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Runxue Ma1 and Chuanhua Yu1,4*
1Department of Epidemiology and Biostatistics, School of Public Health, Wuhan University, Wuhan,
China, 2Hubei Provincial Center for Disease Control and Prevention, Institute of Preventive
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Medical University, Xuzhou, China, 4China Global Health Institute, Wuhan University, Wuhan, China

Background: The coronavirus disease 2019 (COVID-19) is a severe acute

respiratory disease that poses a continuous threat to global public health.

Many non-pharmacological interventions (NPIs) have been implemented to

control the COVID-19 pandemic since the beginning. The aim of this study

was to assess the impact of various NPIs on COVID-19 mortality during

pre-vaccination and vaccination periods.

Methods: The COVID-19 data used in this study comes from Our World

in Data, we used the Oxford Strict Index (OSI) and its five combination

interventions as independent variables. The COVID-19 mortality date (MRT)

was defined as a date when daily rate of 0.02 COVID-19 deaths per 100,000

population in a country was reached, and the COVID-19 vaccination date

(VRT) was defined as people vaccinated reaching 70%. Linear regression and

random forest models were used to estimate the impact of various NPI

implementation interventions during pre-vaccination and vaccination periods.

The performance of models was assessed among others with Shapley Additive

Explanations (SHAP) explaining the prediction capability of the model.

Results: During the pre-vaccination period, the various NPIs had strong

protective effect. When the COVID-19 MRT was reached, for every unit

increase in OSI, the cumulative mortality as of June 30, 2020 decreased

by 0.71 deaths per 100,000 people. Restrictions in travel (SHAP 1.68) and

cancelation of public events and gatherings (1.37) had major reducing

effect on COVID-19 mortality, while staying at home (0.26) and school and

workplace closure (0.26) had less effect. Post vaccination period, the effects
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of NPI reduced significantly: cancelation of public events and gatherings

(0.25), staying at home (0.22), restrictions in travel (0.14), and school and

workplace closure (0.06).

Conclusion: Continued efforts are still needed to promote vaccination to

build sufficient immunity to COVID-19 in the population. Until herd immunity

is achieved, NPI is still important for COVID-19 prevention and control. At the

beginning of the COVID-19 pandemic, the stringency of NPI implementation

had a significant negative association with COVID-19 mortality; however,

this association was no longer significant after the vaccination rate reached

70%. As vaccination progresses, “cancelation of public events and gatherings”

become more important for COVID-19 mortality.
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COVID-19, vaccines, public health interventions, random forest, mortality

Introduction

Corona virus disease 2019 (COVID-19) is a highly concealed
and highly transmissible severe acute respiratory disease caused
by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) (1). The World Health Organization (WHO)
announced that COVID-19 has developed into a “pandemic”
on March 11, 2020 (2). COVID-19 is a continuous threat
to global public health. According to WHO statistics, as of
December 31, 2021, a total of 285,581,643 COVID-19 cases
and 5,428,033 deaths from COVID-19 have been reported
worldwide (3). The number of COVID-19 cases and deaths
continues to grow rapidly.

Before the COVID-19 vaccine was invented and widely
used, various non-pharmacological interventions (NPIs) had
been implemented in most countries around the world to cope
with the sharp increase in the COVID-19 cases and deaths and
to maintain the normal operation of the healthcare system. In
Wuhan, China, a series of multifaceted interventions resulted
in significant mitigation of the COVID-19 outbreak (4). Italy
was the first European country to carry out interventions to
deal with COVID-19, and other countries followed suit (5).
The interventions, largely successful in curbing the spread
of COVID-19, incurred economic and social costs, including
increased unemployment (6), declined income, education
interruption, social isolation and related socio-psychological
consequences (7). Gaining a better understanding of when
and how these interventions can effectively control COVID-
19 is critical for health prevention and control experts
to implement a specific sequence of key countermeasures
judiciously and timely.

On November 18, 2020, Pfizer/BioNTech became the first
in the world to release full late-stage trial data for the
COVID-19 vaccine. Shortly after, on December 8, 2020, the

United Kingdom became the first of all countries to vaccinate
the public with COVID-19 (8). According to the WHO, as of
December 31, 2021, the countries with largest proportion of
population vaccinated are Gibraltar, Pitcairn Islands, United
Arab Emirates, all with a proportion of more than 90% (3).
In this case, an important issue is how should we better
implement NPI as vaccination progresses? Previous studies
have focused on the early stages of the COVID-19 outbreak,
exploring the association between NPI and COVID-19 mortality
(9–14). However, there is a lack of research on changes in this
association after vaccination, and a lack of exploration of the
effectiveness of NPI after vaccination as well.

Hence, to address these limitations, this study aimed to
assess the impact of various NPIs on COVID-19 mortality
during pre-vaccination and vaccination periods. This study uses
the linear regression to find out the association between NPI
and COVID-19 mortality, and investigate the priority of NPI by
random forest model.

Materials and methods

Data source

The data used in this study comes from Our World in
Data (OWID) (15). OWID provides statistics on the coronavirus
pandemic in 207 countries/regions around the world. Data
on COVID-19 deaths comes from the European Center for
Disease Control and Prevention and Johns Hopkins University,
and the vaccination dataset is the most recent official numbers
from governments and health ministry’s worldwide (16). The
population estimates for per capita indicators are based on the
United Nations World Population Prospects (17).
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Methods

