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With the rapid implementation of global vaccination against the coronavirus disease 2019 (COVID-19), the threat posed by the disease has been mitigated, yet it remains a major global public health concern. Few studies have estimated the effects of vaccination and government stringent control measures on the disease transmission from a global perspective. To address this, we collected 216 countries' data on COVID-19 daily reported cases, daily vaccinations, daily government stringency indexes (GSIs), and the human development index (HDI) from the dataset of the World Health Organization (WHO) and the Our World in Data COVID-19 (OWID). We utilized the interrupted time series (ITS) model to examine how the incidence was affected by the vaccination and GSI at continental and country levels from 22 January 2020 to 13 February 2022. We found that the effectiveness of vaccination was better in Europe, North America, and Africa than in Asia, South America, and Oceania. The long-term effects outperformed the short-term effects in most cases. Countries with a high HDI usually had a high vaccination coverage, resulting in better vaccination effects. Nonetheless, some countries with high vaccination coverage did not receive a relatively low incidence due to the weaker GSI. The results suggest that in addition to increasing population vaccination coverage, it is crucial to maintain a certain level of government stringent measures to prevent and control the disease. The strategy is particularly appropriate for countries with low vaccination coverage at present.
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INTRODUCTION

It has been more than 2 years since the outbreak of the coronavirus disease 2019 (COVID-19). Although the increased vaccine coverage has relieved the threat posed by the pandemic, it remains a most serious public health problem in the world. As of 13 February 2022, 412 million COVID-19 cases have been reported worldwide, resulting in a total of 5.8 million deaths, whereas, at the end of 2020, it was only 83 million infections and 1.8 million deaths (1).

As an emerging respiratory infectious disease, the pathogen of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is characterized by rapid mutation and rapid transmission (2). To date, 12 different mutant strains from Alpha to Omicron have been discovered and reported (3). Since the end of last year, the Omicron variant has caused a significant increase in infectivity. Fortunately, vaccination drivers have been proven to be an effective method for the disease (4–7). The incidence of COVID-19 fell gradually after countries (Canada, China, Israel, Latvia, Norway, United Kingdom, the United States, and Russia) started vaccinations and were followed by later vaccinations in other countries. As of 13 February 2022, the global full vaccination coverage rate (VCR) has reached up to 54.2%, while at the end of 2020, it was only 0.0005%. Meanwhile, we found that not all countries with high vaccination coverage showed ideal effects. Despite better economic levels usually having higher vaccination coverage, many countries still maintain high incidence, even higher than in those countries with low vaccination coverage. As a result, the prevention of COVID-19 cases is not only related to population vaccination but also depended on government control measures (e.g., public event cancellations, gathering restrictions, public transportation shut down, and quarantine requirements). As shown by the reported experience of addressing SARS-CoV-2, countries with stricter prevention and control measures are better at containing the epidemic (8–10).

Studies have suggested that when the VCR reached a certain threshold, herd immunity would be sufficient for protecting the population against infections of SARS-CoV-2. Specifically, when the reproduction rate (R0) is set to 2.5 for COVID-19 (11, 12), the coverage threshold for herd immunity needs to be 60.0%. Since vaccine efficacy (VE) varies from different manufacturers, it must be at least 69% to form the infection barrier. However, 72.1% of countries worldwide do not currently meet the minimum threshold for reaching herd immunity. Notably, about 48.3% of countries have a VCR of <50%, and most of these countries are the developing countries. Therefore, it is imperative to clarify the relationships between the vaccination, government control measures, human development index (HDI), and the incidence of COVID-19 from a global perspective. Previous studies have analyzed the relationship between COVID-19 incidence, vaccination, and government control measures (8–10, 13–18). However, these studies mostly focused on local areas or individual countries, and there are no worldwide reports based on long-term data to examine VE and stringent measures concurrently.

We collected COVID-19 daily cases, vaccinations with the HDI, and government stringency index (GSI) of 216 countries from 22 January 2020 to 13 February 2022. The study conducted a comprehensive analysis using an interrupted time series (ITS) model to examine how the incidence was affected by the vaccination and GSI at continental and country levels.



