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Background and Aim: Relevant studies show that population migration has a great impact 
on the early spread of infectious diseases. Therefore, it is important to explore whether there 
is an explicit relationship between population migration and the number of confirmed cases 
for the control of the COVID-19 epidemic. This paper mainly explores the impact of 
population migration on early COVID-19 transmission, and establishes a predictive non-
linear mathematical model to predict the number of early cases.
Methods: Data of confirmed cases were sourced from the official website of the Municipal 
Health Committee, and the proportions of migration from Wuhan to other cities were sourced 
from the Baidu data platform. The data of confirmed cases and the migration proportions of 
14 cities in Hubei Province were collected, the COVID-19 cases study period was deter-
mined as 10 days based on the third quartile of the interval of the incubation period, and 
a non-linear mathematical model was constructed to clarify the relationship between the 
migration proportion and the number of confirmed COVID-19 cases. Finally, eight typical 
regions were selected to verify the accuracy of the model.
Results: The daily population migration rates and the growth curves of the number of 
confirmed cases in the 14 cities were basically consistent, and Pearson’s correlation coeffi-
cient was 0.91. The specific mathematical expression of 14 regions is 
y ¼ 14:349e0:085025x þ 298:22. In each of the fourteen cities, The nonlinear exponential 
model structure is as follows:y ¼ aebx þ c; a�0; b�0. It was found that the R2 values of 
the fitted mathematical model were greater than 0.8 in all studied regions, excluding Suizhou 
(p < 0.05). The established mathematical model was used to fit eight regions in China, and 
the correlations between the predicted and actual numbers of confirmed cases were greater 
than 0.9, excluding that of Hebei Province (0.82).
Conclusion: The study found that population migration has a positive and significant impact 
on the spread of COVID-19. Modeling COVID-19 risk may be a useful strategy for directing 
public health surveillance and interventions. Restricting the migration of the population is of 
great significance to the joint prevention and control of the pandemic worldwide.
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Introduction
At the end of 2019, a mysterious pneumonia outbreak occurred in Wuhan, Hubei 
Province, China, which began to attract the attention of countries around the world 
and has since been designated by the WHO as COVID-19.1,2 The disease is now 
present in more than 200 countries, with more than 133 million confirmed cases and 
2.8 million confirmed deaths worldwide. It has aroused the world’s acute attention 
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and vigilance, and determining how to take effective mea-
sures to control the spread of the virus has become 
a challenge.3

The epicenter of the outbreak was Wuhan, the capital 
of Hubei Province and the capital of China’s developed 
cities, in China. The outbreak coincided with China’s 
traditional Lunar New Year holiday, which is a time of 
frequent population movement that saw 2.97 billion trips 
in 2019.4 As Wuhan is a major transportation hub in 
China, about five million people were expected to have 
left the city during the Spring Festival travel rush before 
January 24, 2020.5 Currently, travel and population migra-
tion are driving the spread of COVID-19 in China and 
elsewhere, and the human-to-human transmission of the 
virus has been confirmed.6 Population migration has given 
wings to COVID-19, and some research suggests that the 
increase in COVID-19 at early stage is related to the 
increasing train and air travel in Wuhan, China.7

If the spread of the virus is to be controlled, it must be 
controlled from the source. As the duration of the epi-
demic overlapped with the Spring Festival transport wave, 
mass migration is likely to be a strong determinant of the 
characteristics of the epidemic. Therefore, effective migra-
tion control is an important method by which to limit the 
transmission of infection from person to person. However, 
migration as an important risk factor has not been fully 
studied. At present, only a few studies have confirmed 
a strong correlation between the number of confirmed 
cases and the number of migrants,5,8–10 but there lacks 
further study on the early transmission pattern based on 
the factors of population migration. Hence, a specific 
mathematical model is urgently needed to verify the rela-
tionship between the number of confirmed cases and the 
number of migrants which may be used to predict the 
transmission pattern of infectious disease at early stage.

