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Abstract

Background

An international public health emergency has been declared by the World Health Organisation
on 30™ January 2020 after the outbreak of a novel coronavirus in China that was subsequently
named COVID-19. Various pandemic preparedness indices and estimates from mathematical
models are being used for predicting the disease spread and to inform decisions about the
pandemic. However, the reliability of these tools has not been sufficiently measured. In this
study, I aim to assess the early reporting of the basic reproduction number (R,) of COVID-19
and assess the efficacy of Global Health Security Index (GHSI) scores in predicting pandemic

preparedness.

Methods

| conducted a systematic review and meta-analysis of articles published between 1 December
2019 and 30" September 2020 estimating basic reproduction number. | also conducted a sub-
group analysis by country, continent, study duration and method, whether mean or median was
reported for reproduction numbers, the month of publication, and whether the study was
conducted in Wuhan, Hubei including Wuhan or outside Hubei in China. GHSI scores for 2019
were obtained from the publicly available data from the GHSI website. Poisson regression,
logistic regression and survival analysis were used to assess the association of GHSI scores
with case rate, death rate and vaccination coverage and rate adjusting for socio-developmental

index, universal health coverage, life expectancy and total fertility rate of the country.



Results

Out of the 15714 articles screened, 81 articles were included in the meta-analysis and 76 articles
were synthesised narratively. The result from the meta-analysis shows that in the absence of a
deliberate intervention for COVID-19, the R, was estimated to be 2.66 with a 95% confidence
interval (2.41-2.94). Additionally, I found that as the GHSI scores increased, the number of
COVID-19 cases and death rates increased as well. In terms of vaccination, however, the

countries with higher scores are more likely to quickly achieve desired vaccination coverage.

Conclusion

Global understanding of infectious disease outbreaks remains weak. This study shows that
there is still much theoretical and practical work to be done before we can properly understand
the dynamics of emerging infectious diseases. R, is a highly variable and unreliable measure
of pandemic risk, subject to much uncertainty and vulnerable to the influence of modelling
assumptions, data quality and data timeliness. Until we have a clearer understanding of and
consensus on how to use infectious disease models for the pandemic response, we cannot hope

to prepare for the next pandemic.
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CHAPTER 1

CHAPTER 1: Introduction

1.1 Background

The World Health Organization (WHO) has been involved in combating outbreaks since its
inception in 1948. Over this time the World Health Assembly (WHA) has established
increasingly formal mechanisms for global outbreak alert and response, culminating in the

International Health Regulations (IHR).

1.1.1. The International Health Regulations

The IHR brings together 196 countries to collaborate on public health issues requiring
international attention. IHR defines the rights and obligations of countries in dealing with
public health emergencies and requires that they designate a National IHR Focal Point for
communications with WHO. Detecting, assessing, and reporting of public health risks to the
WHO must be built and strengthened by member states as soon as possible or within five years
of the enforcement of the IHR.: The WHO will assist member states in strengthening and
maintaining their public health capacities upon request. Beyond this role in strengthening
pandemic response, the IHR also includes specific mechanisms for engaging countries in

responding to a global pandemic, through the mechanism of public health emergencies.

1.1.2. Public Health Emergencies of International Concern
According to the international health regulations (IHR) of the WHO, a Public Health

Emergency of International Concern (PHEIC) is defined as:
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‘An extraordinary event which is determined to constitute a public health
risk to other States through the international spread of disease and to

potentially require a coordinated international response "3

Public health emergencies of international concern (PHEIC) are of central importance to the
operation of the IHR, and their declaration and management is key to protecting the global
community from new pandemics. Timeliness, transparency, and scientific objectivity are
essential elements of the process of defining a PHEIC, but the declaration of a PHEIC can have
significant global costs, leading to closure of borders, restriction of basic civil freedoms, and
mobilization of significant resources nationally and internationally. Ports, airports, and ground
crossings are governed by the IHR measures for preventing the spread of disease internationally

and to minimize unwarranted restrictions in travel and trade.

Travel restrictions that are likely to proceed from the declaration of a PHEIC can greatly limit
the demand for tourism activities, affect family and personal life, interfere with free movement
of labour and capital, and affect entire sectors of national economies. The most recent PHEIC,
for COVID-19, has now been in effect for 34 months and in its early stages saw the complete
collapse of global tourism, international travel, and freedom of movement. A report by the
World Travel and Tourism Council showed that travel and tourism declined by 50.4% in 2020
with an overall decline in the global economy by 3.3%.* The decline in economy affected
countries like Thailand and Vietnam more than countries like Japan.5-° In addition to raising
public awareness, a PHEIC declaration can galvanize other member nations to mobilize

funding and resources. However, the economic impact of trade and travel restrictions needs to

2
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be considered seriously when declaring a PHEIC. As a result of the high economic and political
consequences of declaring a PHEIC, the decision to do so is necessarily subject to strong
political considerations, and as much as possible needs to be made in an objective, transparent

and trustworthy way.

1.1.2.1.  Public Health Emergencies under the IHR

The IHR was first adopted in 1969 by the World Health Assembly and has been amended three
times. Following the 2002-2004 SARS outbreak, most recent amendments were made in 2005,
including PHEIC declarations. Seven areas have been revised and improved over previous
versions of the IHR (2005), notably: (1) An application scope that extends beyond diseases (2)
Public health capacities should be developed at a minimum by each State Party (3) In the event
of a PHEIC, member states have an obligation to notify WHO (4) Instances of public health
events not reported by official sources can be considered by WHO after verification by State
Parties (5) Guidelines for the WHO director general for determining a PHEIC and issuing
recommendations (6) People and travellers' human rights protection (7) Facilitating
communications between member states and WHO through establishment of WHO IHR

contact points and National IHR focal points.*

The 2005 IHR was enforced binding 196 countries in June 2007 and was fully applied in 2009
in response to the swine flu pandemic of 2009. Since 2009, there have been seven PHEIC

declarations including the recent novel coronavirus pandemic and the 2022 monkeypox
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outbreak. All these declarations are for viral emerging infectious diseases and not for chemical

and radioactive materials or bacterial diseases.

1.1.2.2. PHEIC assessment criteria

Measuring the severity of a disease outbreak is challenging due to differences in population
health and services, lack of comparable data and non-standardised measurements.® Based on
the decision instrument in Annex 2 of the IHR,*! as shown in Figure 1.1, countries should
assess each event according to four criteria: is the event 1) serious, 2) unexpected or unusual,
3) has a risk of spreading internationally and 4) has a risk of travel and trade restrictions in an
international scale? If any two of the four criteria (I-1V) are met, the country should notify
WHO of the event. These criteria are explained in detail in Appendix A, and are summarized

here.

Criterion I: Is the public health impact of the event serious?
The answer to criterion I is “Yes’ if the number of cases or deaths of an event is large; or is

likely to have a public health impact; or require assistance to control the event.

Criterion I1: Is the event unusual or unexpected?
The answer to criterion Il is “Yes’ if the event is unusual, such as when the cause is an unknown

agent; or if it is an unexpected occurrence of disease that has been eliminated from the country.
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Criterion I11: Is there a significant risk of international spread?
The answer to criterion 11 is “Yes’ if there are similar events in other countries; or if the event
is caused by environmental contamination or is in an area where there is dense international

traffic with potential of cross border movement.

Criterion IV: Is there a significant risk of international restrictions?
The answer to criterion IV is ‘Yes’ if similar event has occurred in the past; or the suspected
source is a water or food product; or it occurred during an international gathering; or if further

information on the event is being asked by foreign officials.
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Events detected by national surveillance system (see Annex 1)

y

A case of the following
diseases is unusual or
unexpected and may

have

health impact, and thus

shall

serious public

(=)

be notified" %
Smallpox

A 4

Any event of potential
international public
health concern,
including those of
unknown causes or
sources and those
involving other events

oy

\ 4

An event involving the following
diseases shall always lead to
utilization of the algorithm,
because they have demonstrated
the ability to cause serious
public health impact and to
spread rapidly internationally*:

Poliomyelitis due to or diseases than those Cholera
wild-type listed in the box on the Pneumonic plague
poliovirus left and the box on the Yellow fever
Human influenza right shall lead to Viral haemorrhagic fevers
caused by a new utilization of the (Ebola, Lassa, Marburg)
subtype algorithm. West Nile fever

- Severe acute - Other diseases that are of
respiratory ¥ special national or regional
syndrome (SARS). concern, e.g. dengue fever,

Is the public health impact
of the event serious?

< Rift Valley fever, and
meningococcal disease.

A 4 A 4

Yes

Is the event unusual or Is the event unusual or unexpected?

unexpected?

Is there a significant risk of
international spread?

<

Is there a significant risk of
international spread?

‘ Yes ’ ( No
Is there a significant risk of inter-

national travel or trade restrictions?

sesnannnnaennnnnnns
E Not notified at this
Yes 0 = stage. Reassess when

+ more information
- 3
« becomes available.

Yes

A A
EVENT SHALL BE NOTIFIED TO WHO UNDER THE INTERNATIONAL HEALTH
REGULATIONS

Figure 1.1 Decision instrument for the assessment and notification of events that may
constitute a public health emergency of international concern, Annex 2. Source: WHO

International Health Regulations (2005), www.who.int



CHAPTER 1

The national IHR focal point from the member states should report a possible PHEIC to the
WHO within 24 hours of assessment, however, informal reporting from a non-member state is
also possible.r? If deemed necessary, WHO will involve the International Atomic Energy
Agency (IAEA). As per Article 9 in the IHR, the WHO may refer to other sources to gather
further information as appropriate.! However, it needs to verify the obtained information with

the State Party before taking any action based on the report.t

Severe Acute Respiratory Syndrome (SARS), wild type poliomyelitis, smallpox rand any new
subtype of human influenza should always be notified to the WHO and are always a PHEIC

even in the absence of a decision under the IHR.!

1.1.2.3.  History of PHEIC declarations
Since the IHR were first introduced there have been seven PHEICs, which have been managed

with varying degrees of success.

Swine flu (2009)

In March 2009, HiN: virus was detected in Mexico. One month after the first emergence of
HiNz1, on 26™ April 2009, WHO declared it a PHEIC, when it had spread across three
countries.'® The end of the H1N1 pandemic was announced by the WHO on 101" August 2010.%
The swift response of the WHO to declare Swine flu a PHEIC was later criticised because of
the perceived mildness of the disease as well decisions being influenced by the pharmaceutical

industry.t>-17
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Poliovirus (2014)

With the spread of wild polio and vaccine-derived poliovirus in three countries—Afghanistan,
Iraq and Equatorial Guinea from Pakistan, Syria and Cameroon respectively—particularly
during the low virus transmission season (January—April/May), it was declared a PHEIC on 5™
May 2014.18 At the time of declaration, there were 68 reported cases of Wild Poliovirus , which
is a very low number compared to the 417 cases in the previous year.'® Amidst the ongoing
cases in affected countries such as Afghanistan, it was determined on 20" June 2022 that the

situation continues to constitute a PHEIC.2°

Ebola- West Africa (2014)

Guinea and Liberia confirmed cases of Ebola in March 2014 and Sierra Leone in May 2014.
Five months after the initial detection on 8" August 2014, when the virus spread to the United
States and Europe, the WHO declared Ebola in West Africa a PHEIC.?! There were 1711 cases
when the declaration was made.'® Given the high case fatality rate of 40%, the time taken to
declare Ebola a PHEIC was criticised globally.1>172223 Guinea, Liberia, and Sierra Leone
suffered economic disruptions and difficulties in humanitarian response due to travel
restrictions during the Ebola epidemic from 2014-2016.2426 On 29" March 2016, the PHEIC

status was lifted for Ebola in West Africa.
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Zika virus (2016)

In March 2015, a cluster of microcephaly and Guillian-Barre syndrome was suspected to be
linked to Zika virus.?’ The suspicion was confirmed in April of the same year.?° In response to
this situation, the WHO declared a PHEIC after one year on 1% February 2016.2¢ During the
time of declaration, there were 594 cases of microcephaly possibly related to Zika virus.'® Slow
political mobilisation let to the delay in declaration of Zika virus as a PHEIC.Y” Colombia,
Suriname, El Salvador, Guatemala, Paraguay, and French Polynesia were some of the places
that reported cases of Zika virus infection. The PHEIC declaration for Zika virus was the first

declaration for a mosquito-borne disease and it was lifted on 18" November 2016.%°

Kivu Ebola (2018-2020)

The first reported cases occurred in North Kivu province in the Democratic Republic of Congo
at the end of July 2018.3! During the three IHR meetings on October 2018, April 2019, and
June 2019 the Kivu Ebola pandemic was not considered a PHEIC due to the low risk of
international spread. However, by 11™ June 2019, the number of related deaths had already
reached 1405.32 Goma, which is the capital of North Kivu, detected the first case of Ebola on
13% July 2019. Four days later, during the fourth IHR meeting on 17" July 2019, a PHEIC
declaration was made by the WHQO.33 There were 2522 confirmed cases when the declaration
was made.!®* WHO’s delay and hesitancy in PHEIC declaration was highly criticised."34-3¢

The declaration was lifted on 26" June 2020.37
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COVID-19 (2020)

During December of 2019, a novel coronavirus was detected in China. It was later named
COVID-19 by the WHO. COVID-19 is an infectious disease characterised by atypical
pneumonia and is caused by SARS-CoV-2.38 As COVID-19 became a global concern,3%40 it
was declared a PHEIC on 30" January 2020, during the second IHR meeting seven days after
the first meeting of the Emergency Committee.** COVID-19 had already affected 19 countries
globally with 7818 cases in five WHO regions on the day of the declaration.*> COVID-19 was
recognised as a pandemic on 11" March 2020. As of January 2022, more than 670 million
people worldwide have been infected.*®* The WHO was criticised for the delay in declaration
of COVID-19 as a PHEIC as the pandemic raised unprecedented challenges with its long-term
consequences.**” To date (24" January 2022), COVID-19 has spread to more than 190

countries and is still a PHEIC.

Monkeypox (2022)

An outbreak of monkeypox was confirmed in May 2022 in the United Kingdom.*® After an
inconclusive second IHR meeting on 215 July 2022,%° the WHO declared Monkeypox a PHEIC
on 23 July 2022.5° The PHEIC declaration of monkeypox virus raised concerns that an
outbreak’s perceived threat is largely determined by the wealth of the nation.>1>3 By the time
monkeypox was declared a PHEIC it had already affected 17186 people, in 75 countries in all

six WHO regions.

10
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1.1.2.4.  Notification and decision-making under the IHR

International experts in fields related to health emergencies, such as infectious disease
epidemiology, vaccine development or virology serve as the IHR Emergency Committee. The
WHO Director-General seeks technical advice related to PHEIC from the committee. The
WHO Director General holds the responsibility to determine whether an event lies within this
category. The Emergency Committee advises when determining a PHEIC in circumstances of
inconsistencies. The epidemiological situation will be re-evaluated by the Emergency
Committees at least every three months to determine if the event remains to be a PHEIC or any

changes are to be made in the decisions and recommendations.

1.1.2.5.  Subjective nature of the assessment criteria

Although the four assessment criteria set by the WHO are comprehensive and cover all aspects
of an emergency, they are subjective and the WHO lacks an objective framework for declaring
a PHEIC. The subjective nature of the definition of a PHEIC risks distrust of WHO’s decision-
making processes and lack of respect for subsequent guidance.>* Regional and international
dynamics, potential economic repercussions, together with a risk of political and social unrest,
may play a role in delaying reporting of diseases of concern and/or declaration of a PHEIC,
and may also lead to criticism of the decision by national governments or civil society
organizations. In the absence of a strong epidemiological basis, it is difficult to make strong
conclusions about criterion 1 for declaration of a PHEIC. Determination of the threat from a
disease depends on the case fatality rate, infectiousness, and degree of health care burden of

non-fatal cases of the disease, but these are often difficult to establish in the early stages of an

11
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outbreak and there are no established standards for interpreting this information. There is a
potential that any decision will be biased by political and economic concerns, or by the
influence in particular of the country in which the outbreak was detected. Given the subjective
nature of current decisions and the huge economic costs associated with declaring a PHEIC, it
is possible that any decision might not be based purely on technical aspects of the emergency.

Such influence may lead to a poorly timed or incorrect PHEIC declaration.

Past research on WHO’s response to disease outbreaks has shown lack of confidence in the
objectivity of its decisions. The World Health Organization has been criticised for lagging the
global discussion when it should have acted as a world leader during outbreaks of emerging
infectious diseases. Sudeepa Abeysinghe (2015) compared the WHO’s quick response to HiN1
with its response to Ebola and how the institutional structures surrounding the global
governance of infectious disease risk underpinned the action or inaction on both the diseases.
15 As the WHO’s swift reaction to HiN1 was later criticised due to the perceived mildness of
the event, the study suggested that WHO should create an objective means of measurement and
management of disease outbreak as the scope of IHR is broad. Mart Eccleston-Turner (2020)
highlighted the disconnection of PHEIC criteria and its interpretation by the Emergency
Committee during the COVID-19 pandemic.> An editorial in the Lancet (2019) accused the
WHO of favouring local protectiveness over global action.>* A report by Mullen et al. showed
that the emergency committee was inconsistent in applying the IHR criteria when making
PHEIC decisions.>®5” A 2018 study in the American Journal of Public Health found quicker

WHO responses during PHEIC declarations in HiN1-2009, Ebola 2014, and Zika 2016, when
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US citizens were infected.® Sometimes WHO does not say in the reporting if the criteria were
met. The report of The Lancet Commission highlighted the delay in notification of COVID-19
during the initial outbreak as well as the slow and over-cautious response from the WHO.*’
The IHR measures fell short of ensuring a robust international response to the COVID-19
outbreak. The Lancet Commission*” claimed that the WHO’s decision was influenced by the
ongoing tension between the USA and China, including the USA’s May 2020 announcement

of intention to withdraw from the WHQ.59.60

This research will assess the scientific quality of the early reporting of the COVID-19 pandemic,
with a focus on the estimation of infectiousness of the virus during the early stages of the
pandemic. This will help determine the reliability of various parameters and tools widely used
to estimate the disease spread and is intended to improve our understanding of the value of
these tools in helping the WHO to make a timely, independent and objective PHEIC declaration.
Improvements in the objectivity of these declarations will help with the prevention of the
international spread of the infectious disease and support the response to affected countries.
This will even help avoid and manage uncertainty in the decision-making process by easing

risk identification and communication.

1.1.3. Objectives of this research
This research aims to assess the early reporting of the emerging infectious disease by using
COVID-19 data. The specific objectives of this research are:

e To assess reliability of the published mathematical models estimating basic

reproduction number (R,) in predicting the COVID-19 pandemic
13
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To assess the effectiveness of Global Health Security Index (GHSI) Scores in predicting
the epidemic
To make recommendations for improvements in the relationship between policy

decisions and the scientific information that supports them
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CHAPTER 2: Systematic review

Reliability of early estimates of basic reproduction number of COVID-19: a systematic

review and meta-analysis

2.1 Background

The World Health Organisation declared a public health emergency of international concern
on 30" January 2020°%! after the outbreak of a novel coronavirus in China that was subsequently
named COVID-19. Since that declaration there are more than 670 million confirmed cases and
above 6.7 million deaths due to COVID-19 affecting more than 180 countries worldwide, and

the rate of infection continues to rise.*?

For infectious diseases like COVID-19, the basic reproduction number (R,) is essential to
understanding the disease transmissibility, preparing preventive measures such as social
distancing and lockdowns, and evaluating the effectiveness of policy. The R, is often
evaluated early in an emerging infectious disease outbreak to identify the pandemic potential
of the disease,®? while the effective reproduction number has been used extensively in some
countries to assess the effectiveness of current interventions and the potential to control the

epidemic.53

R, can be estimated using a variety of different methods, based on different forms of data and
assumptions about population behaviour and risk. Moreover, early estimates of the R, may be
based on limited and highly biased data, and estimates can change over time. Because of the
vulnerability of these indices to estimaation differences and data quality, they have both been

criticised as metrics for assessing either pandemicity or intervention effectiveness.®
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Nonetheless their use has been widespread in the COVID-19 pandemic, both to make
judgments about the effectiveness of highly controversial “herd immunity” strategies®® and to
assess the state of the pandemic at different time points and regions.®® Many COVID-19

dashboards in many countries report this metric.7:68

Given these variations in types of reproduction number and methods used to estimate them and
the important role this index played in policy assessments in many countries, it is essential to
synthesise all existing evidence available to date and summarise the key findings. Previous
reviews of the available estimates of R, included a small number of published articles, failed
to take into account the different types of effect sizes reported in the study, or did not properly
assess publication bias.®®"° This study aimed to estimate the pooled R, for the COVID-19
outbreak from a full and comprehensive systematic review and meta-analysis of studies
published early in the pandemic, and identify the impact of study-related factors such as

methods, study location and study period on the estimated R,.

2.2 Methods

The study was performed according to the protocol registered in PROSPERO

(ID=CRD42021279514)"* and PRISMA guidelines.

2.2.1. Database search and search strategy

All COVID-19-related studies with title and abstract published between 1%t December 2019
and 30" September 2020 were screened. The search was performed in LitCovid, PubMed,
MEDLINE, CINAHL, APA Psycinfo, EMBASE, the WHO COVID-19 database, the British

Nursing Index, Coronavirus Research Database, Web of Science, CiNii, and the preprint
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database arXiv. Finally, the reference list of the relevant articles was searched to find additional

studies.

Electronic databases were searched using keywords such as ‘COVID-19’, 2019-nCoV’,

‘SARS-CoV-2’, ‘novel coronavirus’, ‘Basic reproduction number’, ‘Basic reproductive rate’

or ‘R0O’, with no restriction of country/region and language but limited to human studies. The

search strategies are presented below.

