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Abstract

Background

COVID-19 was declared a public health emergency by the World Health Organization

(WHO) in January 2020. Various physical distancing interventions were introduced to flatten

the epidemic curve and reduce the disease burden. We evaluated the impacts of policy

stringency and residents’ compliance on time-varying reproduction number in 17 countries.

Methods

Data were from WHO reports of local transmission (February 28 to April 8, 2020) in Austra-

lia, Canada, Finland, France, Germany, Greece, Italy, Spain, Sweden, Thailand, the UK,

US and Vietnam. Earlier local transmission data where available from press releases were

added for Japan, South Korea, Singapore and Taiwan starting January 28, 2020. COVID-19

policy responses were from the Oxford Covid-19 Government Response Tracker with 17

indicators. Changes in people’s behaviors were from Google’s COVID-19 community mobil-

ity reports and Apple Maps’ mobility trends reports. We estimated the daily time-varying

reproduction number (Rt) by country. 0-, 7- and 14-day lagged effects of non-pharmaceuti-

cal interventions and changes in human mobility on Rt were estimated by linear mixed-

effects models.

Results

Rt initially surged rapidly, then declined gradually depending on policy stringency. The high-

est mean policy stringency scores were for Italy (69.97) and South Korea (61.00). Variations

in stringency scores were higher in Europe, the US and Australia than in Asia. The human

mobility reduction was greater in countries with strict policies (median stringency score > =

50). In terms of immediate (0-day lag) effects, Rt reductions were found for workplace-clo-

sure, limited-gathering, and stay-at-home policies. At a 7-day lag, Rt reductions were found

for workplace closure, restrictions on gatherings, stay-at-home requirements, international
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travel controls, contact tracing and reducing walking around. At a 14-day lag, Rt reductions

were found for restrictions on gatherings, less visiting and staying in parks, and reduced

walking around.

Conclusion

The findings show physical distancing policies and residents’ compliance can slow transmis-

sion, with the lag-to-effect time varying by policy.

Introduction

Emerging, highly contagious SARS-CoV-2 has spread out globally since the large outbreak in

January 2020 in China [1] and has caused a global COVID-19 pandemic, for which there are

no effective, safe pharmaceutical agents for treatment or prevention. Non-pharmaceutical

intervention (NPI) is the only public health approach to reduce transmission, control the pan-

demic and lower the disease burden. However, in the past few decades, people have not experi-

enced extensive city lockdowns or physical distancing (also known as social distancing)

policies. In some epidemics of influenza or enterovirus, some public health authorities have

implemented school closures [2] or temporary class suspensions [3], but rarely for a whole

city. Unprecedented physical distancing policies have been implemented to cope with the

COVID-19 pandemic in different countries [4]. Due to the huge socio-economic impacts from

control policies, governments in different countries have set different stringency levels for

physical distancing policies, taking into consideration feasibility [5], the culture [6], medical

capacity [7], social acceptance [6], and economic loss [6], and such policies have also evolved

with the pandemic situation.

In order to control the pandemic, physical distancing policies have been introduced to

reduce the chance of interpersonal contact and transmission. Unlike seasonal influenza, the

asymptomatic infection rate has been estimated to be as high as 20.8% for SARS-CoV-2 [8],

and the virus also has higher transmissibility as measured by the reproduction number (R0,

ranging from 2 to 3) [1, 9] than seasonal influenza (R0: 1.19–1.37) [10]. In addition, epidemio-

logical investigation has found that transmission occurs before the onset of symptoms [11].

These factors, as well as similarity of the symptoms to those of influenza, all increase the barrier

to early detection of the disease. The different physical distancing policies have lowered the

effective reproduction number (Rt) over time, aiming to interrupt the chain of transmission

and maintain the Rt below 1.

The effectiveness of physical distancing policies depends on their stringency and public

compliance. A previous simulation study showed that social distancing intervention starting

earlier in an epidemic could delay the epidemic curve, and intervention introduced later could

flatten the epidemic curve [7]. Empirically, the effectiveness of NPIs including travel restric-

tions, stay-at-home policies, school closures, cancelling public gatherings and so on has been

reported on in different countries. In contrast to NPIs, public compliance affects the probabil-

ity of transmission. With the technology of mobile devices, changes in human mobility can be

measured in an aggregated fashion. Those data reflect human movements during an epidemic

period under different physical distancing policies.

This paper will primarily focus on only confirmed cases based on local transmission, which

is a fair way to measure the policy effectiveness. The effective reproduction number (Rt) was

used to measure transmissibility, based on time after introducing particular physical
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distancing interventions. In the real world, government policies and residents’ compliance

occur at the same time. In this study, we visualize the Rt and policy stringency in a spatio-tem-

poral manner. We then compare the strategies of different NPIs and changes in human mobil-

ity in different countries. Finally, we model the effectiveness of NPIs and residents’

compliance on reducing Rt with different lagged effects.