MATERIALS AND METHODS


Data

We collected 216 countries' COVID-19 data from 22 January 2020 to 13 February 2022. The main daily indices included new cases, new vaccinations (new vaccination doses administered), people vaccinated (total number of people who received at least one vaccine dose), people fully vaccinated (total number of people who received all doses prescribed by the vaccination protocol), and the GSI. The indices for countries were total population and HDI. To avoid daily fluctuation, we converted data from days to weeks, for a total of 108 weeks. We excluded countries with fewer than 1,000 total cases to fit the model, leaving 178 countries in the final analysis.

The daily data of COVID-19 new cases, new vaccinations, and related indices were obtained from the dataset of the World Health Organization (WHO) (1) and Our World in Data COVID-19 (OWID) (19). GSI data were collected from the Blavatnik School of Government, University of Oxford (20, 21), and HDI data were acquired from the United Nations Human Development Report (22).

Government stringency index is data of time series. Each day has a specific number to reflect the extent of control measures. The values vary from 0 to 100, with 100 indicating the strictest response. It is a composite measure based on 20 government response indices: school closures, workplace closures, public event cancellations, gathering restrictions, public transportation shut down, stay at home requirements, restrictions on internal movement, international travel controls, income support, debt/contract relief, fiscal measures, international support, public information campaigns, testing policy, contact tracing, emergency investment in healthcare, investment in vaccines, facial coverings, vaccination policy, and protection of elderly people.

The HDI is a comprehensive summary index that measures economic and social development levels in three essential dimensions of human development: a long and healthy life, being knowledgeable, and a decent standard of living. The detailed indices include life expectancy at birth, expected years of schooling, mean years of schooling, and gross national income per capita. HDI scale runs from 0 to 1, with 1 representing the best development possible. A higher HDI indicates the better socioeconomic, welfare, and security situations in the country. Each country has a single HDI value.



Baseline ITS Model

We used the ITS model (23–28) to estimate the impact of vaccination on COVID-19 incidence. Three variables (timet, vaxt, and post vaxt) are in the baseline ITS model as follows:
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where Yt denotes the weekly number of cases in continents/ countries, β0 represents the baseline level at the beginning of the time series, and β1 represents the pre-vaccination trend where timet is set as 1 (first week) to 108 (last week of the full-time series) or less (countries with late-onset of COVID-19 cases). Where β2 estimates the change in level between pre- and post-vaccination through the dummy variable vaxt, wherein vaxt = 0 signifies pre-vaccination and vaxt = 1 post-vaccination. β3 estimates the slope change after vaccination, wherein post vaxt is coded as 0 before vaccination and is accumulated from 1 since the vaccination. εt is the error term, which is the remaining part after removing the effect of the variables β1, β2, and β3 on Yt in the equation. The smaller the value, the better the fit of the equation. In the study, the quasi-Poisson was used in the ITS to avoid overdispersion of long time series data by conventional linear methods. log (population) was included in the model as an offset variable to ensure the comparability of various countries with different population sizes. Moreover, the model was adjusted for seasonality by using Fourier transform (Harmonic term in R) to specify the number of sine and cosine pairs, and the length of a period (i.e., 4 weeks as a month).



Improved ITS

We added the GSI as an adjusted variable based on the model presented in Equation (1) to equalize the impact of government stringent control measures on the incidence of pre- and post-vaccinations among countries in Equation (2). Due to a delay between GSI and disease onset, we set lag = 1 week (7 days) for GSI (29) in the model. In addition to that, we used the variable VCRt instead of post vaxt to examine the effect on the incidence with the increase of the vaccination coverage in Equation (3).
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In Equations (2) and (3), β4 estimates the effect of the GSI on the disease incidence. βs denotes the short-term (just vaccinated) impact of vaccination because vaxt as a dummy variable indicates the change of pre-vaccination and onset of vaccination. βl denotes the long-term impact of vaccination since VCRt is accumulated over weeks. Other variables are defined in the same way as in Equation (1).



Event Study

The advantage of the ITS is to design the treatment (post-vaccination) and control (pre-vaccination) groups and compare the difference between the two groups by constructing a dummy variable. Even if the results show a decline in disease incidence after the implementation of vaccination, the result may not be driven by the vaccination but by systematic differences. Nevertheless, we can still examine the trends by moving the start time of implementation ahead and backward by a few weeks, respectively, and observe whether treatment and control groups are comparable among these weeks. To do this, we conducted an event study by adding the parameter k into the model based on Equation (1) and fitted the following equation:
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In the study, we set k ∈ [−5, 9] (k = 0 indicates the week of vaccination implementation) to examine the overall trend of 15 weeks. When k ∈ [−5, 0), the model compares the trends of VEs among 5 weeks (just over a month) before the vaccination. When k ∈ (0, 9], the model compares the trends among 9 weeks (just over 2 months) after vaccination.

