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Abstract

:

Estimating the basic reproduction number (R0) of an infectious disease is a crucial step to describe the contagiousness and provides suggestions for interventions. To lift the effectiveness of preventive measures for the COVID-19 pandemic, we need to minimize the newly infected cases by reaching adequate herd immunity. This study thus aimed to compare the R0 through four waves of COVID-19 outbreaks in Vietnam and to calculate the minimal vaccination coverage in different populations. The data on the number of daily confirmed COVID-19 patients were collected from 21 January 2020 to 16 November 2021 from the daily reports through the four waves of the pandemic in Vietnam. The R0 values were estimated by exponential growth and the maximum likelihood methods to range from 1.04 to 3.31 from the first to the third wave. The fourth wave was the most severe, especially in the southern provinces, and the highest R0 was in Ho Chi Minh City. The herd immunity would range from 43.50% to 95.76% by various R0 values from different populations. Overall, the presence of new viral mutants increased the infectiousness and the vaccination coverage was higher to establish the required herd immunity in a high-density population. The results provide the basis for policy recommendations and resource allocation for vaccine management and distribution at a time when the COVID-19 pandemic is not yet over.
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1. Introduction


The whole world is still facing COVID-19, which is classified as a highly infectious disease due to its quick spread. Therefore, more and more studies are focused on algorithms through statistical and artificial intelligence approaches to develop accurate forecasting models for the spread of the COVID-19 pandemic to support managing this pandemic [1,2]. Estimating the basic reproduction number (R0) of an infectious disease such as COVID-19 is a crucial step to describe the contagiousness or transmissibility of infectious agents [3]. R0 is affected by numerous biological, socio-behavioral, and environmental factors. It is usually estimated with various types of complex mathematical models. Therefore, the R0 value varies according to the pathogen and the local socio-behavioral and environmental circumstances [4]. R0 can be defined as the average number of secondary infections that are produced in a susceptible host population when an infected individual is introduced into that population during its entire infectious period [5]. This value can be estimated using a variety of mathematical methods, for example, from the stability analysis of a compartmental model, via the matrix of next generation, from the final size of an epidemic, from the initial growth rate… Therefore, R0 could obtain different values depending on the method used. The R0 value gives information about the situation of the infection whether it is likely to spread in a population when R0 > 1 or disappear from the population when R0 < 1 [6]. Providing vaccination for the whole population is hard to achieve due to some reasons such as the age threshold eligible for vaccination, anxiety, and afraid of the side effects of COVID-19 vaccination [7]. Therefore, vaccinating a specific proportion of the population could work as a protective wall for other susceptible persons against getting the infection. This proportion can be calculated depending on the R0 of the disease. On the other hand, a mathematical model could be developed from the R0 value, which is an effective tool used in predictive disease dynamics and provides suggestions on related interventions. Many studies have also used the forecasting model for COVID-19 through the officially reported data [8,9].



The first cases of COVID-19 were reported in Wuhan City in China in December 2019 [10]. The COVID-19 pandemic has spread rapidly across the globe since December 2019. The number of confirmed cases is still increasing rapidly in many countries (https://covid19.who.int/, accessed on 1 January 2022). As it spread easily worldwide, the disease was declared a pandemic on 11 March 2020 [11]. Since the outbreak of the disease, a large body of research on COVID-19 has been conducted to estimate the R0 values in different populations [12,13,14,15,16]. The R0 of COVID-19 was initially estimated by the World Health Organization (WHO) to range between 1.4 and 2.5 [17]. Liu et al. compared many published studies from December 2019 to January 2020 where the R0 for COVID-19 had a range of values between 1.4 and 6.49 [18]. From the official statistics of COVID-19 in the 15 largest countries in Western Europe, the average R0 value was estimated at 2.2 by the exponential growth method [16]. The R0 value depends not only on the biological characteristics of the disease, but also on the social habits of the population [19]. Therefore, R0 might be different from country to country or population to population.