In this study, which is based on 14 cities in Hubei 
Province, the correlation between the number of migrants 
and the number of confirmed cases is explored. 
A mathematical model is constructed to clarify the impact 
of population migration on the early transmission pattern 
of COVID-19, and the reliability of the model is verified 
in eight regions. Via the establishment of this model, the 
population migration ratio before the outbreak can be 
clearly used to predict the early trend of the outbreak, 
and relevant measures can be taken as early as possible 
to control the source of early virus transmission and pre-
vent the spread of the virus.

Methods
Collection of Case Data
Because the number of early cases of the outbreak 
occurred in fourteen cities (Huanggang, Jingmen, 
Jingzhou, Shiyan, Yichang, Xiantao, Xiaogao, Tianmen, 
Ezhou, Enshi, Suizhou, Xianning, Xiangyang, and 
Huangshi) in Hubei Province were included for the inves-
tigation of the population migration from Wuhan 
(Supplementary Figure 1), and these 14 cities were used 
to construct the model. Moreover, eight typical regions in 
China, namely Anhui, Beijing, Guangdong, Jiangsu, 
Shanghai, Hebei, Zhejiang, and Sichuan, were used to 
construct validation model datasets. Data on confirmed 
COVID-19 cases were obtained from the official website 
of the Municipal Health Committee in these cities. The 
proportions of migration from Wuhan to other cities were 
sourced from Baidu Map Smarteye, which releases a map 
of population migration around the Spring Festival 
every year (http://qianxi.baidu.com/).

Inclusion Period Selection
According to the incubation period of COVID-19 is 2–14 
days.11 Considering that some people experienced shorter 
incubation periods, the study period was determined as 10 
days based on the third quartile of the interval of the 
incubation period. The confirmed cases were collected 
from the 10 days after the first patient was confirmed. 
The proportions of population migration were collected 
from the 10 days before the day when the first patient 
was confirmed (Supplementary Figure 2).

Nonlinear Model Fitting
The epidemic infection curve follows a non-linear growth 
trend in crowds.12–15 A non-linear mathematical model was 
therefore constructed to explore the relationship between the 
proportion of immigrants and the number of 
confirmed cases. Consider the nonlinear model 
yi ¼ f xi; θð Þ þ 2i i ¼ 1; :::; nð Þ, where f is nonlinear inθ, 
y represents the number of confirmed cases per day, and 
x represents the proportion of population migration per day. 
If θ is to be estimated given an observation x; yð Þ, then the 

point estimate bθ0 is given by solving y0 ¼ f x; θ̂
� �

. The solu-
tion will be unique as long asf is monotonic in the region of 
interest.16 The stats program computing package in R software 

was used to compute bθ0 by calling the functions “predict” and 
“uniroot” to numerically solve y0 � f x; θ̂

� �
¼ 0 for x. The 
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basic trendline calculation function was used to fit the non- 
linear relationship with a confidence interval (CI).17

Statistical Analysis
Pearson’s correlation coefficient was used to measure the 
correlation between the proportion of migrants and the number 
of confirmed cases. The criteria for selecting the optimal 
model are based on the p-value, R2 value, and CI; a good 
model fit is characterized by p < 0.05 (indicating the p-value of 
each regression model), R2 > 0.75 (indicating the R-squared 
value of the model), and most samples falling within the 95% 
CI to ensure that all estimated model parameter values are 
significant. The p value is < 0.05 and R2 is>0.75, indicating 
that the model has good fitting. The best-fitting model para-
meters were chosen, and the model was implemented for the 
eight regions in China to verify its accuracy, which was 
measured by calculating the correlation coefficient between 
the predicted and actual numbers of confirmed cases. It was 
investigated whether the trends of the variation between the 
estimated and actual numbers of confirmed cases were con-
sistent within 10 days. All the analyses conducted in this study 
were carried out by R statistical software (version 3.6.1).