In the data analysis process, we first estimated and compared VEs on the COVID-19 incidence among continents and countries using Equations (2) and (3). We also observed the changing trend of the VEs between pre- and post-vaccinations using Equation (4). We further investigated the relationships between estimated VEs, vaccination rate, and HDI across countries by Spearman correlation (variables with abnormal distribution) and Pearson correlation (variables with normal distribution). Lastly, we observed the corresponding position of each country's average stringency index, cumulative incidence, and VCR through the two and three-dimensional graphs. Meanwhile, we compared the differences of VEs among continents and VEs classified by HDI quantiles (25, 50, and 75%) by utilizing the Wilcoxon and Kruskal-Wallis H test. All the analyses were performed in R software (version 4.1.2). p < 0.05 indicates a statistical difference.




RESULTS


Global Distribution and Status of COVID-19 Incidence, VCR, and GSI

As of 13 February 2022, the top 10 countries worldwide with the highest cumulative incidence rate (mean value: 10.1%, range: 0.007–49.7%) of COVID-19 in sequence are the Faeroe Islands, Andorra, San Marino, Seychelles, Slovenia, Denmark, Israel, Georgia, France, and Slovakia; the top 10 countries with the highest VCR (52.2%, 0.05–98.9%) are the United Arab Emirates, Portugal, Cuba, Brunei, Chile, Singapore, Malta, China, Spain, and Argentina; and the 10 countries with highest average GSI (54.9, 10.7–79.2) are Honduras, Venezuela, Myanmar, Eritrea, Jamaica, Iraq, Suriname, Bangladesh, Palestine, and Libya. The global distributions of the three indices are shown in Figure 1.


[image: Figure 1]
FIGURE 1. Global distributions of cumulative incidence rate (A), fully vaccination rate (B), and stringency index (C).


Figure 2 illustrates the global trend of COVID-19 incidence fluctuation along with the period from 22 January 2020 to 13 February 2022. Since the incidence of the Omicron virus was considerably higher than that of the original and other mutant strains, Figure 2 is divided into two figures, i.e., Figure 2A shows the time period from 22 January 2020 (first SARS-CoV-2 case worldwide) to 8 November 2021 (before Omicron onset). After countries started vaccinations at week 47 (7–13 December 2020), COVID-19 incidence gradually decreased. The third peak of incidence (week 84) is much lower than the previous two peaks. Figure 2B depicts the time span from 9 November 2021 to 13 February 2022 (Omicron onset till today). As the VCR continued to climb, the incidence began to fall on 30 January 2022 after a short peak.
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FIGURE 2. Global trends of COVID-19 incidence gradually decline as vaccination coverage increases. The period for (A) is from 22 January 2020 (first SARS-CoV-2 case worldwide) to 8 November 2021 (before Omicron onset). (A) shows that the incidence gradually decreases after countries began vaccination at week 47 (7–13 December 2020). The third peak of incidence (week 84) is much lower than the previous two peaks. The range for (B) is from 9 November to 13 February 2022 (Omicron onset till today). (B) reveals even if the Omicron incidence was considerably larger than other mutant strains from 9 November to 13 February 2022, the global incidence began to decline on 30 January 2022 after a short peak.




Impact of Vaccination on COVID-19 Incidence Among Continents

The impact of vaccination on the COVID-19 incidence among continents was estimated through Equations (2) and (3). Figure 3 shows that the long-term VEs are generally better (smaller estimated coefficients) than the short-term VEs (p < 0.05) in all six continents and worldwide. VEs were significantly higher in Europe and North America than that in other continents for the short-term effect (Figure 3A; p < 0.05). Long-term VEs in Europe, North America, and Africa were generally higher than in Asia, South America, and Oceania (Figure 3B; p < 0.05). Furthermore, VEs varied more across countries in Africa (a wider error bar) and were more balanced in other continents (a narrower error bar).


[image: Figure 3]
FIGURE 3. Shot-term (A) and long-term (B) impacts of vaccination on COVID-19 cases among continents. Red circles are filled if the value is significantly different from the null distribution (p < 0.05), and open otherwise. The number denotes the median, and error bars denote quantiles 0.025 and 0.975. Figures show that vaccine efficacies (VEs) in Europe, North America, and Africa were higher than that in Asia and South America. VEs between countries varied more in Africa (a wider error bar) but were balanced in other continents (a narrower error bar).