Methods

Data source

A confirmed case of COVID-19 infection was defined as a person with laboratory confirma-

tion, irrespective of clinical signs and symptoms. All the data were captured from novel coro-

navirus (2019-nCoV) situation reports published by the World Health Organization (https://

www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports). The data were

updated daily starting January 21, 2020 and covered the situation of COVID-19 infection

worldwide. The WHO Novel Coronavirus (2019-nCoV) SITUATION REPORT presented

transmission classification starting from February 28, 2020. Before that date, the WHO

reported confirmed cases containing local and imported cases. From February 28, 2020 to

April 8, 2020, daily reported laboratory-confirmed cases of COVID-19 included transmission

classification based on WHO analysis of available official data, and may be subject to reclassifi-

cation as additional data become available. We extracted the data classified as “local transmis-

sion” in this study. Therefore, we searched for data from local sources on daily confirmed

cases on each country’s official website, found South Korea, Japan, and Singapore reported

daily new local confirmed cases, and added these data into the analysis. In addition, Taiwan’s

daily local cases were not reported from the WHO, so we collected data between January 28,

2020 and April 8, 2020 from official press releases of the Taiwan CDC. We obtained Taiwan’s

daily confirmed, locally transmitted cases of COVID-19 from January 28, 2020 to April 8, 2020

from announcements by the Taiwan Centers for Disease Control (https://www.cdc.gov.tw/En/

Bulletin/List/7tUXjTBf6paRvrhEl-mrPg). We took South Korea daily confirmed, locally trans-

mitted cases from the Korea Centers for Disease Control and Prevention (http://ncov.mohw.

go.kr/tcmBoardList.do?brdId=3) from January 30, 2020 to February 27, 2020. We counted the

daily confirmed, locally transmitted cases of COVID-19 from press releases by the Ministry of

Health Labor and Welfare (https://www.mhlw.go.jp/stf/houdou/index.html) during January

28, 2020 to February 27, 2020 in Japan and from the Ministry of Health (https://www.moh.

gov.sg/news-highlights) during February 4, 2020 to February 27, 2020 in Singapore. The data

included 17 different countries (regions)—Australia, Canada, Finland, France, Germany,

Greece, Italy, Japan, South Korea, Singapore, Spain, Sweden, Taiwan, Thailand, the United

Kingdom, United States and Vietnam—around the world, with few missing values during the

study period.

Oxford COVID-19 Government Response Tracker [12]

The Oxford COVID-19 Tracker collects publicly available information on 17 indicators such

as containment and closure, as well as economic and health system policies from more than

160 countries to track and compare policy responses around the world. The stringency index

was calculated using eight policy indicators (C1-C8) recording information on containment

and closure policies, and one indicator (H1) recording health system policies (each indicator’s

coding is provided on https://github.com/OxCGRT/covid-policy-tracker/blob/master/

documentation/codebook.md. The indicators include C1 School closing, C2 Workplace clos-

ing, C3 Cancel public events, C4 Restrictions on gatherings, C5 Close public transport, C6 Stay

at home requirements, C7 Restrictions on internal movement, C8 International travel controls
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and H1 Public information campaigns.). The daily value of the index is the average of nine

sub-indices ranging between 0 and 100. We obtained the dataset from January 1, 2020 to April

8, 2020.

COVID-19 Community Mobility Reports [13]

This dataset shows daily percentage changes in people’s visits to and staying time in six catego-

ries of places compared to a baseline which is the median value for the corresponding day of

the week during the five-week period from January 3 to February 6, 2020. The categories for

grouping places with similar characteristics for purposes of social distancing guidance include

grocery stores and pharmacies, parks, transit stations, retail and recreation, residences, and

workplaces. We used the data from February 15, 2020 to April 8, 2020.

Mobility Trends Reports using information collected from Apple Maps [14]

The daily Mobility Trends Reports reflect changes in requests for directions by transportation

type including driving, using public transport and walking for all available countries, regions

and cities compared to a baseline volume on January 13, 2020 in Apple Maps in order to learn

about COVID-19 mobility trends. We used the data from January 13, 2020 to April 8, 2020

after normalizing the data by day of the week effects. We further used these changes to normal-

ize the different days of week. We took all mobility changes on Monday to conduct normaliza-

tion and continued this process from Tuesday to Sunday. The purpose of this normalization is

to consider the periodic pattern of human mobility on specific days of the week.

