14 (95% CI:1.07-1.23) at the beginning of the epidemic and the decreasing rate 178 

of transmission rate after implementing prevention and control measures was 0.16 (95% 179 

CI: 0.12-0.19). Our model estimated that the asymptomatic rate among COVID-19 180 

infected individuals was 42% (95% CI: 41-47%), and the mean ratio of the transmission 181 

rate of asymptomatic over symptomatic cases was 0.1 (95% CI: 0.02-0.11%). At the 182 

same time, our model estimated that 11% (95% CI:0.09-0.22) of infected individuals 183 

were unconfirmed symptomatic cases who did not seek medical attention or get tested 184 

for mild symptoms (Table 2). Then, the fraction of undocumented infections in Henan 185 

province was 53% (95% CI:50%-68%). Based on above parameters, we estimated the 186 

average effective reproduction number, 𝑅𝑡 , to be 2.73(95% CIs:2.64-3.31) at the 187 

beginning of the epidemic, which was equal to the basic reproduction number (𝑅0). 188 

With the implementation of measures, 𝑅𝑡 fell below 1 on 1 Feburary. 189 

The first-level public health emergency response was implemented to COVID-19 190 
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on 25 January in Henan. Assuming that epidemic parameters remained unchanged but 191 

the time of epidemic response was changed, epidemic dynamics estimated by the model 192 

were shown in Fig 3. By 26 February, implementing measures 2 days earlier could 193 

reduce infections by 22% and 5 days earlier by 63%. When the implementation was 194 

delayed by 2 days, the number of infections increased by 78%, and 5 days later by 219%. 195 

Assuming that epidemic parameters and the implementation time remained unchanged 196 

but the intensity of the implementation of measures, namely the rate of reduction of the 197 

infection rate, was changed, epidemic dynamics estimated by the model were shown in 198 

Fig 4. By 26 February, 30% reduction in implementation intensity would increase the 199 

number of infections by 80%, and a 50% reduction would increase by 172%. When the 200 

implementation intensity was increased to 1.5 times of the current level, the number of 201 

infections would reduce by 7% and doubling that would reduce by 20% (Table 3). 202 

We used model-generated synthesis outbreak in free simulation to test the model-203 

inference-framework. The results were shown in Fig 5 and Table 4. All generated values 204 

were within the confidence interval estimated by the model and values of all parameters 205 

were within the estimated 95% confidence interval, which demonstrated the ability of 206 

the model-inference-framework to fit the synthetic outbreak data and estimate all five 207 

target model parameters simultaneously and accurately. 208 

Results of parameters estimation when changing the range of initial states and 209 

values of fixed parameters were shown in Additional file 2. It could be seen that values 210 

of all epidemiological parameters fallen around the estimated values, with small 211 

fluctuations, indicating that estimated results of our model were robust. 212 
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 213 

Discussion 214 

We constructed a SEAIUHR model to fit the number of COVID-19 cases in Henan 215 

province and conducted a detailed analysis of the epidemic dynamics.  216 

Asymptomatic proportion, which is broadly defined as the proportion of 217 

asymptomatic infections among all infections of the disease, is important for estimating 218 

the true burden of disease and its transmission potential. At present, results of different 219 

studies on the asymptomatic proportion vary greatly[14].We estimated that the 220 

proportion of asymptomatic infections among infected individuals during the entire 221 

epidemic was 42% in Henan province, within the confidence interval of estimated 222 

asymptomatic rate of 13 cases imported from Wuhan to Japan[13]. But it was higher 223 

than that of Diamond Princess cruise ship, which showed that only 17.9% of those 224 

infected were asymptomatic[26]. It could be that passengers and crew on the diamond 225 

princess were not drawn from a random sample of the general population, most of 226 

whom were older than 60 years and tended to have more severe symptoms after 227 

infection. Due to the absence of clinical symptoms such as coughing and sneezing, the 228 

chance of transmission caused by the pathogen being discharged from the body of an 229 

asymptomatic case was relatively less than that of a symptomatic one. Our model 230 

estimated that the mean ratio of transmission rate due to asymptomatic over 231 

symptomatic cases was 0.1, corresponding to study showing that prolonged exposure 232 

to infected persons and short exposure to symptomatic persons (such as coughing) is 233 

associated with a higher risk of transmission, while short exposure to asymptomatic 234 
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contacts is associated with a lower risk of transmission[27].  235 

