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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 (GSls), 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.

Keywords: COVID-19, SARS-CoV-2, vaccination, stringency index, interrupted time series model

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).
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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 (Rg) 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 (time;,
vax;, and post vax;) are in the baseline ITS model as follows:

Y: = log(population) + Bo + P1 X time; + B2 X vax;
+ B3 X post vax; + &; (1)

where Y; denotes the weekly number of cases in continents/
countries, By represents the baseline level at the beginning of the
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time series, and B represents the pre-vaccination trend where
time; 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 B, estimates the change in level between pre- and post-
vaccination through the dummy variable vax;, wherein vax; =
0 signifies pre-vaccination and vax; = 1 post-vaccination. f3
estimates the slope change after vaccination, wherein post vax;
is coded as 0 before vaccination and is accumulated from 1 since
the vaccination. & is the error term, which is the remaining part
after removing the effect of the variables 1, B, and 3 on Y;
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
VCR; instead of post vax; to examine the effect on the incidence
with the increase of the vaccination coverage in Equation (3).

Y: = log(population) 4+ Bo + p1 X time; + Bs X vax;
+ B3 x post vax; + B4 x GSI;—1 + & (2)

Y; = log(population) + Bo + P1 X time; + B2 X vaxy
+ B X VCR+B4 x GSIi1 + & (3)

In Equations (2) and (3), B4 estimates the effect of the GSI on
the disease incidence. 85 denotes the short-term (just vaccinated)
impact of vaccination because vax; as a dummy variable indicates
the change of pre-vaccination and onset of vaccination. S
denotes the long-term impact of vaccination since VCR; 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:

Y, = log(population) + Bo + 1 x timery + B, X vaxy
+ B3 X post vax; i + &; (4)

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.
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
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FIGURE 1 | Global distributions of cumulative incidence rate (A), fully vaccination rate (B), and stringency index (C).

to climb, the incidence began to fall on 30 January 2022 after a  shows that the long-term VEs are generally better (smaller

short peak. estimated coefficients) than the short-term VEs (p < 0.05) in

all six continents and worldwide. VEs were significantly higher
Impact of Vaccination on COVID-19 in Europe and North America than that in other continents for
Incidence Among Continents the short-term effect (Figure 3A; p < 0.05). Long-term VEs in

The impact of vaccination on the COVID-19 incidence among  Europe, North America, and Africa were generally higher than
continents was estimated through Equations (2) and (3). Figure 3  in Asia, South America, and Oceania (Figure3B; p < 0.05).
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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
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Furthermore, VEs varied more across countries in Africa (a
wider error bar) and were more 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.

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 ry =
—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).

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
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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).

incidence rates (Faeroe Islands, Andorra, San Marino, Slovenia,
Denmark, and Slovakia) had GSIs lower than the global average
of 54.9.

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 GSL

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 Ry =
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
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Africa, VEs were gradually increased and changed from non-significance to significance since the vaccination.
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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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