In this study, the COVID-19 mortality rate was the outcome
variable, the Oxford Strict Index (OSI) and the interventions
included were independent variables. The reason why this study
chose COVID-19 mortality rather than COVID-19 incidence as
the outcome variable is that the former is more reliable. The
incidence data of COVID-19 depends largely on the testing
capacity, which could cause great data inaccuracy (18). The
Oxford Stringency Index (19) records the strictness of the
intervention that primarily restricts people’s behavior, which is
a composite index based on nine interventions: school closures,
workplace closures, cancelation of public events, restrictions
on public gatherings, closures of public transport, stay-at-
home requirements, public information campaigns, restrictions
on internal movements, international travel controls (the
definitions of these nine NPIs are provided in Supplementary
Table 1). According to the classification principles of OWID,
we further transformed these nine interventions into five
intervention combinations: “school and workplace closures,”
“cancelation of public events and gatherings,” “stay-at-home
restrictions,” “public information campaigns,” “restrictions in
international and domestic travel.” NPI combination “school
and workplace closures” contains NPI “schools closures”
and “workplaces closures”; NPI combination “cancelation
of public events and gatherings” contains “cancelation of
public events” and “restrictions on public gatherings”; NPI
combination “restrictions in international and domestic travel”
contains “closures of public transport,” “restrictions on internal
movement,” “international travel controls.” The stringency of an
NPI combination is calculated as the average of the stringency of
the NPIs it contains.

In this study, we set two thresholds: the COVID-19
mortality rate threshold (MRT) and the COVID-19 vaccination
rate threshold (VRT). The COVID-19 MRT is defined as a daily
rate of 0.02 new COVID-19 deaths per 100,000 people (based
on a 7-day moving average), and the COVID-19 VRT is defined
as people vaccinated (one dose or two doses) per hundred
reaching 70%. Since vaccination is ongoing, the number of
countries reaching the COVID-19 VRT is increasing. In order
to maintain the certainty of the countries chosen in this study,
we only selected countries reaching the COVID-19 VRT (the
proportion of population vaccinated greater than 70%) on or
before October 31, 2021. Finally, based on the above two
thresholds, 34 countries with more than 250,000 inhabitants and
for which relevant data were available were included (Specific
country names are shown in Supplementary Documents).

Linear regression

In this study, we established two linear regression models,
“Lm1” and “Lm2.” “Lm1” used the OSI on the day a country

reached the COVID-19 MRT as the independent variable, and
used the cumulative COVID-19 death rate per 100,000 people
on June 30, 2020 as the dependent variable; “Lm2” used the
OSI on the day a country reached the COVID-19 VRT as the
independent variable, and the cumulative death rate per 100,000
people between the day the COVID-19 VRT was reached and
December 31, 2021 was used as the dependent variable. June 30,
2020 was chosen in “Lm1” because on that day the new COVID-
19 death rate fell to relatively low level in almost all 34 countries;
and December 31, 2021 was chosen in “Lm2” as the data was the
latest available to date.

In addition, the regression models “Lm1” and “Lm2” control
for the same 11 health-related indicators as covariates: the date
the threshold was reached, because the effect of NPI is closely
related to time; the number of hospital beds per 1,000 people is
taken as a measure of baseline health care capacity; proportion
of people aged 65 older, because age is an important risk
factor for COVID-19 death; female smoking prevalence, male
smoking prevalence and diabetes prevalence reflect the basic
health status of the population, population density, because
higher population density leads to higher exposure rates; per
capita GDP and the share of people living in extreme poverty
to explain the wealth difference; the human development index
and life expectancy reflect the comprehensive health level of
a country. Health-related covariate data for the 34 countries
included in the study are presented in Supplementary Table 2.

Random forest

The decision tree model is a tree structure composed of
root nodes, branch nodes and leaf nodes, reflecting the mapping
relationship between features and tags. Random forest (RF) is
an ensemble learning method based on decision trees (20). The
RF model can be briefly understood as the following 4 steps
(21): (1) randomly select k samples from the given dataset (k
is usually equal to 2/3 of the dataset) for training the model, and
the remaining samples are used to estimate the RF’s goodness
of fit; (2) from each sample with m variables, randomly select a
subset with n variables (n < m) and create a decision tree; (3)
each tree grows at a constant n over a maximum extent, without
pruning, until it cannot split.; (4) calculate the prediction result
for each tree, and the average prediction of all trees is used to
create the final output.

The RF model in this study is generated based on 500
decision trees. We use 70% of the dataset as the training set
and the remaining 30% as the test set. RMSE (root mean square
error), MAE (mean absolute error), MSE (mean square error),
and MAPE (mean absolute percentage error) were used to assess
the performance of the random forest model. In this study,
we generated two random forest regression models: “RF1”and
“RF2.” “RF1” used the stringency of the five NPI combinations
on the day a country reached the COVID-19 MRT as the
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independent variable and uses the same dependent variable as
“Lm1”; “RF2” used the stringency of the five NPI combinations
on the day a country reached the COVID-19 VRT as the
independent variable and uses the same dependent variable as
“Lm2.” These two random forest models included the same
covariates as in the previous linear regression.

We ranked NPIs by three importance measures: (a)
permutation based feature importance, (b) Gini-based
importance, and (c) feature importance computed with Shapley
Additive Explanations (SHAP) Values. The permutation
based feature importance is measured using mean decrease in
accuracy (MDA). MDA is a method of computing the feature
importance on permuted out-of-bag (OOB) samples based on
mean decrease in the accuracy (22). The Gini-based importance
is measured using mean decrease in Gini (MDG). MDG is
a measure of the contribution of individual variables to the
homogeneity of the nodes in a random forest model. Each node
split is compared to the original model Gini coefficient, which
is a measure of the statistical dispersion of node homogeneity
across all runs (23). The changes in Gini are summed for each
variable and normalized, variables with higher node purity
have a higher decrease in Gini coefficient. And for feature
importance computed with SHAP Values, which were based on
“Shapley values” developed by Shapley in the cooperative game
theory (24). The goal of SHAP is to explain the prediction of
an instance x by computing the contribution of each feature
to the prediction. The SHAP explanation method computes
Shapley values from coalitional game theory, where the feature
values of a data instance act as players in a coalition (25).
We also explored the correlation of the NPIs importance
rankings obtained by the three importance measures through
the Spearman correlation coefficient.