We divided variants into two types according to the characteristics and onset time of SARS-CoV-2 variants. One type is Alpha, Beta, Delta, and other variants (lower transmission efficiency, higher rate of severe illness) and the other is the Omicron variant (higher transmission efficiency, lower rate of severe illness). We further analyzed the short-term and long-term impacts of vaccination on COVID-19 cases among continents between two types of variants, respectively (Supplementary Figure 1). We found that group analysis results were mostly consistent with the results of the overall analysis. Long-term VEs were generally better than short-term VEs in all six continents and worldwide. VEs were significantly higher in Europe, North America, and Africa than in other continents.

We set k from −5 to 9 individually as the start of the intervention in Equation (4) and fitted the models to investigate their trends over 15 weeks (about 3 months). Figure 4 shows that since the vaccination rollout (k = 0), VEs in the World, Europe, and North America gradually increased over time, peaking at around 8 weeks (2 months). VEs were also more and more stable (confidence intervals became narrower and narrower) over time. VEs rose and moved from non-significance to significance in Africa since the vaccination.
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FIGURE 4. Event-study results on short-term effects of vaccination on COVID-19 cases. We fit the model by ranging k from −5 to 9 as the start of the intervention in Equation (4). Each column (A–F) represents a separate interrupted time series (ITS) model. The estimated coefficients are plotted along with their 95% confidence intervals (CIs). Vertical dotted lines indicate the week since vaccinations. Red circles are filled if the values are significant (p < 0.05), and open otherwise. Figures show that VEs gradually improved (a smaller estimated coefficient) and stabilized (a narrower confidence interval) in the World, Europe, and North America over time. In Africa, VEs were gradually increased and changed from non-significance to significance since the vaccination.




Impact of Vaccination on COVID-19 Incidence Among Countries

We compared the impact of vaccination on the incidence across countries by Equations (2) and (3) and found that not all countries showed effectiveness as expected after vaccination implementation. An effective vaccination (estimated coefficient <0 and p < 0.05) was only found in 84.9% of the short-term and 85.1% of the long-term for all countries. Specifically, Europe and North America had a significantly higher proportion (>90%) of countries with short-term effects, followed by Africa and Asia (p < 0.05). Europe still had a higher proportion (>90%) of countries with long-term effects, followed by Africa (p < 0.05; Supplementary Figure 2).

Using the estimated VEs from Equations (2) and (3), we further investigated the relationships between VEs and HDI across countries. We found that the HDI has a weak correlation with short-term VEs (Spearman correlation coefficient rs = −0.33, p < 0.01) and long-term VEs (rs = −0.21, p < 0.01). Additionally, we discovered that countries with the highest HDI have greater effectiveness in both short-term and long-term VEs, followed by the effectiveness of the group of HDI Q3 (Figure 5).


[image: Figure 5]
FIGURE 5. Estimated coefficients of short-term (A) and long-term (B) effects divided by human development index (HDI) quantiles. *** means the group has a significant difference from the other three groups, ** means from the other two groups, and * means from the other group. Solid lines and numbers denote media value, and dotted lines denote quantiles 0.25 and 0.75.


Then we found that HDI was positively related to the rate of people vaccinated (r = 0.80, p < 0.01) and people fully vaccinated (r = 0.83, p < 0.01) among countries (Supplementary Figure 3). These results imply that countries with a high HDI are likely to have a high VCR, which leads to a more effective vaccination impact. While the relationships were weak, it is possible that some countries with low or moderate HDI also presented suitable vaccination effects.



Distribution of Position Between the Incidence Rate, Average GSI, and VCR Among Countries

We examined the distribution between cumulative incidence rate and the average GSI among countries through a two-dimensional graph. Figure 6A shows that countries with a low incidence rate (<0.63%) has a lower GSI, while countries with higher cumulative incidence rates (>14.47%) retain a lower GSI. The highest GSIs were found in countries with incidence rates ranging from Q2 to Q3 (0.63–14.47%). Six of 10 countries with the highest incidence rates (Faeroe Islands, Andorra, San Marino, Slovenia, Denmark, and Slovakia) had GSIs lower than the global average of 54.9.