In Vietnam, the first case was a 66-year-old Chinese male who traveled from Wuhan to visit his son living in Vietnam on 21 January 2020. Up to 16 November 2021, Vietnam experienced four waves of the COVID-19 pandemic. In 2020, despite sharing a long land border and high travel flows with China, Vietnam initially contained the spread of COVID-19, with the total number of deaths being 35. However, by 2021, the epidemic had become more severe, affecting all 63 provinces in Vietnam. The most severe epidemic places were in southern areas including Ho Chi Minh City and neighboring provinces [20]. There have been several reports on COVID-19 in Vietnam, however, these studies focused on outbreak investigation, social media, or risk perception and control [21,22,23,24,25,26]. Only one study also provided information about the effective reproduction number of COVID-19 in Vietnam from the daily confirmed cases recorded between January and December 2020 [26]. To the best of our knowledge, no existing studies have estimated the R0 of COVID-19 in Vietnam that could help to quantify the spread of infectious disease, predicting its speed, scale, and the herd immunity level required to control the disease. Herd immunity is resistance to the spread of an infectious disease within a population that occurs when a large portion of a community becomes immune to a disease as a result of infection or vaccination [27]. It is still unclear exactly how many people will need to be vaccinated to achieve herd immunity. Our aims were to compare the difference of R0 through four waves of COVID-19 outbreaks in Vietnam and to calculate the minimal vaccination coverage against COVID-19 in the main affected cities/provinces.




2. Materials and Methods


2.1. Study Area


Vietnam is a country in Southeast Asia with a population of over 96 million, the world’s fifteenth-most populous country. Northern Vietnam shares a long border with North China. Ha Noi’s capital is located in the north, the largest cities in the central and the south are Da Nang and Ho Chi Minh, respectively. The map of Vietnam and some major affected provinces by COVID-19 in the fourth wave were depicted using the free, open-source Quantum Geographic Information System (QGIS) (Figure 1).




2.2. Data Collection


In this study, a secondary study was implemented by using already existing data that was published on government public websites. The data on the number of confirmed COVID-19 patients who were positive for the reverse transcriptase polymerase chain reaction was collected from the daily situation reports of the Ministry of Health, Vietnam (https://ncov.vncdc.gov.vn/viet-nam.html, accessed on 1 May 2021). The first cases were detected on 21 January 2020. All data from the four waves of the COVID-19 pandemic in Vietnam were updated as of 16 November 2021 (Figure 2). The number of daily cases in some of the major affected provinces (including Ho Chi Minh City, HCM, and other southern provinces: Binh Duong, Dong Nai, An Giang, Tay Ninh; Ha Noi, capital in the north, HN; and Da Nang central area city) by COVID-19 in the fourth wave from 27 April to 16 November 2021 is indicated in Figure 3.




2.3. Calculation of the Basic Reproduction Number (R0)


There are different methods for the computing of R0, but some of them require more variables that were not present in our dataset. From our dataset, the exponential growth (EG) and maximum likelihood (ML) methods were available to estimate the R0 value. From the daily confirmed data, we set up the best-fitting generation time (GT) distribution for a series of the serial interval (SI) distribution of COVID-19 by the “est.GT” function in the package “R0” equipped. The generation time is the time lag between infection in a primary case and a secondary case. From GT distribution, the mean and standard deviation of the serial interval of COVID-19 were also calculated. Then, R0 was estimated by the EG and ML methods by the functions est.R0.EG and est.R0.ML in the “R0” package.




2.4. Calculation of Minimal Vaccination Coverage for COVID-19


Herd immunity is a form of immunity that occurs when the vaccination of a significant portion of a herd provides a measure of protection for individuals that have not developed immunity [28]. The R0 value can be used to calculate the herd immunity threshold (Ic), which is the minimum percentage of individuals in the population that would need to be vaccinated to ensure the disease does not persist. The value of R0 was used to calculate the Ic using the formula    1 − 1 /  R 0    [28].