Results

Linear regression

Among the 34 countries included in the study, the date of
reaching the COVID-19 MRT ranges from February 2, 2020
in China to April 10, 2020 in New Zealand, and the OSI
on the date of reaching the COVID-19 MRT ranges from
11.11 in Spain and Iceland to 100 in Argentina and Sri Lanka
(Supplementary Table 3). Countries with higher OSI when
reaching COVID-19 MRT have a lower cumulative COVID-
19 mortality on June 30, 2020 (Figure 1). This association
persisted after controlling for the aforementioned 11 health-
related covariates (Supplementary Table 4). When the COVID-
19 MRT is reached, for every unit increase in OSI, the
cumulative mortality rate as of June 30, 2020 will decrease by
0.71 deaths per 100,000 people (95% CI = −1.08 to −0.34 per
100,000 people).

Among the 34 countries included in the study, the date
the country reached the COVID-19 VRT ranges from June
23, 2021 in Iceland to October 28, 2021 in Ecuador, and the
OSI on the date of reaching the COVID-19 VRT ranges from
32.41 in Mauritius to 84.72 in Chile. However, the OSI on
the day of reaching the COVID-19 VRT and the cumulative
COVID-19 death rate per 100,000 people between the day the
COVID-19 VRT was reached and December 31, 2021 did not
show a significant association (Figure 1). After adjusting for the
aforementioned covariates, the P-value of the “Lm2” is greater
than the significance level (α = 0.05).

Random forest model

The most common NPI combinations these countries
implemented when they reached the COVID-19 MRT was
“public information campaigns” (33 out of 34 countries), while
the NPI combinations implemented by the fewest countries
was “stay-at-home requirements” (20 out of 34 countries) (see
Table 1). For a country, in addition to the number of NPIs
implemented, the strictness of the implementation of NPIs is
also important. Among the 34 countries included in this study,
NPI combinations “public information campaigns” (33/34)
was implemented with the strictest standards by the most
countries, and followed by “school and workplace closures”
(10/34) and “cancelation of public events and gatherings”
(10/34). According to the RF model, the most important
NPI combination for COVID-19 mortality is “restrictions in
international and domestic travel” and “cancelation of public
events and gatherings” (see in Figure 2). All three importance
measures indicated that “restrictions in international and
domestic travel” (SHAP 1.68) and “cancelation of public events
and gatherings” (1.37) had major reducing effect on COVID-19
mortality, while “stay-at-home requirements” (0.26) and “school
and workplace closure” (0.26) had less effect. Based on MAE,
MSE, RMSE, MAPE, we can see that the random forest model
performs well (see in Supplementary Table 5).

For countries reaching the COVID-19 VRT, the most
common implemented NPI combinations were “public
information campaigns,” “cancelation of public events and
gatherings” and “restrictions in international and domestic
travel” (34 out of 34 countries); while the NPI combination
with the fewest implementing countries is “stay-at-home
requirements” (22 of 34) (see in Table 2). The NPI combination
“public information campaigns” with strictest standard were
still enforced in the most countries (34/34), followed by
“cancelation of public events and gatherings” (12/34). When
reaching the COVID-19 VRT, all three importance measures
indicated that “cancelation of public events and gatherings” had
the greatest impact on COVID-19 mortality, followed by “stay-
at-home requirements.” However, after reaching the COVID-19
VRT, the effects of all NPIs on COVID-19 mortality were
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FIGURE 1

(A) The OSI on the day of reaching the COVID-19 mortality rate threshold and cumulative COVID-19 mortality through June 30, 2020. (B) The
OSI on the day of reaching the COVID-19 vaccination rate threshold and cumulative COVID-19 mortality between the day of reaching the
COVID-19 vaccination rate threshold and December 31, 2021.

significantly lower than before: “cancelation of public events
and gatherings” (SHAP 0.25), “stay-at-home requirements”
(0.22), “restrictions in international and domestic travel” (0.14)
and “school and workplace closure” (0.06). The Gini-based
importance ranking and SHAP importance ranking hold strong
correlations, and the correlation was significant (p < 0.05).
Permutation based importance correlates weakly with both
above (see in Supplementary Tables 6, 7).

Discussion

This study found that the stringency of NPI implementation
was strongly negatively associated with COVID-19 mortality
in the early stage of COVID-19 pandemic, and this association
was no longer significant after COVID-19 vaccination

rate reached 70%. As vaccination progressed, the most
important NPI combinations changed from “restrictions in
international and domestic travel,” “cancelation of public
events and gatherings” to “cancelation of public events and
gatherings.”

Since the emergence of COVID-19 at the end of 2019,
it has been raging around the world for about 2.5 years.
Until COVID-19 vaccines were invented, NPIs were the
most effective way for countries to fight against COVID-
19. Large-scale social distance intervention saved time
for health services to treat cases and increase treatment
capacity. Many studies have proved the effectiveness of
interventions (9–11), however, the implementation of
many interventions came with great social and economic
costs. For example, the closure of educational facilities
would interrupt learning and could lead to malnutrition,
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TABLE 1 Implementation of non-pharmacological intervention combinations at the date the COVID-19 mortality rate threshold was reached
in 34 countries.