[image: Figure 6]
FIGURE 6. Distribution of the position between cumulative incidence rate, vaccination coverage rate, and average stringency index among countries. In part (A) the number denotes median and error bars denote quantiles 0.025 and 0.975. *** means the group has significant differences from the other three groups, and ** means the group has a significant difference from the other two groups. (A) shows that countries with high and low incidence rates both had a lower GSI, whereas countries with a medium incidence rate (Q2 and Q3 groups) had the highest GSI. Dots with red color in the (B) represent the countries with higher VCR but still a high incidence due to a lack of appropriate GSI.


Furthermore, we plotted all the countries on a three-dimensional graph (Figure 6B) using the average stringency index, cumulative incidence, and VCR as three axes and observed the corresponding position of each country. We found that there are some countries (highlighted by the red color) that have a greater VCR (>60%) but a higher incidence (>14.47%) due to the comparatively low GSI (<54.9).




DISCUSSION

To the best of our knowledge, this is the first study to examine the impact of vaccination and government stringency control measures on the COVID-19 incidence using long-time global data (108 weeks) worldwide. We illustrated that vaccinations were generally effective in reducing disease incidence worldwide. The effectiveness was better in Europe, North America, and Africa than in Asia, South America, and Oceania. Countries with a high HDI usually have a high vaccination coverage, resulting in a better vaccination effect. Nonetheless, some countries with high vaccination coverage did not receive a relatively low incidence. We argued that the primary reason for the inconsistency was a lack of appropriate GSI.

Since the first COVID-19 case emerged 2 years ago, SARS-CoV-2 has given rise to 12 different mutant strains from Alpha to Omicron (3), with Omicron causing a massive increase in incidence. Despite all these variants, vaccination continued to provide a reasonable level of protection against SARS-CoV-2 infections worldwide. The effect of vaccination was gradually increased and peaked roughly 2 months later, followed by a slow drop. These findings are consistent with those of laboratories and local populations (2, 4, 5, 7, 10, 30).

Europe, North America, and Africa had a higher VE than other continents. There could be two explanations for this, which are as follows: (1) Europe and North America had higher VCR of 64.0% and 61.0%, respectively, both of which were significantly higher than the global average (54.2%). Although VCR in Africa was low (11.5%), its incidence rate was similarly low (0.8%), resulting in a comparably better VE. (2) The fact that the efficiency of vaccine manufacturers differs may also be a factor. The primary types of vaccines currently accessible in Europe and North America were manufactured by Pfizer/BioNTech, Moderna, and Oxford/AstraZeneca, which were reportedly more effective than other similar vaccines in the global market (31).

Countries with a high HDI have a higher VCR (r = 0.80, p < 0.01), but this does not guarantee a low incidence rate. This could be attributed to three main reasons: (i) countries with high HDI have desirable economic security conditions and hence are usually able to maintain high VCR, but this does not imply that they have effective government stringent measures. (ii) Countries with a medium HDI (0.59–0.85) had a higher GSI (p < 0.05), whereas countries with a high HDI (>0.85) had a lower GSI. Additionally, GSIs of countries with high COVID-19 incidence rates (>14.47%) were lower than those with a medium incidence (0.63–14.47%). (iii) HDI was positively associated with COVID-19 infections (r = 0.81, p < 0.01; Supplementary Figure 4), indicating that the higher a country's HDI, the greater the likelihood of disease infection, and vice versa. This further suggested that infections are not always better controlled in countries with a high HDI, which is consistent with recent research (32) on the “hygiene hypothesis.” Countries with low socioeconomic status and poor sanitary conditions reinforced the population's innate immune system as a result of frequent exposure to microorganisms in the environment, which may somehow reduce the population's sensitivity to SARS-CoV-2.

Notably, the top 10 countries with the largest populations had comparatively lower incidence rates (Figure 6A), possibly because the bigger population is calculated as the denominator for the incidence rate. More importantly, most of them have implemented stricter control measures primarily to avoid more infections (GSIs of 9 countries are higher than the world average), which would subsequently have a greater burden on the economy than countries with a smaller population.

There, if countries have a high vaccination coverage that has reached a certain threshold (e.g., 69%, estimated from R0 = 2.5) to form the herd immunity among the population, the GSI should gradually be loosened to revive the economy. Suppose countries still have a low VCR that is far below the immunity herd; in that case, it is preferable to maintain a certain level of government stringent measures until the vaccination coverage achieves immunity herd levels.