Estimation of time-varying reproduction number (Rt)

The serial interval of COVID-19 is the time between a primary case’s (infector’s) clinical onset

and secondary case’s (infectee’s) clinical onset. Du et al. estimated the distribution of the serial

interval from 468 confirmed cases of COVID-19 reported in 93 Chinese cities by February 8,

2020 [15]. Following the estimated results from Du et al., we assumed a gamma distribution

for the serial interval with a mean of 3.96 and a standard deviation of 4.75 days, and calculated

time-dependent daily reproduction numbers over a seven-day moving window.

Cori et al. suggested fulfilling the following three criteria on estimating Rt: at least after the

time window, at least after one mean serial interval, and when at least 12 cases have been

observed since the beginning of the epidemic [16]. Thus, we didn’t take the beginning repro-

duction number into account until we met the above criteria in Taiwan, South Korea, Japan

and Singapore. The data of other countries were left truncated starting from February 28,

2020, and their reproduction numbers met the criteria of at least after the time window and at

least after one mean serial interval. The time-dependent daily reproduction numbers were

computed using R 4.0.0 (R Core Team) and the EpiEstim (v2.2–1) package.

Policy timing

The policy time was regarded as the time interval between the first confirmed COVID-19 case,

whether local or imported, and the beginning of the government’s response according to the

stringency index.

Lagged effect on non-pharmaceutical interventions and personal protective

behavior

We assumed that NPIs and individual behavioral change could influence the time-varying

reproduction number without delay, and with delays of 7 days and 14 days. The reasons for
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the chosen delay periods were as follows. First, the incubation period of COVID-19 has been

estimated at around 5.2 days [17]. Second, a test for COVID-19 is usually performed after the

onset of symptoms, and it takes time to get the test results. Third, people need time to adjust to

the intervention and change their behavior. Thus, we did 0-day, 7-day and 14-day lagged

effects as sensitivity analysis.

Statistical analysis

The Mobility Trends Reports on using public transportation collected from Apple Maps had

more than 20% missing values (n = 150), and this variable was excluded in the following analy-

sis. The variables of income support, debt or contract relief, fiscal measures, international sup-

port, emergency investment in healthcare, and investment in vaccines were excluded due to a

large percentage of missing values at the early stage of the pandemic. We stratified different

countries into two groups based on the median stringency index of 50. After examining the

normality of the distribution, we used a random effects model with a random intercept to

compare the difference in people’s behavioral changes across two different stringency groups,

and to figure out the relationship between policy stringency and people’s behavioral changes.

The variables of the stringency index and community mobility trends were evaluated in multi-

variable models using stepwise selection to eliminate those with p values >0.1 after excluding

multicollinearity (variance inflation factor (VIF) > 10). The missing data including debt or

contract relief (E2, n = 14), fiscal measures (E3, n = 6), emergency investment in healthcare

(H4, n = 30), investment in vaccines (H5, n = 4) and community mobility data (n = 14) were

excluded. We used linear mixed-effects models to explore the daily reproduction number with

countries as a random effect. We also estimated 7- and 14-day lagged effects of policy on the

time-varying reproduction number. All statistical tests were two-sided with a significance

level of 0.05. All analyses were performed with R 4.0.0 statistical software. We used ArcGIS

(ArcMap, version10.3; ESRI Inc., Redlands, CA, USA) and our developed ringmap

toolbox (https://www.esri.com/about/newsroom/arcuser/looking-at-temporal-changes) to

visualize the daily local confirmed cases, Rt and stringency scores in 17 countries during the

study period. The world base map is downloaded from a publicly available website (http://

thematicmapping.org/downloads/, CC BY-SA 3.0).

Results

The earliest implementation of NPI was 21 days before the first case was confirmed. Interna-

tional travel controls (C8), public information campaigns (H1) and testing policy (H2) were

implemented early in Singapore. And the latest implementation of NPI was 53 days after the

first case was confirmed (Table 1). The median of the stringency index, which represents strict-

ness of policies, was 52.78 (interquartile range = 43.12), the loosest stringency index was 2.78,

and the strictest stringency index was 97.35 during the study period.

Our estimates of the time-varying reproduction number Rt are based on daily confirmed

cases from local transmission, and the longest estimated period was from February 5 through

April 8. Each ring in Fig 1 represents the daily number of local transmission cases in different

countries. The temporal order starts from the innermost ring on February 5, 2020 to the outer-

most ring on April 8, 2020. The number of daily confirmed cases rose gradually, although it

decreased in the last period in some places like South Korea (Fig 1). Each ring in Fig 2 repre-

sents a 7-day window of the estimated daily effective reproduction number from local trans-

mission cases in different countries. The temporal order starts from the innermost ring on

February 11, 2020 to the outermost ring on April 8, 2020. In the first few weeks, there were no

local COVID-19 cases in most countries, thus there were no estimated Rt in the rings with
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gray color. Most countries had high Rt at the beginning and gradually slowed the transmission

rate after introducing the NPI policies. For Taiwan, the reproduction number increased to

2.07 on March 20 and decreased to 1.06 on April 8. For the United States, the reproduction

number increased to 3.58 over the first week of Marchand decreased to 1.25 in the last week of

the study period. During the study period, in Spain the reproduction number increased to a

peak of 2.33 before March 14, and then gradually decreased to 0.93 before April 8.