2.5. Data Analysis


The standard Microsoft Office Excel 2010 package was used for data processing. R0 estimation was calculated from the Epidemic’s package for R language in statistical computing in program R version 3.4.3 (R development team, Vienna, Austria). Quantum Geographic Information System (QGIS) version 2.14.14 was used for geovisualization (https://www.qgis.org/en/site/, accessed on 1 January 2022).





3. Results


3.1. R0 Values of COVID-19 at the National Level from the First Three Waves of the Pandemic in Vietnam


The overall R0 values with 95% CI derived from the two methods and those from each wave are shown in Table 1. Overall, the highest R0 values were in the second wave using both EG and ML (3.31 and 2.92, respectively), and the lowest R0 values were estimated from the first wave of outbreak data (1.15 and 1.19). The R0 values of each outbreak wave estimated by different methods showed a slight difference. Except for the third wave, the R0 value from the ML method was much higher compared to the EG method (2.38 and 1.04 in the ML and EG method, respectively).




3.2. R0 Values of COVID-19 at the Province Level in Some Locations from the Fourth Wave of the Pandemic in Vietnam


In the fourth wave of the COVID-19 pandemic in Vietnam from 27 April 2021, some provinces were more affected, especially Ho Chi Minh City and neighboring provinces. Regarding the southern provinces in Vietnam, Ho Chi Minh City reached the highest R0 with 22.05 (95% CI: 21.86–22.24) people being infected by one sick person with the EG method and 23.60 (95% CI: 23.33–23.86) with the ML method. For the rest of the southern provinces, the R0 values were from 1.78 to 8.55, with a slight difference between the two methods. In the central representative of Da Nang city, R0 values of 1.73 (95% CI: 1.70–1.76) and 1.77 (95% CI: 1.69–1.85) were obtained by the EG and ML methods, respectively. In the north, R0 values of COVID-19 in the capital Ha Noi were 3.64 (95% CI: 3.43–3.84) and 3.72 (95% CI: 3.41–4.04) with the EG and ML methods, respectively (Table 2). In general, the value of R0 in each locality estimated by the ML method was higher compared to the EG method. Therefore, we used the values derived from the ML method in further analysis to prepare for a worse situation.




3.3. Minimal Vaccination Coverage for COVID-19


In this study, we used the vaccine efficacy of 100%, which is impossible to achieve. The relation between R0 and Ic can be illustrated by the curve represented in Figure 4. Regarding the results, the higher the R0, the more the vaccination coverage needed to establish the required herd immunity. The minimum percentage of vaccination must be reached from 43.50 to 95.76%, corresponding to the R0 value from 1.77 to 23.60 in these cities/provinces.





4. Discussion


In this study, we provide an estimation of the R0 for COVID-19 in Vietnam, which has a population of 96 million and a 1450 km land border with mainland China, where the COVID-19 pandemic originated [10]. Data were collected from the daily cases of four waves of the COVID-19 pandemic in Vietnam. Using the EG and ML methods, we estimated that the R0 values were 1.15 or 1.19 and 3.31 or 2.92 for data from 21 January to 24 July 2020 in the first wave, and in the second wave with data obtained to 27 January 2021, respectively. Additionally, in the third wave, the R0 values were 1.04 or 2.38 with the data up to 26 April 2021 by the EG and ML methods, respectively. In the fourth wave, from 27 April 2021, the values of R0 of COVID-19 at the city/province level varied widely from 1.73 to 23.60 in some of the hugely affected cities/provinces. The herd immunity ranged from 43.50% to 95.76% through various R0 values from different cities/provinces and was higher in big cities. As a result, the vaccination coverage needed to achieve herd immunity against COVID-19 will be greater in high-density population provinces with higher R0 values. Our study might be a useful message in enhancing the knowledge of COVID-19 as well as for policy recommendation and resource allocation for the COVID-19 vaccine management and distribution at a time when the COVID-19 outbreak is not yet well-controlled.