2.2.1.1. PubMed, LitCovid, MEDLINE (via PubMed)

#1

#2

Keywords

(((coronavirus*[Title/Abstract])) OR (coronavirus infection[Title/Abstract]) OR
(coronavirus disease[Title/Abstract]) OR (coronavirus disease 2019[Title/Abstract])
OR  (coronavirus  disease-19[Title/Abstract]) OR  (coronavirus  disease
19[Title/Abstract]) OR (covid19[Title/Abstract]) OR (covid 19[Title/Abstract]) OR
(covid-19[Title/Abstract]) OR (covid-19 pandemic[Title/Abstract]) OR (covid 19
pandemic[Title/Abstract]) OR (covid-19 virus infection[Title/Abstract]) OR (covid 19
virus infection[Title/Abstract]) OR (covid-19 virus disease[ Title/Abstract]) OR (covid
2019[Title/Abstract]) OR (sars-cov-2[Title/Abstract]) OR (sars cov 2[Title/Abstract])
OR (severe acute respiratory syndrome coronavirus 2[Title/Abstract]) OR (severe
acute respiratory syndrome coronavirus 2[Supplementary Concept]) OR (novel
coronavirus 2019[Title/Abstract]) OR (2019 novel coronavirus
disease[Title/Abstract]) OR (2019 novel coronavirus infection[Title/Abstract]) OR
(2019-nCoV infection[Title/Abstract]) OR (2019-nCoV/[Title/Abstract]) OR
(2019nCov|Title/Abstract]) OR (2019 nCov|[Title/Abstract]))

((Basic  Reproduction  Number[Title/Abstract]) OR  (Basic reproductive
number[Title/Abstract]) OR (Morbidity[Title/Abstract]) OR
(Mortality[Title/Abstract])) OR (Mortality rate[Title/Abstract]) OR (Case fatality
rate[ Title/Abstract]) OR (Incidence[Title/Abstract]) OR (Prevalence[Title/Abstract])
OR (Serial interval[Title/Abstract])) OR (Attack rate[Title/Abstract]) OR (Rate
change[Title/Abstract]) OR (Percentage change[Title/Abstract]) OR (Percent
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#3

change[Title/Abstract]) OR (Reduction rate[Title/Abstract])) OR (Absolute
change[Title/Abstract]) OR (Reduction[Title/Abstract]) OR (Reduc*[Title/Abstract])
OR  (Death[Title/Abstract]) OR  (Excess  death[Title/Abstract])) OR
(Asymptomatic[Title/Abstract]) OR (Asymptomatic Infection[Title/Abstract]) OR
(Asymptomatic Disease[Title/Abstract]) OR (Asymptomatic covid-
19[Title/Abstract]) OR (Infection rate[ Title/Abstract]) OR
(Misreport*[Title/Abstract]) = OR  (Misreporting  rate[Title/Abstract]) OR
(Forecast*[Title/Abstract]) OR (Forecasting[Title/Abstract])) OR (Population
Forecast[Title/Abstract]) OR (Prediction[Title/Abstract]) OR (trends[Title/Abstract])
OR  (trend*[Title/Abstract]) @ OR  (trend  analysis[Title/Abstract]) OR
(Lockdown|[Title/Abstract]) OR (Lock down[Title/Abstract])) OR (travel
ban[Title/Abstract])) OR  (travel restriction[Title/Abstract])) OR  (travel
restrictions[Title/Abstract]) OR (quarantine[Title/Abstract]) OR (shut
down[Title/Abstract]) OR (shutdown[Title/Abstract])))

#1 AND #2 (human, 2019/12/1-2020/9/30)

Search performed on: 15™ October 2020

Total: 7949
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2.2.1.2.  MEDLINE Complete, CINAHL Plus with full text, APA

Psychlinfo (vis EBSCO host)

S1

S2

S3
S4
S5

S6

S7
S8
S9

Keywords
AB coronavirus* OR AB “coronavirus infection” OR AB ““coronavirus disease” OR AB
“coronavirus disease 2019” OR AB ‘“coronavirus disease-19” OR AB “coronavirus
disease 19” OR AB covid19 OR AB “covid 19” OR AB “covid-19” OR AB “covid-19
pandemic” OR AB 2covid 19 pandemic” OR AB “covid-19 virus infection”
AB “covid 19 virus infection” OR AB “covid-19 virus disease” OR AB “covid 2019~
OR AB “sars-cov-2” OR AB “sars cov 2” OR AB “severe acute respiratory syndrome
coronavirus 2” OR AB “novel coronavirus 2019” OR AB “2019 novel coronavirus
disease” OR AB “2019 novel coronavirus infection” OR AB “2019-nCoV infection”
OR AB “2019-nCoV” OR AB 2019nCov
AB 2019 nCov
AB S1 OR S2 OR S3
AB “Basic Reproduction Number” OR AB “Basic reproductive number” OR AB
Morbidity OR AB Mortality OR AB “Mortality rate” OR AB “Case fatality rate” OR
AB Incidence OR AB Prevalence OR AB “Serial interval” OR AB “Attack rate” OR
AB “Rate change” OR AB “Percentage change”
AB “Percent change” OR AB “Reduction rate” OR AB “Absolute change” OR AB
Reduction OR AB Reduc* OR AB Death OR AB “Excess death” OR AB Asymptomatic
OR AB “Asymptomatic Infection2 OR AB “Asymptomatic Disease” OR AB
“Asymptomatic covid 19” OR AB “Infection rate”
AB S5 OR S6
AB S4 AND S7
AB S4 AND S7
Limiters — Date of Publication: 20190101-20200930
Narrow by Population: - human
Search performed on: 161 October 2020
Total: 258
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2.2.1.3. EMBASE

#1

#2

#3
#4

Keywords
coronavirus*:ab,ti OR ‘coronavirus infection’:ab,ti OR ‘coronavirus disease’:ab,ti
OR ‘coronavirus  disease  2019’:ab,ti  OR ‘coronavirus  disease-19’:ab,ti
OR ‘coronavirus disease 19’:ab,ti OR covid19:ab,ti OR ‘covid 19’:ab,ti OR ‘covid-19
pandemic’:ab,ti OR ‘covid 19 pandemic’:ab,ti OR ‘covid-19 virus infection’:ab,ti
OR ‘covid 19 virus infection’:ab,ti OR ‘covid-19 virus disease’:ab,ti OR ‘covid
2019’:ab,ti OR ‘sars-cov-2’:ab,ti OR ‘sars cov 2’:ab,ti OR ‘severe acute respiratory
syndrome coronavirus 2’:ab,ti OR ‘novel coronavirus 2019’:ab,ti OR ‘2019 novel
coronavirus disease’:ab,ti OR ‘2019 novel coronavirus infection’:ab,ti OR ‘2019-
ncov infection’:ab,ti OR ‘2019-ncov’:ab,ti OR ‘2019ncov’:ab,ti OR 2019 ncov’:ab,ti
‘basic reproduction number’:ab,ti OR ‘basic reproductive number’:ab,ti OR
morbidity:ab,ti OR mortality:ab,ti OR ‘mortality rate’:ab,ti OR ‘case fatality
rate’:ab,ti OR incidence:ab,ti OR prevalence:ab,ti OR ‘serial interval’:ab,ti OR ‘attack
rate’:ab,ti OR ‘rate change’:ab,ti OR ‘percentage change’:ab,ti OR ‘percent
change’:ab,ti OR ‘reduction rate’:ab,ti OR ‘absolute change’:ab,ti OR reduction:ab,ti
OR reduc*:ab,ti OR death:ab,ti OR ‘excess death’:ab,ti OR asymptomatic:ab,ti OR
‘asymptomatic infection’:ab,ti OR ‘asymptomatic disease’:ab,ti OR ‘asymptomatic
covid 19’:ab,ti OR cinfection rate’:ab,ti OR misreport*:ab,ti OR ‘misreporting
rate’:ab,ti OR forecast*:ab,ti OR forecasting:ab,ti OR ‘population forecast’:ab,ti OR
prediction:ab,ti OR trends:ab,ti OR trend*:ab,ti OR ‘trend analysis’:ab,ti OR
lockdown:ab,ti OR ‘lock down’:ab,ti OR ‘travel ban’:ab,ti OR ‘travel restriction’:ab,ti
OR “travel restrictions’:ab,ti OR quarantine:ab,ti OR ‘shut down’:ab,ti OR
shutdown:ab,ti
#1 AND #2
#1 AND #2 AND [humans]/lim AND [embase]/lim AND [2019-2020]/py
Search performed on: 16™ October 2020
Total: 10512
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2.2.1.4. COVID-19 database by the World Health Organization,

LILACS (Americas), WPRIM (Western Pacific)

A

Keywords
(tw:(coronavirus*)) OR (tw:(“coronavirus infection”)) OR (tw:(“‘coronavirus
disease”)) OR (tw:(“coronavirus disease 2019)) OR (tw:(“‘coronavirus disease-19 *))
OR (tw:(“coronavirus disease 19”)) OR (tw:(“covid19”)) OR (tw:(“covid 19”)) OR
(tw:(“covid-19 pandemic™)) OR (tw:(“covid 19 pandemic”)) OR (tw:(“covid-19 virus
infection”)) OR (tw:(“covid 19 virus infection”)) OR (tw:(“covid-19 virus disease”))
OR (tw:(“covid 2019”)) OR (tw:(“sars-cov-2”)) OR (tw:(“sars cov 2”)) OR
(tw:(“severe acute respiratory syndrome coronavirus 2’)) OR (tw:(“novel coronavirus
2019”)) OR (tw:(“2019 novel coronavirus disease™)) OR (tw:(2019 novel coronavirus
infection”)) OR (tw:(“2019-nCoV infection”)) OR (tw:(“2019-nCoV”)) OR
(tw:(2019nCov)) OR (tw:(“2019 nCov™))
(tw:(“Basic Reproduction Number”)) OR (tw:(“Basic reproductive number”)) OR
(tw:(Morbidity)) OR (tw:(Mortality)) OR (tw:(“Mortality rate”)) OR (tw:(“Case
fatality rate””)) OR (tw:(Incidence)) OR (tw:(Prevalence)) OR (tw:(“Serial interval™))
OR (tw:(“Attack rate”)) OR (tw:(“Rate change”)) OR (tw:(“Percentage change”)) OR
(tw:(“Percent change”)) OR (tw:(“Reduction rate)) OR (tw:(“Absolute change”)) OR
(tw:(“Reduction”)) OR (tw:(“Reduc*”)) OR (tw:(“Death”)) OR (tw:(“Excess death”))
OR (tw:(Asymptomatic)) OR (tw:(“Asymptomatic Infection”)) OR
(tw:(“Asymptomatic Disease”)) OR (tw:(“Asymptomatic covid 19”)) OR
(tw:(“Infection rate”)) OR (tw:(“Misreport*”)) OR (tw:(“Misreporting rate”)) OR
(tw:(Forecast*)) OR (tw:(Forecasting)) OR (tw:(Population Forecast)) OR
(tw:(Prediction)) OR (tw:(trends)) OR (tw:(trend*)) OR (tw:(“trend analysis”)) OR
(tw:(Lockdown)) OR (tw:(“Lock down™)) OR (tw:(“travel ban”)) OR (tw:(“travel
restriction”)) OR (tw:(“travel restrictions”)) OR (tw:(quarantine)) OR (tw:(“shut
down”)) OR (tw:(shutdown))
A AND B
Search performed on: 18™ October 2020
Total: 11

21



CHAPTER 2

2.2.1.5.  British Nursing Index, Coronavirus Research Database (via

Proquest)

Keywords

A (ab(coronavirus*) OR ab(“coronavirus infection””) OR ab(“coronavirus disease”) OR
ab(“coronavirus disease 2019”) OR ab(“coronavirus disease-19 “) OR ab(“coronavirus
disease 19”) OR ab(“covid19”) OR ab(*“covid 19”) OR ab(“covid-19”) OR ab(“covid-
19 pandemic”) OR ab(“covid 19 pandemic”) OR ab(“covid-19 virus infection”) OR
ab(“covid 19 virus infection”) OR ab(“covid-19 virus disease”) OR ab(“covid 2019”)
OR ab(“sars-cov-2") OR ab(“sars cov 2”’) OR ab(“severe acute respiratory syndrome
coronavirus 2”) OR ab(“novel coronavirus 2019”) OR ab(“2019 novel coronavirus
disease”) )

B (ab(“basic reproduction number”) OR ab(“basic reproductive rate”) OR
ab(“morbidity”) OR ab(“Mortality”’) OR ab(“mortality rate”) OR ab(*“‘case fatality
rate”) OR ab(“incidence”) OR ab(“prevalence”) OR ab(“Serial interval”) OR
ab(“Attack rate”) OR ab(“rate change”) OR ab(“Percentage change”) OR ab(“Percent
change”) OR ab(“Reduction rate”’) OR ab(“Absolute change’’) OR ab(Reduction”) OR
ab(Reduc*”) OR ab(“Death”) OR ab(“Excess death”) OR ab(Asymptomatic) OR
ab(“asymptomatic  infections”) OR  ab(“asymptomatic  diseases”) OR
ab(“Asymptomatic covid-19”) OR ab(“infection rate”) OR Misreport* OR
ab(“Misreporting rate”’) OR ab(Forecast*) OR ab(“Forecasting”) OR ab(“population
forecast””) OR ab(Prediction) OR ab(“trends”) OR ab(trend*) OR ab(““trends analysis”)
OR ab(Lockdown) OR ab(“Lock down”) OR ab(“travel ban”) OR ab(“travel
restriction”) OR ab(“travel restrictions”) OR ab(quarantine) OR ab(“shut down”) OR
ab(shutdown))

C Aand B (2019-12-01 — 2020-09-30)(British Nursing Index)

Search performed on: 161 October 2020
Total: 431
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2.2.1.6. Web of science

#1

#2

#3

Keywords
(TS=(coronavirus*) OR TS=(“coronavirus infection”) OR TS=(“coronavirus
disease”) OR TS=(“coronavirus disease 2019’) OR TS= (“coronavirus disease-19 ) OR
TS= (“coronavirus disease 19”) OR TS= (“covid19”) OR TS= (“covid
19”) OR TS= (“covid-19”) OR TS= (“covid-19 pandemic”) OR TS= (“covid 19
pandemic”) OR TS= (“covid-19 virus infection””) OR TS= (“covid 19 virus infection”) OR
TS= (“covid-19 virus disease”) OR TS= (“covid 2019”) OR TS= (“sars-cov-2”) OR
TS= (“sars cov 2”) OR TS=(“severe acute respiratory syndrome coronavirus
2”) OR TS= (“novel coronavirus 2019”) OR TS= (2019 novel coronavirus disease”) OR
TS= (“2019 novel coronavirus infection”) OR TS= (“2019-nCoV
infection”) OR TS= (“2019-nCoV”’) OR TS= (“2019nCov”’) OR TS=(*2019 nCov™))

(TS= (“Basic Reproduction Number”) OR TS=(“Basic reproductive number”’) OR

TS= (“Morbidity”) OR TS=(“Mortality”) OR TS= (“Mortality rate”’) OR TS= (“Case
fatality rate””) OR TS= (“Incidence”) OR TS=(“Prevalence”) OR TS= (“Serial

interval”) OR TS= (“Attack rate””) OR TS= (“Rate change”) OR TS=(“Percentage
change”) OR TS=(“Percent change”) OR TS=(“Reduction rate”) OR TS=(“Absolute
change”) OR TS=(“Reduction”) OR TS= (“Reduc*”’) OR TS= (“Death”) OR TS=(“EXxcess
death”) OR TS=(Asymptomatic) OR TS=(“Asymptomatic

Infection”) OR TS=(“Asymptomatic Disease”) OR TS=(“Asymptomatic covid

19”) OR TS=(“Infection rate”’) OR TS=(“Misreport*”’) OR TS=(“Misreporting

rate””) OR TS=(Forecast*) OR TS= (Forecasting) OR TS= (“Population Forecast”) OR
TS= (“Prediction”) OR TS=(“trends”) OR TS= (trend*) OR TS= (“trend

analysis”) OR TS=(Lockdown) OR TS= (“Lock down”) OR TS= (“travel

ban) OR TS=(“travel restriction”) OR TS=(“travel

restrictions”) OR TS=(“quarantine”) OR TS= (“shut down”) OR TS= (“shutdown”))

#1 AND #2 (2019 to 2020) (Refined by: DOCUMENT TYPES: ( ARTICLE OR EARLY
ACCESS))

Search performed on: 16" October 2020

Total: 7111
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2.2.1.7. aRxiv

Keywords

A “coronavirus*” OR “coronavirus infection” OR “covid 19” OR “coronavirus disease”
OR “covid19” OR “covid 2019” OR “sars-cov-2”

B  “Basic Reproduction Number” OR “Basic reproductive number” OR “Morbidity” OR
“Mortality” OR “Mortality rate” OR “Case fatality rate” OR “Incidence” OR
“Prevalence” OR “Serial interval® OR “Attack rate” OR “Rate change” OR
“Percentage change” OR “Percent change” OR ‘“Reduction rate” OR “Absolute
change” OR “Reduction” OR “Reduc*” OR “Death” OR “Excess death” OR
“Asymptomatic” OR “Asymptomatic Infection” OR “Asymptomatic Disease” OR
“Asymptomatic covid-19” OR “Infection rate” OR “Misreport*” OR “Misreporting
rate” OR “Forecast*” OR “Forecasting” OR “Population Forecast” OR “Prediction”
OR “trends” OR “trend*” OR “trend analysis” OR “Lockdown” OR “Lock down” OR
“travel ban” OR “travel restriction” OR “travel restrictions” OR “quarantine” OR “shut
down” OR “shutdown”

C AANDB
Search performed on: 16" October 2020
Total: 5
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2.2.1.8. CiNii

Keywords

A (“coronavirus®*” OR “coronavirus infection” OR “coronavirus disease” OR
“coronavirus disease 2019” OR “coronavirus disease-19” OR “coronavirus disease 19”
OR “covid19” OR “covid 19” OR “covid-19” OR “covid-19 pandemic” OR “covid 19
pandemic” OR “covid-19 virus infection” OR “covid 19 virus infection” OR “covid-19
virus disease” OR “covid 2019 OR “sars-cov-2” OR “sars cov 2” OR “severe acute
respiratory syndrome coronavirus 2” OR “novel coronavirus 2019” OR “2019 novel
coronavirus disease” OR “2019 novel coronavirus infection” OR “2019-nCoV
infection” OR “2019-nCoV” OR “2019nCov” OR “2019 nCov”)

B  (“Basic Reproduction Number” OR “Basic reproductive number” OR “Morbidity” OR
“Mortality” OR “Mortality rate” OR “Case fatality rate” OR “Incidence” OR
“Prevalence” OR “Serial interval® OR “Attack rate” OR “Rate change” OR
“Percentage change” OR “Percent change” OR “Reduction rate” OR “Absolute
change” OR “Reduction” OR “Reduc*” OR “Death” OR “Excess death” OR
“Asymptomatic” OR “Asymptomatic Infection” OR “Asymptomatic Disease” OR
“Asymptomatic covid-19” OR “Infection rate” OR “Misreport*” OR “Misreporting
rate” OR “Forecast*” OR “Forecasting” OR “Population Forecast” OR “Prediction”
OR “trends” OR “trend*” OR “trend analysis” OR “Lockdown” OR “Lock down” OR
“travel ban” OR “travel restriction” OR “travel restrictions” OR “quarantine” OR “shut
down” OR “shutdown’)

C AANDB
Search performed on: 16™ October 2020
Total: 148
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2.2.2. Study selection

Search results were combined, and duplicates were removed. Titles and abstracts were screened
using Rayyan QCRI independently by two investigators. When eligibility could not be
ascertained, inclusion was decided during full-text screening. Full-text screening was
performed by two independent investigators and disagreements between investigators were
resolved by consensus. Original articles reporting reproduction numbers after social
interventions, opinion/correspondence, and reviews were also excluded. We limited our
analysis to articles published before 30" September 2020 to limit the findings from data in the
early phase of the pandemic when not many variants of COVID-19 had emerged. The variant
of COVID-19 may affect the R, value. However, few new variants had emerged during the
first year of the pandemic. The Beta variant of COVID-19 was first documented in the earliest
samples in May 2020 in South Africa and the Alpha variant was identified in September 2020
in the United Kingdom. However, these variants were not designated as a Variant of Concern
(VOC) until 18t December 2020, after the selection period for our study. Thus, as not many
studies reported the COVID-19 variants in early 2020, we did not limit our analysis to any of

the COVID-19 variants.

2.2.3. Data extraction and quality assessment

Two investigators independently extracted data from the included studies during full-text
screening. A standardised data extraction form was prepared (Appendix A) to capture the
following information and pilot tested. Title of the study, name of the authors, affiliated country
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of the author, journal, date of publication, study period, study location, model used for
estimating R,,, and the estimated value of R, with 95% confidence interval (CI) or credible
interval (Crl) including other intervals were extracted from the selected articles. | used an
assessment tool for case-series studies developed by the National Heart, Lung, and Blood
Institute (NHI) to assess study quality.”> Any disagreements were resolved by consensus or

after discussing with the principal investigator.

2.2.4. Data analysis

I summarised the findings from the included studies using both narrative synthesis and meta-
analysis. A narrative review was used for studies that did not report confidence or credible
intervals or other forms of intervals for reproduction numbers as these could not be included in

the meta-analysis. Ranges were converted into confidence intervals using appropriate formulae.

2.2.4.1.  Conversion of effect sizes

Studies reported reproduction numbers with various interval estimates such as 90 or 95%
confidence interval, 95% credible interval, 90% high density interval, meantstandard error,
interquartile range, upper and lower quartile, maximum & minimum, and range. Standard error
was calculated using appropriate formulae as below, which was then converted to 95%
confidence interval to use comparable effect sizes in the meta-analysis.