The fraction of undocumented infections, including asymptomatic cases and 236 

unconfirmed symptomatic cases who did not seek medical attention or get tested for 237 

mild symptoms, was lower than that of Wuhan in the early stage of the epidemic[5–7] , 238 

which may caused by following reasons. Firstly, in the early stage, the medical 239 

configuration was not perfect and public awareness was still insufficient, while the 240 

undocumented rate gradually decreased with the development of the epidemic[5,9,28]; 241 

secondly, contact tracing measures implemented in China may become unfeasible when 242 

the number of cases in Wuhan rose sharply in the early stage[3]. Finally, we need to 243 

point out that the differences in the estimated proportions of asymptomatic cases and 244 

unconfirmed symptomatic cases may due to unidentifiability of parameters in 245 

epidemiological models. The theoretic analysis of identifiability of parameters in 246 

epidemiological models needs to be done in the future. 247 

Basic reproductive number (𝑅0) is an important parameter to determine whether an 248 

infectious disease is prevalent or not. If 𝑅0 < 1, infectious disease would gradually 249 

decline and die out without epidemic; if 𝑅0 > 1, an epidemic would break out. In this 250 

study, our estimate of 𝑅𝑡 2.73 at the beginning of the epidemic measured the basic 251 

reproductive number 𝑅0, that is, without intervention, each infected individual could 252 

infect an average of 2.73 susceptible individuals. This result was similar to those studies 253 

in other regions of China[29–31]. Combined with the latent period, the number of cases 254 

without intervention would increase exponentially[32,33]. However, Henan province 255 

implemented first level response on 25 January and adopted a series of prevention and 256 
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control measures. The isolation treatment of confirmed cases and the testing of 257 

suspected cases aimed at removing infected individuals from the process of 258 

transmission; the closing of public places and the change of crowd behavior were to 259 

protect susceptible groups; Contact tracing, which identified possible chains of 260 

transmission between known infected persons and their contacts to quarantine 261 

suspected cases at home before symptoms appear, affected both susceptible and 262 

asymptomatic individuals and can effectively interrupt transmission. It was under these 263 

measures that 𝑅𝑡  dropped below 1 on 31 January, indicating that national strong 264 

prevention and control measures have achieved remarkable results.  265 

To explore the impact of timing and intensity of the implementation of measures 266 

on the epidemic, we estimated the changes of the cases under different implementation 267 

time and intensity. We found that measures were taken 5 days earlier would reduce the 268 

number of cases by 2/3, while the number of cases would more than triple when delayed 269 

by 5 days, suggesting that the earlier measures were implemented, the better. Changes 270 

in intensity showed that reducing the intensity by half would increase the number of 271 

cases by 80%, while doubling the intensity would reduce the number of cases by only 272 

20%. Reducing the intensity would cause large changes in cases, while increasing the 273 

intensity would not have significant effects, although increasing the intensity would 274 

consume a lot of manpower and material resources, which indicated that the current 275 

intensity was properly handled.  276 

This study also has some limitations. Firstly, our estimate of the asymptomatic 277 

proportion was obtained by model, which could not be generalized because it has not 278 
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been confirmed by serological investigation. Secondly, this study estimated the average 279 

asymptomatic infection rate in Henan province over time, but the asymptomatic rate 280 

may vary in different periods of the epidemic.  281 

 282 

Conclusions 283 

We found that the epidemic situation developed rapidly in Henan province, and 284 

there were a large number of asymptomatic infected individuals with relatively low 285 

infectivity. However, with national strong prevention and control measures, the 286 

epidemic was quickly brought under control, and we estimated that the earlier the 287 

measures were implemented, the better. This study could provide a reference for the 288 

prevention and control of possible secondary outbreaks of COVID-19. 289 

 290 
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Fig 1. Location of this study 431 
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Fig 2. Comparison of the number of cases estimated and observed 433 

The asterisk represents the number of cases with symptoms observed on a daily basis; 434 

the curve shows the change in the average number of confirmed symptomatic cases per 435 

day estimated by the model; the light blue shade was the 95% confidence interval of 436 

the estimation. 437 

 438 

Fig 3. Changes in the number of confirmed symptomatic cases when changing the 439 

time of the implementation  440 

This figure showed Changes in the number of new confirmed symptomatic cases when 441 

changing the time of the implementation of measures. We could see that the earlier the 442 

measures were implemented, the better. 443 

 444 

Fig 4. Changes in the number of confirmed symptomatic cases when changing the 445 

intensity of the implementation 446 

This figure showed Changes in the number of new confirmed symptomatic cases when 447 

changing the intensity of the implementation of measures. It could be seen that reducing 448 

the intensity would make the case change greatly, while the effect was not obvious when 449 

increasing the intensity. 450 

 451 

Fig 5. Comparison of the number of cases estimated and generated 452 

The asterisk represents the number of cases with symptoms observed on a daily basis; 453 

the curve shows the change in the average number of confirmed symptomatic cases per 454 
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day estimated by the model; the light blue shade was the 95% confidence interval of 455 

the estimation. 456 

 457 

Table 1. Initial states and parameters setting in the model of the main analysis 458 