Location MRT date School and
workplace
closures

Cancelation of
public events and

gatherings

Restrictions in
international and
domestic travel

Stay-at-home
requirements

Public
information
campaigns

Argentina 2020/3/8 2.0 2.5 1.0 0.0 2.0

Australia 2020/3/1 2.5 3.0 2.3 2.0 2.0

Belgium 2020/3/11 2.0 1.0 1.0 1.0 2.0

Brazil 2020/3/20 0.0 2.0 1.0 0.0 2.0

Brunei 2020/3/28 2.5 2.5 1.7 2.0 2.0

Canada 2020/3/9 2.0 1.0 2.0 1.0 2.0

Chile 2020/3/22 3.0 2.5 1.3 1.0 2.0

China 2020/1/28 0.0 1.5 0.0 0.0 2.0

Costa Rica 2020/3/19 2.0 2.0 2.0 1.0 2.0

Cuba 2020/3/18 2.5 3.0 2.7 1.0 2.0

Denmark 2020/3/14 3.0 3.0 1.7 2.0 2.0

Finland 2020/3/21 0.0 0.5 0.3 0.0 2.0

France 2020/3/5 0.0 0.0 0.0 0.0 2.0

Iceland 2020/3/21 0.0 0.0 0.0 0.0 2.0

Ireland 2020/3/11 1.5 3.0 0.3 0.0 2.0

Israel 2020/3/20 2.0 3.0 1.7 1.0 2.0

Italy 2020/2/24 2.5 1.0 1.0 0.0 2.0

Japan 2020/3/10 0.0 0.0 0.0 1.0 2.0

Malaysia 2020/3/17 3.0 3.0 1.3 3.0 2.0

Malta 2020/4/8 3.0 3.0 1.3 2.0 2.0

Mauritius 2020/3/21 2.0 2.0 1.3 1.0 2.0

Netherlands 2020/3/6 1.5 1.0 2.3 2.0 2.0

New Zealand 2020/3/29 3.0 2.0 1.7 1.0 2.0

Norway 2020/3/14 0.0 1.5 1.0 0.0 2.0

Portugal 2020/3/17 3.0 2.5 2.3 1.0 2.0

Qatar 2020/3/28 2.0 0.5 1.0 0.0 2.0

Singapore 2020/3/21 1.5 2.5 1.3 0.0 2.0

South Korea 2020/2/23 0.0 2.0 1.0 0.0 2.0

Spain 2020/3/3 2.5 1.0 2.7 0.0 2.0

Sri Lanka 2020/3/28 3.0 3.0 2.7 2.0 2.0

Sweden 2020/3/10 3.0 3.0 2.7 3.0 2.0

United Arab Emirates 2020/3/20 3.0 1.0 1.7 0.0 0.0

United Kingdom 2020/3/10 3.0 3.0 2.7 3.0 2.0

Uruguay 2020/3/28 3.0 2.5 2.7 2.0 2.0

The numbers in the table represent the strictness of NPI combination implementation. The stringency of an NPI combination is calculated as the average of the stringency of the NPIs it
contains. For the specific meaning of the strictness of the single NPI, see in Supplementary Table 1. MRT date, the date the COVID-19 mortality rate threshold was reached.

stress, and social isolation among children (26–28). The
intervention “stay-at-home requirements” has significantly
increased the incidence of domestic violence in many
countries, with a huge impact on women and children
(27). It also limits access to long-term care (such as
chemotherapy), with a substantial impact on the health
and survival chances of patients, especially for critically ill
patients (29, 30). Therefore, the government must strike an
acceptable balance between benefits and drawbacks when
implementing interventions.

The ultimate goal of COVID-19 prevention and control is to
reduce the mortality rate of COVID-19 to an extremely low and
acceptable level, and to turn the epidemic into a more benign,
endemic and cold-causing disease, on the premise that people
are not restricted by large-scale interventions (31). Vaccination
is considered the most likely way to achieve this. Existing studies
have shown that most currently used COVID-19 vaccines
are highly effective (>90%) against SARS-CoV-2 infection,
symbolic COVID-19 disease, severe COVID-19 disease, and
COVID-19 death at 2 months or less after vaccination (32–34).
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TABLE 2 Implementation of non-pharmacological intervention combinations at the date the COVID-19 vaccination rate threshold was reached
in 34 countries.