Step 1: Calculating Standard Error

I. For 90 % Confidence or credible or high-density interval

SE = UCI - LCI
"~ 2 * invnormal(0.95)
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i. For 95% Confidence or credible interval

_ UCI - LCI
2 x invormal(0.975)

SE

iii.  One study has credible interval but no mean value. Calculated mean value as:
UCI - LCI

E =
S 2 * invnormal(0.95)

R, = UCI — (invnormal(0.95) x SE)

iv.  Two studies have SD but no interval. Calculated SE as:

SE = SD
~Vn
v. Interquartile range / lower and upper quartile: 3 studies
_ UCI - LCI
~ 135
S = SD
~Vn

vi.  Studies with Lower/Upper values or Minimum/Maximum or range

(LCI + 2« Median + UCI)

mean =

4
1 (LCI - 2 « Median + UCI)?
SD = |[[—== + (UCI - LCI)?
12 4
SD . f .
SE = NG if nif given
SE = SD if nis not given
vii.  If Ryx XX, even if it is not mentioned whether the value after * is SE or SD, it is
assumed to be SE
viii.  If R, +SD, and sample size not available. SE = SD

Step 2: Calculating 95% confidence interval
After calculating standard error for all observations, 95% confidence interval (CI) of R, was
calculated as:

95% Lower CI = Ry —1.96*SE; 95% Upper CI = Ry + 1.96 * SE
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Studies with reproduction numbers and estimated confidence intervals were included in the
meta-analysis. | first used fixed-effect meta-analysis to obtain the pooled reproduction numbers
for studies that estimated multiple reproduction numbers for the same country based on
different assumptions and methods. I later utilised this pooled estimate to calculate a summary
estimate using a fixed-effect or random-effects meta-analysis based on heterogeneity across
studies (I? statistics).”® The I?, 72, and Q value were used to examine the extent of
heterogeneity between studies. | used the restricted maximum likelihood (REML) method in
the case of the random-effects meta-analysis.”* Log-transformed values of the effect sizes were
used in the meta-analysis model and the results were transformed back to ensure that the pooled
effect size was larger than zero (0). Pooled effect sizes along with a 95% confidence interval
were presented. | assessed the possibility of publication bias through visual inspection of
asymmetry in funnel and Doi plots, and the LFK index to measure asymmetry.”> When
evidence of publication bias was confirmed, | performed the trim-and-fill procedures to account

for the possible publication bias.”

2.2.4.2.  Sub-group and sensitivity analysis

| also conducted a sub-group analysis by country, continent, study duration and method,
whether mean or median was reported for reproduction number, month of publication, and
whether the study was conducted in Wuhan, Hubei including Wuhan or outside Hubei in China.
Influence analysis was performed using leave-one-out analysis to detect which study
influenced the pooled estimate of the meta-analysis most. Sensitivity analysis was conducted

by leaving the most influential studies from the analysis, excluding studies with R, < 1
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considering the increasing number of cases with the spread of the COVID-19 virus and
excluding fair or low-quality studies. Version 14.2 of Stata software (Stata Corp, College

Station, Texas, USA) was used to perform the analyses.

2.3 Results

A schematic representation of the process of selecting articles for this systematic review is
shown in Figure 2.1. This study screened 15 714 articles after removing duplicates from 26
425 identified records. Abstract and title screening resulted in 773 articles with various
outcomes. Upon full-text screening, I included 500 articles, out of which, 129 articles met the
eligibility criteria, and | additionally included 22 articles from references of the included
studies. Finally, 151 articles (Appendix B) estimating R, were included in this study.
Seventy-six articles were synthesised narratively as they did not provide intervals or
uncertainty estimates for R,. Out of the 76 articles described narratively, six articles that
provided interval estimates for some countries were included in the meta-analysis as well. Thus,
a total of 81 articles were included in the meta-analysis. The included studies reported

reproduction numbers for 73 countries.
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[ Identification of studies via database s and registers J [ Identification of studies via other methods J
Records idemified from: Records removed before screening:
= Databases (n = 26,425) Duplicate records removed
K] Pubmed? (n = 7949) using citation tool Mendeley
-] MEDLINE® (n = 258) (n=10,354) Records identified from:
b} k o . _
f‘é EMBASE (n = 10,512) Citation searching (n = 22)
5 WHO® (n = 11); BNIY (n = 431) Duplicate records removed
= WoS# (n = 7111); aRxiv (n = 5); using Rayyan (n = 357)
CiNii (n = 148)
—J ¢
Records screened -
(n= 15,714) Records excluded (n = 14,941)
' '
o Reports sought for retrie val Reports not retrieved Reports sought for retrieval Reports not retrieved
£ (n=773) (n=273) (n=22) (n=0)
g
2
@
PN, Reports excluded:
Reports assessed for eligibility Fgeasun 1 (n = 288): outcomes Reports assessed for eligibility
(n'=500) other than reproduction number (n=22) Reports excluded
Reason 2 (n = 33): reported R, (n=0)
Reason 3 (n = 46): not reporting
Ry values
Reason 4 (n = 3): Duplicates
Reason 5 (n = 1): Date of
— publication was December 2020
E Studies reporting Ry included in
El systematic review
£ (n=151)
81 studies included in meta-analysis

Figure 2.1. Selection of articles reporting basic reproduction number of COVID-19

published between 1%t December 2019 and 31t September 2020 using PRISMA flow

diagram 2020
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The estimates of R, from the studies included in the meta-analysis ranged from 0.4 to 12.58.
Details of the studies included in the meta-analysis can be obtained from Table 2.1. Figure 2.2
shows the forest plot with the distribution of R, values by study, with the overall pooled
estimate. | estimated the pooled R, for COVID-19 to be 2.66 (95% CI, 2.41-2.94) using a
random-effects model. This means that on average, a COVID-19-infected person transmits the
infection to around two to three susceptible people. There was heterogeneity among studies

(I = 100%, p-value <0.001, and 72 = 0.31).
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Author (date) Country ~ Study RO (95% Cl)
Salihu S. Musa et al. <|s Jul) Africa 19 237 (222, 251)
Kevin Linka et al. (7-J Austiia 96 438 (36
Kevin Linka et al. (7 Jul) Belgum 96 5.00 (3. 57 aa )
Kevin Linka et al. (7-Jul) Bulgaria 96 1.29 (1.21,1.37)
Ulrich Nguemdjo e! al. (26-Aug) Cameroon 88 1.57 (154, 1.60)
Ling Xue et al. (1-Jun) Canada 1 0564 (0.47,081)
Mingwano Shen et al (25~ Jan) China 117 471 (450, 4.92)
Natsuko Imai et al. (25-J; China 120 255 (1.42,3.68)
ShiZheo el al. (27 Ja ) China 81 571 (4.24,7.54)
Biao Tang et al. (27 China 113 6.46 (5.71,7.21)
Smathani Reca ol 429 Jan) China 118 311 (2.39, 4.13)
Zhidong Cao et al. (29-Jan) China 111 4.08 (337, 4.77
Julien Riou et al. (30-Jan) China 72 2.20 (0.7, 3.63)
Joseph T Wu et al. (31-Jan) China 67 268 (2.47, 2.86
Shi Zhao et al. (1-Feb) China 18 256 (2.49,2.63
Sam Abbott ef al. (3-Feb) China 125 2,66 (2.32, 3.00)
Steven Sanche et o, (n Feb) China 123 5.26 (3.96, 6.56)
Tao Lot al, (15-F- China 126 450 (4.40, 4.60
ung-mok Jung o (14 Feb) China 84 214 (2.04, 224
nghua Lictal (20 China 112 4.71 (4,49, 4.93
Can Zhou (20-F China 114 2.12 (2.04, 2.18)
Huijuan Zhou et o (25 Feb) China 108 550 (5.30, 5.80)
Yifan Zhu et al. (23-Mar) China 68 252 (2.47, 2.56)
Shi Zhao (25-Mar) China 40 250 (2.40, 2.70)
Qun Li et al. (26-Mar) China 12 220 (1.40, 3.90)
Cleo Anastassopoulou et al. (31—Man China 9 3.9 (3.65,4.33
Kangkang Wan et al. (1 ~Apr) China 105 1.44 (1.44, 1.44
Kai Wang et al. (8- China 8 5.78 (5.71, 5.89)
Kal Wang et al. (21- Apr) China 83 4.95(4.26,5.67
Qifang B et al. (27-Apr) China 16 0.40 (0.30, 0.50)
Mathias Peirlinck et al. (27-Apr) China 69 12.58 (6.37, 18.79)
Liuyong Pang et al. (30-Apr) China 22 4.64 (3.76, 5.42)
Ruiyun Li et al. (1-May) China 122 2.38 (2.03, 2.77)
Andrea Maugeri et al. (5-May) China 27 2.43 (2.42, 2.44)
Jia Wangping et al. (6-May) China 33 3.16 (1.73, 5.25)
Mohsin Ali et al. (8-May) China 97 1.87 (1.36, 2.40)
Chong You et al. (11-May) China 26 2.66 (2.42, 2.90)
Yunjun Zhang et al. (24-May) China 29 0.67 (0.54, 0.80)
Kai Wang et al. (26-May) China 47 2.60 (2.40, 2.80)
Ling Xue et al. (1-Jun) China 1 341(3.00, 382
Semu M. Kassa et al. (5-Jun) China 3 290 (2.89, 291
Soyoung Kim eet al. (5-Jun) China 87 412 (4.05,4.19)
Steven Sanche et al. (1-Jul) China 48 577 (4.39,7.16)
Kenji Mizumoto et al. (15-Jul) China 11 3.49 (339, 3.62)
Xinglie Hao et al. 6 Jul |) China 85 3.54 (3.40, 3.67)
Xiaoli Wang et al. (20 China 4 2.00 (160, 2.40)
Eior A Shaton st (ZAquI) China 38 359 (3.39,3.79)
Junyuang yang et al. (17-Aug) China 4 1.68 (1.68, 1.68)
M. Veera Krishna (21-Aug) China 56 245 (1.16, 4.87)
Kevin Linka et al. (7-Jul) Croatia 96 0.93 (0.50, 1.36)
Kovi L et ar (7 Jul) Cyprus 96 3.35 (1.12, 5.58)
Kevin Linka et al. (77Jul) Czech republic 96 2.92 (2.00, 384
Kevin Linka et al. (7-Jul) Denmark 96 2.00 (1.90, 2.1
Sheng Zhang et al. (22-Feb) Diamond Princess Cruisest2p 2.28 (2.06, 2.52)
Kevin Linka et al. (7-Jul) Estonia 96 3112 (159, 465
Kevin Linka et al. (7-Jul) Europe 96 4.22 (0.91,7.53
Kevin Linka et al. (1-Sep) Europe 70 4562 (2.03, 721
Kevin Linka et al. (7-Jul) Finland 96 1.62 (1.52,1.72)
Henrik Sale et al. (13-May) France 43 290 (2.81,301)
Mike Lonergan et . {26-May) France 17 2.14 (2.01,2.27)
Kevin Linka et al. (7-Jul) France 96 3.46 (2.89, 4.03
Laura Di Domenico et al. (30-Jul) France 45 3.18 (3.09, 3.24)
David H. Glass (24-Sep) France 28 2.02 (1.69, 2.35)
Mark J. Willis et al. (28-May) Germany 51 3.16 (2.96, 3.36)
Kevin Linka et al. (7-Ju |) Germany 96 6.3 (5.08, 7.58)
Antonio Guirao (6~Aug] Germany 93 250 (2.30, 2.70)
David H. Glass (24~ Sep) Germany 28 2.09 (183, 2.3
Kevin Linka et al. (7-Jul) Greece 96 1.66 (1.42, 1.90
Kin On Kok et al, (22-May) Hongkong 50 0.61 (0.43, 0.79)
Kevin Linka et al. (7-Jul) Hungary 96 1.97 (0.89, 3.05)
Karthick Kanagarathinam el al. (9-May) India 24 1.47 (1.35, 1.59)
Adhin Bhaskar et al. (2-Jun; India 10 1.84 (1.82, 1.86)
Purvi Patel et al. (2-Jun) India 46 2.38 (1.79, 3.07)
SR Patrikar et al. (29-Jun) India 49 258 (2.43,2.73)
S. Marimuthu et al. (30-Jun) India 64 1.38 (1.7, 1.38)
Amjad Salim Shaikh et al. (22-Jul) India 131 327 (0.36,6.17
Sudhanshu Kumar Biswas et al. (21-Sep) India 6 2110 (2.09, 2.10)
A. Khosravi et al. (4—Jun) Iran 91 2.70 (2.10, 3.40)
Elinor Aviv-Sharon et al. (24-Jul) Iran 38 1.86 (1.83, 1.89)
Kevin Linka et al. (7-Jul) Ireland 96 1.94 (1.82, 2.06)
Zian Zhuang (17-Apr) Ttaly 79 293 (2.77,3.08,
Marino Gatlo et al, (23— Apn Italy 90 3.60 (3.49, 3.84:
Jia Wangping et al. (6-M ttaly 33 434 (3.04, 6.00)
Mike Lonergan et al. (26| May) ltaly 17 233 (2.14,2.52)
Ling Xue et al. (1-Jun) taly 1 1.48 (1.28, 1.67)
Kevin Linka et al. (7-Jul) ltaly 96 4.25 (3.43,5.07)
Antonio Guirao (6-Aug) Italy 93 2.10 (2.00, 2.20)
David H. Glass (24-Sep) ttaly 28 216 (2.01,2.31
Toshikazu Kuniya (13-Mar) Japan 78 260 (2.40, 2.80)
Kin On Kwok et al. (22-May) Japan 50 0.48 (0.36, 0.60)
Zhongxiang Chen et al. (29-May) Japan 34 1.78 (1.72, 1.84)
Kevin'Linka st al. 7 ) Latvia 96 2550 (0.76, 4.24
Kevin Linka et al. (7-Jul L 242 (0.05, 4.79)
Abdalah Alssyed ot ol (e Jun) Malaysia 77 228 (2.03, 253
Kevin Linka et al. (7-. Malta 6 208 (1.81, 235
Kevin Linka et al. (7-. % |) Netherlands 96 5.88 (4.16, 7.60)
Adeshina | Adekunle et al. (31-Ju) Nigeria 5 242 (2.37,2.4
Qingyuan Zhao el al. (9-Feb) Outside China 107 570 (3.40,9.20)
Kentaro Iwata_(30-Mar) Outside China 2 6.50 (6.43, 6.57)
Gésar V. Munayco et al. (8-May) 13 218 (1.98,2.37)
Elinor Aviv-Sharon et al. (24-Jul) Philppines 38 3.00 (280, 3.20)
Nel Jason L. Haw et al. (15-Sep) Philppines 15 2.41 (2.33,2.48)
Kevin Linka et al. (7-Jul) Poland 262 (211,313)
Kevin Linka et al. (7-Jul) Portugal 96 510 (3.41,6.79)
Kevin Linka et al. (7-Jul) Romania 96 6.06 (4.41,7.71)
Kin On Kwok et al. (22-May) Singapore 50 0.70 (0.50, 0.90)
Kevin Linka et al. (7-Jul) Slovakia 96 1.46 (138, 1.54
Kevin Linka ot al. 7-Jul) Slovenia 9 3.83 (1.95,5.71)
Moran Ki et al. (9- ) South Korea 14 0.48 (0.31,0.65)
Chen Xu et al. (5-Ay South Korea 21 1.59 (1.58, 1.60)
Xiaomei Feng et al (15 May) South Korea 73 479 (4.38, 5.20)
Mike Lonergan et al. (26-May) Spain 17 223 (2.08, 2.38)
Mark J. Willis et al. (28-May) Spain 51 368 (3.62,3.74)
Kevin Linka et al. (7-Jul) Spain 9 519 (421,6.17)
Antonio Guiao 4s Aug) Spain 93 250 (2:30, 2.70)
David H. Glas: Spain 28 2.42 (219, 2.66)
e Wil etal, 125 May) Sweden 51 273 (2.44,3.02)
Kevin Linka et al. (7-Jul) Sweden 96 1.89 (1.71,2.07)
Elinor Aviv-Sharon et al. (24-Jul) Taiwan 38 226 (186, 2.66)
Chawarat Rotejanaprasert et al. (24 Sep) Thailand 80 375 (258, 4.91)
Greg Dropkin (10-Apr) UK 7 6.74 (651, 6.97)
Li-Xiang Feng et al. (13-May) UK 66 4.28 (3.89, 4.68)
Mike Lonergan et al. (26-May) UK 17 235 (2.17, 2.53)
David H. Glass {24—Sep) UK 2.03 (1.81,2.25)
Chen Xu et al USA 21 8.21(8.14, 8.29)
Wathias Peiinck et 2, (27-Apr) USA 69 5.30 (3.4, 7.16)
Mike Lonergan et al, 26-May) USA 17 3554 (3.36,3.73)
ax S. Y. Lau et al. (8-Sep) USA 3.30 (2.40, 5.20)
Davld . G\ass (24 ~Sep) USA 28 222 (1,94, 2.49)
Taboe et al. (29-Jul) West Africa 74 1.85 (1.84, 1.87)
OveraH, ML (I'=100.0%, p = 0.000) 266 (2.41, 2.94)

.0625 1 16
Basic reproduction number

Figure 2.2. Pooled estimated of basic reproduction number values

33



Table 2.1. Details of the studies included in the meta-analysis
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Semu M. Kassa et al.
Xiaoli Wang et al.
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Sudhanshu Kumar Biswas et al.
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Greg Dropkin

Kai Wang et al.

Cleo Anastassopoulou et al.
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Cleo Anastassopoulou et al.
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SN

10
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12
13
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14
14
15
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17
17
17
17
17
17
18

Study Author

9

10
11
12
13
13
14
14
15
16
17
17
17
17
17
17
17
17
17
17
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Cleo Anastassopoulou et al.
Cleo Anastassopoulou et al.

Adhin Bhaskar et al.
Kenji Mizumoto et al.
Qun Li et al.

César V. Munayco et al.
César V. Munayco et al.
Moran Ki et al.

Moran Ki et al.

Nel Jason L. Haw et al.
Qifang Bi et al.

Mike Lonergan et al.
Mike Lonergan et al.
Mike Lonergan et al.
Mike Lonergan et al.
Mike Lonergan et al.
Mike Lonergan et al.
Mike Lonergan et al.
Mike Lonergan et al.
Mike Lonergan et al.
Mike Lonergan et al.
Shi Zhao et al.

Country

China
China
India
China
China

Peru

Peru

South Korea
South Korea
Philippines
China
USA

USA

UK

UK

Italy

Italy
France
France
Spain
Spain
China

5.1
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SN

19
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22

23

24
24
24
24
24
24
24
24
24
24
24
24
24
24

Study Author

19
21
21
22
24

25

26
26
26
26
26
26
26
26
26
26
26
26
26
26

Salihu S. Musa et al.

Chen Xu et al.
Chen Xu et al.

Liuyong Pang et al.
Karthick Kanagarathinam et al.

Sheng Zhang et al.

Chong You et al.
Chong You et al.
Chong You et al.
Chong You et al.
Chong You et al.
Chong You et al.
Chong You et al.
Chong You et al.
Chong You et al.
Chong You et al.
Chong You et al.
Chong You et al.
Chong You et al.
Chong You et al.

Country

Africa
South Korea
USA
China
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Diamond
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China
China
China
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China
China
China
China
China
China
China
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2.4
1.6
8.2
4.6
1.5

2.3

1.9
6.8
2.7
2.2
2.7
2.4
7.8
4.5
2.4
2.8
3.4
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2.2
1.6
8.1
3.8
1.4
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0.9
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2.0
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Study Author
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27
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28
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28
29
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Chong You et al.

Chong You et al.

Chong You et al.

Chong You et al.

Andrea Maugeri et al.
David H. Glass

David H. Glass

David H. Glass

David H. Glass

David H. Glass
David H. Glass

Yunjun Zhang et al.
Yunjun Zhang et al.

Jia Wangping et al.

Jia Wangping et al.
Zhongxiang Chen et al.
Zhongxiang Chen et al.
Zhongxiang Chen et al.
Zhongxiang Chen et al.
Elinor Aviv-Sharon et al.
Elinor Aviv-Sharon et al.
Elinor Aviv-Sharon et al.

Country

China
China
China
China
China
France
Germany
Italy
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UK
USA
China
China
China
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Japan
Japan
Japan
China
Iran
Philippines
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2.8
6.2
3.0
3.6
2.4
2.0
2.1
2.2
2.4
2.0
2.2
0.7
0.7
3.2
4.3
2.0
1.1
1.6
1.5
3.6
1.9
3.0

from
1.0
3.9
1.4
2.6
2.4
1.7
1.8
2.0
2.2
1.8
1.9
0.5
0.4
1.7
3.0
1.9
0.9
1.4
0.9
3.4
1.8
2.8

to

4.5
8.7
5.3
5.2
2.4
2.4
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30
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37
38
38
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42
43

Study Author

38
40
41
43
45
46
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48
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49
49
49
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50
50
51
51
51
52
56
64

Elinor Aviv-Sharon et al.
Shi Zhao

Junyuang yang et al.
Henrik Salje et al.

Laura Di Domenico et al.
Purvi Patel et al.

Kai Wang et al.

Steven Sanche et al.
Steven Sanche et al.

SR Patrikar et al.

SR Patrikar et al.

SR Patrikar et al.

SR Patrikar et al.

Kin On Kwok et al.

Kin On Kwok et al.