Each ring in Fig 3 represents the daily stringency score in different countries. The temporal

order is from the innermost ring on February 11, 2020 to the outermost ring on April 8, 2020.

Among these countries, the strictness of NPIs increased over time during the pandemic, espe-

cially in Italy and Spain (Fig 3). In some countries, the stringency was less changed during Feb-

ruary 11 to April 8, such as Taiwan and Sweden (Fig 4). The highest two mean policy

stringency scores were for Italy (69.97) and South Korea (61.00). Variations in stringency

Table 1. Descriptive statistic of the explanatory variables.

Variables N Min Q1 Q2 Q3 Max

Policy timing 635 -21 -9 0 8 53

Oxford Covid-19 Government Response Tracker

Stringency Index 635 2.78 32.01 52.78 75.13 97.35

Containment and closure policies

C1_School closing 635 0 0 3 3 3

C2_Workplace closing 635 0 0 1 2 3

C3_Cancel public events 635 0 1 2 2 2

C4_Restrictions on gatherings 635 0 0 2 4 4

C5_Close public transport 635 0 0 0 1 2

C6_Stay at home requirements 635 0 0 1 2 3

C7_Restrictions on internal movement 635 0 0 1 2 2

C8_International travel controls 635 0 2 3 4 4

Economic policies

E1_Income support 635 0 0 0 2 2

E2_Debt or contract relief 621 0 0 0 1 2

E3_Fiscal measures (1000000USD) 629 0 0 0 0 1960000

E4_International support (1000000USD) 567 0 0 0 0 834000

Health system policies

H1_Public information campaigns 635 0 2 2 2 2

H2_Testing policy 635 0 1 1 2 3

H3_Contact tracing 635 0 1 1 2 2

H4_Emergency investment in healthcare (1 million USD) 605 0 0 0 0 242000

H5_Investment in vaccines (1 million USD) 631 0 0 0 0 826

COVID-19 Community Mobility Reports (percent change from baseline)

Retail and Recreation 630 -95 -52 -24 -10 18

Grocery and Pharmacy 630 -85 -18 -6 3 59

Parks 630 -91 -30.8 -9 8 92

Transit Stations 630 -89 -59 -31.5 -15 9

Workplaces 630 -84 -45 -14 -3 16

Residential 630 -2 5 9 18 39

Mobility Trends Reports

Walking 635 -1.87 -1.08 -0.76 0.12 2.26

Using public transport 485 -1.33 -1.07 -0.75 0.414 1.97

Driving 635 -1.93 -1.15 -0.77 0.21 2.50

https://doi.org/10.1371/journal.pone.0255873.t001
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scores were higher in Europe, the US and Australia than in Asia. Regarding the implementa-

tion of the stringency policies, these 17 countries had a greater tendency to close schools and

universities, limit private gatherings and restrict international travel, and less tendency to shut

down public transport in the study period (Table 1, Fig 5). The two groups are classified by the

median of the stringency index during the study period. In each region, if the median of the

stringency index was below 50, it was classified as lower stringency, otherwise it was classified

as higher stringency. The human mobility reduction was greater in countries with strict poli-

cies (median stringency score > = 50). And the two groups were significantly different in

some community mobility changes including retail and recreation, transit stations, workplaces

and residences (Table 2).

Fig 1. Ring map of daily confirmed local transmission cases of COVID-19, Feb. 5 to Apr. 8, 2020.

https://doi.org/10.1371/journal.pone.0255873.g001

Fig 2. Ring map of daily effective reproduction number (Rt) with 7-day window of COVID-19, Feb. 11 to Apr. 8,

2020.

https://doi.org/10.1371/journal.pone.0255873.g002
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In the pandemic period, the median of decreases in visits and length of stay was about 24%

in retail and recreation, 6% in grocery stores and pharmacies, 9% in parks, 31.5% in transit sta-

tions, and 14% in workplaces, while the median increase was 9% in residence compared to the

baseline (Table 1, Fig 6). In the countries with stricter NPIs, the behavioral changes were

greater. For example, in countries with higher stringency, people visited less often and

remained for less time at grocery stores and pharmacies, transit stations, retail and recreation,

and workplaces, and stayed at home more (Fig 6).

The requests for directions by different transportation types in Apple Maps declined in

most of the studied countries. Especially in Finland and Sweden, the search times for driving,

using public transport and walking to the desired destination were obviously lower than in

January 13, 2020 (Fig 7).