Herein, the estimated R0 values of COVID-19 are various at different time points and populations. Indeed, the R0 values of the COVID-19 pandemic in Vietnam were ascending in the first three waves and lower than the R0 values in the fourth wave. In general, the R0 values by the ML method were a little higher compared to the EG method, with the exception of the third wave. This could be due to the collected data from this wave not exhibiting an exponential growth curve shape as the other waves (Figure 2), therefore, the R0 estimation by the EG method was not totally exact. In addition, there was a slightly lower R0 in Vietnam compared with previous studies as follows: 3.3, 3.3, 6.3, 6.1, and 5.1 in China, Italy, France, Germany, and Spain, respectively [14,29]. This might be due to the social habits of the population and the applied prevention method in each country. Another reason is supposed that Vietnam has proximity and high travel flows with China, therefore, the government’s rigorous measures that have been put in place were able to limit the spread of the disease in these three waves of the COVID-19 pandemic. Moreover, Vietnam was prepared as soon as the first case appeared in China. The first case that appeared in Ho Chi Minh City was an imported case from Wuhan. Starting 1 April 2020, nationwide strict physical distancing orders were applied for 15 days, requiring all persons to stay at home except for essential and emergency outings, and closing non-essential businesses [30]. Suspected transmission cities or communities were locked down to stop community transmission [23]. No new cases of community transmission were detected in Vietnam for a period of 99 days from 17 April [31]. From 25 July, a further wave of COVID-19 community transmission was detected in the central city of Da Nang including the first deaths, which led to the reintroduction of physical distancing measures throughout high-risk areas [32]. On 30 August 2020, it was the first full day since 25 July 2020 that saw no new infections and it appeared that Vietnam was once again on the threshold of defeating the virus. The third wave of infection began on 28 January 2021, when Vietnam recorded an additional 84 community transmission cases within a single day in Hai Duong and Quang Ninh provinces, regions in northern Vietnam. Most of the cases were related to a migrant worker, who was diagnosed with the UK variant by Japanese authorities after arriving in Osaka [33]. On 15 February 2021, the entire province of Hai Duong was locked down for 15 days. This was one of the most serious outbreaks due to the slow tracing process, mismanagement in quarantine facilities, and people beginning to ignore lockdown rules due to the long period of restrictions. The higher R0 values in the second and third waves could be due to the entry of new COVID-19 strains that increased the infection rates, leading to a high number of cases. On 7 March 2021, the situation in the northern provinces appeared to have been largely brought under control. Along this line, the impact of the preventive measures implemented in Vietnam throughout the first three waves has been reported [24,25]. “Zero-covid” strategies have demonstrated success in containing the three earlier waves of COVID-19 in Vietnam. Collectively, the R0 can be significantly reduced as a result of the implementation of active measures to mitigate the virus spread.