Kin On Kwok et al.
Mark J. Willis et al.
Mark J. Willis et al.
Mark J. Willis et al.
Adeshina I. Adekunle et al.
M. Veera Krishna

S. Marimuthu et al.

Country

Taiwan
China
China
France
France
India
China
China
China
India
India
India
India
Hongkong
Japan
Singapore
Germany
Spain
Sweden
Nigeria
China
India

2.3
2.5
1.7
2.9
3.2
2.4
2.6
5.8
5.7
2.6
2.5
2.6
2.6
0.6
0.5
0.7
3.2
3.7
2.7
2.4
2.5
1.4

from
1.9
2.4
1.7
2.8
3.1
1.8
2.4
4.4
3.8
2.3
2.2
2.3
2.3
0.5
0.4
0.6
3.1
3.7
2.6
2.4
1.2
1.4

to

2.7
2.7
1.7
3.0
3.2
3.1
2.8
7.7
8.9
3.0
2.8
3.0
2.9
0.8
0.6
0.9
3.3
3.7
2.9
2.5
4.9
1.4
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The LFK index of 6.76 (Figure 2.3-b) showed strong evidence of small study-effect as
indicated by the funnel plot (Figure 2.3-a) and Doi plot (Figure 2.3-b). The bias-adjusted
results from trim-and-fill method in Figure 2.3-c showed an overall pool estimate of R, of

1.82 (95% CI, 1.74-1.91).

43



CHAPTER 2

Funnel plot with pseudo 95% confidence limits

SE of basic reproduction number
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(b)Doi plot

Filled funnel plot with pseudo 95% confidence limits
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(c)Funnel plot after trim-and-fill method

Figure 2.3. Funnel plot (a)before and (c)after trim-and-fill method, and (b)Doi plot for
basic reproduction number values of all studies used to estimate the summary

reproduction number of COVID-19
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Sub-group analysis is reported in Table 2.2 and detailed figures are presented in Figure 2.4 —
Figure 2.11. The pooled estimates for studies using the exponential growth model (R, =3.06)
and compartmental mathematical models (R, = 2.99) were higher than the pooled estimates
obtained using the moment-generating function of the Lotka-Euler equation (R, = 2.47),
logistic models (R, = 2.60), or other models (R, = 2.24). The overall R, was 2.64, and the
pooled estimates were 2.74 for data duration of < 2 weeks, 2.70 for 2 weeks to 1 month, 2.45
for 1-2 months, and 2.86 for > 2 months. This indicated that the estimates prepared in various
stages of the epidemic with different periods of data availability were not very different from
each other. The pooled estimate of R, using data collected up to January 2020 was relatively
higher (R, = 3.34) compared to the estimates from subsequent months and was declining until
March when more data were available. When COVID-19 started spreading rapidly to different
countries, the pooled estimates were highest in studies published in January (R, = 3.87) while

those published in August produced relatively lower estimates of 2.04.

Studies published using data in the USA found higher R, estimates of 4.09 than in India where
the pooled R, was estimated to be 1.91. Similarly, studies from Europe reported higher
estimates (R, = 2.74), while Africa’s pooled R, was 1.94. Studies that reported mean R, had
higher pooled estimates of 2.99 compared to studies reporting the median with pooled estimates
of 2.39. In Wuhan, the pooled R, was higher in Wuhan, Hubei (including Wuhan) or overall

in China (R,~3.40) than outside Hubei in China (R, = 1.50).
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Table 2.2. Sub-group analysis for basic reproduction number (R,)

Characteristics Number of Ro (95% CI) P value
reporting Heterogeneity
Method considered (n=161) <0.05
Exponential Growth Model 20 3.06 (2.32-4.03)
Moment generating function of the 6 2.47 (2.13-2.86)

Lotka-Euler equation

Compartmental Model 87 2.99 (2.67-3.35)
Logistic Model 4 2.60 (1.94-3.48)
Others 44 2.24 (1.87-2.69)

Duration of data (n=127) <0.05
<2 weeks 15 2.74 (2.26-3.31)

2 weeks — 1 month 28 2.70 (2.11-3.46)
1-2 months 53 2.45 (2.06-2.91)
>2 months 31 2.86 (2.47-3.32)

Last month of data (n=128) <0.05
January 25 3.34 (2.89-3.87)
February 14 2.23 (1.40-3.56)

March 30 2.18 (1.73-2.76)
April 13 2.72 (1.99-3.71)

May 12 2.69 (2.40-3.01)
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Characteristics

June

July

Month of publication

January
February
March
April
May
June
July
August
September
Country
China
Other
USA
Italy
India

France

Number of

reporting

30

(n = 130)

11

11

26

11

40

(n = 130)

43

49

Ro (95% CI)

2.80 (2.31-3.39)

2.60 (1.94-3.48)

3.87 (2.97-5.03)
2.90 (1.92-4.37)
3.18 (2.28-4.45)
3.37 (1.93-5.89)
2.22 (1.74-2.85)
2.12 (1.58-2.86)
2.83 (2.43-3.28)
2.04 (1.70-2.45)

2.27 (2.12-2.43)

3.02 (2.55-3.59)
2.24 (1.87-2.68)
4.09 (2.60-6.43)
2.69 (2.08-3.48)
1.91 (1.56-2.33)

2.68 (2.18-3.29)

P value

Heterogeneity

<0.05

<0.05
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Characteristics

UK

Spain

Germany
Continent

Asia

Europe

North America

Africa
Type of central estimate

Mean

Median

Other
Location in China

Wuhan

Hubei including Wuhan

Outside Hubei in China

China overall

Number of
reporting

4

(n =126)
66

50

(n = 130)
34
13
83

(n=43)

27

Ro (95% CI)

3.43 (1.99-5.91)
3.02 (2.22-4.09)

3.18 (1.99-5.08)

2.54 (2.18-2.96)
2.78 (2.46-3.15)
2.74 (1.62-4.64)

1.94 (1.27-2.98)

2.99 (2.43-3.68)
2.39 (1.91-2.98)

2.58 (2.28-2.92)

3.40 (2.61-4.44)
3.39 (2.48-4.64)
1.50 (0.76-2.96)

3.39 (2.84-4.04)

P value

Heterogeneity

<0.05

<0.05

<0.05
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CHAPTER 2

Duratio of data used

CAIS 6 and Author (date) Country  Study RO (95% CI)
1. <= 2 weeks
Shi Zhao et al. (27-Jan China 81 L] —r— 5710420 7.59
Gleo Anastassopouo ¢ L. (31-Mar) China 9 - 65, 4.33)
Kai Wang et al. (21-Apr) China 83 | —— 4 95 26, 5.67)
Ruiyun Ll et al. (1-May) China 122 —— 38 (2.03, 2.77)
Chong You et al. (1-May) China 26 + 66 (2.42, 2.90)
Zhongiiang Chen et al. B ay) Japan 34 » 178 (1.72, 1.84)
Lvn’%l ue et al. (1-Jun) China 1 —— .41 (3.00, 3.82
arimuthu el al. (30-Jun) India 64 » 1 .38 (1.37, 1.38)
Amijad Salim Shaikh et al. (22-Jul) India 131 .27 (0.36, 6.17)
Laura Di Domenico et al. 30-Jul) France 45 d 4 .18 (3.09, 3.2
Antonio Guirao (6-Aug) Germany 93 50 (2.30, 2.7
Antonio Guirao (6~ An) Spain’ 93 - 50 (2.30, 2.7
David H. Glass }24 Sep{ France 28 - | 102 (1,69, 2.3
David H. Glass (24-Sep) Italy 28 - .16 (2.01, 2.3
David H. Glass (24~ Sep Spain 28 .42 (219, 2.66)
David H. Glass (24-Sep UK 28 - .03 (1,81, 2.25)
Subgroup, REML (I° = 99.8%, p = 0.000) .66 (2.21, 3.20)
2.2 weeks—1 month
Biao Tang et al. (27-Jan) China 113 .46 (5.71,7.2
Jonathan M. Read et al. (28-Jan) China 118 111 (239,41
seph T Wu et al. (31-Jan) China 67 68 (2.47, 2.8
Sam Abbolt et al. (3-Feb) China 125 .66 (2.32, 3.0
Qingyuan Zhao et al. (9-Feb) Outside China 107 .70 (340, 9.2
Moran Ki et al. (9-Feb) South Korea 14 .48 (031, 0.65)
Stoven Sanche et a. (11-Feb) hina 123 .26 (3.96, 6.56)
Sung-mok Jung et al; (14-Feb) China 84 .14 (2.04, 2.24
Jinghua Li et al. (20-F Ghina 112 4.71(4.49,4.93
Can Zhou (20~Feb) Chi 114 2.12(2.04,2.18
Sheng Zhang et al. (22-Feb) Diamond Princess Cruuse 2.28 (2.06, 2.52
Huijuan Zhou et al. (25-Feb) hi 5.50 (5.30, 5.80,
Kangkang Wan et u ~Apr) Chra 108 1.4 (1.44, 1.44
ai Wang et al. (8-A China 8 5.78 (5.71, 5.89
Qtang Bret al. (27~ 3pr China 16 0.40 (0.30; 050
Liuyong Pang ot al. (30-Apr China 22 4.64 (3.76, 5.42
Andrea Maugeri et al (5—Ma ) China 27 2.43 (2.42,2.44
César V. Munayco et al. (8-May) Peru 13 2.18(1.98, 2.37,
Karthick Kana?arathmam ar (9-May) India 24 1.47 (135, 1.59
Henrik Salje ef al. Ua_Mr\Z France 43 2,90 (281,310
Xiagmei Feng et al. (18-May) South Korea 73 479 (4.38) 5.2
A. Khosravi et al. [4—J Iran 91 2.70 (210, 3.4
Soyoung Kim eet al. (5-Jun) China 7 412 (4.05,4.1
Sleven Sanche et . (1-Jul China 48 5.7 (4.39, 7.1
Antonio Guirao (6-Aug) Ttaly 93 2.10(2.00; 2.2
W Veors Kiara (21 ug) China 56 2.45 (1.16, 4.87)
Ravid H. Glass (24-Sop) Germany 28 2,09 (183, 2.34)
Subgroup, REML (I = 100.0%, p = 0.000) 2.74 (212, 3554)

3. 1-2 m

onths
Niingwang Shen et al. (25—Jan) China 117 4.71 (4,50, 4.92)
Zhidong Cao et al. (29—Jan) China 111 (3.37,
Lullen Riou et al. (30_Jan) China 72 0.77,
Shi Zhao et al. (1-Feb) China 18 249,
oot (13-F Fo b) China 126 450 (4.40,
Toshikazu Kuniya (13- Mar) Japan 78 40,
Yifan Zhu et al. (23-Ma China 8 A7,
Shi Zhao (25-Mar) China 40 50 (2.40;
Qun Li et al. (26-Mar) China 20 (1.40,
Greg Dropkin (10~ Apr) UK 7 .74 (6.51,
Zian Zhuang (17-Apr) Italy 79 X 77,
arino Gatio et al. (23-Apr ltal 0 60 (3.49,
Li-Xiang Feng et L (13-] 0K 6 .28 (3.89,
in On Kwok et al. (22~ M:ly) Hongkong 50 61 (0.43,
n On Kwok et al. (22~ May Japan 0 .48 (0.36,
in On Kwok et al, (22 Vi Singapore 50 .70 (0.50,
unun Zhang et a &AA May) hina 9 .67 (0.54,
Kai Wang et al. (: China 47 60 (2.40, 2.
(ing Xueet a. & Canada 1 .64 (0.47,0.81
Ling Xue et al i Italy 1 .48 (1.28,1.67)
Adhin Bhaskar et o (2 Jun) India 1 84 (1,82, 1.86)
euin Linka ol Austria 438 (367, 5.09
vin Cinka ot a1 (700 Belgium 5.00 (357, 6.43)
evin Linka et al. (7-Jul Bulgaria 1.29 (1.21, 1.37)
evin Linka et al. (7-Jul Croatia .93 (050, 1.36
evin Linka et al. (7-Jul Cyprus 12,558
cevin Linka et al. (7-Jul Czech republic 00, 3.84)
evin Linka et al. (7-Jul Denmark 90, 2.1
evin Linka et al. (7-Jul Esltonia 59,46
cevin Linka et al. (7-Jul Europe 91, 7.5
evin Linka et al. (7-Jul Finland 52,17
evin Linka et al. (7-Jul France (289, 4.03)
evin Linka et al. (7-Jul Germany 08,7.5
evin Linka et al. (7-Jul Greece 42, 1.9(
evin Linka et al. (7-Jul Hungary 89,3.0
evin Linka et al. (7-Jul Irelan 4 (1.82, 2.0
evin Linka et al. (7-Jul Italy 4. (3.43, 5.07)
evin Linka et al. (7-Jul Latvia 50 (0.76, 4.2
evin Linka et al. (7-Jul 42 (0.05, 4.7¢
evin Linka et al. (7-Jul .08 (1.81, 2.3
evin Linka et al. (7-Jul Netherlands .88 (4,16, 7.61
evin Linka et al. (7-Jul Polan 62 (2,11, 3.1
evin Linka et al. (7-Jul Portugal 1 41,6.7
evin Linka et al. (7-Jul Romania .06 (.41, 7.7
evin Linka et al. (7-Jul Slovakia 146 (1.38, 1,54
evin Linka et al. (7-Jul Slovenia 83 (1.95,5.71
evin Linka et al. (7-Jul Spain 19 (421, 6.17)
evin Linka et al. }7- Sweden 89 (1.71, 2.07)
enii Mizumoto et al (13-Jul) China 11 49 (339, 3.62)
Salihu S. Musa et al. (1 —Ju\) Alrica 19 *| 37 (2.2, 2.51
Ulrich Nguemdio et al. (26- Cameroon 88 - 57 (1,54, 1,60
Nel Jason L. Haw et al. (15 SF Philippines 15 - 41 (2.3, 2.48)
Sudhanshu Kumar (21-Sep) India 6 - 10 (2.09; 2.10)
Stiboroup, REML (1 = 80.7%, p = 0.000] 45 (2,06, 2.91
4.>2 months
Chen Xu el al 5—Apr South Korea 21 - 1.59 (1.58, 1.60)
Chen Xu etal. USA 21 | - 8.21(8.14,8.29
Waihias Peirinck et al, (27- Apr China 69 —— 12,58 (6.37, 18.79)
Mathias Peirlinck et al. (27 Apr USA 69 —— 5. 44,7.16)
Jia Wangping et al. (6-May) China 33 ——— 3.16 (1.7, 5.25)
{ia Wangping et al. (6-1 May ttaly 33 —— 4.34 (3.04, 6.00
Mohsin Ali et al. (8-May) China 97 — | 1.87 (1.36, 2.40
Vike Lonergan el a. (25-May) France 17 - 214 (201,227
Mike Lonergan et al. (26-May) ltaly 17 = 2.33 (2,14, 2.52)
Mike Lonergan et al. (26-May) Spain 17 - 2.23 (2.08, 2.38)
Mike Lonergan et al. (26-May) Tk 17 - 2:35(2.17, 2553
Mike Lonergan et al. (26-May) USA 17 | » 3.54 (336, 3.73)
Mark J. Wills et al. (28-May) Germany 51 g 3.16 (2.96, 3.36)
Mark J. Wills et al. (28-May Spain~ 51 - 3.68 (362, 3.74)
Mark J. Wills et al. (28-May) Sweden 51 S 2.73(2.44,3.02)
Purvi Patel et al. (2-Jun) India 46 —r— 2.38(1.79, 3.
emu M. Kassa et al. (5-Jun) China 3 » 2.
Abdallah Alsayed et al. (6-=Jun) Malaysia 77 - 2.
Xingjie Hao et al. (16-Jul) China 85 » 3.
Xiaoll Wang et al. 120 Jul China —t | 2,
or Avi et al. (24-Jul) China 38 » 3.
Elinor haron et al. (24-Jul Iran 38 4 | 1.
Elinor haron et al. (24-Jul Philppines 38 L] 3,
Elinor Aviv-Sharon et al. 24—Ju| Taiwan 38 2.
Hémaho B ‘aboe et al West Africa 74 4 1
Adeshi e sl ol (31 Ju\) Nigeria 52 2
4,
N e el (8-Sep) USA 5 3.
Chawarat Ralejanapraserl et al. (24-Sep) Thailand 80 3.
David H. Class (24-Sep) USA 28 2.
Subgroup, REML (I* = 100.0%, p = 0.000) 2 47, 3.32)

Heterogeneity between groups: p = 0.607

Overall, REML (I" = 100.0%, p = 0.000) 2.64 (2.39, 2.92)

»
Junyu: an yang etal. éﬂ —Aug China 4 4
Kevin Lk ot 2l ( Europe 70 i E—
e

I I
.0625 b5 1 266 8 18
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50



CHAPTER 2

Subgroup and Author (date) Country  Study RO (95% CI)
1. Ji
Mln Wdf‘F Shen et a\ (25 Jan) China 117 - 4.71 (4.50, 4.92)
Kaisic it al, (5 dar Ghina 120 —— 255 (142, 3.68)
Shi Zhao e China 81 —— 5.71 (4.24,7.64)
Biao Tang et a\ (27 China 113 1= 6.46 (5.71,7.21)
Jonathan M. Read et al China 118 k 8. 2.39, 4.13)
Zhidong Cao et al. (29-Jan) China 111 —— 4.08 (337, 4.77)
Jul\en Riou et al. (30-Jan) China 72 — * 2, 0.77, 3.63{
joseph T Wu ef al. (31-Jan) China 67 2.68 (2.47, 2.86)
Shl Zhao et al. (1-Feb) China 18 2, 49, 2.63)
Sam Abbolt el al. (B—Febé China 125 2. 32,3 00{
Qingyuan Zhao et al. (9-Feb) Outside China 107 e — 570 (340, 9.20)
Steven Sanche et al. (11-Feb) China 123 l — 5, 96, 6.56)
ung-mok Jung et al. (14-Feb) China 84 z 2114 (2.04, 2.24)
Can Zh u (20-Feb) China 114 2, 04,2.18)
Yifan Zhu et al. (23-Mar) China 68 2, 47,2, 56{
Shi Zhao (26-Mar) China 40 2. 40, 2.70]
Qun Lj et al. (26-Mar) China 12 220 (140, 3.90)
Cleo Anastassopoulou et al. (31-Mar) China 9 - 3. (3.65, 4.33)
Kai Wang et al. (21-Apr) China 83 4.95 (4.26, 5.67)
Liuyong Pang et al. (30-Apr) China 22 —— 4.64 (376, 5.42)
Ruiyun Li et al. (1-May) China 122 -3‘- 2.38 (2.03, 2.77)
Andrea Maugeri et al. (5-May) China 27 2, (2.42, 2.44)
hong You el al, (11-May) China 26 -» 2.66 (2.42, 2.90)
Ling Xue et al. (1-Jun) China 1 L] 3. 3.00, 3.82)
Steven Sanche et a|. (1-J: China 48 —— 5.77 (4.39, 7.16)
Subgroup, REML (I*'= 98. W, p =0.000) ® 334 (289,387)
2. February
Moran Ki et al. (9-Feb) South Korea 14
Tao Liu et al. 118 Febi China 126
Jinghua Li et al. (20- 2 China 112
e hen ot oo ety Diamond Princgss Cruises2ip
Huijuan Zhou et al. (25-Feb) China 108
Toshikazu Kuniya (13-Mar) Japan 78
Kan‘%ang Wan et al. (1 Apr) China 105
Kai Wang et al. (8-Ap Ghina 8
Qifang B et al. (277Ap) China 16
Yunjun Zhang st al. (24~ May; China 29
Kai Wang et al. (26-May) China 47
Soyoung Kim eet al. (5-Jun: China 87
Keniji M\Zumulo etal. (15 Jul} China 11
M. Veera (21-Aug China 56
Subgroup, REML (I” = 100.0%, p = 0.000)
3. March
Chen Xu et al. (5-Apr) South Korea 21
Cnen Xu et al. (5-Apr) UsA 21
Greg Dropkin (10-Apr) UK 7
Zian Zhuang (17-Apr) Italy 7
Marino Gatto et al. (23 Apr) Italy 9
ar V. Munayco et al. (8-May) Peru 1
Henrik Sage etal. (13-May) France 4
Li-Xiang Feng et al. (13-May) 6
Xiaomel Feng et al. (18-May) South Korea 7
Kin On Kwok et al. (22-May) Hongkong 5
Kin On Kwok et al. (22-May) 5
Kin On Kwok et al. (: Singapore 5!
Znongx\ang Chen et al. (29-May) Jay 34
Ling Xue el al. (1-Ju Canada 1
Ling Xue et al. (1-Jun) Italy 1
Semu assa et al. (5 Jun) China 3
S. Marimuthu et al. (SUﬁJun) India 64
Xingjie Hao et al. (16-Jul) China 8!
Amiad Salim Shaich of al. (22 Ju) india 131
Laura Di Domenico et al. (30-Jul) France 4!
Antonio Guirao (6-Aug) Germany 9
Antonio Guirao (6-/ Aug ltaly 9.
Antonio Guirao (6-Aug Spain 9
Junyuang yang etal 417-Au ) China 4
Nel Jason L. Haw et al. (15-Sep) Philippines 1
David H. Glass (24-Sep ance 21
David H. Glass (24-Sep) Germany 2
David H. Glass (24-Sep) Italy 2
David H. Glass (2A—§ep) Spain 21
David H. Glass (24 UK 28
Subgroup, REML (I
Malhlas Peirlinck et al China 69
Mathias Peirlinck et al 27 Apr) SA 69
Jia Wangping et al. (6-Nay) China 33
Jia Wanﬂ’:mg etal. (6-May) Italy 33
Mohsin Ali et al. (8-May) China 97
Karthick Kanagarathinam et al. (9-May) India 24
Adhin Bhaskar et al. (2-Ju inda 10
Abdallah Alsayed et al. (8-Jun) Malaysia 77
Sallhu . Musa ot o, ie-Ju) Afrfca 19
Xiaoli Wang et al. (20-Jul) China 4
Ulrich Ngusmd]n etal. (26-Aug) Cameroon 88
Kevin Linka et al. (1-Sep) Europe 70
Sudhanshu Kumar puswas et al. (21-Sep) India 6
Subgroup, REML (I* = 99.2%, p = 0.000)
May
ke Lonergan et al. (26-May) France 17
ko Lonorgan ot al. (26-May) Italy 17
ke Lonergan et al. (26-Ma: Spain 17
ke Lonergan et al. (26-May) 7
ke Lsnev?an et al. (26-May) 7
ark J. Wills et al. (28-May) Germany 51
lark J. Willis et al. (28-May) Spain 1
2tk J; Wills ef o, (26-May) Sweden 51
Purvi Patel et al. (2 —Ju in) India 6
A. Khosravi et al. (4-Jun) Iran 1
Adsshlna I Adakun\e et al. (31-Jul) Nigeria 52
x S. Y. Lau I, (8-Sep) USA 5
Subgrou:) F\EML (I =99, 2% p = 0.000)
June
evin Linka et al. (7-Jul Austria
evin Linka et al. (7-Ju Belgium
evin Linka et al. (7-Ju Bulgaria
evin Linka et al. (7-Jul Croatia
evin Linka et al. (7-Ju Cyprus
evin Linka et al. (7-Ju Czech republic
evin Linka et al. (7—Jul Denmark
evin Linka et al. (7-Ju Estonia
evin Linka et al. (7-Jul Europe
evin Linka et al. (7-Jul Finland
evin Linka et al. (7-Jul France
evin Linka et al. (7-Jul Germany
evin Linka et al. (7—Jul Greece
evin Linka et al. (7-Ju Hungar
evin Linka et al. (7—Jul Irelan
evin Linka et al. (7-Jul Italy
evin Linka et al. (7-Jul Latvia
evin Linka et al. (7-Jul L
evin Linka et al. (7-Jul Malta
evin Linka et al. (7-Ju Netherlands
evin Linka et al. (7-Ju Poland
evin Linka et al. (7-Jul Porlugal
evin Linka et al. (7-Ju Romania
evin Linka et al. (7-Jul Slovakia
evin Linka et al. (7-Jul Slovenia
evin Linka et al 7—Lu Spain
evin Linka et al_ (7 Sweden
émano . Teboe ot al. (29-Jul) West Africa 74
Chawarat Rotejanaptaset et al. (24-Sep) Thailand~ 80
David H. Glass (24 UsA 28
Subgroup, REML (I = 87.1%, p = 0.000)
-Sharon et al. (24-Jul) China 38
iv—Sharon et al. (24-Jul Iran 38
Elinor Aviv-Sharon et al. (24— Ju\{ Philippines 38
Elinor Aviv-Sharon et al. (24-Jul) Taiwan 38
Subgroup, REML (I = 99.5%, p = 0.000)
rogeneily between gvoups p= o 070
, REML (I° = 100.0%, p = 0.000) . 2.64 (2.39,2.92)
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Figure 2.6. Sub-group analysis of basic reproduction number by last month of data
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Subgroup and Author (date) Country  Study