While taking the stringency index into account rather than the 11 policies, if the interven-

tions had immediate effect (0-day lagged effect), the percent changes in going to parks, grocery

Fig 3. Ring map of daily stringency score from Feb. 11 to Apr. 8, 2020.

https://doi.org/10.1371/journal.pone.0255873.g003

Fig 4. Box plots of stringency scores in 17 countries.

https://doi.org/10.1371/journal.pone.0255873.g004
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stores and pharmacies, and the changes in requests for directions by walking were significantly

associated with the reproduction number. As for the 7-day lagged effect on policies and behav-

ioral change, the results are similar to the 0-day lagged effect, except that there was no signifi-

cant effect on the percent change for parks. With a 14-day lagged effect on policies and

behavioral change, the reproduction number was significantly associated with the stringency

index, the percent change to go to workplaces and the changes in requests for directions by

walking (Table 3).

While taking the 11 policies into account, school closures, workplace closures, public event

cancellations, restrictions on gatherings, requirements of staying at home, testing policies, the

percent change to visits and staying in parks, and the changes in requests for directions by

Fig 5. Radar chart of different physical distancing policies with maximum scores in each country.

https://doi.org/10.1371/journal.pone.0255873.g005

Table 2. Difference of mobility changes in the countries with high or low stringency index.

Median of Stringency Index Estimate 95% CI

Variable <50 > = 50

COVID-19 Community Mobility Reports (percent change from baseline)

Retail and Recreation -15 -38 -21.73 (-40.83, -2.64)

Grocery and Pharmacy -5 -8 -9.32 (-22.13, 3.48)

Parks -10 -7 -8.88 (-39.07, 21.30)

Transit Stations -22 -46 -17.00 (-32.63, -1.39)

Workplaces -4 -27 -23.18 (-38.61, -7.76)

Residential 7 12 5.99 (0.07, 11.91)

Mobility Trends Reports

Walking -0.44 -0.89 -0.16 (-0.57, 0.25)

Driving -0.35 -0.94 -0.19 (-0.67, 0.29)

Note: 95% Confidence interval (CI) by random effects model with a random intercept.

https://doi.org/10.1371/journal.pone.0255873.t002

PLOS ONE Physical distancing policy reducing SARS-CoV-2 transmission

PLOS ONE | https://doi.org/10.1371/journal.pone.0255873 August 10, 2021 9 / 17

https://doi.org/10.1371/journal.pone.0255873.g005
https://doi.org/10.1371/journal.pone.0255873.t002
https://doi.org/10.1371/journal.pone.0255873


walking were all significantly associated with the reproduction number under an immediate

intervention effect. As to the 7-day lagged effect on policies and behavioral change, the results

are similar to the 0-day lagged effect, except that the percentage changes in visits and stay in

Fig 6. Radar charts of maximum mobility changes during studied period provided by Google.

https://doi.org/10.1371/journal.pone.0255873.g006

Fig 7. Radar charts of maximum mobility changes during studied period provided by Apple.

https://doi.org/10.1371/journal.pone.0255873.g007
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parks were insignificant. Moreover, international arrivals screening, ban on entry from all

countries or total border closure, and comprehensive contact tracing were significantly associ-

ated with the reproduction number. Looking at the 14-day lagged effect, restrictions on gather-

ings, contact tracing, the percent change to visits and staying in parks, and changes in requests

for directions by walking were significantly associated with the reproduction number

(Table 4).

Discussion

To the best of our knowledge, this is the first paper to evaluate the effects of both the stringency

of policies and residents’ compliance on the transmissibility of COVID-19 globally. In our

findings, time-varying reproduction numbers surged rapidly at the initial epidemic stage and

declined gradually depending on policy stringency. The human mobility reduction was greater

in countries with stricter policies. By examining the 0-day, 7-day and 14-day lagged effects of

policies and changes in human mobility on Rt, stay-at-home policies, workplace closures, lim-

iting gatherings, international travel controls, contact tracing, less visiting and staying in

parks, and reducing walking around were all effective at reducing Rt. In this study, the highest

mean time-varying reproduction number was 2.13 in Vietnam, which means an average of

2.13 secondary cases generated by a primary case. Our estimated average time-varying repro-

duction numbers were 1.34 for Italy and 1.53 for South Korea. Compared to previous studies,

the median value of the time-varying reproduction number for Italy’s province of Macerata

was 1.792 (1.0–3.5) with the exponential growth (EG) method, estimated with data from Feb-

ruary 26, 2020 to April 20, 2020 [18]. The mean estimated reproduction number was 1.5 (1.4–

1.6) on February 26, 2020 in South Korea [19].