Some limitations must be acknowledged. Firstly, this paper is a global data-based analysis, and there will be some country-specific data variations. Even though several methods and techniques have been adopted in the data source sectors to minimize differences and ensure data consistency, there may still be some variations between countries, such as differences in the methods for detecting confirmed cases, discrepancies in vaccine manufacturers and vaccine dispensing, and heterogeneities in extensive cultural, political, and environmental factors. Secondly, re-infections in the proportion of new cases, although sporadic and occur at a low rate, may affect the vaccine's effectiveness in the analysis to some extent. Thirdly, GSI data are generally collected from the sources of major media releases and the internet, which are rough approximations and do not fully reflect the actual situation of governmental response to disease surveillance and control. Moreover, there is a lag between the GSI and the change in disease cases. Although we set the lag = 1 week for GSI according to the literature during the analysis, the lag value varies across countries. Lastly, our study was performed on a global scale, and thus the estimators should be interpreted cautiously at the regional level.

In conclusion, Europe, North America, and Africa had a higher level of VE than Asia, South America, and Oceania. The long-term effects of vaccination outperformed the short-term effects. Countries with a high HDI usually have a high vaccination coverage, leading to a better vaccination effect. However, some countries with high vaccination coverage did not have a relatively low incidence due to a relatively weaker GSI. Thus, in addition to increasing population vaccination coverage, it is crucial to maintain a certain level of government stringent measures in preventing and controlling COVID-19 infections. The strategy is particularly suitable for countries that currently have low vaccination coverage.
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Supplementary Figure 1. Short-term and long-term effects of vaccination on cases between two types of variants among continents. Parts (a) and (b) show the effects on cases of Alpha, Beta, Delta, etc variants. Parts (c) and (d) show the effects on cases of the Omicron variant. Red circles are filled if the value is significantly different from the null distribution (p < 0.05), and open otherwise. The number denotes the median, and error bars denote quantiles 0.025 and 0.975.

Supplementary Figure 2. Number of countries of short-term (a) and long-term (b) effects. Part (a) shows that proportions of countries being effective were higher in Europe and North America than that in Africa and Asia. Part (b) reveals that the proportions were higher in Europe as well. All countries showed significantly effective on vaccination by Equations (2) or (3).

Supplementary Figure 3. Human development index had strong positive correlations with the people vaccinated rate (a) and people fully vaccinated rate (b).

Supplementary Figure 4. Relationship of human development index (HDI) and cumulative incidence rate among countries. The figure reveals that HDI had a positive correlation with cumulative incidence rate among countries. The number denotes the median, and error bars denote quantiles 0.025 and 0.975. *** means that the group had a significant difference from the other three groups.



REFERENCES

 1. Who Coronavirus (Covid-19) Dashboard. (2022). Available online at: https://covid19.who.int/ (accessed March 19, 2022). 

 2. Ioannou GN, Locke ER, O'Hare AM, Bohnert ASB, Boyko EJ, Hynes DM, et al. Covid-19 vaccination effectiveness against infection or death in a national U.S. Health Care System : a target trial emulation study. Ann Intern Med. (2022) 175:352–61. doi: 10.7326/M21-3256

 3. SARS-CoV-2 Variant Classifications Definitions. (2022). Available online at: https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.html (accessed March 20, 2022). 

 4. Hacisuleyman E, Hale C, Saito Y, Blachere NE, Bergh M, Conlon EG, et al. Vaccine breakthrough infections with SARS-CoV-2 variants. N Engl J Med. (2021) 384:2212–8. doi: 10.1056/NEJMoa2105000

 5. Tenforde MW, Self WH, Adams K, Gaglani M, Ginde AA, McNeal T, et al. Association between Mrna vaccination and Covid-19 hospitalization and disease severity. JAMA. (2021) 326:2043–54. doi: 10.1001/jama.2021.19499

 6. Thompson J, Wattam S. Estimating the impact of interventions against Covid-19: from lockdown to vaccination. PLoS ONE. (2021) 16:e0261330. doi: 10.1371/journal.pone.0261330

 7. Thompson MG, Burgess JL, Naleway AL, Tyner H, Yoon SK, Meece J, et al. Prevention and attenuation of Covid-19 with the Bnt162b2 and Mrna-1273 vaccines. N Engl J Med. (2021) 385:320–9. doi: 10.1056/NEJMc2113575