1. January

Mingwan F hen et al. (26-Jan) China 117

Netsuko ima etal (#5-dan) China 120

Shi Zhao st al. (27-Jan) China 81

Biao Tang et al. (27-Jan) China 113

Jonathan M. Read et al. (28-Jan) China 118

2nidong Cao et al, 29-Jan) China 111

Jullen Rlou et al 130-J ) China 72
seph T Wu et al. (31-Jan) China 67

b R (25772, p = 0.000)

2. February

Shi Zhao et al. 11 Feb) China

o Aspat ot S (32Peb China 125

Qingyuan Zhao et al. (9-Feb) Outside China 107

Moran Ki el al. (9-Feb) South Korea 14

Tao Liu et al. (13-Feb)
Sung-mok Jung et al. (14-Feb)
Jinghua Feb)

Can Zhou (20- F

Sneng Znang o . (22-Fob

Huijuan Zhou et al, (25-Feb

Subgroup, REML (I*= 99.7%, p = 0.000)

i3

Sothicny Kumya (13- Mar) Japan 78
Yifan Zhu China 68
oy s ) China 40
Qun Li etal. (26-Mar) China 12
Kentaro Iwata (30-Mar) Outside China
leo Anstassopotou o a, (31-May) China 9
Subgroup, REML (I = 99.9%, p = 0.000)
Kangkang Wanela\ (1-Apn) China 105
Chen Xu'et al. (5-A; South Korea 21
e USA 21
Kai Wang et al. (8-Apr) China 8
Greg Dropkin (10-Apr) UK 7
n taly 7
(21-Apr) China 8
alto et al. (23-Apr) Italy 9
—Apr) China 1
195 Poringk et al (274\0? China 6
Maihias poriinc ot & (27-Aor Us, 6
Liuyong Pang ot al, (30-Aer) China 2
Subgmu ML (= 100.0%, p = 0.000)
é/un Lietal. (1-May China 122
rea Maugeri et al, (5-May) China 2
A4 Wangping et al. (6-May) China 3
Jia Wangping et al. (6-May) taly
Nonsin Alietal. (8-May) China
ésar V. Munayco el al. (8-May) Peru
Karthick Kanagarathinam et 4 (9-May) India 4
Chong You et al. (11-May) China
Henrik Salje et al. (13-May) France
Li-Xiang Feng et al. (13-May) K [
Xiaomel Feng et al. (18-May South Korea 7
Kin On Kwok et al. (22-May) Hongkong
Kin On Kwok et al. (22-May) Jap
Kin On Kwok et al. (22-May) Singapore
Yann Zhang ot 2. (24-May) hin
Kai Wang et al. (26-May) China
Mike Lonergan et al. (26-May) France 7
Mike Lonergan et al. (26-May) taly 7
Mike Lonergan et al (267May{ span 17
Mike Lonergan et al. (26-May K 7
Mike Lonergan et al. (26-May) USA 7
Mark J. Willls et al E?B—May Germany 51
Mark J. Wills et al. (28-May Spain 1
ark J. Wills et al. (26-May) Sweden 1
Zhongxiang Chen ef al. (25" May) Japan 4
SLbgroun, RENL (1 < 96.4%, p.2 0.000)
. June
Ling Xue et al. (1-Jun) Canada 1
Ling Xue etal. (1~Jun) China 1
Ling Xue et al. (1~Jun) ltaly 1
Adtin Brasiar ot al I {2-dun) India 10
Purvi Patel et al. (2-Jun) India 46
sravi et al. (4-Jun) Iran 91
emu M. Kassa et al, (5-Jun) China 3
Soyoung Kim et al. (5-Jun) China 87
Abdallah Alsayed et al. (8-Jun) Malaysia 77
SR Palrikar el 2l. (29-Jun) india 49
S. Marimuthu e al. (30—Jun) india 64
Subgroup, REML (= 100.0%, p = 0.000)
7. July
Steven Sanche et al. (1-Jul) China
evin Linka et al. (7-Jul) Austria
vin Linka et al. (7-Jul) Beigium
evin Lin} u% Bulgaria
evin Linl u Croalia
evin Linl u) yon
evin Linl u) Czech republic
evin Lini u) nm
evin Linl u) Estonia
evin Linl u) Europe
evin Lini (7-dul) Finland
ovin Linl (7-dul) Franco
evin Lin} (7-dul) Germany
evin Lini (7-Jul Greece
evin Lini 7-Ju Hungary
evin Lin} 7-. u% Ireland
evin Linl 7-Ju ialy
evin Linl 7-Jul) Latvia
evin Lini (7-dul) Luxembourg
evin Linka et al. (7-Jul)
ovin Linka et al }7 u) Netherlands
evin Linka et al. (7-Jul) Poland
evin Linka el al. (7-Jul) Portugal
evin Linka el al. (7-Jul) Romania
evin Linka et al. (7- u% Slovakia
evin Lini al. (7-Ju! Slovenia
evin Linka et al. (7-Jul) Spain
evin Linka et al. (7-Jul) Sweden
enji Mizumolo et al. (15-Jul China 1
alihu S, Musa et al. (16-Jul) Africa 19
ingjie Hao e Jul) China 8
iaoli Wang et al. (20-Jul) China
jao Salim Shaich et al. 22-Ju) India 131
nor China 3
inor o B Irax 3
nor stal {244l Pmnppmes 3
nor A (24-Jul Taiwan 3¢
lémaho B, Taboe el (Sodu) West Africa 7
France 4!
Nigeria &
8. August
Antonio Guirao (6-Aug) Germany 93
Antonio Guirao (6-Aug) laly 9
Antonio Guirao (6-Aug), Spain 93
Junyuang yang et . (17-Aug) China 21
M. Veara Krshna (21-Aug) China 56
Ulrich Nguemdio et al. (26-Aug) Cameroon 88
Subgroup, REML (I = 98.5%, p = 0.000)
Septemoer
Kevin Linka et al. (1-Sep) Europe 70
Maxs. v. Lau otal. (B-Sep) 5
Nelason L. Haw et al. (15-Sep) Philippines 15
Sudhansnu Kumar Banas ot el (21-Sep) India
David H. Class (24-Sep) France 28
David H. Glass (24-Sep) Germany 28
David H. Glass (24 Sep taly 28
David H. Glas: Spain 28
Chawarat Ro!qanaprascn etal. (24-Sep) Thailand 80
Bavid H. G UK 28
Bavia . B UsA 28

Sibgroup, REML (7 = §1.0%, p = 0.000)

000

Heterogeneity between groups: p
Overall, REML (I = 100.0%, p = 0000)

RO (95% CI)
71(4.50, 4.92)
55 (1.42, 3.68)
71(4:24.754
46 (571 7.21)
11 Ez 39,A13§
.08 (3.37, 4.77
20 (0.77. 363)

2168 (2.47, 2.86)

3.87 (2,97, 5.03)
56 (2.49, 2.68)
66 (232
.70 (3.40)

.48 (0.

26 (3.96,
5 3
a4

71 (4.49)

2122

228

550

290 (1.92,

40, 2.80)

5 (547 250)
(2.40. 2.70)
2 E 40, 90;
43,657)

99 (365, 4.33)
18 (2.28) 4.45)
240144149

159 (1.58, 1.60)
21(8114,8.29)
7 15:89
7 (851, 897
93 (2.7, 3.08)
g E 26, 57;
.60 (3,49, 3.84)

0.40 (0.30, 0.50)

12.56 (6.37, 18.79)

5.30 (3.4, 7.16)
.64 (3.76,

4564 (3.76, 5.42)

357 (2.12, 6.02)

2.38 (2.03, 2.77)

3858 5 an

316 (1.73, 5.25)

4345 04, oog

1.87 (1.36, 2.40)

218 (1,98, 2.37)

1.47 (135,159

266 (2.42, 2.90)

290 (2.81, 3.01)

428 (3.89, 468

4.79 (4.38, 5.20

0.61 (043, 0.79)
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Whether the location is Hubei,
Wuhan, Outside Hubei or

overall and Author (date) Country city  Study RO (95% CI)
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Shi Zhao (25-Mar) China Wuhan 40 Ex 2.50 (2.40, 2.70)
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3. Outside Hubei

Cleo Anastassopoulou et al. (31-Mar) China Hubei 9 1 ; 3.99 (3.65, 4.33)
|
1
|
|
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Andrea Maugeri et al. (5-May) China Overall 27 & 2.43 (2.42, 2.44)
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Junyuang yang et al. (17-Aug) China Mainland 4 ‘ 1 1.68 (1.68, 1.68)
M. Veera Krishna (21-Aug) China 56 . E— 2.45 (1.16, 4.87)
Joseph T Wu et al. (31-Jan) China 67 * 268 (2.47, 2.86)
Yitan Zhu et al. (23-Mar) China 68 <+, 252 (2.47, 2.56)

Mathias Peirlinck et al. (27-Apr) China 69 —— 1258 (637, 18.79)
Julien Riou et al. (30-Jan) China 72 ——Q—I\— 2.20 (0.77, 3.63)

Shi Zhao et al. (27-Jan) China 81 —— 571 (4.24,7.54)
Kai Wang et al. (21-Apr) China 83 | - 4.95 (4.26, 5.67)
Sung-mok Jung et al. (14-Feb) China 84 ¢ ! 214 (2.04,2.24)
Xingjie Hao et al. (16-Jul) China 85 K3 3.54 (3.40, 3.67)
Soyoung Kim eet al. (5-Jun) China 87 [ 2 412 (4.05, 4.19)
Kangkang Wan et al. (1-Apr) China 105 K2 | 1.44 (1.4, 1.44)
Huijuan Zhou et al. (25-Feb) China 108 | K2 5.50 (5.30, 5.80)
Zhidong Cao et al. (29-Jan) China 11 | == 4.08 (3.37, 4.77)
Biao Tang et al. (27-Jan) China 113 \ E 3 6.46 (5.71,7.21)
Can Zhou (20-Feb) China 114 ¢ 212 (2.04,2.18)
Mingwang Shen et al. (25-Jan) China 117 3 471 (4.50, 4.92)
Jonathan M. Read et al. (28-Jan) China 118 3.11 (2,39, 4.13)
Natsuko Imai et al. (25-Jan) China 120 2.55 (1.42, 3.68)
Ruiyun Li et al. (1-May) China 122 + ! 2.38 (2,03, 2.77)
Steven Sanche et al. (11-Feb) China 123 | —— 5.26 (3.96, 6.56)
Sam Abbott et al. (3-Feb) China 125 - 2.66 (2.32, 3.00)
Tao Liu et al. (13-Feb) China 126 [P J 4.50 (4.40, 4.60)
Subgroup, REML (I = 100.0%, p = 0.000) ° 3.39 (2.84, 4.04)
I

Heterogeneity between groups: p = 0.150

Overall, REML (I* = 100.0%, p = 0.000) é 3.02 (255, 3.59)

I I I
.0625 5 1 2.66 8 18

Basic reproduction number.
NOTE: Weights and between-subgroup heterogeneity test are from random-effects model

Figure 2.10. Sub-group analysis of basic reproduction number by location in China
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Subgroup and Author (date) Country  Study RO (95% Cl)
1. Asia
Mingwang Shen et al. (25-Jan) China 117 » 4.71 (4.50, 4.92,
Natsuko Imai et al. (25-Jan) China 120 —J— 2.55 (1.42, 3,68,
Shi Zhao et al. (27-Jan) China 81 —— 571 (4.24,7.54,
Biao Tang et al. (27-Jan) China 113 - 6.46 (5.71,7.21
Jonathan M. Read et al. (28-Jan) China 118 —— 3.11 (239, 4.13,
Zhidong Cao el al (29-Jan) China 111 —— 4.08 (337, 4.77,
Julien Riou et al. (30-Jan) China 72 ——uJ— 2.20 (0.7, 3.6:
Joseph T Wu et al. (31-Jan) China 67 268 (2147, 2.8
Shi Zhao et al. (1-Fel China 18 2.56 (2.49, 2.6
Sam Apbott el al (3-Feb) China 125 266 (2.32, 3.0
Moran Ki et al. (9-Feb) SouhKorea 14 —— ] 0.48 (031, 0.6
Steven Sanche et a. (11-Feb) 123 —— 5.26 (3.96, 6.5
Teo Livel al (13-Feb) hna 138 - 450 (4.40, 460,
ung-mok Jung et al (14—Feb) China 84 » | 214 (204, 2.24,
ng ua Li et al_ (20 China 112 » 4.71 (4.49, 4.9
Can Zhoy (20-Feb) _ China 114 - 2.12 (2,04, 2.1
Huijuan Zhou et al. (25-Feb) China 108 ) 5.50 (5.30, 5.8
Toshikazu Kuniya (13- Mar) Japan 78 2,60 (2.40, 2.8
Yifan Zhu et al. (23-M: China 68 2.52 (2.47, 2.5
Shi Zhao (25~ s ar) China 40 250 (2.40, 2.7
Qun Lj etal. (26-Mar) China 12 2.20 (1.40, 3.9
Cleo Anastassopoulou et al. (31-Mar) China 3.99 (365, 4.3
Kangkang Wan et al. g ~Apr) China 105 1.4 (1.44, 144
Chen Xu et al. (5-A South Korea 21 1.59 (1.58, 1.60
Kai Wang et al. (8-Apr) China 8 5.78 (5.71, 5.89)
ai Wang et al. (21 i China 83 4.95 (4.26, 5.67,
Qifang Bi et al. (27-Apr China 16 —— 0.40 (0.30, 0,50,
Wiathigs Perinck ot al (27— —~Apr) China 69 12.58 (6.37, 18.79)
Liuyong Pang et al. (30-Apr) China 22 4.64 (3.76, 5.42,
Ruiyun Li et al. (1-May) China 122 38 (2,03, 2.77,
Andrea Mauger et al"(5-May) China 27 43 (2.42, 244,
Jia Wangping et al. (6-May) China 33 116 (173, 5.25
Mohsin Al et al. (8-May) China 97 87 (1.36, 2.40
Karthick Kanagaralhmam etal (9-May) India 24 47 (1.35, 1,59
Chong You etal. (11-] China 26 66 (2.42, 2,90
Xiaomei Feng et al. (15 May; South Korea 73 1 - 4.79 (438, 5.20,
Kin On Kwok et al. (22-May) Hongkong 50 —— 61 (043, 0.79)
Kin On Kwok et al. (22-May Japan 50 —— 48 (0.36, 0.60;
Kin On Kwok et al. (22-May) Smgapore 50 —— | 70 (050, 0.90
Yunjun Zhang et 2l (24 May) hina 29 —— 67 (0.54, 0.80
Kai Wang et al. (26-May) China 47 - 60 (2.40, 2.80
Zhongaang Chen el a\ "bo-May) Japan 34 - 78(1.72, 184
ng ue ef al. (1-J China 1 - 41 (3.00, 3.8
i Bhaskar ol 8l (3-Jun) india 10 s | 84 (182, 1,86
Purvi Patel et al. (2-Jun) India 46 —— 2.38(1.79, 3.07,
A Knosravi et al. (4-Jun) Iran 91 —r 2.70 (2.10, 3.40)
u M. Kassa ot al. (6-Jun) China 3 2.90 (289, 2.9
ung Kim eet al. (5-Jur) China 87 K} 412 (4.05, 4.1
Abdana Alsayed et al. (8- Malaysia 77 | 2128 (2,03, 2.5
SR Patrikar et al. (29-Jun) India 49 - 2.58 (2,43, 2.73,
§. Marimuthu et al. (30-Jun) India 64 - ] 138(1.37,1.38
Steven Sanche et al. (1-Jul) China 48 —— .77 (4.39, 7.16,
Kevin Linka et al. (7-Jul) Cyprus 96 35 (112, 558,
Kenji Mizumoto et al. (15-Jul) hina 11 P .49 (339, 362,
Xingjie Hao et al. (16-Jul \( China 85 > .54 (3.40, 3.67,
Xiaoli Wang et al. (20-Ju China 4 — .00 (1,60, 2,40
Amjad Salim Shaikh et al (22 Jul) india 131 .27 (0.36, 6.17,
Elinor Aviv-Sharon et al. (24-Jul China 38 - 159 (339, 3.79)
Iran 38 4 86 (1.83, 1.89
Philippines 38 - .00 (2.80, 320,
Taiwan 38 —0-| .26 (1.86, 2.66,
China 41 » .68 (1.68, 1.68
China 56 45 (1,16, 4.87
Nel Jason L. Haw et al. (15-Sep) Philippines 15 41 (2.33, 248,
Sudhanshu Kumar Biswas et al. (21-Sep) India 6 ,2.10
Chawarat Rotejanapraset et l. (24-Sep Thailand 80 , 4.91
Subgroup, REML (I = 100.0%, p = 0.000) , 2.96)
2. Europe |
Greg Dropkin (10-Apr) UK 7 - 6.74 (6.51,6.97)
Zian Zhuang (17-Apr) Italy 7 * 2.93 (277, 3.08)
Marino Ga“o etal. (23 Apr) ltaly o » 3.60 (3.49, 3.84)
a Wangping et al. (6-May) Italy 3; 4.34 (304, 6.00,
Hanrik Sale ot al (13-May) France 4 lo 2.90 (2.81, 3.01
Li-Xiang Feng et al. (13-May) UK 6 - 428 (3.89, 4.68)
ke Lonergan et al. (26-May) France 1 -\ 214 (201,2.27)
ike Lonergan et al. (26-May) Italy 17 [ d 2.33 (2114, 2.52)
ike Lonergan et al. (26-| May) Spain 17 - 2.23 (2.08, 2.38)
ike LunerFan et al. (26-May) UK 17 - 2.35 (2.17, 2.53)
ark J. Willls et al. (28-May) Germany 51 - 3.16 6)
ark J. Willis et al. (28-May) Spain 51 L » 3.68 4)
ark J. Wills et al. (28! May) Sweden 51 2.73 .02)
Ling Xue et al. (1—Jun) Italy 1 - 148 67)
vin Linka et al. (7-Jul Austria | —— 4.38 .09
evin Linka et al. (7Ju Belgium — 5.00 .43
evin Linka et al. (7-Jul Bulgaria - | 1.29 .37,
evin Linka etal. (7-Jul crelroR —— 083 38
evin Linka et al. (7-Jul zech republic 3 ¥
evin Linka et al. (7-Jul Denmark » | 2.00 10
evin Linka et al. (7-Jul Estonia —— 312 65,
evin Linka et al. (7-Jul Europe e —r—— 322 53
evin Linka et al. (7-Jul Finland 6 L] 62 , 1.72]
evin Linka et al. (7-Jul France 6 —— .46 X
evin Linka et al. (7-Jul Germany 6 | — .33
evin Linka et al. (7-Jul Greece 6 — 66
evin Linka et al. (7-Jul Hungary 96 -—z—r 97
evin Linka et al. (7-Jul Ireland 4
evin Linka et al. (7-Jul Italy — 25
evin Linka et al. (7-Jul Lalvia —— 50
evin Linka et al. (7-Jul L .42
evin Linka et al. (7-Jul Malta - ] 08
evin Linka et al E7—Ju Netherlands —— 8
evin Linka et al. (7-Jul Poland 2
evin Linka et al. (7-Jul Portugal —— 10
evin Linka et al. (7-Jul Romania —— 6
evin Linka et al. (7-J Slovakia » 46
evin Linka et al E7—Ju Slovenia —l—o— 83
evin Linka et al. (7-Jul pain —— 19
evin Linka et al. (7-Jul Sweden - | 89
Laura Di Domenico et al. (30-Jul) France 4 - 8
Antonio Guirao (6-Aug) Germany 9 - 50
Antonio Guirao (6-Aug Italy 9 - 10
Antonio Guirao (6-Au Spain 9 50
evin Linka et al. (1-Sep) Europe 7 62
David H. Glass France —— .02
avid H. Glass Germany - | .09
David H. Glass Italy » 16
David H. Glass Spain .42
David H. Glass (2 UK - 03
Subgroup, REM 2%, p = 0.000) .78
3, North America |
Chen Xu et al. (5-Apr) USA 21 - 1(8.14,8.29
Watmias Painck ot (27 —~Apr) USA 69 | —— 0 (3.44,7.16,
Mike Lonergan et al. (26-May) USA 17 ] 4 (3.36, 3.73
Ling Xue et al. (1-Jun) Canada 1 —— | 4 (0.47, 0.81
Salihu S. Musa et al, (16~ 2Jg Dy woliea 19 - » 7 .gi, 3.21)
émaho B, Taboe et l. (29-Ju est Africa 7 5 (1.84, 1.87,
Max S. Y. Lau olal. (af op) USA 5 wt— 0 (2,40, 5.20)
David H. Glass (24-Sep) USA 28 2 (1.94) 2.49)
Subgroup, Sty (7=100.0%, p = 0.000) 4 (162, 4.64)
4. Africa
Adeshina I. Adekunle et al. (31-Jul) Nigeria 52 s 242 (2.37,2.47)
Utrich Nguemdjo et al. (26-Aug) Cameroon 88 3 157 (1.54, 1.60)
Subgroup, REML (I* = 99.9%, p 0.000) q 1.95 (1.27, 2.98)
Heterogensity between groups: p = 0.402
Overall, REML (I = 100.0%, p = 0.000) > 2.64 (2.39, 2.91)