A portion of COVID-19 cases were imported from other areas, which might lead the repro-

duction number to be overestimated due to “imported cases” (cases infected abroad who then

entered the country, rather than being locally transmitted). Most countries required travelers

to fill out a health declaration form, have their temperature measured, undergo self-quarantine

and be tested for SARS-CoV-2, the virus causing COVID-19, if necessary. The probability of a

potentially infected traveler spreading the disease to healthy local people declines with close

confinement. Therefore, this study did not examine imported cases which were unrelated to

transmission of local outbreaks.

Table 3. Estimated effects on effective reproduction number.

0-day lagged effect 7-day lagged effect a 14-day lagged effect b

Variable coefficient 95% CI coefficient 95% CI coefficient 95% CI

Policy timing 0.009 (-0.002, 0.019) 0.006 (-0.002, 0.015) 0.003 (-0.005, 0.011)

Stringency Index -0.005 (-0.010, -0.001)�

Grocery and Pharmacy (percent change from baseline) 0.010 (0.005, 0.015)� 0.006 (0.001, 0.010)�

Parks (percent change from baseline) -0.006 (-0.009, -0.003)�

Workplaces (percent change from baseline) -0.005 (-0.009, 0.000) -0.005 (-0.010, -0.001)�

Walking 0.370 (0.268, 0.472)� 0.405 (0.319, 0.491)� 0.315 (0.220, 0.410)�

AIC 1520.47 1272.75 1223.63

Sample size 630 612 591

Abbreviation: CI = confidence interval.

a: Assumes 7-day lagged effect of policies and behavior change on reproduction number.

b: Assumes 14-day lagged effect of policies and behavior change on reproduction number.

�: p-value< 0.05.

https://doi.org/10.1371/journal.pone.0255873.t003
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Table 4. Estimated effects on effective reproduction number with specific policies.

0-day lagged effect 7-day lagged effect a 14-day lagged effect b

Variable coefficient 95% CI coefficient 95% CI coefficient 95% CI

C1 School closing

recommend closing 0.330 (0.002, 0.658)� 0.265 (-0.059, 0.588) NA

require closing (only some levels) 1.242 (0.558, 1.926)� 0.700 (0.099, 1.300)� NA

require closing (all levels) 0.871 (0.578, 1.165)� 0.312 (0.068, 0.556)� NA

C2 Workplace closing

recommend work from home -0.307 (-0.572, -0.043)� -0.660 (-0.937, -0.382)� NA

require closing for some sectors -0.572 (-0.905, -0.238)� -0.487 (-0.840, -0.135)� NA

require closing for all-but-essential workplaces -0.656 (-0.986, -0.325)� -0.290 (-0.656, 0.075) NA

C3 Cancel public events

recommend cancelling -0.093 (-0.386, 0.200) 0.135 (-0.095, 0.365) 0.003 (-0.192, 0.199)

require cancelling 0.647 (0.342, 0.952)� 0.360 (0.099, 0.621)� 0.159 (-0.060, 0.378)

C4 Restrictions on gatherings

restrictions on gatherings above 1000 people -0.088 (-0.467, 0.292) 0.087 (-0.267, 0.441) -0.299 (-0.590, -0.009)�

restrictions on gatherings between 101–1000 people -0.421 (-0.712, -0.130)� -0.320 (-0.594, -0.046)� -0.377 (-0.634, -0.119)�

restrictions on gatherings between 11–100 people -0.208 (-0.559, 0.142) -0.292 (-0.653, 0.070) -0.566 (-0.931, -0.202)�

restrictions on gatherings of 10 people or less -0.273 (-0.624, 0.078) -0.107 (-0.458, 0.243) -0.325 (-0.684, 0.035)

C6 Requirements of staying at home.

recommend not leaving house -1.017 (-1.322, -0.712)� -0.373 (-0.665, -0.081)� NA

require not leaving house with some exceptions -0.980 (-1.310, -0.650)� -0.322 (-0.636, -0.008)� NA

require not leaving house with minimal exceptions -1.497 (-2.063, -0.931)� -0.549 (-1.109, 0.010) NA

C7 Restrictions on internal movement

recommend not traveling NA NA -0.156 (-0.385, 0.074)

internal movement restrictions NA NA -0.030 (-0.310, 0.250)

C8 International travel controls

screening arrivals -0.119 (-0.557, 0.319) -0.258 (-0.644, 0.128)� -0.197 (-0.505, 0.110)

quarantine arrivals -0.329 (-0.748, 0.090) -0.270 (-0.652, 0.113) -0.113 (-0.393, 0.166)

ban arrivals from some regions 0.141 (-0.207, 0.490) 0.038 (-0.276, 0.352) 0.022 (-0.225, 0.268)

ban on all regions or total border closure -0.108 (-0.505, 0.288) -0.260 (-0.655, 0.135)� -0.253 (-0.602, 0.097)