Location VRT date School and
workplace
closures

Cancelation of
public events
and gatherings

Restrictions in
international and
domestic travel

Stay-at-home
requirements

Public
information
campaigns

Argentina 2021/10/21 1.0 1.0 1.3 1.0 2.0

Australia 2021/10/14 2.5 3.0 2.3 2.0 2.0

Belgium 2021/8/4 1.5 2.5 1.0 0.0 2.0

Brazil 2021/9/27 2.0 1.5 2.0 2.0 2.0

Brunei 2021/10/4 3.0 3.0 1.7 2.0 2.0

Canada 2021/7/20 2.0 2.5 2.3 1.0 2.0

Chile 2021/7/15 3.0 3.0 2.7 3.0 2.0

China 2021/8/26 3.0 3.0 1.7 3.0 2.0

Costa Rica 2021/10/18 2.0 2.0 0.7 1.0 2.0

Cuba 2021/9/18 2.5 3.0 2.0 2.0 2.0

Denmark 2021/7/24 1.5 2.0 1.0 0.0 2.0

Finland 2021/8/19 1.5 2.5 1.7 1.0 2.0

France 2021/8/20 1.0 2.5 0.7 1.0 2.0

Iceland 2021/6/23 1.5 2.5 2.0 0.0 2.0

Ireland 2021/8/12 1.0 1.5 1.0 0.0 2.0

Israel 2021/10/4 1.5 2.0 1.0 0.0 2.0

Italy 2021/8/28 1.5 1.5 2.0 2.0 2.0

Japan 2021/9/29 1.5 1.5 1.7 1.0 2.0

Malaysia 2021/9/24 2.5 0.5 2.0 2.0 2.0

Malta 2021/7/1 1.0 3.0 1.0 0.0 2.0

Mauritius 2021/10/21 1.0 1.5 0.7 0.0 2.0

Netherlands 2021/7/25 1.5 0.5 1.3 0.0 2.0

New Zealand 2021/10/7 3.0 3.0 2.7 2.0 2.0

Norway 2021/8/25 1.0 0.5 1.0 1.0 2.0

Portugal 2021/8/2 1.5 3.0 1.3 0.0 2.0

Qatar 2021/7/31 1.0 2.5 1.0 1.0 2.0

Singapore 2021/7/17 1.5 2.5 1.0 1.0 2.0

South Korea 2021/9/17 2.0 3.0 0.7 0.0 2.0

Spain 2021/8/4 1.0 3.0 0.7 2.0 2.0

Sri Lanka 2021/10/26 0.5 3.0 2.0 1.0 2.0

Sweden 2021/9/26 0.0 2.0 1.0 1.0 2.0

United Arab Emirates 2021/7/5 1.5 3.0 2.0 0.0 2.0

United Kingdom 2021/8/24 1.5 2.5 1.3 0.0 2.0

Uruguay 2021/7/15 2.0 2.0 2.0 1.0 2.0

The numbers in the table represent the strictness of NPI combination implementation. The stringency of an NPI combination is calculated as the average of the stringency of the NPIs it
contains. For the specific meaning of the strictness of the single NPI, see in Supplementary Table 1. VRT date, the date the COVID-19 vaccination rate threshold was reached.

The negative association between OSI and COVID-19 mortality
was not significant under COVID-19 VRT, which does not mean
that NPI is no longer important for COVID-19 prevention and
control at 70% COVID-19 vaccination rate, nor does it mean
that a 70% vaccination rate is equivalent to the herd immunity
threshold. Early relaxation of NPIs, before sufficient immunity
has been established, could trigger a wave of infections that
lead to hospitalizations and deaths (35). To build adequate
immunity in the population, we need to consider not only about
vaccinating the general population, but also about vaccinating

the most vulnerable populations who need protection against
disease. The lack of vaccination in highly susceptible pockets
in the population could trigger small outbreaks and reduce the
effect of population immunity (35). In addition, it is crucial to
understand the drivers of vaccine hesitancy (36–38) and solve
the inequality of vaccination opportunities (39).

On longer timescales, the possibilities of waning immunity
and SARS-CoV-2 variants could lead to reduced immunity in
the population. Six months after vaccination, the effectiveness
of the COVID-19 vaccine against SARS-CoV-2 infection,
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FIGURE 2

Ranking of the importance of NPI combinations to COVID-19 mortality.

symbolic COVID-19 disease decreased by more than 20
percentage points, but the effectiveness against severe
COVID-19 disease and COVID-19 death waned limited,
still around 80% (32–34, 40). Given that preventing of
severe disease and death remains the primary goal of
COVID-19 vaccination, this limited decline in vaccine
efficacy or effectiveness for severe disease and death is
acceptable. A seasonal vaccination program against SARS-
CoV-2 similar to seasonal influenza vaccinations may
be implemented in the future to counteract declining
immunity (41). In addition, the booster dose of COVID-
19 vaccine is also considered a way to combat declining
immunity (32, 42). The SARS-CoV-2 variants are rapidly
developing, currently including Alpha variant (B.1.1.7),
Beta variant (B.1.351), Gamma variant (P.1), Delta variant
(B.1.617.2), Omicron variant (B.1.1.529, BA.1, BA.1.1,
BA.2, BA.3, BA.4, and BA.5) and so on (43). Compared
with the previous variants, the Delta variant is more than
twice as contagious, and may cause more severe illness in
unvaccinated people (44–46). And the Delta and Omicron
variants may be immune escape, leading a breakthrough
infection of COVID-19 (47, 48). The emergence of the
variants of SARS-CoV-2 further emphasizes the importance of
vaccination and booster.

At a time when COVID-19 herd immunity has not yet
been achieved, and we still need NPIs to fight the COVID-
19 epidemic, so it is important to understand NPI priorities.
The priority of NPI during the early stage of the COVID-
19 pandemic in this study is consistent with previous studies
(27). Restrictions in international and domestic travel make
sense in preventing infection introduction (49, 50), especially
given that travel has played a central role in the global
spread of previous SARS epidemic (51). Cancelation of public

events and gatherings are beneficial in reducing COVID-
19 mortality and reproductive numbers, which have been
shown in several studies (12, 28, 52). The strong impact
of above NPI combinations on COVID-19 mortality may
result from the fact that they are both mandatory policies
and public facility closures which are easier to implement
(53). The study found that “cancelation of public events and
gatherings” have a greatest impact on COVID-19 mortality
among the five common NPI combinations after vaccination
rate reaching 70%. The prominent importance of “cancelation
of public events and gatherings” to COVID-19 mortality
has also been examined in previous studies (27, 54, 55).
This NPI combination contributed to curb the spread of
COVID-19 by preventing exposure to numerous and dense
locations, where social distancing rules are more likely to
be violated and contact tracing is difficult (55). In addition,
there are studies demonstrating that the stricter implementation
of “cancelation of public events and gatherings” will bring
about a better suppression effect on the incidence and
time-varying reproduction number of COVID-19 (52, 54).
Perhaps COVID-19 public health experts can take this into
account in the future to formulate more reasonable COVID-19
mitigation policies.

There are three limitations to this study. First, the
intervention variable encoding of the Oxford COVID-
19 Government Response Tracker relied on government
announcements. However, the announcement did not guarantee
effective policy implementation. Second, this research does not
cover all mitigation policies that countries might apply (such
as requirements for masks, hand hygiene, increased healthcare
funding, ventilators, and protective equipment). Finally, many
interventions were implemented simultaneously, making it
difficult to completely isolate the effect of each other.
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Conclusion

Continued efforts are still needed to promote vaccination
to build sufficient immunity to COVID-19 in the population.
Until herd immunity is achieved, NPI is still important for
COVID-19 prevention and control. At the beginning of the
COVID-19 pandemic, the stringency of NPI implementation
had a significant negative association with COVID-19 mortality;
however, this association was no longer significant after the
vaccination rate reached 70%. As vaccination progresses,
“cancelation of public events and gatherings” become more
important for COVID-19 mortality.

Data availability statement

Publicly available datasets were analyzed in this study. This
data can be found here: The datasets analyzed during the current
study are available in the (Our World in Data) repository (https:
//ourworldindata.org/coronavirus).