 8. Chen S, Guo L, Alghaith T, Dong D, Alluhidan M, Hamza MM, et al. Effective Covid-19 control: a comparative analysis of the stringency and timeliness of government responses in Asia. Int J Environ Res Public Health. (2021) 18:8686. doi: 10.3390/ijerph18168686

 9. Chung HW, Apio C, Goo T, Heo G, Han K, Kim T, et al. Effects of government policies on the spread of Covid-19 worldwide. Sci Rep. (2021) 11:20495. doi: 10.1038/s41598-021-99368-9

 10. Yang J, Marziano V, Deng X, Guzzetta G, Zhang J, Trentini F, et al. Despite vaccination, China needs non-pharmaceutical interventions to prevent widespread outbreaks of Covid-19 in 2021. Nat Hum Behav. (2021) 5:1009–20. doi: 10.1038/s41562-021-01155-z

 11. Wu JT, Leung K, Leung GM. Nowcasting and forecasting the potential domestic and international spread of the 2019-Ncov outbreak originating in Wuhan, China: a modelling study. Lancet. (2020) 395:689–97. doi: 10.1016/S0140-6736(20)30260-9

 12. Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, et al. Early transmission dynamics in Wuhan, China, of novel coronavirus-infected pneumonia. N Engl J Med. (2020) 382:1199–207. doi: 10.1056/NEJMoa2001316

 13. Moore S, Hill EM, Tildesley MJ, Dyson L, Keeling MJ. Vaccination and non-pharmaceutical interventions for Covid-19: a mathematical modelling study. Lancet Infect Dis. (2021) 21:793–802. doi: 10.1016/S1473-3099(21)00143-2

 14. Sonabend R, Whittles LK, Imai N, Perez-Guzman PN, Knock ES, Rawson T, et al. Non-pharmaceutical interventions, vaccination, and the SARS-CoV-2 delta variant in England: a mathematical modelling study. Lancet. (2021) 398:1825–35. doi: 10.1016/S0140-6736(21)02276-5

 15. Davies NG, Barnard RC, Jarvis CI, Russell TW, Semple MG, Jit M, et al. Association of tiered restrictions and a second lockdown with Covid-19 deaths and hospital admissions in England: a modelling study. Lancet Infect Dis. (2021) 21:482–92. doi: 10.1016/S1473-3099(20)30984-1

 16. Lee Y, Lui LMW, Chen-Li D, Liao Y, Mansur RB, Brietzke E, et al. Government response moderates the mental health impact of Covid-19: a systematic review and meta-analysis of depression outcomes across countries. J Affect Disord. (2021) 290:364–77. doi: 10.1016/j.jad.2021.04.050

 17. Ma Y, Mishra SR, Han XK, Zhu DS. The relationship between time to a high Covid-19 response level and timing of peak daily incidence: an analysis of governments' stringency index from 148 countries. Infect Dis Poverty. (2021) 10:96. doi: 10.1186/s40249-021-00880-x

 18. Qi J, Zhang D, Zhang X, Takana T, Pan Y, Yin P, et al. Short- and medium-term impacts of strict anti-contagion policies on non-Covid-19 mortality in China. Nat Hum Behav. (2022) 6:55–63. doi: 10.1038/s41562-021-01189-3

 19. Coronavirus (Covid-19) Vaccinations—Statistics Research (Our World in Data). (2022). Available online at: https://ourworldindata.org/covid-vaccinations (accessed March 21, 2022). 

 20. Oxford Covid-19 Government Response Tracker. (2022). Available online at: https://www.bsg.ox.ac.uk/ (accessed March 19, 2022). 

 21. Hale T, Angrist N, Goldszmidt R, Kira B, Petherick A, Phillips T, et al. A global panel database of pandemic policies (Oxford Covid-19 government response tracker). Nat Hum Behav. (2021) 5:529–38. doi: 10.1038/s41562-021-01079-8

 22. Human Development Index. (2022). Available online at: http://hdr.undp.org/ (accessed March 24, 2022). 

 23. Bernal JL, Cummins S, Gasparrini A. Interrupted time series regression for the evaluation of public health interventions: a tutorial. Int J Epidemiol. (2017) 46:348–55. doi: 10.1093/ije/dyw098

 24. Degli Esposti M, Spreckelsen T, Gasparrini A, Wiebe DJ, Bonander C, Yakubovich AR, et al. Can synthetic controls improve causal inference in interrupted time series evaluations of public health interventions? Int J Epidemiol. (2021) 49:2010–20. doi: 10.1093/ije/dyaa152