States or parameters values or prior distribution 

States  

Susceptible (𝑆0) 96050000-𝐸0-𝐼0-𝐴0-𝑈0 

Latent (𝐸0) U(0,10) 
Confirmed symptomatic infectious(𝐼0) 0 

Asymptomatic infectious (𝐴0) U(0,10) 
Unconfirmed symptomatic infectious (𝑈0) U(0,10) 

Parameters  

latent period(𝑧) 3 days (Fixed)[2,27,33–35] 

Infectious period of confirmed symptomatic cases (𝑟1) 3.5 days (Fixed)[5,19,31,32] 

Infectious period of asymptomatic cases  (𝑟2) 5 days (Fixed)[16] 

Infectious period of unconfirmed symptomatic cases  (𝑟3) 5 days (Fixed)[16] 

Duration removed from hospitalization (𝑟) 10 days (Fixed)[36] 

Transmission rate due to symptomatic cases (𝛽0) U(0.8,1.5) (Estimated) 
 Asymptomatic rate (𝜇1) U(0.02,1) (Estimated) 

Undetected rate (𝜇2) U(0.02,1) (Estimated) 
The ratio of transmission rate (𝜃) U(0.02,1) (Estimated) 
The decreasing rate of transmission rate (𝛼) U(0.02,0.3) (Estimated) 
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 459 

Table 2. Posterior estimates of key epidemiological parameters 460 

Parameter Mean (95% CI) 

Transmission rate due to symptomatic cases (𝛽0) 1.14(1.07,1.23) 

Asymptomatic rate (𝜇1) 0.42(0.41,0.47) 

Undetected rate (𝜇2) 0.11(0.09,0.22) 

The ratio of transmission rate (𝜃) 0.10(0.02,0.11) 

The decreasing rate of transmission rate (𝛼) 0.16(0.12,0.19) 

This table showed posterior estimates of key epidemiological parameters using 461 

proposed model-inference framework. In the second column, estimated mean and 95% 462 

confidence interval were outside and inside parentheses, respectively. 463 

 464 

Table 3. Changes in the number of total cases when changing the time  465 

or intensity of the implementation of measures 466 

Time Intensityb Total cases Percentagec 

23 January 𝛼 970(845,1010) 78% 

20 January 𝛼 458(388,471) 37% 

25 January 𝛼 1242(1162,1499) 100% 

27 January 𝛼 2205(1823,2226) 178% 

30 January 𝛼 3966(3092,3984) 319% 

25 January 𝛼*0.7 2234(1818,2262) 180% 

25 January 𝛼*0.5 3382(2595,3398) 272% 
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25 January 𝛼*1.5 1158(1021,1188) 93% 

25 January 𝛼*2.0 988(886,1014) 80% 

bThe real strength is 𝛼. 467 

c
 As of 26 February, the percentage of the number of total confirmed symptomatic cases 468 

estimated by the model relative to the actual number of confirmed symptomatic cases 469 

at the specified time and intensity of implementation. 470 

 471 

Table 4. Results of Synthetic testing 472 

Parameters True values Estimated valuesa 𝛽 1.1 1.14(1.06,1.22) 

𝜇1 0.4 0.34(0.32,0.45) 

𝜇2 0.1 0.09(0.07,0.23) 𝜃 0.2 0.18(0.14,0.22) 𝛼 0.15 0.15(0.12,0.19) 

aThe estimated mean and 95% confidence interval were outside and inside the 473 

parentheses. 474 

 475 

Additional file 1. Source of data 476 

Area Website 

Henan Province http://wsjkw.henan.gov.cn/ 

Zhengzhou Shi http://wjw.zhengzhou.gov.cn/ 

Kaifeng Shi http://www.kfwsjsw.gov.cn/ 



26 
 

Luoyang Shi http://www.lyws.gov.cn/ 

Pingdingshan Shi http://www.pdswsjsw.gov.cn/ 

Anyang Shi http://aywjw.anyang.gov.cn/ 

Hebi Shi https://wsjkw.hebi.gov.cn/ 

Xinxiang Shi http://www.xxswjw.gov.cn/ 

Jiaozuo Shi http://www.jzswjw.gov.cn/ 

Puyang Shi http://www.pyswjw.gov.cn/ 

Xuchang Shi http://xcswjw.xuchang.gov.cn/ 

Luohe Shi http://www.lhswjw.gov.cn/ 

Sanmenxia Shi http://wjw.smx.gov.cn/  

Nanyang Shi http://nyws.nanyang.gov.cn/ 

Shangqiu Shi http://www.sqwsjd.cn/ 

Xinyang Shi http://www.hnxywjw.gov.cn/ 

Jiyuan Shi http://www.zkwjw.gov.cn/ 

Zhumadian Shi http://www.zmdwsj.gov.cn/ 

Jiyuan Shi http://wjw.jiyuan.gov.cn/ 

 477 

Additional file 2. Results of parameters estimation when values of initial states or 478 

fixed parameters changed 479 

 𝛽0 𝜇1 𝜇2 𝜃 𝛼 

C1a 1.14(1.05,1.22) 0.44(0.42,0.47) 0.09(0.07,0.21) 0.08(0.02,0.09) 0.15(0.12,0.18) 