Author contributions

CY and HW contributed to conception and design of the
study. HW organized the database, performed the statistical
analysis, and wrote the first draft of the manuscript. CY, HW,
CX, FS, YL, FW, XL, GQ, JB, QH, and RM revised the final
manuscript. All authors contributed to manuscript revision,
read, and approved the submitted version.

Funding

This work was funded by the National Natural Science
Foundation of China (grant nos. 82173626 and 81773552) and
the Health commission of Hubei Province Scientific Research
Project (grant no. WJ2019H304).

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.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fmed.2022.914732/full#supplementary-material

References

1. Wu D, Wu T, Liu Q, Yang Z. The SARS-CoV-2 outbreak: What we know. Int J
Infect Dis. (2020) 94:44–8.

2. World Health Organization. WHO director-general’s opening remarks at the
media briefing on COVID-19 – 11 March 2020. Geneva: World Health Organization
(2020).

3. World Health Organization. WHO coronavirus disease (COVID-19)
dashboard. Geneva: World Health Organization (2020).

4. Pan A, Liu L, Wang C, Guo H, Hao X, Wang Q, et al. Association of public
health interventions with the epidemiology of the COVID-19 outbreak in Wuhan,
China. JAMA. (2020) 323:1915–23.

5. Flaxman S, Mishra S, Gandy A, Unwin HJT, Mellan TA, Coupland H, et al.
Estimating the effects of non-pharmaceutical interventions on COVID-19 in
Europe. Nature. (2020) 584:257–61. doi: 10.1038/s41586-020-2405-7

6. Chakraborty I, Maity P. COVID-19 outbreak: Migration, effects on society,
global environment and prevention. Sci Total Environ. (2020) 728:138882. doi:
10.1016/j.scitotenv.2020.138882

7. Pfefferbaum B, North CS. Mental health and the Covid-19 pandemic. N Engl J
Med. (2020) 383:510–2. doi: 10.1056/NEJMp2008017

8. DNA Web Team. Covid-19 vaccine: Timeline on nine countries which started
rolling out vaccines. Boston, MA: DNA Web Team (2020).

9. Pollan M, Perez-Gomez B, Pastor-Barriuso R, Oteo J, Hernan MA, Perez-
Olmeda M, et al. Prevalence of SARS-CoV-2 in Spain (ENE-COVID): A

nationwide, population-based seroepidemiological study. Lancet. (2020) 396:535–
44. doi: 10.1016/S0140-6736(20)31483-5

10. Salje H, Tran Kiem C, Lefrancq N, Courtejoie N, Bosetti P, Paireau J, et al.
Estimating the burden of SARS-CoV-2 in France. Science. (2020) 369:208–11. doi:
10.1126/science.abc3517

11. Davies NG, Kucharski AJ, Eggo RM, Gimma A, Edmunds WJ. Effects of non-
pharmaceutical interventions on COVID-19 cases, deaths, and demand for hospital
services in the UK: A modelling study. Lancet Public Health. (2020) 5:e375–85.
doi: 10.1016/S2468-2667(20)30133-X

12. Piovani D, Christodoulou MN, Hadjidemetriou A, Pantavou K, Zaza P,
Bagos PG, et al. Effect of early application of social distancing interventions on
COVID-19 mortality over the first pandemic wave: An analysis of longitudinal
data from 37 countries. J Infect. (2021) 82:133–42. doi: 10.1016/j.jinf.2020.11.
033

13. Fuller JA, Hakim A, Victory KR, Date K, Lynch M, Dahl B, et al. Mitigation
policies and COVID-19–associated mortality—37 European countries, January 23–
June 30, 2020. MMWR Morb Mortal Wkly Rep. (2021) 70:58–62. doi: 10.15585/
mmwr.mm7002e4

14. Gevertz JL, Greene JM, Sanchez-Tapia CH, Sontag ED. A novel
COVID-19 epidemiological model with explicit susceptible and asymptomatic
isolation compartments reveals unexpected consequences of timing social
distancing. J Theor Biol. (2021) 510:110539. doi: 10.1016/j.jtbi.2020.11
0539

Frontiers in Medicine 09 frontiersin.org

https://doi.org/10.3389/fmed.2022.914732
https://ourworldindata.org/coronavirus
https://ourworldindata.org/coronavirus
https://www.frontiersin.org/articles/10.3389/fmed.2022.914732/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2022.914732/full#supplementary-material
https://doi.org/10.1038/s41586-020-2405-7
https://doi.org/10.1016/j.scitotenv.2020.138882
https://doi.org/10.1016/j.scitotenv.2020.138882
https://doi.org/10.1056/NEJMp2008017
https://doi.org/10.1016/S0140-6736(20)31483-5
https://doi.org/10.1126/science.abc3517
https://doi.org/10.1126/science.abc3517
https://doi.org/10.1016/S2468-2667(20)30133-X
https://doi.org/10.1016/j.jinf.2020.11.033
https://doi.org/10.1016/j.jinf.2020.11.033
https://doi.org/10.15585/mmwr.mm7002e4
https://doi.org/10.15585/mmwr.mm7002e4
https://doi.org/10.1016/j.jtbi.2020.110539
https://doi.org/10.1016/j.jtbi.2020.110539
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-09-914732 August 16, 2022 Time: 15:57 # 10

Wen et al. 10.3389/fmed.2022.914732

15. Ritchie H, Mathieu E, Rodés-Guirao L, Appel C, Giattino C, Ortiz-Ospina
E, et al. Our world in data- coronavirus pandemic (COVID-19). (2020). Available
online at: https://ourworldindata.org/coronavirus (accessed February 1, 2022).