 25. Dennis J, Ramsay T, Turgeon AF, Zarychanski R. Helmet legislation and admissions to hospital for cycling related head injuries in Canadian provinces and territories: interrupted time series analysis. BMJ. (2013) 346:f2674. doi: 10.1136/bmj.f2674

 26. Derde LPG, Cooper BS, Goossens H, Malhotra-Kumar S, Willems RJL, Gniadkowski M, et al. Interventions to reduce colonisation and transmission of antimicrobial-resistant bacteria in intensive care units: an interrupted time series study and cluster randomised trial. Lancet Infect Dis. (2014) 14:31–9. doi: 10.1016/S1473-3099(13)70295-0

 27. Hawton K, Bergen H, Simkin S, Dodd S, Pocock P, Bernal W, et al. Long term effect of reduced pack sizes of paracetamol on poisoning deaths and liver transplant activity in England and Wales: interrupted time series analyses. BMJ. (2013) 346:f403. doi: 10.1136/bmj.f403

 28. Bernal JL, Cummins S, Gasparrini A. Corrigendum to: interrupted time series regression for the evaluation of public health interventions: a tutorial. Int J Epidemiol. (2020) 49:1414. doi: 10.1093/ije/dyaa118

 29. Ssentongo P, Fronterre C, Geronimo A, Greybush SJ, Mbabazi PK, Muvawala J, et al. Pan-African evolution of within- and between-country Covid-19 dynamics. Proc Natl Acad Sci USA. (2021) 118:e2026664118. doi: 10.1073/pnas.2026664118

 30. Thompson MG, Burgess JL, Naleway AL, Tyner HL, Yoon SK, Meece J, et al. Interim estimates of vaccine effectiveness of Bnt162b2 and Mrna-1273 Covid-19 vaccines in preventing SARS-CoV-2 infection among health care personnel, first responders, and other essential and frontline workers - Eight U.S. Locations, December 2020-March 2021. MMWR Morb Mortal Wkly Rep. (2021) 70:495–500. doi: 10.15585/mmwr.mm7013e3

 31. Coronavirus Disease (Covid-19): Vaccines. (2022). Available online at: https://www.who.int/en/news-room/questions-and-answers/item/coronavirus-disease-(covid-19)-vaccines (accessed March 18, 2022). 

 32. Sehrawat S, Rouse BT. Does the hygiene hypothesis apply to Covid-19 susceptibility? Microbes Infect. (2020) 22:400–2. doi: 10.1016/j.micinf.2020.07.002

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Yang, Yang, Zhao, Li, Shao, Liu and Shang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpubh-10-903511-g005.gif
Estimated coufficior

avi/?»" IS






OPS/images/fpubh-10-903511-g006.gif





OPS/images/fpubh-10-903511-g003.gif





OPS/images/fpubh-10-903511-g004.gif
||Hl||1
I ||H|m||m|| } H|||m|||”“ “IIIH





OPS/images/math_3.gif
Y, = log(population) + fo + P x time, + f; x vax,
+ By x VCR+Bs % GSI,; + & (3)





OPS/images/math_1.gif
log(population) + Py + Py x time, + f x vax,
+ B, x post vax, + &, (1)






OPS/images/math_2.gif
Y: = log(population) + fo + p1 x time; + s x vax,
4 Bs x post vax; + Ba x GSI,_y + & @)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Vaccination and Government Stringent Control as Effective Strategies in Preventing SARS-CoV-2 Infections: A Global Perspective



		Introduction



		Materials and Methods



		Data



		Baseline ITS Model



		Improved ITS



		Event Study







		Results



		Global Distribution and Status of COVID-19 Incidence, VCR, and GSI



		Impact of Vaccination on COVID-19 Incidence Among Continents



		Impact of Vaccination on COVID-19 Incidence Among Countries



		Distribution of Position Between the Incidence Rate, Average GSI, and VCR Among Countries







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Public Health

Vaccination and Government
Stringent Control as Effective
Strategies in Preventing SARS-CoV-2
Infections: A Global Perspective





OPS/images/fpubh-10-903511-g001.gif





OPS/images/fpubh-10-903511-g002.gif
SERZIEREETELE






OPS/images/math_4.gif
Pglpopulation) + Po + P X timeys + Py X vaxi;
+ B, x post vax,, + & N










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Public Health