.0625 5 1 266 8 18
Basic reproduction number

Figure 2.11. Sub-group analysis of basic reproduction number by continent
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CHAPTER 2

In sensitivity analysis conducted after excluding studies with R, <1, the pooled R, was
estimated to be 2.92 (95% CI, 2.70-3.16) as shown in Figure 2.12. Similarly, an analysis of
only good quality studies estimated the pooled reproduction number (R, = 2.56) very close
to the overall estimate of 2.66 as shown in Figure 2.13. Table 2.3 shows the estimated R,
after leave-one-out analysis ranged from 2.63 to 2.70. A study by Bi et al.”” had the highest
influence on the pooled estimate, but it increased the R, by only about 0.4. Figure 2.14 shows
the scatterplot of the R, values of the 76 studies that were narratively synthesised. Detailed
description can be obtained from Table 2.4. The estimated reproduction numbers from these
studies are in line with the pooled R, estimated from this study, except a few studies that
estimated extreme values of R,.”®8 An R, value of 14.8 was estimated in the Diamond

Princess Cruise ship using data from 215t January to 19" February 2020.7°
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Author (date) Country RO (95% Cl)
Mingwang Shen et al. (25-Jan) China ' (4.50,4.92)
Natsuko Imai et al. (25-Jan) China * ( , )
Shi Zhao et al. (27— Jan) China E , ;
Biao Tang et al. (27-Jan) China ,
Jonathan M. Read et al. (28-Jan) China ( 3 )
Zhidong Cao et al. (29-Jan) China - .
Julien Riou et al. (30-Jan) China — s
Joseph T Wu et al. (31-Jan) China ,

Shi Zhao et al. (1-Feb) China 8

Sam Abbott et al. (3-Feb)

China
Qingyuan Zhao et al. (9-Feb) Outside China
Steven Sanche et al. (11-Feb) China ’

Antonio Guirao (6-Aug) Spain 3
Junyuang yang et al. (17 Aug) China

M. Veera Krishna (21-Aug) China

Ulrich Nguemdio et al (26 Aug) Cameroon

Kevin Linka et al. (1-Sej g) Europe

Max S. Y. Lau et al. (8-Sep) USA

Nel Jason L. Haw et al. (15—Sep) Philippines ]
Sudhanshu Kumar Biswas et al. (21-Sep) India

David H. Glass (24-Sep; France |
David H. Glass (24-Sep, Germany

David H. Glass (24-Sep, Italy I
David H. Glass (24-Sep) Spain

4.71 (4.50, 4.92,
2.55(1.42,3.68
5.71(4.24, 7.54
6.46 (5.71,7.21
3.11 (2.39, 4.13
4.08 (3.37, 4.77,
2.20 (0.77, 3.63,
2.68 (2.47,2.86,
2.56 (2.49, 2.63
2.66 (2.32, 3.00,
5.70 (3.40, 9.20,
5.26 (3.96, 6.56,
Tao Liu et al. (13-Feb) China I 4.50 (4.40, 4.60,
Sunﬁ mok Jung et al. (14-Feb) China & 214 (2.04,2.24
Jinghua Li et al. (20-Feb) Ehina | & 471 (4.49, 4.93
Can Zhou (20-Feb) Chi 212 (204,218,
Sheng Zhang et al. (22-| Feb) Diamond Prmoess Cru-seshlp | 2.28 (2.06, 2.52,
Huijuan Zhou et al. (251 ‘ 5.50 (5.30, 5.80,
Toshikazu Kuniya (13- Mar] Japan 2.60 (2.40, 2.80
Yifan Zhu et al. (23-Mar) China 252 (2.47,2.56
Shi Zhao (25-Mar) Chlna 2.50 (2.40, 2.70,
Qun Li et al. (26-Mar) Chi 2.20 (1.40, 3.90,
Kentaro Iwata (30-Mar) Outside ChIna ‘ 6.50 ESAS, 6.57,
Cleo Anastassopoulou et al. (31-Mar) China | & 3.99 (3.65, 4.33
Kangkang Wan cl al. (1-Apr) hina 1.44 (1.44,1.44,
Chen Xu et al. (5-Apr] ) Soulh Korea ] 1.59 (1.58, 1.60
Chen Xu etal. (5 AX USA 4 8.21 (8.14, 8.29)
Kai Wang et al. (8-Apr) China ] <, 5.78 (5.71, 5.89
Greg Dropkin (10-Apr) UK ‘ 6.74 (6.51, 6.97,
Zian Zhuang (17-Apr) Italy , 293 (2.77, 3.08;
Kai Wang et al. @1~ Apr) China & 495 (4.26. 5.67
Marino Gatto et al. (23 pr) Italy ’ 3.60 (3.49, 3.84)
Mathias Peirlinck et al. I27 —Apr) China | —’— 12.58 (6.37, 18.79)
Mathias Peirlinck et al. (27-Apr) USA 5.30 3.44,7.16;
Liuyong Pang et al. (SO—Apr) China | 3.76, 5.42
Ruiyun Li et al. (1-May; China 8 (2.03,2.77)
Andrea Maugeri et al. &\A-May) China .43 2.42,2.44;
Jia Wangping et al. (6 ay) China .16 (1.73, 5.25
Jia Wangrmg etal. Italy .34 3.04,6.00;
Mohsin Ali et al. (i ) China .87 (1.36, 2.40
César V. Munayco et al (8-May) Peru .18 (1.98, 2.37)
Karthick Kanagarathinam et al. (9-May) India 147 (1.35, 1.59)
Chong You et al. (11-May) China .66 242,2.90;
Henrik Salje et al. (13-May) France 190 (2.81, 3.01
Li=Xiang Feng et al. (13-May) UK 8 (3.89. 4.68)
Xiaomei Feng et al. %/IB May) South Korea | .79 4.38,5.20;
Kai Wang et al. (26— g/ hina ’ .60 (2.40, 2.80;
Mike Lonergan el al. (26-May) France | 14 (2.01, 2.27)
Mike Lonergan et al. (26-May) Italy 133 (2.14, 2.52)
Mike Lonergan et al. (26-May) Spain | .23 (2.08, 2.38,
Mike Lonergan et al. (26-May’ K 135 (2.17, 2.53
Mike Lonergan et al. (26-May) USA 4 (336, 3.73)
Mark J. Willis et al. (28-May) Germany .16 2.96,3.36;
Mark J. Wills et al. (28-May Spain 3 68 (362, 3.74
Mark J. Willis et al. (28-May) Sweden ‘ 73 (2.4, 3.02)
Zhongxiang Chen et al. (29-May) Japan ‘ 78 (1.72, 1.84)
Ling Xue et al. I—JunI China & 41 3.00,3.82;
Ling Xue et al. (1-Jun) Ttaly 4 48 (1.28,1.67
Adhin Bhaskar et al (Z—Jun) India 4 (1.82, 1.86)
Purvi Patel et al. (2-Jun) India .38 (1 79,3.07;
A. Khosravi et al. (4-Jun) Iran .70 (2.10, 3.40
SemuM Kassa et al. (5-Jun) China .90 (2.89, 2.91
oung Kim eet al. (5-Jun) China 1 e 4 12 (4.05, 4.19)
Abdallah Alsayed et al. (8-Jun) Maladvsia 8 (2.03, 2.53
SR Patrikar et al. (29-Jun) India 8 (2.43,2.73,
S. Marimuthu et al so-Jun) India ‘ 38 (1.37.1.38
Steven Sanche eta —Jul) China .77 (4.39, 7.16,
Kevin Linka et al. ( Austria | .38 (3.67, 5.09
Kevin Linka et al. I7—Ju| Belgium .00 (3.57, 6.43;
Kevin Linka et al. (7-Jul Bulgaria .29 (1.21,1.37,
Kevin Linka et al. (7-Jul Cyprus 135 (1.12, 5.58
Kevin Linka et al. (7=Jul, Czech republic .92 (2.00, 3.84)
Kevin Linka et al. (7-Jul Denmark .00 (1.90, 2.10,
Kevin Linka et al. (7—Jul, Estonia 2 (1.59, 4.65
Kevin Linka et al. (7-Jul, Europe - 2 (0.91, 7.53)
Kevin Linka et al. (7-Jul Finland .62 (1.52, 1.72
Kevin Linka et al. (7-Jul, France w .46 (2.89, 4.03
Kovin Linka ol a. (7Jul Germany - 33 (5.08, 7.58
Kevin Linka et al. (7—Jul Greece | 66 (1.42, 1.90
Kevln Linka et al. (7=Jul Hungag - .97 (0.89, 3.05,
Kevin Linka et al. (7-Jul, Irelan | .94 (1.82, 2.06,
Kevin Linka et al. (7-Jul Italy .25 (3.43, 5.07,
Kevin Linka et al. (7-Jul Latvia — .50 (0.76, 4.24
Kevin Linka et al. (7-Jul, Luxembourg .42 (0.05, 4.79
Kevin Linka et al. (7-Jul Malta I .08 (1.81, 2.35,
Kevin Linka et al. (7-Jul Netherlands —— 88 (4.16, 7.60
Kevin Linka et al. (7-Jul Poland -q .62 (2.11,3.13,
Kevin Linka et al. (7-Jul, Portugal .10 (3.41, 6.79,
Kevin Linka et al. (7-Jul Romania .06 (4.41,7.71
Kevin Linka et al. (7-Jul Slovakia ’ ] .46 (1.38, 1.54
Kevin Linka et al. (7-Jul, Slovenia .83 (1.95, 5.71)
Kevin Linka et al. (7-Jul Spain ] 19 (421, 6.17)
Kevin Linka et al. (7-Jul, Sweden ‘ .89 (1.71, 2,07;
Kenji Mizumoto et al. (15-Jul) China |‘ .49 (3.39, 3.62
Salihu S. Musa et al. (16-Jul) Africa ‘ .37 (2.22, 2.51)
Xingjie Hao et al. (16—Ju|) China I‘ .54 3.40,3.67;
Xiaoli Wang et al. (20-Jul) China .00 (1.60, 2.40
Amjad Salim Shaikh et al. (22-Jul) India — .27 (0.36, 6.17,
Elinor Aviv-Sharon et al. (24—Jul) China .59 (3.39, 3.79
Elinor Aviv-Sharon et al. (24-Jul Iran ’ .86 (1.83, 1.89,
Elinor Aviv-Sh: . (24-Jul Philippines & 0 (2.80, 3.20
Elinor Aviv—Sharon et al. (24—-Jul) Taiwan 6 (1.86, 2.66,
Hémaho B. Taboe et al. (29-Jul) West Africa 5 (1.84, 1.87,
Laura Di Domenico et al. (30-Jul) France 8 (3.09, 3.24,
Adeshina I. Adekunle et al. (31-Jul) Nigeria | 2 (2.37,2.47
Antonio Guirao (6-Aug) Germany .50 (2.30, 2.70
Antonio Guirao (6-Aug) Italy ‘ | 3 8 gggg2g
. . .7
.68 (1.68, 1.68,
.45 (1.16, 4.87,
.57 (1.54, 1.60,
2 (2.03, 7.21
0 (2.40, 5.20,
2.33, 2.48
.10 (2.09, 2.10,
.02 (1.69, 2.35,
.09 (1.83,2.34,
.16 (2.01, 2.31
.42 2.19,2.66%
awarat Rotejanaprasert et al. (24-Sep) ailan , 4
Ch: it R t al. (24-Sep) Thailand 5 (2.58, 4.91
David H. Glass (24-Sep, UK 3 (1.81, 2.25)
David H. Glass (24-Sep USA 22 (1.94, 2.49)
Overall, REML (I° _1000% p =0.000) [ ] 192 (2,70, 3.16)

I I I ol
.0625 5 1 292 8 18

Basic reproduction number

Figure 2.12. Sensitivity analysis of basic reproduction number excluding studies with Ry, <1
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Author (date)

Mingwang Shen et al. (25-Jan)
Biao Tang et al. (27-Jan)
Zhidong Cao et al (29-Jan)
Julien Riou et al. (30-Jan)
Joseph T Wu et al. (31 Jan)
Shi Zhao et al. (1-Feb

Sam Abbott et al. (3— Feb)
Qingyuan Zhao et al. (9 Feb)
Moran Ki et al. (9-Feb)

Steven Sanche et al. (11 Feb)
Tao Liu et al. (13-Feb)
Sung-mok Jung et al. (14-Feb)
Jinghua Li et al. (20-Feb)

Can Zhou (20-Feb)

Yifan Zhu et al. (23-Mar)

Shi Zhao (25-Mar)

Qun Li et al, (26-Mar)
Kangkang Wan et al. (1-Apr)
Chen Xu et al. (5-Apr

Chen Xu et al. (5-Apr]

Kai Wang et al. (8—-Apr)

Greg Dropkin (10-Apr)

Zian Zhuang (17-Apr)

Marino Gatto et al. (23—Apr)
Liuyong Pang et al. ﬁSO -Apr)
Andrea Maugeri et al. (5-May)
Jia Wangping et al. B—May
Jia WangFlng etal. S—May
Mohsin Ali et al. (8- P’
César V. Munayco et al. (8-May)

Y,
Karthick Kanagarathmam et a; (9-May)
13-Ma

Li-Xiang Feng et al. (13-

Xiaomei Feng et al. (18- May)
Kin On Kwok et al. (22-May,

Kin On Kwok et al. (22-May,

Kin On Kwok et al. (22-May)
Yunjun Zhang et al. (24-May)

Kai Wang et al. (26-May)

Mike Lonergan et al. (26-May)
Mike Lonergan et al. (26-May)
Mike Lonergan et al. (26-May)
Mike Lonergan et al. (26-May)
Mike Lonergan et al. (26-May)
Zhongxiang Chen et al. (29- May)
Ling Xue et al. (1-Jun)

Ling Xue et al. (1-Jun

Ling Xue et al.

Adhin Bhaskar et a\ (z—dun)
Purvi Patel et al. (2-Jun)

A. Khosravi et al. (4-Jun)
Semu M. Kassa et al. (5-Jun)
Soyoung Kim eet al. (5—\Ju|?
Abdallah Alsayed et al. (8—Jun)
SR Patrikar et al. (29-Jun)
Kevin Linka et al. (7-Jul
Kevin Linka et al. (7—Jul
Kevin Linka et al. §7—Jul

M\,

Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al. (7-Jul
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al. (7-Jul
Kevin Linka et al.
Kevin Linka et al. (7-Jul,
Kevin Linka et al. (7 ul
Kevin Linka et al. (7—Jul
Kevin Linka et al. (7—Jul
Kevin Linka et al. (7-Jul
Kevin Linka et al. §7 —Jul
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Kevin Linka et al.
Kevin Linka et al. (7-Jul
Kevin Linka et al.

Kevin Linka et al. (7. Jul
Kevin Linka et al. (7-Jul
Kevin Linka et al. (7-Jul
Kevin Linka et al. (7-Jul,
KenL\ Mizumoto et al. (15-Jul)
Salihu S. Musa et al. (16-Jul
Xlng{le Hao et al. (16-Jul)

Xiaoli Wang et al. (20-Jul;

Elinor Aviv—Sharon et al. 24—Ju|§

Elinor Aviv—Sharon et al. (24-Jul
Elinor Aviv—Sharon et al. (24-Jul
Elinor Aviv—Sharon et al. (24-Jul)
Hémaho B. Taboe et al. (29-Jul)
Laura Di Domenico et al. (30-Jul)

Adeshina I. Adekunle et al. (31-Jul)

Antonio Guirao (6

Antonio Guirao 6 Aug

Antonio Guirao (6-Au:

Junyuang yang et al. (g17—Aug)

M. Veera Krishna (21-Aug)

Ulrlch Nguemdjo et al. (26 Aug)
lax S. Y. Lau et al. (8-Sep)

Nel Jason L. Haw et al. (1 —Sep)

David H. Glass EZ4 Sepg

David H. Glass

David H. Glass (24-Sep)

David H. Glass (24-Sej

P)
Chawarat Rotejanapraserl et al. (24-Sep)

David H. Glass (24

David H. Glass aZA—Sep)
Overall, REML (I

=10 %)%,p 0.000)

Country

China
China
China
China
China
China
China
Outside China
South Korea
China
China
China
China
China
China
China
China
China
South Korea
USA
China
UK
Italy
Italy
China
China
China
Italy
China
Peru
India

South Korea

Czech'republic
Denmark
Estonia
Europe
Finland
France
Germany
Greece
Hungary
Ireland
Italy

Latvia

Luxembourg

Netherlands
Poland
Portugal
Romania
Slovakia
Slovenia
Spain
Sweden
China
Africa
China
China
China
Iran
Philippines
Taiwan
West Africa
France
Nigeria
Germany
Italy
Spain
China
China
Cameroon
USA

Philippines

Study

CHAPTER 2

PROROANPNNONODSLNNONO2NOLONONONONLNDONDABGNOEANALNANDONLLOANNANOO L LWOLONNINNNOOOONALNNIRNNARWWNNNLLWNONANIANOODONNWM
PEANORWRRANDDDNNNANPONONDDUNO NI NNLDWNNOOOONONND L PANWWRONN 2 ORODNRRONNWANXRODNNDNRDRONDRDOOONDDONN2ONDNDNONEN

WOPNLONNNRNLNWORROPDDDNRDBNRNVOWAR LS DONRNORODNONOOLNNNDROORANDNOBNWAOSORNNNWAWDWOWONRNBNONOAANRODOROWRWARNRN

SEEDOINOROPOPOOSICEHOWOOONO SN A L LG ZNODBNONPONSOOONOSNIBDNOOONPOINS IR RSO, OHBRONOOEINOONA S rOROONRORSHAONOUNIC
3

REOSOSENBOOIBCOOIRIOCOOSIARNIISE2CRCTORISACRONLINCEREIBERPOE2SIOINSERRENNOOCCOCOROISSNENEBICOSECOODWASHINOOLOW

.0625
Basic reproduction number

.5

Figure 2.13. Sensitivity analysis of basic reproduction number excluding fair or low-
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Table 2.3. Result of influence analysis for basic reproduction number

CHAPTER 2

Study no. omitted

© o0 N o o B~ w N -

N N e T = T = T o T T e S N o Y S T
B B © 00 N N N N N oo g W N Rk o

Author

Ling Xue et al.

Ling Xue et al.

Ling Xue et al.
Kentaro Iwata

Semu M. Kassa et al.
Xiaoli Wang et al.
Max S. Y. Lau et al.

Sudhanshu Kumar Biswas et al.

Greg Dropkin
Kai Wang et al.

Cleo Anastassopoulou et al.

Adhin Bhaskar et al.
Kenji Mizumoto et al.
Qun Lietal.

César V. Munayco et al.
Moran Ki et al.

Nel Jason L. Haw et al.
Qifang Bi et al.

Mike Lonergan et al.
Mike Lonergan et al.
Mike Lonergan et al.
Mike Lonergan et al.
Mike Lonergan et al.
Shi Zhao et al.

Salihu S. Musa et al.
Chen Xu et al.

Chen Xu et al.