Results
The outbreak of COVID-19 in China began in Wuhan, and 
nearly all early cases in China were derived from this city. 
As of February 3, 2020, a total of 21,957 confirmed cases of 
COVID-19 due to 2019-nCoV infection had been reported in 
14 regions of Hubei Province (Wuhan is not included). From 
January 20 to February 3, the number of confirmed cases 
increased rapidly in 14 regions of Hubei Province 
(Supplementary Figure 3). Within a 10-day period, the 
population of Wuhan that traveled to the 14 cities in Hubei 

Province accounted for 68% of the total travel population of 
Wuhan, and the number of confirmed cases in these 14 cities 
accounted for 54.4% of the total cases in China (Figure 1A). 
The proportion of people traveled from Wuhan, as compared 
with that from other cities, ranked first in ten cities. Only 
a small proportion of people traveled to Enshi from Wuhan 
(Figure 1B). It was found that the greater the proportion of 
people traveled to a city from Wuhan, the more cases were 
confirmed in that city (Figure 2).

In the 10-day cycle, the proportions of the total migra-
tion and the total numbers of confirmed cases in the 
investigated 14 cities showed increasing trends, and 
Pearson’s correlation coefficient was found to be 0.91 
(Figure 3). The Pearson’s correlation coefficient between 
the proportion of migrant population and the number of 
confirmed cases for fourteen typical cities ranged from 
0.79 to 0.95, and ten of them is greater than 0.9. The 
daily population migration rates and the growth curves of 
the number of confirmed cases were basically consistent 
among the 14 cities (Supplementary Figure 4).

The relationship between the proportion of the total 
number of immigrants from Wuhan to 14 cities and the 
total number of confirmed cases in these cities was then 
analyzed. It was found that the functional relationship 
between them is y ¼ 14:349e0:085025x þ 298:22, for which 
R2=0.98, P < 0.0001 (Figure 4). In each of the fourteen 
cities, it was found that the R2 values of the optimal fitted 
mathematical model were greater than 0.8 in all the con-
sidered regions, excluding Suizhou (R2 = 0.78). Of these, 9 
regions had an R2 value greater than 0.9. All p-values were 
found to be less than 0.05. The 95% confidence interval 
contains most sample values. It is evident that the optimal 
model of the relationship between the proportion of 

Figure 1 Numbers of confirmed cases and proportions of migration from Wuhan. (A) The proportions of the total numbers of confirmed cases in fourteen cities in China 
and the population migration from Wuhan. (B) In the 10 days before the first confirmed case was reported in each of the fourteen cities, the proportion of people who 
migrated from Wuhan every day was ranked as compared to that of other regions, whether 1 means highest.
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immigrants and the number of confirmed cases is consis-
tent with the general formula of nonlinear exponential 
mathematics:y ¼ aebx þ c; a�0; b�0, where y represents 

the number of confirmed cases per day, x represents the 
proportion of population migration per day, and a, b, and 
c are constants (Supplementary Figure 5).

Figure 2 Distributions of immigration proportions and numbers of confirmed cases. (A) Distribution of the proportion of population migration in each region from the 10 
days before the day of the first confirmed case. (B) Distribution of confirmed cases in each region from the 10 days after the day of the first confirmed case.

Figure 3 Pearson’s correlation coefficient between the proportion of population migration from Wuhan and the total number of confirmed cases in fourteen cities.
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Furthermore, the accuracy of the established mathema-
tical model was validated using data from eight regions in 
China. It was found that the correlations between the 
predicted and actual numbers of confirmed cases were 
very strong. Only Hebei Province had a correlation coeffi-
cient of 0.82, while the correlation coefficients for the 
other seven regions were all greater than 0.9 (Table 1).

Discussion
In the present study, it was found that, among the fourteen 
cities, the greater the proportion of people that traveled 

from Wuhan to a city, the more cases were confirmed in 
that city. The daily population migration rate and the 
growth curve of the number of confirmed cases were 
found to be basically consistent. By fitting the proportions 
of population migration in the 14 regions and the numbers 
of early confirmed cases, the general formula of a unified 
mathematical model was determined. These results may 
have important implications for guiding key public health 
strategies, such as surveillance and control.