16. Mathieu E, Ritchie H, Ortiz-Ospina E, Roser M, Hasell J, Appel C, et al.
A global database of COVID-19 vaccinations. Nat Hum Behav. (2021) 5:947–53.
doi: 10.1038/s41562-021-01122-8

17. United Nations Department of Economic and Social Affairs. World
population prospects 2022. New York, NY: United Nations Department of
Economic and Social Affairs (2022).

18. May T. Lockdown-type measures look effective against covid-19. BMJ. (2020)
370:m2809. doi: 10.1136/bmj.m2809

19. 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

20. Genuer R, Poggi J-M, Tuleau-Malot C. Variable selection using random
forests. Pattern Recognit Lett. (2010) 31:2225–36.

21. Ali J, Khan R, Ahmad N, Maqsood I. Random forests and decision trees. Int J
Comput Sci. (2012) 9:272.

22. Cutler DR, Edwards TC Jr., Beard KH, Cutler A, Hess KT, Gibson J, et al.
Random forests for classification in ecology. Ecology. (2007) 88:2783–92. doi: 10.
1890/07-0539.1

23. Nembrini S, Konig IR, Wright MN. The revival of the Gini importance?
Bioinformatics. (2018) 34:3711–8. doi: 10.1093/bioinformatics/bty373

24. Eisenman RL. A profit-sharing interpretation of Shapley value for N-person
games. Behav Sci. (1967) 12:396–8. doi: 10.1002/bs.3830120506

25. Lundberg SM, Lee SI. A unified approach to interpreting model predictions.
Adv Neur In. (2017) 30:4768–77.

26. Orben A, Tomova L, Blakemore SJ. The effects of social deprivation on
adolescent development and mental health. Lancet Child Adolesc Health. (2020)
4:634–40. doi: 10.1016/S2352-4642(20)30186-3

27. Haug N, Geyrhofer L, Londei A, Dervic E, Desvars-Larrive A, Loreto V, et al.
Ranking the effectiveness of worldwide COVID-19 government interventions. Nat
Human Behav. (2020) 4:1303–12.

28. Auger KA, Shah SS, Richardson T, Hartley D, Hall M, Warniment A,
et al. Association between Statewide school closure and COVID-19 incidence and
mortality in the US. JAMA J Am Med Assoc. (2020) 324:859–70. doi: 10.1001/jama.
2020.14348

29. Tsamakis K, Gavriatopoulou M, Schizas D, Stravodimou A, Mougkou A,
Tsiptsios D, et al. Oncology during the COVID-19 pandemic: Challenges, dilemmas
and the psychosocial impact on cancer patients. Oncol Lett. (2020) 20:441–7. doi:
10.3892/ol.2020.11599

30. Raymond E, Thieblemont C, Alran S, Faivre S. Impact of the COVID-
19 outbreak on the management of patients with cancer. Target Oncol. (2020)
15:249–59. doi: 10.1007/s11523-020-00721-1

31. McDermott A. Core concept: Herd immunity is an important—and often
misunderstood—public health phenomenon. Proc Natl Acad Sci USA. (2021)
118:e2107692118. doi: 10.1073/pnas.2107692118

32. Richterman A, Scott J, Cevik M. Covid-19 vaccines, immunity, and boosters.
BMJ. (2021) 375:n3105. doi: 10.1136/bmj.n3105

33. Andrews N, Tessier E, Stowe J, Gower C, Kirsebom F, Simmons R,
et al. Duration of protection against mild and severe disease by Covid-
19 vaccines. N Engl J Med. (2022) 386:340–50. doi: 10.1056/NEJMoa211
5481

34. Feikin DR, Higdon MM, Abu-Raddad LJ, Andrews N, Araos R, Goldberg
Y, et al. Duration of effectiveness of vaccines against SARS-CoV-2 infection and
COVID-19 disease: Results of a systematic review and meta-regression. Lancet.
(2022) 399:924–44. doi: 10.1016/S0140-6736(22)00152-0

35. 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)00
143-2

36. Lazarus JV, Ratzan SC, Palayew A, Gostin LO, Larson HJ, Rabin K, et al. A
global survey of potential acceptance of a COVID-19 vaccine. Nat Med. (2021)
27:225–8. doi: 10.1038/s41591-020-1124-9

37. Laine C, Cotton D, Moyer DV. COVID-19 vaccine: Promoting vaccine
acceptance. Ann Intern Med. (2021) 174:252–3. doi: 10.7326/M20-8008

38. Hildreth JEK, Alcendor DJ. Targeting COVID-19 vaccine hesitancy in
minority populations in the US: Implications for herd immunity. Vaccines (Basel).
(2021) 9:489. doi: 10.3390/vaccines9050489

39. The Lancet Infectious Diseases. COVID-19 vaccine equity and booster doses.
Lancet Infect Dis. (2021) 21:1193. doi: 10.1016/S1473-3099(21)00486-2

40. Thomas SJ, Moreira ED, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al.
Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine through 6 months.
New Engl J Med. (2021) 385:1761–73. doi: 10.1056/NEJMoa2110345

41. World Health Organization. Vaccine. 2021. Geneva: World Health
Organization (2022).

42. Loubet P, Laureillard D, Martin A, Larcher R, Sotto A. Why promoting a
COVID-19 vaccine booster dose? Anaesth Crit Care Pain Med. (2021) 40:100967.
doi: 10.1016/j.accpm.2021.100967

43. Kupferschmidt K. Where did ‘weird’ Omicron come from? Science. (2021)
374:1179. doi: 10.1126/science.acx9738

44. Centers for Disease Control and Prevention. Delta variant: What we know
about the science. Atlanta, GA: Centers for Disease Control and Prevention (2021).