Estimate
2.68
2.66
2.69
2.64
2.66
2.67
2.66
2.67
2.64
2.65
2.65
2.67
2.66
2.67
2.67
2.70
2.67
2.70
2.67
2.67
2.67
2.66
2.67
2.66
2.67
2.64
2.67

95% ClI
(2.42-2.95)
(2.41-2.94)
(2.44-2.97)
(2.40-2.92)
(2.41-2.94)
(2.42-2.95)
(2.41-2.94)
(2.42-2.95)
(2.40-2.92)
(2.40-2.92)
(2.40-2.93)
(2.42-2.95)
(2.41-2.93)
(2.41-2.94)
(2.41-2.95)
(2.45-2.97)
(2.41-2.94)
(2.46-2.97)
(2.41-2.94)
(2.41-2.94)
(2.41-2.95)
(2.41-2.93)
(2.42-2.95)
(2.41-2.94)
(2.41-2.94)
(2.39-2.91)
(2.42-2.95)
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Study no. omitted  Author Estimate 95% ClI

22 Liuyong Pang et al. 2.65 (2.40-2.93)
24 Karthick Kanagarathinametal.  2.68 (2.42-2.95)
25 Sheng Zhang et al. 2.67 (2.41-2.95)
26 Chong You et al. 2.66 (2.41-2.94)
27 Andrea Maugeri et al. 2.66 (2.41-2.94)
28 David H. Glass 2.67 (2.42-2.95)
28 David H. Glass 2.67 (2.41-2.95)
28 David H. Glass 2.67 (2.42-2.95)
28 David H. Glass 2.67 (2.41-2.95)
28 David H. Glass 2.67 (2.42-2.95)
28 David H. Glass 2.67 (2.41-2.94)
29 Yunjun Zhang et al. 2.69 (2.44-2.97)
33 Jia Wangping et al. 2.66 (2.41-2.94)
33 Jia Wangping et al. 2.65 (2.40-2.93)
34 Zhongxiang Chen et al. 2.67 (2.42-2.95)
38 Elinor Aviv-Sharon et al. 2.66 (2.41-2.93)
38 Elinor Aviv-Sharon et al. 2.66 (2.41-2.94)
38 Elinor Aviv-Sharon et al. 2.67 (2.42-2.95)
38 Elinor Aviv-Sharon et al. 2.67 (2.41-2.95)
40 Shi Zhao 2.66 (2.41-2.94)
41 Junyuang yang et al. 2.67 (2.42-2.95)
43 Henrik Salje et al. 2.66 (2.41-2.94)
45 Laura Di Domenico et al. 2.66 (2.41-2.94)
46 Purvi Patel et al. 2.67 (2.41-2.94)
47 Kai Wang et al. 2.66 (2.41-2.94)
48 Steven Sanche et al. 2.65 (2.40-2.92)
49 SR Patrikar et al. 2.66 (2.41-2.94)

50 Kin On Kwok et al. 2.69 (2.44-2.97)
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Study no. omitted
50
50
51
51
51
52
56
64
66
67
68
69
69
70
72
73
74
77
78
79
80
81
83
84
85
87
88
90

Author

Kin On Kwok et al.
Kin On Kwok et al.
Mark J. Willis et al.
Mark J. Willis et al.
Mark J. Willis et al.

Adeshina |. Adekunle et al.

M. Veera Krishna

S. Marimuthu et al.
Li-Xiang Feng et al.
Joseph T Wu et al.
Yifan Zhu et al.
Mathias Peirlinck et al.
Mathias Peirlinck et al.
Kevin Linka et al.
Julien Riou et al.
Xiaomei Feng et al.
Hémaho B. Taboe et al.
Abdallah Alsayed et al.
Toshikazu Kuniya

Zian Zhuang

Chawarat Rotejanaprasert et al.

Shi Zhao et al.

Kai Wang et al.
Sung-mok Jung et al.
Xingjie Hao et al.
Soyoung Kim eet al.
Ulrich Nguemdjo et al.

Marino Gatto et al.

Estimate
2.69
2.70
2.66
2.66
2.66
2.67
2.66
2.68
2.65
2.66
2.66
2.64
2.65
2.65
2.67
2.65
2.67
2.67
2.66
2.66
2.66
2.65
2.65
2.67
2.66
2.65
2.67
2.66

95% ClI
(2.44-2.97)
(2.45-2.97)
(2.41-2.94)
(2.41-2.94)
(2.40-2.93)
(2.41-2.94)
(2.41-2.94)
(2.43-2.96)
(2.40-2.93)
(2.41-2.94)
(2.41-2.94)
(2.39-2.90)
(2.40-2.92)
(2.40-2.93)
(2.41-2.94)
(2.40-2.93)
(2.42-2.95)
(2.41-2.95)
(2.41-2.94)
(2.41-2.94)
(2.40-2.93)
(2.40-2.92)
(2.40-2.93)
(2.42-2.95)
(2.41-2.93)
(2.40-2.93)
(2.42-2.95)
(2.41-2.93)

63



Study no. omitted
91
93
93
93
96
96
96
96
96
96
96
96
96
96
96
96
96
96
96
96
96
96
96
96
96
96
96
96

Author

A. Khosravi et al.

Antonio Guirao
Antonio Guirao

Antonio Guirao

Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.
Kevin Linka et al.

Kevin Linka et al.

Estimate
2.66
2.66
2.67
2.66
2.66
2.64
2.67
2.67
2.66
2.66
2.65
2.67
2.67
2.66
2.66
2.66
2.68
2.65
2.65
2.66
2.67
2.65
2.65
2.68
2.65
2.65
2.66
2.67

95% ClI
(2.41-2.94)
(2.41-2.94)
(2.42-2.95)
(2.41-2.94)
(2.41-2.94)
(2.40-2.92)
(2.42-2.95)
(2.42-2.95)
(2.41-2.93)
(2.41-2.94)
(2.40-2.92)
(2.42-2.95)
(2.42-2.95)
(2.41-2.94)
(2.41-2.94)
(2.41-2.94)
(2.43-2.96)
(2.40-2.92)
(2.40-2.92)
(2.41-2.94)
(2.42-2.95)
(2.40-2.93)
(2.40-2.93)
(2.43-2.96)
(2.40-2.93)
(2.40-2.93)
(2.41-2.93)
(2.42-2.95)
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Study no. omitted  Author Estimate 95% ClI

96 Kevin Linka et al. 2.66 (2.41-2.94)
96 Kevin Linka et al. 2.67 (2.42-2.95)
96 Kevin Linka et al. 2.68 (2.42-2.95)
97 Mohsin Ali et al. 2.67 (2.42-2.95)
105 Kangkang Wan et al. 2.68 (2.42-2.95)
107 Qingyuan Zhao et al. 2.65 (2.40-2.92)
108 Huijuan Zhou et al. 2.65 (2.40-2.92)
111 Zhidong Cao et al. 2.65 (2.40-2.93)
112 Jinghua Li et al. 2.65 (2.40-2.93)
113 Biao Tang et al. 2.64 (2.40-2.92)
114 Can Zhou 2.67 (2.42-2.95)
117 Mingwang Shen et al. 2.65 (2.40-2.93)
118 Jonathan M. Read et al. 2.66 (2.41-2.94)
120 Natsuko Imai et al. 2.66 (2.41-2.94)
122 Ruiyun Li et al. 2.67 (2.41-2.94)
123 Steven Sanche et al. 2.65 (2.40-2.92)
125 Sam Abbott et al. 2.66 (2.41-2.94)
126 Tao Liu et al. 2.65 (2.40-2.93)
131 Amjad Salim Shaikh et al. 2.66 (2.41-2.94)

Combined 2.66 2.41
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Table 2.4. Details of studies narratively synthesised
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Study  Author

6

9

9

20
20
20
20
20
20
20
20
20
20
20
20
23
23
30
31
31
31
31
32
35
36
36
36

Sudhanshu Kumar Biswas et al.
Cleo Anastassopoulou et al.
Cleo Anastassopoulou et al.
Seo Yoon Chae et al.

Seo Yoon Chae et al.

Seo Yoon Chae et al.

Seo Yoon Chae et al.

Seo Yoon Chae et al.

Seo Yoon Chae et al.

Seo Yoon Chae et al.

Seo Yoon Chae et al.

Seo Yoon Chae et al.

Seo Yoon Chae et al.

Seo Yoon Chae et al.

Seo Yoon Chae et al.

Md. Enamul Hoque
Md. Enamul Hoque
Sungchan Kim et al.
Longxiang Su et al.
Longxiang Su et al.
Longxiang Su et al.

Longxiang Su et al.

Jose Mario V Grzybowski et al.
| Md Ady Wirawan et al.
Subhas Khajanchi et al.

Subhas Khajanchi et al.

Subhas Khajanchi et al.

Country
India
China
China
USA
Germany
Canada
UK
Mexico
Iran
South Korea
Italy
China
Brazil
Spain
Japan
China
Turkey
South Korea
China
China
China
China
Brazil
Indonesia
India
India

India

R
2.4
2.0
2.6
3.5
2.9
2.7
2.6
1.9
1.8
2.2
2.2
2.7
2.1
2.4
1.9
2.3
14.5
1.8
1.8
2.9
2.8
2.0
3.6
2.0
1.7
1.9
1.5

R, range
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SN

10
11
12
13
14
14
14
14
15
15
15
15
16
17
18
18
18
18
19
20
21
22
23
24
25
25
25

Study
36
37
39
42
44
49
49
49
49
53
53
53
53
54
55
57
57
57
S7
58
59
60
61
63
65
70
70
70

Author
Subhas Khajanchi et al.

Abdullah M. Almeshal et al.

Gabriel G. Katul et al.

Luis Fernando Chaves et al.

Conghui Xu et al.
SR Patrikar et al.
SR Patrikar et al.
SR Patrikar et al.
SR Patrikar et al.
Tae Wuk Bae et al.
Tae Wuk Bae et al.
Tae Wuk Bae et al.
Tae Wuk Bae et al.
Muhammad Naveed et al.
H. M. Yang et al.
Shuo Jiang et al.
Shuo Jiang et al.
Shuo Jiang et al.
Shuo Jiang et al.
Jingjing Tian et al.
Michael Irvine et al.
Philip J Turk et al.
Fernando Saldan a et al.
Liping Wang et al.
Lara Gosce et al.
Kevin Linka et al.
Kevin Linka et al.

Kevin Linka et al.

Country
India
Kuwait
Global
Costa Rica
USA

India

India

India

India

South Korea
South Korea
South Korea
South Korea
NA

Brazil

Italy

China

South Korea
China
China

USA

USA
Mexico
China

UK

Austria
Germany

Denmark

Ry
1.2
2.2
4.5
2.6
0.0
1.9
2.2
1.8
1.9
2.6
1.3
3.7
15
1.0
6.8
5.6

5.0
6.7
3.0
2.5
1.8
2.5
2.7
2.6
8.7
6.0
2.7

R, range

(0.2 - 5.0)
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SN
25
26
27
28
29
29
29
29
29
29
30
30
30
30
31
32
32
32
32
32
32
32
32
33
33
33
34
35

Study
70
71
75
76
82
82
82
82
82
82
86
86
86
86
89
92
92
92
92
92
92
92
92
93
93
93
94
95

Author

Kevin Linka et al.
Soufiane Bentout et al.
Z. Liuetal.

Ali Moussaoui et al.
Tao Zhou et al.

Tao Zhou et al.

Tao Zhou et al.

Tao Zhou et al.

Tao Zhou et al.

Tao Zhou et al.

Shelby R. Buckman et |
Shelby R. Buckman et |
Shelby R. Buckman et |
Shelby R. Buckman et |
Rui Huang et al.
Marwan Al-Raeei
Marwan Al-Raeei
Marwan Al-Raeei
Marwan Al-Raeei
Marwan Al-Raeei
Marwan Al-Raeei
Marwan Al-Raeei
Marwan Al-Raeei
Antonio Guirao
Antonio Guirao
Antonio Guirao

Omar El Deeb et al.
Muhammad Altaf Khan et al.

Country
Malta
Algeria
China
Algeria
China
China
China
China
China
China
USA
China
Brazil
Italy
China
Russia
USA
Nigeria
India
Yemen
France
China
Syria
Spain
Spain
Spain
Lebanon

China

Ry
3.0
4.1
4.2
2.1
3.2
2.8
3.8
3.3
3.3
3.9
9.7
4.8
114
6.0

1.3
1.6
1.0
1.3
1.4
2.7
1.7
2.8
2.2
2.5
2.5
5.6
6.6

R, range
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SN
36
37
37
37
37
38
39
40
41
41
41
42
43
44
45
46
47
47
47
47
47
48
48
48
48
48
48
49

Study
98
100
100
100
100
101
102
103
104
104
104
106
110
115
116
121
124
124
124
124
124
126
126
126
126
126
126
127

Author

Chentong Li et al.

Muhammad Dur-e-Ahmad et al.
Muhammad Dur-e-Ahmad et al.
Muhammad Dur-e-Ahmad et al.

Muhammad Dur-e-Ahmad et al.

Konstantin S. Sharov
Rams ‘es H Mena et al.
Feng Liu et al.
Haitao Song et al.
Haitao Song et al.
Haitao Song et al.
Jun Li

Yuxiao Bai et al.
Zhidong Cao et al.

B. Ivorraetal.

Hao Xiong et al.
Nian Shao et al.

Nian Shao et al.

Nian Shao et al.

Nian Shao et al.

Nian Shao et al.

Henrique Mohallem Paiva et al.
Henrique Mohallem Paiva et al.
Henrique Mohallem Paiva et al.
Henrique Mohallem Paiva et al.
Henrique Mohallem Paiva et al.

Henrique Mohallem Paiva et al.

Sha He et al.

Country
China
South Korea
China
Iran

Italy
Europe
Mexico
Japan
China
China
China
China
China
China
China
China
China
China
China
China
China
Spain
France
China
Italy
Germany
USA
China

R,

3.8
2.9
2.8
2.8
2.8
5.5
3.3
6.9
6.4
7.5
6.3
4.8
1.5
3.2
4.3
3.0
3.3
3.2
3.0
3.1
3.0
2.1
2.0
1.6
2.0
2.5
2.9
7.0

R, range
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SN
50
50
50
50
50

50
50
50
51
51
52
53
54
55
56
56
56
57
58
59
60
60
61
61
62
63
63

Study
128
128
128
128
128

128
128
128
129
129
130
132
133
134
135
135
135
136
137
138
139
139
140
140
141
142
142

Author

Zhenzhen Lu et al.
Zhenzhen Lu et al.
Zhenzhen Lu et al.
Zhenzhen Lu et al.

Zhenzhen Lu et al.

Zhenzhen Lu et al.
Zhenzhen Lu et al.
Zhenzhen Lu et al.
Tian-Mu Chen et al.
Tian-Mu Chen et al.
Chayu Yang et al.
Zongo P et al.
Manotosh Mandal et al.

José M. Carcione et al.

Hanen Ben Hassen et al.
Hanen Ben Hassen et al.

Hanen Ben Hassen et al.

Mohsin Ali et al.
Youcef Belgaid et al.
W. E. Fitzgibbon et al.
Yong Li

Yong Li

Chinwendu E. Madubueze et al

Chinwendu E. Madubueze et al

I. A. Lakman et al.
Salih Djilali et al.
Salih Djilali et al.

Country
China
China
USA
Japan

China

Italy
China
China
China
China
China
France
India
Italy
Morocco
Tunisia
Algeria
Pakistan
Italy
Brazil
China
China
NA
NA
Russia
Brazil

South Africa

Ry
1.0
1.3
1.1
1.6
0.9
1336.

0.9
1.0
2.3
3.6
4.3
4.9

3.0
2.9
2.0
2.7
1.1
3.1
1.4
6.6
5.6
1.5
2.5
2.9
1.9
1.7

R, range
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SN
63

64
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65

Study
142

143
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144

Author
Salih Djilali et al.

J Rocklov et al.

Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.

Cosimo Distante et al.

Country

Turkey

Diamond Princess

Cruiseship
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy

1.9

14.8

3.0

3.1
3.1

3.1

3.0
3.1

3.0

2.7

3.4

3.3

3.0

3.0

2.9

R, range

(2.6 - 3.6)

(2.4-3.0)

(1.6 -2.1)

(1.0-2.3)

(2.6 - 3.6)

(1.6 - 2.4)
(2.9 - 4.3)
(1.0 - 2.4)
(2.0 - 2.5)
(0.8 2.3)
(1.5-2.2)
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SN
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
66
67
68
68
68
68
68
68
68
68

Study
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
145
146
147
147
147
147
147
147
147
147

Author

Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.
Cosimo Distante et al.

Cosimo Distante et al.

Xinmiao Rong et al.
Ghada Nasr Radwan
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.

Joe Hilton et al.

Country
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
Italy
China
Egypt
Nepal
Spain
Belgium
Italy
Brazil
Iraq
China

Iraq

3.6
3.4

3.2
3.1

2.8
2.6

3.3

2.8

3.1
4.7
3.5
2.0
2.0
4.2
2.0
1.8
2.4
3.6

R, range

(2.7-3.3)
(2.1-28)
(2.0-2.7)
(1.7 - 2.5)

(1.3-2.4)
(1.4-2.1)
(2.1-3.1)
(1.1-1.8)

(1.0 - 2.0)
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SN
68
68
68
68
68
68
68
68
68
68
68
68
68
68
68
68
68
68
69
69
69
69
69
69
69
69
69
69

Study
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
148
148
148
148
148
148
148
148
148
148

Author

Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.
Joe Hilton et al.

Joe Hilton et al.

Patrick Bryant et al.
Patrick Bryant et al.
Patrick Bryant et al.
Patrick Bryant et al.
Patrick Bryant et al.
Patrick Bryant et al.
Patrick Bryant et al.
Patrick Bryant et al.
Patrick Bryant et al.

Patrick Bryant et al.

Country
Canada
Spain
Austria
Finland
Canada
Ethiopia
Japan
Japan
Italy
Egypt
Austria
Ethiopia
Belgium
Nepal
Egypt
China
Brazil
Finland
Austria
Germany
Denmark
Spain
Belgium
France
Norway
Italy

UK

Sweden

Ry
2.8
2.8
3.0
3.6
2.2
2.1
4.1
1.9
2.4
14
2.3
4.0
3.6
2.2
3.2
2.4
2.8
2.0
3.1
3.1
3.0
3.2
3.2
2.9
2.8
3.2
2.8
2.9

R, range
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SN
69
70
70
71
72

73
74
75
75
75
75
75
75
76

Study
148
149
149
150
151

152
153
154
154
154
154
154
154
155

Author

Patrick Bryant et al.

M. Liu et al.

M. Liu et al.

Elena Loli Piccolomini at al.

Haifa Ben Fredj et al.

Bernd Blasius

Muhammad Altaf Khan a et al.

Qiangsheng Huang et al.
Qiangsheng Huang et al.
Qiangsheng Huang et al.
Qiangsheng Huang et al.
Qiangsheng Huang et al.
Qiangsheng Huang et al.
Mohammed Al Zobbi et al.

Country
Switzerland
China

China

Italy

Tunisia
Countries
worldwide and
counties in the US
China

China

China

China

China

China

China

South Korea

Ry
2.8
2.3
2.8
6.6
7.5

2.4
2.5
0.5
1.0
0.5
0.8
0.8
0.8
0.6

R, range
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Table 2.5. Basic reproduction number (Ry) of various infectious diseases with proportion of studies reporting R, within the given

threshold

Reproduction number threshold
Epidemic containment (R,<1)
Influenza (1>R,<1.5) &
SARS-CoV (1.5>R,<4) &

HIV (4>R,<5) 8

Smallpox (5> R,<6)

Rubella / Polio (6>R,<7) &
Chickenpox (7 >R,<12) &

Measles (12>R,<18) &’

Number (%0)

21 (6.2%)
19 (5.6%)
231 (68.3%)
26 (7.7%)
16 (4.7%)
16 (4.7%)

6 (1.8%)

3 (0.9%)

Cumulative number (%0)
21 (6.2%)

40 (11.8%)

271 (80.2%)

297 (87.9%)

313 (92.6%)

329 (97.3%)

335 (99.1%)

338 (100%)

Mean R,

0.69

1.33

2.61

4.43

5.47

6.49

8.84

13.96

Range

0.03-0.99

1.00-1.49

1.50-3.99

4.02-4.95

5.00-5.88

6.00-6.96

7.50-11.40

12.58-14.80
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2.4 Discussion

This study used meta-analysis to estimate the R, of COVID-19 using a systematic review of
articles published between 1%t December 2019 and 30" September 2020. | aggregated results
published in these studies and synthesised estimates addressing the heterogeneity in different
studies. When no deliberate intervention was taken for COVID-19, | estimated the R, to be
2.66 with 95% confidence interval (2.41-2.94), which is slightly higher than the estimates of
1.4 to 2.5 provided by the WHO.8 Our estimates are similar to the R, of severe acute
respiratory syndrome (R,: 2.7; 95% CI: 2.2-3.7)% but greater than that of Middle East
Respiratory Syndrome (R, = 0.91; 95% CI: 0.36-1.44).8° Our sub-group analysis found very
wide heterogeneity of estimates in our meta-analysis, with values ranging from 1.91 to 4.09.
This shows the vulnerability of R, estimates to choices of modelling methods, data source,
location, and timing. Of note, the test for asymmetry in our study indicated the possibility of a
small-study effect meaning that studies with relatively large R, were more likely to be
published. If the small-study effect observed in our study was due to publication bias, the true
pooled R, will be 1.82, as estimated by the trim-and-fill method, which is relatively lower than
our estimated R, (2.66). However, such a value is inconsistent with the behaviour of the virus

in many countries.

Estimating a precise reproduction number is essential for determining the severity and size of
any infectious disease and planning interventions to control its spread.®® However, | found
heterogeneity among included studies, which makes the use of the basic reproduction number
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for basic epidemic planning difficult. The estimated reproduction number of studies included
in the meta-analysis ranged from 0.4 to 12.58, orders of magnitude of difference. This
heterogeneity was not ameliorated by choice of method, by longer periods of data collection,
or by the national origin of the study. Even studies with data collected over periods of greater
than 2 months had heterogeneity, and there was heterogeneity independent of the calculation
method, nation of origin, or type of central estimate. | included studies from across the world
and found wide variation in pooled estimates of R, which ranged from 1.91 in India to 4.09
in the USA. | also found high heterogeneity for estimates within countries, with estimates
within single countries varying by orders of magnitude. | found estimated basic reproduction
numbers below 1 in 6% of studies (Table 2.5), which is inconsistent with the rapid spread of

the virus during that time period.