The novel coronavirus infection mainly involves the 
respiratory system and spreads through the respiratory tract. 
Although the novel coronavirus has been detected in the feces 
of virus-infected patients,18 whether the virus can be trans-
mitted through the digestive tract remains controversial. As 
a disease primarily transmitted by the respiratory tract, popu-
lation mobility is an important factor that affects the spread of 
the disease, usually during the early stage of transmission.19

Five million people have immigrated from Wuhan to all 
parts of the country. It is unknown how many of them are 
virus carriers, nor can all these people be traced and diag-
nosed. The evidence of previous cases shows that asympto-
matic patients in the incubation period are also infectious, and 
tracking virus carriers is thus a more difficult challenge. 
Therefore, isolation at home and less contact with others are 

Figure 4 The mathematical relationship between the proportion of population migration from Wuhan and the total number of confirmed cases in fourteen cities.

Table 1 R-Square for Each Model and the Correlation 
Coefficients for the Predicted Eight Regions

Regions Pearson’s Correlation Coefficient R2

Anhui 0.98 0.94

Beijing 0.94 0.89

Guangdong 0.98 0.93
Jiangsu 0.95 0.90

Shanghai 0.90 0.91

Hebei 0.82 0.84
Zhejiang 0.99 0.99

Sichuan 0.93 0.95
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the most effective measures for the prevention of infection 
and transmission. In response to the spread of COVID-19, the 
Hubei provincial government implemented city closure man-
agement in Wuhan on January 26. At present, the Chinese 
government has postponed the start of school for all schools, 
and has implemented restrictions on population mobility in 
the affected areas. By canceling large-scale gatherings and 
arranging for residents to work at home, the population’s 
contact rate has been greatly reduced, which has substantially 
decreased the speed of COVID-19 transmission.

The present study investigated the impact of the pro-
portion of population migration on the spread of COVID- 
19. The resulting model can provide a scientific basis for 
dealing with similar infectious diseases in the future, and 
can be used to quickly predict the number of patients and 
provide epidemiological evidence for the early detection 
of human-to-human transmission. This is also the first time 
that this method has been used to construct a model to 
explore the specific impact of population migration on the 
spread of diseases; this novel modeling method thus pro-
vides a new research tool for the investigation of the 
spread of infectious diseases. The nonlinear exponential 
model can quickly reveal the development trend of infec-
tious diseases in a certain region. Because the accumula-
tion of clinical data is not required, once it is known that 
there are transmission cases in a certain area and the 
source of transmission is established, the development 
trend of a disease can be calculated according to the 
proportion of population migration and the number of 
early cases. Most previous studies estimated the basic 
regeneration index R0 via long-term case numbers and 
clinical information. However, for different periods and 
models, the estimated R0 values were also different.20–24

The present study utilized data on the population migra-
tion of a single large country at the provincial level to 
construct a simple model that can be easily applied to 
other regions or infectious diseases. Moreover, based on 
the population data from Baidu, the time and place of 
population migration can be understood in detail so as to 
accurately calculate the correlation between population 
migration and the spread of infectious diseases. 
Nevertheless, there remain some limitations of the data 
used in this analysis. In this study, only out-migration from 
the Wuhan region was considered to affect the spread of the 
virus. However, there may be some regions in which the 
source of the virus was not only from Wuhan; for example, 
some carriers were not infected in Wuhan, such as those who 
transferred to Enshi in Yichang. Transmission is certainly 

not only influenced by migration, but also by other factors, 
early measures, government intervention, etc. Because only 
the single factor of population migration was considered in 
this paper, there will be corresponding errors. Additionally, 
only 14 regions in Hubei Province were used to explore the 
relationship between migration and confirmed cases to 
achieve the consistency of the results (Hubei Province has 
been the most influenced by COVID-19). Therefore, the 
findings in our present study need to be verified in other 
regions in future studies.

Conclusion
Population migration determines the speed and scope of 
early virus transmission. The establishment of 
a mathematical model of the impact of population migra-
tion on the risk of COVID-19 transmission can make use 
of the population migration rate before the outbreak to 
predict the early trend of the epidemic. Moreover, relevant 
measures can be taken as promptly as possible to control 
the source of early virus transmission and prevent the 
spread of the virus. This model can provide important 
decision-making information for the early prevention and 
control of similar emergencies in the future.
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