H1 Public information campaigns c

coordinated public information campaign 0.304 (-0.199, 0.807) NA NA

H2 Testing policy

only those who both (a) have symptoms AND (b) meet specific criteria 0.675 (0.206, 1.144)� 0.548 (0.086, 1.011)� NA

testing of anyone showing Covid-19 symptoms 0.207 (-0.308, 0.722) 0.490 (-0.071, 1.051) NA

open public testing 0.824 (0.249, 1.399)� 0.897 (0.252, 1.543)� NA

H3 Contact tracing

limited contact tracing; not done for all cases NA d 0.271 (-0.189, 0.731) 0.310 (0.042, 0.577)�

comprehensive contact tracing; done for all identified cases NA -0.534 (-0.986, -0.082)� -0.112 (-0.381, 0.156)

Policy timing NA NA 0.003 (-0.004, 0.011)

Workplaces (percent change from baseline) NA NA -0.004 (-0.009, 0.000)

Parks (percent change from baseline) -0.006 (-0.009, -0.003)� NA 0.003 (0.000, 0.005)�

Walking 0.255 (0.120, 0.389)� 0.342 (0.227, 0.456)� 0.259 (0.159, 0.358)�

AIC 1463.25 1440.33 1253.34

(Continued)
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Moreover, the reproduction number may be underestimated because asymptomatic cases

or mild cases may not be detected and reported, especially at the start of an outbreak. Early in

the epidemic, Read et al. estimated that the ascertainment rate was only 5.1% in Wuhan [20].

The potential number of infectors was underreported. Furthermore, the reproduction number

may change over time based on changing infectivity of the virus, modes of social interaction,

effectiveness of interventions and so on [21].

A combination of different non-pharmaceutical interventions has been proved to be useful

in reducing the epidemic peak, but the timing, duration and useful combination of different

interventions still need to be explored. At the same time, the effectiveness of each intervention

is constantly being explored. The case number after intervention policies might be over-

counted if the counts include infectees who were still asymptotic and undiagnosed before

intervention. Thus, there were lags for the interventions to take effect. We assess the 0-day,

7-day and 14-day lagged effects as a sensitivity analysis. For the 0-day lagged effect scenario,

workplace closure, restrictions on gatherings of over a certain number of people (ranging from

over 100 to over 1000) and staying at home were effective in reducing the reproduction num-

ber. Working at home or work bans were effective when the workplace was a key infection

site. Workplace distancing reduced the number of infections in simulation models based on

geographical, demographic, and epidemiological data from Singapore [22]. In another study,

under other control measures such as bans on public gatherings, prohibition of movement

without valid reason, suspension of intra-city public transport and closure of entertainment

venues, fewer confirmed cases were reported during the early stage of the outbreak [23]. How-

ever, school closures, cancelling public events, testing only those who both have symptoms

and meet specific criteria, or open public testing result in increasing, not decreasing, reproduc-

tion numbers. The contribution of school closures to transmission control may depend on the

features of a disease. There has been limited information about the effectiveness of school clo-

sures alone in coronavirus outbreaks such as Severe Acute Respiratory Syndrome (SARS) and

Middle East Respiratory Syndrome (MERS). As S1 Table shows, we found an effect from

implementing school closure policy alone on reducing the effective reproduction number.

However, when we considered other NPI policies together, the effect of school closures disap-

peared. But for influenza outbreaks, school closures have been shown to be effective. There are

several theoretical reasons promoted for the reduced effectiveness of school closures in con-

taining COVID-19 compared to influenza outbreaks [24]. First, relatively few child diagnoses

of COVID-19 have been reported worldwide. As of March 8, 2020 the largest proportion of

laboratory-confirmed COVID-19 infectees was among the age group of 40–79 in Wuhan,

China [25]. Secondly, studies elsewhere have shown that the symptoms are relatively mild in

Table 4. (Continued)

0-day lagged effect 7-day lagged effect a 14-day lagged effect b

Variable coefficient 95% CI coefficient 95% CI coefficient 95% CI

Sample size 630 635 591

abbreviation: CI = confidence interval.

a: Assumes 7-day lagged effect of policies and behavior change on reproduction number.

b: Assumes 14 day lagged effect of policies and behavior change on reproduction number.

c: H1: Records presence of public info campaigns.

coordinated public information campaign (e.g. across traditional and social media).

d: NA for a coefficient indicates that the variable is not selected in the model.