In this study, data from the fourth phase of the COVID-19 outbreak in Vietnam collected from 27 April to 16 November 2021 have been reported from all 63 provinces and cities in Vietnam. The reappearance of a fast-spreading outbreak from the end of April 2021 with the presence of the Delta variant served as a reminder of the continuing threat that the virus posed to health and of the need for vaccination to contain the spread of the disease [20,34]. This wave was the most severe outbreak, and the central economic regions and big cities were more affected, especially in the southern provinces (Ho Chi Minh city, Binh Duong, Dong Nai, An Giang and Tay Ninh), the central city of Da Nang, and the northern capital of Ha Noi. Vietnam followed a COVID-free strategy until September 2021. As the epidemic spread to many provinces in Vietnam, many outbreaks occurred in many localities at the same time, making it nearly impossible to trace and cut the chain of infection. On 29 August 2021, a major change from “zero covid” to “safe adaptation” forced Vietnam to accelerate its vaccination campaign to control the pandemic, instead of mass quarantine. One of the main reasons for this outbreak was the four-day holiday for Reunification Day and International Workers’ Day, which saw many vacation destinations packed with travelers. In addition, gene sequencing results showed that the SARS-CoV-2 Delta variant was the dominant variant in this wave, especially among cases in the central and southern localities of Vietnam [34]. The reason why Ho Chi Minh City and the southern provinces were strongly affected by COVID-19 was partly due to the cultural characteristics of the southern provinces, in which many patients were related to the Renaissance Mission Church group in Ho Chi Minh City. Furthermore, Ho Chi Minh City has the largest population with 9.22 million people. After nearly three months of lockdown in Ho Chi Minh city, which contributes to 20% of the total GDP of the country, many enterprises were pushed to cut down their production when almost all economic activities froze. Concerns about the outbreak caused tens of thousands of people to flee their workplaces and even went back to their hometowns, worsening the situation, and quickly spreading to the southern provinces. Aside from Ho Chi Minh, Ha Noi, Binh Duong, and Dong Nai, An Giang is also one of the 10 most populous provinces and cities in Vietnam. In addition, An Giang and Tay Ninh share a border with Cambodia (Figure 1). During the same period, Cambodia had also been struggling to hold back the disease since late February, with a strict lockdown in the capital Phnom Penh. Vietnam stepped up patrols along both nations’ borders to prevent COVID-19 from being carried into the country by people crossing the porous frontier illegally. In comparison, the capital Ha Noi, with nearly 10 million people, the center of the country, was always highly alert and ready for any epidemic situation, a flexible adaptation that helped Ha Noi effectively control the COVID-19 epidemic. Therefore, it is necessary to estimate the R0 of COVID-19 in different populations to design suitable interventions and responses to protect the population and control the spread of disease.



In addition to assessing the ability of an infectious disease to invade the community, R0 values were also used to determine the fraction of the community that should be vaccinated to prevent the growth of the epidemic. In this study, we focused on comparing the basic reproduction number of COVID-19 waves in Vietnam, and the vaccination coverage to achieve herd immunity was also estimated. In further detail, we found that the ML technique provided a higher estimation of R0 values. In addition to the EG and ML methods, other methods such as the sequential Bayesian method, the SIR model can also be used for the estimation of the R0 of COVID-19 [12,13,14,15,16]. In these studies, the R0 value from the EG method was lower than from other methods and the R0 value from the ML method was highest in all methods. Additionally, the ML method has been used the most in the estimation of the R0 of COVID-19 [12,13,15]. As the result, we thus used the values derived from this method to calculate the herd immunity threshold to prepare interventions for a worse scenario. The ML method has previously been used in the estimation of R0 for COVID-19 and other infectious diseases such as the Zika virus [35] and influenza [36]. We are thus convinced that the method would also provide a good estimation in the current study. The R0 of COVID-19 ranged widely through various provinces from 1.77 to 23.60. This high R0 value for the new coronavirus is very alarming for the rapid spread of the disease and gives an idea about the rapid vaccination to prevent the spread of the disease. As a result, the herd immunity threshold would range from 43.50% to 95.76%. However, vaccination coverage also depends on the effectiveness of the vaccine. Four main vaccines currently approved for use are AstraZeneca, SPUTNIK V, Pfizer/BioNTech’s Comirnaty, and Moderna, which has an efficacy of more than 90% [37,38,39,40]. In response to urgent needs in the prevention and control of the COVID-19 epidemic, the Ministry of Health has agreed to import the first 204,000 doses of the COVID-19 vaccine, and the COVID-19 vaccination in Vietnam started on 8 March 2021. As of 19 October 2021, over 65.7 million doses have been administered with the rate of injection of at least one dose for people aged 18 years and above at 63.5%. Taken together, the result of this study provides the foundation for the strategy for vaccine coverage in Vietnam to contain the disease during a time of uncertainty.