45. Lopez Bernal J, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall S,
et al. Effectiveness of Covid-19 vaccines against the B.1.617.2 (Delta) variant. N Engl
J Med. (2021) 385:585–94. doi: 10.1056/NEJMoa2108891

46. Planas D, Veyer D, Baidaliuk A, Staropoli I, Guivel-Benhassine F, Rajah MM,
et al. Reduced sensitivity of SARS-CoV-2 variant delta to antibody neutralization.
Nature. (2021) 596:276–80. doi: 10.1038/s41586-021-03777-9

47. Farinholt T, Doddapaneni H, Qin X, Menon V, Meng Q, Metcalf G,
et al. Transmission event of SARS-CoV-2 delta variant reveals multiple vaccine
breakthrough infections. BMC Med. (2021) 19:255. doi: 10.1186/s12916-021-
02103-4

48. Espenhain L, Funk T, Overvad M, Edslev SM, Fonager J, Ingham AC, et al.
Epidemiological characterisation of the first 785 SARS-CoV-2 omicron variant
cases in Denmark, December 2021. Euro Surveill. (2021) 26:2101146. doi: 10.2807/
1560-7917.ES.2021.26.50.2101146

49. Liu Y, Morgenstern C, Kelly J, Lowe R, CMMID COVID-19 Working
Group, Jit M. The impact of non-pharmaceutical interventions on SARS-CoV-2
transmission across 130 countries and territories. BMC Med. (2021) 19:40. doi:
10.1186/s12916-020-01872-8

50. Zhu Z, Weber E, Strohsal T, Serhan D. Sustainable border control policy in
the COVID-19 pandemic: A math modeling study. Travel Med Infect Dis. (2021)
41:102044. doi: 10.1016/j.tmaid.2021.102044

51. Brockmann D, Helbing D. The hidden geometry of complex, network-driven
contagion phenomena. Science. (2013) 342:1337–42. doi: 10.1126/science.1245200

52. Pozo-Martin F, Weishaar H, Cristea F, Hanefeld J, Bahr T, Schaade L, et al.
The impact of non-pharmaceutical interventions on COVID-19 epidemic growth
in the 37 OECD member states. Eur J Epidemiol. (2021) 36:629–40. doi: 10.1007/
s10654-021-00766-0

53. Sun J, Zheng Y, Liang W, Yang Z, Zeng Z, Li T, et al. Quantifying the
effect of public activity intervention policies on COVID-19 pandemic containment
using epidemiologic data from 145 countries. Value Health. (2021) 25:699–708.
doi: 10.1016/j.jval.2021.10.007

54. Li Y, Campbell H, Kulkarni D, Harpur A, Nundy M, Wang X, et al. The
temporal association of introducing and lifting non-pharmaceutical interventions
with the time-varying reproduction number (R) of SARS-CoV-2: A modelling
study across 131 countries. Lancet Infect Dis. (2021) 21:193–202. doi: 10.1016/
S1473-3099(20)30785-4

55. Askitas N, Tatsiramos K, Verheyden B. Estimating worldwide effects of non-
pharmaceutical interventions on COVID-19 incidence and population mobility
patterns using a multiple-event study. Sci Rep. (2021) 11:1972. doi: 10.1038/s41598-
021-81442-x

Frontiers in Medicine 10 frontiersin.org

https://doi.org/10.3389/fmed.2022.914732
https://ourworldindata.org/coronavirus
https://doi.org/10.1038/s41562-021-01122-8
https://doi.org/10.1136/bmj.m2809
https://doi.org/10.1038/s41562-021-01079-8
https://doi.org/10.1890/07-0539.1
https://doi.org/10.1890/07-0539.1
https://doi.org/10.1093/bioinformatics/bty373
https://doi.org/10.1002/bs.3830120506
https://doi.org/10.1016/S2352-4642(20)30186-3
https://doi.org/10.1001/jama.2020.14348
https://doi.org/10.1001/jama.2020.14348
https://doi.org/10.3892/ol.2020.11599
https://doi.org/10.3892/ol.2020.11599
https://doi.org/10.1007/s11523-020-00721-1
https://doi.org/10.1073/pnas.2107692118
https://doi.org/10.1136/bmj.n3105
https://doi.org/10.1056/NEJMoa2115481
https://doi.org/10.1056/NEJMoa2115481
https://doi.org/10.1016/S0140-6736(22)00152-0
https://doi.org/10.1016/S1473-3099(21)00143-2
https://doi.org/10.1016/S1473-3099(21)00143-2
https://doi.org/10.1038/s41591-020-1124-9
https://doi.org/10.7326/M20-8008
https://doi.org/10.3390/vaccines9050489
https://doi.org/10.1016/S1473-3099(21)00486-2
https://doi.org/10.1056/NEJMoa2110345
https://doi.org/10.1016/j.accpm.2021.100967
https://doi.org/10.1126/science.acx9738
https://doi.org/10.1056/NEJMoa2108891
https://doi.org/10.1038/s41586-021-03777-9
https://doi.org/10.1186/s12916-021-02103-4
https://doi.org/10.1186/s12916-021-02103-4
https://doi.org/10.2807/1560-7917.ES.2021.26.50.2101146
https://doi.org/10.2807/1560-7917.ES.2021.26.50.2101146
https://doi.org/10.1186/s12916-020-01872-8
https://doi.org/10.1186/s12916-020-01872-8
https://doi.org/10.1016/j.tmaid.2021.102044
https://doi.org/10.1126/science.1245200
https://doi.org/10.1007/s10654-021-00766-0
https://doi.org/10.1007/s10654-021-00766-0
https://doi.org/10.1016/j.jval.2021.10.007
https://doi.org/10.1016/S1473-3099(20)30785-4
https://doi.org/10.1016/S1473-3099(20)30785-4
https://doi.org/10.1038/s41598-021-81442-x
https://doi.org/10.1038/s41598-021-81442-x
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

	Non-pharmacological interventions of travel restrictions and cancelation of public events had a major reductive mortality affect during pre-vaccination coronavirus disease 2019 period
	Introduction
	Materials and methods
	Data source
	Methods
	Linear regression
	Random forest

	Results
	Linear regression
	Random forest model

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