�: p-value< 0.05.

https://doi.org/10.1371/journal.pone.0255873.t004
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children when compared to adults [26], and the mortality rate is higher in the elderly with

underlying diseases [19]. Moreover, when only school closures are implemented, household

and community contact tends to increase, such as at day care centers or parks, so the transmis-

sion risk does not change much [24]. Alternative measures such as distance learning and clos-

ing only confirmed cases’ classes may be considered in the early stage of an outbreak. To sum

up, we cannot rule out the possibility that the results of school closure in our study were

affected by statistical imprecision such as measurement error, but the reversed effect of school

closure in other studies might be related to interactions with other interventions. A policy of

testing for SARS-CoV-2 may not work so well if testing is not performed until after onset of

symptoms and time is needed to get the test results.

For a 7-day lagged effect scenario, recommendations to work from home, required closure

of workplaces for some sectors, restrictions on gatherings of over a certain number of people

(ranging from over 100 to over 1000), requirements to stay at home, international travel con-

trols (i.e. screening international airplane arrivals or total border closure), and contact tracing

done for all identified cases were all effective in reducing the reproduction number. In a study

on travel restrictions in China, the imported cases from Wuhan dropped under a travel ban

which prevented people from traveling into and out of Wuhan [17]. The effectiveness of travel

restrictions has been supported by studies modeling its effectiveness in preventing the spread

of COVID-19, suggesting they are useful in the early stage of an outbreak when cases are lim-

ited to a certain area [22]. In the later stages of an epidemic, travel restrictions may be less

effective due to the disease already being widespread [17]. The factors causing the reproduc-

tion number to rise were similar to those in a 0-day lagged effect scenario. For a 14-day lagged

effect scenario, restrictions on gatherings of more than 10 people had the effect of decreasing

the reproduction number, but limited contact tracing (not done for all cases) increased the

reproduction number. Not tracing for all confirmed cases may be due to the fact that too

many cases have been confirmed at the same time and some footprints are too complex to be

recalled, resulting in some healthy people coming into contact with the infected person but

not being discovered. If we replace the 11 policies with an NPI in our study, the results show

that a stricter NPI policy inhibited an increase in the reproduction number, and show that a

combination of different NPI policies was useful. People changed their behavior due to inter-

ventions and the threat of COVID-19. The same mobility pattern was found in the US from

January 1 to April 20, 2020 [27]. These protective behaviors were related to concern over the

severity of infection. Studies have shown that people tend to decrease their daily contacts,

reduce trips to crowded places, and wear masks when leaving home during COVID-19 out-

breaks [28]. People may integrate physical distancing into their lifestyle or postpone some

activities until an epidemic wanes. Simulations in other studies have suggested that if people

are in a state of panic such as panic-buying in a crowded area, physical distancing is of little

use [29]. Using social incentives and support to educate people on the importance of physical

distancing would be suitable in this kind of situation to inhibit spread of the virus.

Each policy had its implementation timing, and if the policy was too late or was never

implemented, there may be too many nulls in the interaction terms between policy options

and the timing of its implementation. Because the timing of each policy was different, we used

the earliest policy implementation time as our definition of timing. We considered the interac-

tion term between the stringency index and the timing of the earliest policy implementation.

The results in S2 Table showed that the interaction term between the stringency index and the

timing of the earliest policy implementation is not significant (p value>0.05). The stringency

of the policy and the reduction of human mobility are more important at the earlier stage of

pandemic.
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In addition, the direct effect from the policy implementation or the human mobility on the

Rt in the real world might happen together or have some delays. We examined this issue in

two parts, including the effect of the policy on human mobility, and that of human mobility on

Rt, and considered possible lag times of 7 days and 14 days. We found an inverse relationship

between the stringency index and the change in human mobility, and a positive relationship

between lower human mobility and lower Rt. The supplementary results are presented in S1

Appendix.

In our findings, regardless of the length of the lag, leaving home by walking increased the

risk of the reproduction number ascending. Adding the times and length staying at parks

reveals a risk of increasing the reproduction number at a 14-day lag.

The limitation of our research is that the available time interval for local cases was about 1.5

months. This is because some countries did not clearly define the local and non-local transmis-

sion cases in press releases.

In our study, we explored the strength of the implemented interventions, individual behav-

iors and time-varying reproduction number to analyze the association between intervention,

behavioral change and time-varying reproduction number worldwide. We show the effect of

each type of intervention on the reproduction number so that authorities can evaluate the

effect of different combinations of interventions. Authorities can evaluate the influence on

transmission rates, economic activity, vulnerable populations, and substantial costs for society

based on empirical experience.

Conclusion

COVID-19 is an emerging infectious disease which has rapidly become a worldwide crisis.

Using early data to estimate the reproduction number can let policy makers know the disease

transmission situation, equipping them with information on how to execute interventions

early, advise people to pay attention to personal protection, and alter their behavior to prevent

the pandemic from expanding further.
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