However, in this study, there was a limitation due to the limited information (only data from confirmed cases). It was not possible to determine the real number of cases due to two primary reasons: insufficient test kits did not allow each potential patient with COVID-19-like symptoms to be tested, and there has been a good portion of asymptomatic COVID-19 carriers who would never be tested and counted as confirmed cases. The highest R0 value in HCM City could not be reflected exactly in real dynamics due to being affected by the late discovery of new clusters of infections.




5. Conclusions


This was the first study that estimated the R0 values of COVID-19 through four waves of pandemic in Vietnam. The R0 values were estimated by the EG and the ML methods to range from 1.04 to 3.31 from the first to the third wave. The fourth wave was the most severe, especially in the southern provinces, and the highest R0 was in Ho Chi Minh City. The presence of new viral mutants increased the infectiousness. The herd immunity level ranged from 43.50% to 95.76% through various R0 values from different provinces/cities. The vaccination coverage was higher to establish the required herd immunity in the high-density population. Our results provide the basis for policy recommendations and resource allocation for vaccine management and distribution at a time when the COVID-19 pandemic is not yet over. Although our estimation was based on confirmed cases, these results are useful in the strategy for resource allocation for vaccine distribution in Vietnam to obtain herd immunity for resistance to the spread of COVID-19.
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Figure 1. Map of Vietnam with neighboring countries and some of the main affected provinces by COVID-19 in the fourth wave are highlighted in yellow and the province code in red (Ha Noi—01, Ho Chi Minh—79, Binh Duong—74, Dong Nai—75, An Giang—89, Tay Ninh—72, Da Nang—48). 
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Figure 2. The total number of daily reported cases in four waves of the COVID-19 outbreak in Vietnam from 21 January 2020 to 16 November 2021. 
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Figure 3. The total number of daily reported cases from 27 April to 16 November 2021 in some significantly affected provinces by COVID-19 in the fourth wave. 
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Figure 4. Herd immunity threshold (Ic-%) of COVID-19 depending on different values of the basic reproductive number (R0). 
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Table 1. R0 estimation of COVID-19 in the first three outbreak waves in Vietnam.






Table 1. R0 estimation of COVID-19 in the first three outbreak waves in Vietnam.





	
Outbreak Wave

	
Time

	
R0 Estimated Methods

	
R0 Values

	
95% CI






	
1

	
21 January 2020–24 July 2020

	
EG

	
1.15

	
0.99–1.31




	
ML

	
1.19

	
0.85–1.61




	
2

	
25 July 2020–27 January 2021

	
EG

	
3.31

	
2.72–4.00




	
ML

	
2.92

	
2.35–3.58




	
3

	
28 January 2021–26 April 2021

	
EG

	
1.04

	
0.28–1.42




	
ML

	
2.38

	
2.04–2.75








EG, exponential growth; ML, maximum likelihood; CI, confidence interval.
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Table 2. R0 values of COVID-19 at the province level in the fourth wave of the pandemic in Vietnam.
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Area

	
Province

	
Province Code

	
R0 Values




	
EG Method

	
95% CI

	
ML Method

	
95% CI






	
South

	
Ho Chi Minh

	
79

	
22.05

	
21.86–22.24

	
23.60

	
23.33–23.86




	
Binh Duong

	
74

	
7.78

	
7.72–7.84

	
8.55

	
8.46–8.65




	
Dong Nai

	
75

	
3.94

	
3.89–3.98

	
4.46

	
4.39–4.53




	
An Giang

	
89

	
2.40

	
2.38–2.43

	
2.54

	
2.48–2.60




	
Tay Ninh

	
72

	
1.78

	
1.75–1.80

	
2.21

	
2.16–2.26




	
Central

	
Da Nang

	
48

	
1.73

	
1.70–1.76

	
1.77

	
1.69–1.85




	
North

	
Ha Noi

	
01

	
3.63

	
3.43–3.84

	
3.72

	
3.41–4.04








EG, exponential growth; ML, maximum likelihood; CI, confidence interval.
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