C2b 1.13(1.06,1.22) 0.43(0.42,0.47) 0.16(0.15,0.4) 0.09(0.02,0.10) 0.16(0.12,0.19) 

http://wjw.smx.gov.cn/
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C3c 1.14(1.06,1.22) 0.43(0.43,0.47) 0.16(0.15,0.39) 0.09(0.02,0.10) 0.16(0.12,0.19) 

𝑧=2d 1.14(1.07,1.23) 0.45(0.44,0.47) 0.15(0.10,0.21) 0.08(0.02,0.09) 0.15(0.12,0.18) 

𝑧=4e 1.15(1.07,1.23) 0.39(0.38,0.46) 0.07(0.05,0.25) 0.09(0.03,0.11) 0.15(0.12,0.19) 

𝑟1=2f 1.14(1.06,1.22) 0.37(0.36,0.46) 0.12(0.10,0.29) 0.14(0.08,0.16) 0.15(0.12,0.18) 

𝑟1=3g 1.13(1.06,1.22) 0.42(0.41,0.47) 0.15(0.14,0.33) 0.10(0.05,0.12) 0.16(0.13,0.19) 

𝑟1=4h 1.14(1.06,1.22) 0.44(0.43,0.47) 0.12(0.10,0.28) 0.08(0.02,0.08) 0.16(0.12,0.19) 

𝑟2=𝑟3 4i 1.14(1.06,1.22) 0.37(0.35,0.46) 0.16(0.14,0.32) 0.18(0.14,0.22) 0.15(0.12,0.19) 

𝑟2=𝑟3 6j 1.14(1.07,1.23) 0.40(0.39,0.47) 0.17(0.15,0.34) 0.12(0.07,0.15) 0.16(0.12,0.19) 

𝑟2=𝑟3 7k 1.14(1.06,1.22) 0.40(0.39,0.47) 0.14(0.13,0.37) 0.11(0.03,0.12) 0.16(0.12,0.19) 

The table showed the estimated results of each parameter when the initial range of 480 

certain states or fixed parameters changed, where the estimated mean value was outside 481 

the parenthesis and the 95% confidence interval was inside the parenthesis.  482 

achange the initial range of 𝐸0, 𝐼0, and 𝑈0 to [0,5]. 483 

bchange the initial range of 𝐸0, 𝐼0, and 𝑈0 to [0,15]. 484 

cchange the initial range of 𝐸0, 𝐼0, and 𝑈0 to [0,20]. 485 

dChange the value of  𝑧 to  𝑧=2. 486 

eChange the value of  𝑧 to  𝑧=4. 487 

fChange the value of  𝑟1 to  𝑟1=2. 488 

gChange the value of  𝑟1 to  𝑟1=3. 489 

hChange the value of  𝑟1 to 𝑟1=4. 490 

iChange the value of  𝑟2 and 𝑟3 to  𝑟2=𝑟3 4. 491 

jChange the value of  𝑟2 and 𝑟3 to  𝑟2=𝑟3 6. 492 
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kChange the value of  𝑟2 and 𝑟3 to  𝑟2=𝑟3 7. 493 



Figures

Figure 1

Location of this study. Note: The designations employed and the presentation of the material on this map
do not imply the expression of any opinion whatsoever on the part of Research Square concerning the
legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.



Figure 2

Comparison of the number of cases estimated and observed The asterisk represents the number of cases
with symptoms observed on a daily basis; the curve shows the change in the average number of
con�rmed symptomatic cases per day estimated by the model; the light blue shade was the 95%
con�dence interval of the estimation.

Figure 3



Changes in the number of con�rmed symptomatic cases when changing the time of the implementation
This �gure showed Changes in the number of new con�rmed symptomatic cases when changing the
time of the implementation of measures. We could see that the earlier the measures were implemented,
the better.

Figure 4

Changes in the number of con�rmed symptomatic cases when changing the intensity of the
implementation This �gure showed Changes in the number of new con�rmed symptomatic cases when
changing the intensity of the implementation of measures. It could be seen that reducing the intensity
would make the case change greatly, while the effect was not obvious when increasing the intensity.



Figure 5

Comparison of the number of cases estimated and generated The asterisk represents the number of
cases with symptoms observed on a daily basis; the curve shows the change in the average number of
con�rmed symptomatic cases per day estimated by the model; the light blue shade was the 95%
con�dence interval of the estimation.