This high heterogeneity, which depends heavily on estimation method, data selection, and
national characteristics presents a huge problem for risk assessment and data synthesis.
National policymakers, emergency management committees, and the WHO need to be able to
make judgments about the pandemic risk of a novel virus. But in order to do so, they must
synthesise data on the transmissibility of the virus that is generated with a wide range of
different models, has extreme variability, and gives radically different conclusions depending
on which study is included in risk assessments and how data is pooled. The reproduction
number of COVID-19 in a country is the average of R, in the sub-populations. Thus, even if
the overall R, is low or even less than one, it is still necessary to implement strict measures to

avert the consequences as the probability of disease transmission in specific sub-groups of a
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population may still be high. Failure to take effective and adequate preventive measures may
result in serious consequences. Given we found wide variation in estimation of R, between
studies in the same country or using the same method, estimation of R, at sub-national level

is unlikely to offer a reliable or useful tool for informing prevention policies.

| estimated that a COVID-19 infected individual can transmit the infection to two to three
susceptible individuals if no control measure is applied. The pooled R, estimate of 2.66
estimated from this study is higher than the early WHO estimate of 1.4-2.5% and indicates a
rapid spread of COVID-19. However, many governments and public health decision-makers
acted based on lower estimates of R, that are inconsistent with the pooled study estimate found
here, with disastrous consequences. For example, the UK Chief Medical Officer, Christ Whitty,
announced a “herd immunity” threshold of 60% on national television in March 2020,
implying an assumed basic reproduction number of less than 2.5, but by this time only 31% of
the published estimates in our study suggested a value in this range. In 2021 the US government
set a target of 70% of adults vaccinated, also consistent with an R, value of less than 2.5,%
even though less than 38% of the studies published to September 2020 found a value in this
range. These decisions were inconsistent with the published evidence at that time and failed to
take into account the full range of research findings on the infectiousness of the disease.
However, with a wide range of published estimates even six months after the novel coronavirus
was identified, and no consensus on the correct method for assessing this crucial number, it
was very easy for governments to pick values consistent with their political priorities, and
impossible to construct a coherent national or global vision for ending coronavirus-related
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restrictions. The consequences of this have been particularly catastrophic in the USA but have
also led to waves of sickness and death in some parts of Europe. The same inherent problems
of heterogeneity by method, data source and timing likely also apply to estimates of the
infectiousness of subsequent variants of the disease, such as Delta and Omicron, leading to

further confusion and inconsistency in decision-making about the pandemic.

Estimation of the reproduction number depends on data sources, environmental factors, and
model assumptions.®® Our study shows that the competing influence of these factors can lead
to a wide range of potential values of R, which make policy decisions difficult. Depending on
the study group, data source and method used, the studies we reviewed concluded that the
COVID-19 pandemic was disappearing; that the novel coronavirus was no more transmissible
than seasonal influenza; that it was a dangerous virus with a pandemic potential twice that of
seasonal influenza; or that it was more transmissible than smallpox. Policy responses to an
infectious disease of this kind will vary enormously depending on the particular infectiousness
regime policymakers believe they are dealing with, but the estimated R, values found within
the published literature in 2020 cover such a wide range of regimes as to make policy decisions
impossible. This renders this fundamental property of infectious diseases effectively useless
for informing policy, and those nations which depended upon this value for determining when
to relax restrictions have paid a high price.*** | recommend that the basic reproduction number
not be used as policy tools or to inform the public about the current state of pandemics, and
that instead, policymakers rely on more precisely calculable measures with public health
relevance such as hospital usage, deaths, doubling times, test numbers and positivity rates.
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Furthermore, the infectious disease modelling and epidemiology community need to develop
a consensus on the estimation and reporting of R,, how they should be used in emerging
infectious disease pandemics, and how they can be understood by laypeople and policymakers.
During outbreaks of emerging infectious diseases such as Ebola,®® SARS,?? or other novel
respiratory viruses® and hantaviruses,* it is common for outbreak analysts to rush early
analyses of R, into publication, to inform national and global policymakers of the pandemic
risk associated with the outbreak. This systematic review shows that these estimates are highly
sensitive to assumptions, modelling methods and data, and cannot be relied upon to provide
meaningful or comparable information about the nature of emerging pandemics. | therefore
recommend that, in preparing for the next global pandemic or public health emergency of
international concern, the WHO convene a working group to establish clear guidelines for the
calculation, reporting and use of reproduction numbers, as well as information for
policymakers, and the global health community should consider establishing a single, globally-
agreed research group tasked with assessing outbreaks within a commonly-agreed framework

endorsed by the WHO.

Global understanding of infectious disease outbreaks remains weak, and the novel coronavirus
pandemic is the first rapidly spreading global pandemic since the 2018 Spanish influenza
pandemic, which occurred at a time when sophisticated data analysis and disease modelling
were not available. This study shows that there is still much theoretical and practical work to
be done before we can properly understand the dynamics of emerging infectious diseases, and

that R, offers a highly variable measure of pandemic risk, subject to much uncertainty and
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vulnerable to the influence of modelling assumptions, data quality and data timeliness.
Although infectious disease models and composite emergent indicators such as R, offer a
tempting tool to simplify understanding of pandemics, they do not offer the clarity and
precision needed to make decisions in a global pandemic. Until the epidemiological community
has a clearer understanding of how to use these measures, they should be deprecated in favour
of basic public health principles that offer a clear, simple framework for pandemic response.
Until we have a clearer understanding of and consensus on how to use infectious disease

models for pandemic response, we cannot hope to prepare for the next pandemic.
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CHAPTER 3: Pandemic preparedness score

3.1 Background

The Global Health Security Index (GHSI) assesses the health security and public health
preparedness capabilities across 195 countries.®” It was developed by Johns Hopkins School of
Public Health and was launched in October 2019, two months before the initial detection of the
COVID-19 virus, and provides an annual evaluation of the readiness of 195 countries for
epidemics and pandemics. Publicly available information is used to assess countries across six

categories, 37 indicators, and 171 questions.

3.1.1 GHSI indicator categories

The GHSI scores countries based on the average of six indicator categories of prevention,
detection and reporting, rapid response, health system, compliance with international norms
and risk environment. Each indicator within the six categories contains up to seven underlying

sub-indicators.
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1. PREVENTION: Prevention of the emergence or release of pathogens, including those constituting
an extraordinary public health risk in keeping with the internationally recognized definition of a Public
@ Health Emergency of International Concern.* Indicators in this category assess antimicrobial resistance,
zoonotic disease, biosecurity, biosafety, dual-use research and culture of responsible science, and

PREVENT immunization.
A 2. DETECTION AND REPORTING: Early detection and reporting for epidemics of potential
international concern,*® which can spread beyond national or regional borders. Indicators in
@ this category assess laboratory systems; real-time surveillance and reporting; epidemiology
DETECT workforce; and data integration between the human, animal, and environmental health sectors.
A 3. RAPID RESPONSE: Rapid response to and mitigation of the spread of an epidemic. Indicators in
@ this category assess emergency preparedness and response planning, exercising response plans,
% emergency response operation, linking public health and security authorities, risk communication,
RESPOND access to communications infrastructure, and trade and travel restrictions.
4, HEALTH SYSTEM: Sufficient and robust health system to treat the sick and protect health workers.
’ e \ Indicators in this category assess health capacity in clinics, hospitals, and community care centers;
[@ medical countermeasures and personnel deployment; healthcare access; communications with
HEALTH healthcare workers during a public health emergency; infection control practices and availability of
equipment; and capacity to test and approve new countermeasures.
A 5. COMPLIANCE WITH INTERNATIONAL NORMS: Commitments to improving national capacity,
AN financing plans to address gaps, and adhering to global norms. Indicators in this category assess
‘ ,,i\k IHR reporting compliance and disaster risk reduction; cross-border agreements on public health
NORMS emergency response; international commitments; completion and publication of WHO JEE and the
World Organisation for Animal Health (OIE) Performance of Veterinary Services (PVS) Pathway
assessments; financing; and commitment to sharing of genetic and biological data and specimens.
A 6. RISK ENVIRONMENT: Overall risk environment and country vulnerability to biological threats.
Indicators in this category assess political and security risk; socioeconomic resilience; infrastructure
& adequacy; environmental risks; and public health vulnerabilities that may affect the ability of a country
RISK to prevent, detect, or respond to an epidemic or pandemic and increase the likelihood that disease

outbreaks will spill across national borders.

Figure 3.1. The indicator categories for global health security index. Source: GHSI report

2019, www.ghsindex.org
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The 195 countries are ranked based on their scores across and within each of these categories.
Although the GHSI measures readiness for a pandemic, very few countries were able to
mitigate the spread of COVID-19 infection, and many countries failed miserably to prepare for
or control the pandemic.?® Given that the GHSI was prepared just months before the COVID-
19 pandemic with the explicit purpose of assessing preparedness for a global pandemic, and
ostensibly provides objective, numerical quantification of the degree to which every country is
able to implement the international health regulations, it offers an excellent opportunity to
assess how well the fundamental principles enshrined in the IHR actually prepare countries for
a pandemic response. The findings from this study can be used to better prepare ourselves for

other possible pandemics in the future.

This study will analyse the relationship between GHSI scores and incidence rate, mortality rate
and vaccination rate during the COVID-19 pandemic. | aim to assess if countries with high
GHSI scores did well in controlling the spread of the infection and mitigating the outbreak.

| also conduct a case study comparing the pandemic response in Japan and the USA with the
goal of seeing whether pandemic response is primarily determined by objective elements of
health system preparedness, or by the specific policies implemented during the pandemic,

consistent with WHO best practice.
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3.2 Methods

GHSI scores for 2019 were obtained from the publicly available data from the GHSI website.
Data on COVID-19 cases, deaths and vaccination were obtained from the WHO coronavirus
dashboard from 1%t January to 31% December 2020.* For calculating rates, population data
were obtained from the World Population Prospects.®® Data on life expectancy, socio-
developmental index (SDI), Universal Health Coverage (UHC) and total fertility rate (TFR)
were obtained from the Global Health Data Exchange®’1% and data on vaccine coverage were
obtained from Our World in Data database.'®* All the data were merged by country name.
GHSI scores were categorised as ‘Low’ for scores <= 60 and ‘High’ for scores > 60. | assessed
the COVID-19 related case rate, death rate, vaccination rate and time taken for 64% vaccination
coverage separately against GHSI scores for each country. Case rates are the total number of
confirmed cases of COVID-19 per 1000 population, death rates are the total number of deaths
attributed to COVID-19 per 1000 population and vaccination rates are the total number of
people who received at least two doses of COVID-19 vaccination. The vaccination threshold
was calculated to be 64% assuming the value of R, to be 2.7. The duration to achieve 64%
vaccination coverage is the duration in months between 1% January 2021 and the date when
64% coverage was achieved. The calculated duration was then divided into two categories —

duration of less than one year, or one year and more.

3.2.1 Statistical analysis
Poisson regression analysis with population offset was used to assess the association of GHSI

scores separately with total cases, total deaths and total number of vaccinations. Poisson
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regression analysis with population offset was used to estimate fitted lines in graphs depicting
the relationship of GHSI scores with case rates and death rates. The fitted lines for vaccination
rates were estimated using linear regression of natural log of vaccination proportion. A logistic
regression analysis was used assessing the association between GHSI score and 64%
vaccination coverage duration categorised into two groups. Linear regression analysis was used
to estimate fitted lines for time taken to achieve 64% vaccination coverage by GHSI scores.
Kaplan-Meier method was used for survival analysis and the cox-proportional hazard model
confirmed the findings after adjusting for additional variables. For survival analysis, the GHSI
scores were categorised as low for scores lower than or equal to 60 and high for scores above
60. All the analyses were adjusted for SDI index, UHC coverage, life expectancy and TFR of

the country.

3.2.2 Case study

The epidemic curve of cases and deaths was examined separately for Japan and USA and the
7-day moving average was calculated. The time-varying reproduction number was estimated
to analyse the spread of COVID-19 in USA and Japan during the early phase of the outbreak
using the R package EpiEstim.1%? The assumed mean and standard deviation of the gamma

distributed serial intervals are 7.8 days and 5.2 days respectively.%3
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3.3 Results

3.3.1 Comparison of GHSI scores and COVID-19 related outcome

Figure 3.2 is a scatterplot of GHSI score and case rate per 1000 for different countries. The
blue and green dots represent UK and USA respectively. These countries have the top two
highest GHSI scores. The red and the black dot represent Japan and New Zealand. These have
low GHSI scores of around 55 to 60. Results show that as the GHSI scores increased, the

number of COVID-19 case rates increased as well.
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Figure 3.2. Cumulative case rate of COVID-19 by GHSI score for different countries
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Figure 3.3 is a scatterplot of GHSI score and death rate per 1000 for different countries. Results

show that as the GHSI scores increased, the COVID-19 death rate increased as well.

Cumulative death rate per 1000

0- L +
| | | | | | | | | | | | | | | | | |
0 5 0 1B 20 26 30 35 40 45 650 55 60 65 70 75 80 85

Global Health Security Index score

Observed Fitted
® Japan ® USA
® UK ® New Zealand

Figure 3.3. Cumulative death rate of COVID-19 by GHSI score for different countries
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Figure 3.4 is a scatterplot of GHSI scores and vaccination rates for different countries. Result

shows that as the GHSI scores increased, the vaccination rate of covid-19 increased as well.
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Figure 3.4. Cumulative vaccine rate of COVID-19 by GHSI score for different countries
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Figure 3.5 is a scatterplot of GHSI score, and time taken for 64% of vaccination coverage for
different countries. Results show that as the GHSI scores increased, the time taken to fully

vaccinate 64% of the total population decreased.
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Figure 3.5. Vaccination coverage duration of COVID-19 by GHSI score for different

countries
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Table 3.1 shows the result of the Poisson regression analysis. The outcome here is COVID-19

cases. With a one-point increase in GHSI score, the COVID-19 case rate increased by 2%

adjusting for covariates.

Table 3.1. Poisson regression analysis: Case rate of Covid-19

Variable

Score

SDI

Life expectancy
Total Fertility Rate

Universal Health Coverage

Incident rate ratio

1.02

1.05

0.94

1.05

1.02

Confidence Interval
(1.02-1.02)
(1.05-1.05)
(0.94-0.94)
(1.05-1.05)

(1.02-1.02)

Table 3.2 shows the result of the Poisson regression analysis for the death rate. With every one

unit increase in GHSI score, the death rate increased by 3% adjusting for covariates.

Table 3.2. Poisson regression analysis: Death rate of Covid-19

Variable

Score

SDI

Life expectancy
Total Fertility Rate

Universal Health Coverage

Incident rate ratio

1.03

1.03

0.92

0.91

1.02

Confidence Interval
(1.02-1.03)
(1.03-1.03)
(0.92-0.92)
(0.91-0.91)

(1.02-1.02)
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Table 3.3 shows the result of Poisson regression analysis of vaccination rate, and shows that

with one point increase in GHSI score, the vaccination rate increases by 1% adjusting for

covariates.

Table 3.3. Poisson regression analysis: Vaccine rate of Covid-19

Variable

Score

SDI

Life expectancy
Total Fertility Rate

Universal Health Coverage

Incident rate ratio

1.01

0.99

1.04

0.64

0.99

Confidence Interval
(1.01-1.01)
(0.99-0.99)
(1.04-1.04)
(0.64-0.64)

(0.99-0.99)

Table 3.4 shows the result of the Logistic regression analysis to achieve 64% vaccination

coverage in less than one year or more. There is no statistically significant association between

GHSI score and duration of vaccination coverage.

Table 3.4. Logistic regression analysis: Vaccine coverage duration of Covid-19

Variable

Score

SDI

Life expectancy
Total Fertility Rate

Universal Health Coverage

Odds Ratio

1.02

1.03

1.29

1.28

1.01

Confidence Interval
(0.99-1.06)
(0.97-1.11)
(0.99-1.68)
(0.50-3.26)

(0.93-1.09)
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Table 3.5 and Figure 3.6 show the results of survival analysis of time to achieve 64%
vaccination coverage. With one unit increase in GHSI scores, the hazard ratio for 64%
vaccination coverage increases by 1%. The results are, however, not significant.

Kaplan-Meier survival estimates

1.00 -
0.75 -
0.50 -
0.25 -
0.00 -
I I I I I
0 5 10 15 20
analysis time
scoreCat = Low scoreCat = High

Figure 3.6. Kaplan-Meier curves for time taken for 64% of vaccine coverage separately

by GHSI scores
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Table 3.5 Cox-proportional hazards regression:

vaccination coverage
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Time taken to achieve 64% of

Variable

Score

SDI

Life expectancy
Total Fertility Rate

Universal Health Coverage

Hazards Ratio

1.01

0.97

1.15

0.76

1.03

Confidence Interval
(0.99-1.03)
(0.94-1.02)
(0.99-1.32)
(0.45-1.30)

(0.99-1.08)

3.3.2 Case study of Japan and the USA

Both Japan and the USA are well-developed high-income countries, and the first case of

COVID-19 was detected in these countries at around the same time. However, the GHSI ranks

the USA as the most prepared country with the highest GHSI score of 83.5, while Japan is

ranked as the 21% best prepared, with a score of 59.8. In these countries with such contrasting

scores, this case study assesses if the USA did well in controlling the spread of the infection

and mitigating the outbreak compared to Japan. To date, 17% of the Japanese population has

been infected with COVID-19 while around one-third (30%) of the US population has been

infected. The total number of deaths in Japan is around 45 thousand and in the USA it is over

a million.
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Control measures applied in Japan and USA

Both these countries have introduced various measures for controlling the spread of the
outbreak. An anti-coronavirus task force was established in both countries during the early
phase of the pandemic. Healthcare funding was increased, and the medical service system was
reinforced. Various states and prefectures introduced travel restrictions, state of emergency and
school closures at various time points. Mask mandates were divisive during the early phase of
the pandemic in the USA. While the Trump led government did not seem supportive of the
mask mandate, President Biden executed vigorous protocols mandating the use of face masks
on federal properties. While Japan recommended the use of face masks, it never made it
mandatory.®* However, mask compliance in Japan was higher compared to the USA.1%51% |n
both the countries, people were encouraged to maintain hand hygiene and other basic hygiene
etiquette. People affected with coronavirus in both countries have been provided financial
support'°71% encouraging them to comply with the travel restriction measures and were
encouraged to implement telework to the extent possible. Vaccination was started in both
countries in late 2020. Both countries have implemented various strategies to mitigate the

spread of infection.
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Figure 3.7 shows the epidemic curve of cases in Japan and the USA from the beginning of
2020 to December 2020. It also depicts various major events and preventive steps at different
time points. There were more than three waves of infection in both countries. In both countries,
the daily cases reached a peak around December 2020. The graph shows that the number of
cases increased in the USA after various major events, such as the Black Lives Matter protest
in June 2020, and the presidential election in November 2020. Similarly, in Japan cases

increased after the domestic travel campaign in July 2020, and around Christmas and new year

of 2020/21.
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Figure 3.7. Epidemic curve of number of daily new cases and 7-day moving average. Note:

The scales of the two graphs are different.

Differences in governance of these two countries led to different trajectories of COVID-19

cases and deaths in these two countries. The Japanese government adopted significant
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responsibility for leading the country on important pandemic-related issues and requested
voluntary closure of schools throughout the country in March 2020, initiated social distancing
campaigns including a search for COVID-19 clusters and declared a national state of
emergency in April.19%119 Some of these measures may have contributed to the containment of
the COVID-19 cases and deaths, leading the government to lift the state of emergency in early
May. The policies in Japan absolutely contrast with that of the USA. Donald Trump on various
occasions seemed to not be concerned of the situation and ignored or did not understand the
urgency of the situation.'!* The major policy decision and resource allocation was primarily at
state level, with significant variation between states. The USA was slow to act and educate the
public to gain their trust on the importance of vaccination against COVID-19.1*? The
centralized and coordinated response of the Japanese political leaders led to a good control
over COVID-19, while the decentralised and fragmented response in the USA led to confusion

and conflict, thus failing to mitigate the spread of COVID-109.
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Figure 3.8 shows the epidemic curve of the number of daily COVID-19 deaths in the USA and

Japan until 31%t December 2020. The total number of daily deaths was as high as around 100

in Japan while in the USA it reached about 3400 deaths in a day.
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Figure 3.9 shows the time-dependent reproduction numbers from the beginning of the infection
until 31st December 2020. While the reproduction number was around 2-4 on average in Japan.

During the first four months, the effective reproduction number was as high as six.
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Figure 3.9. Time-dependent reproduction number before 31st December 2020

3.4 Discussion

Accurate pandemic preparedness metrics are essential for containing disease outbreaks.
Despite this, GHSI indicators do not seem to be well correlated with the capacity of nations to
prevent and combat epidemics. The countries with the highest GHSI scores are most impacted
by COVID-19 in terms of total number of cases and deaths per million. The GHSI failed to

predict COVID-19 cases and mortality in the first year of the pandemic. This study shows that
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the GHSI indices could not accurately predict the case detection and mortality outcome in the

early phase of the pandemic.

As the GHSI scores increased, COVID-19 cases and death rates increased as well. This shows
that capability of pandemic preparedness reported in policy documents is not a reliable measure
of the effectiveness of these policies in action. The effectiveness of long-term investments in
health infrastructure is determined in a real outbreak, and the case study of Japan and the USA
shows that the key determinants of the response are not these measures of health infrastructure
investment or readiness, but the policies implemented at the time of the outbreak. COVID-19
performance indicators differed from GHSI rankings, suggesting that some countries may be
underestimated and that individual national policy decisions and willingness to follow WHO
recommendations on testing and isolation are more important than numerical measures of
health system abundance such as how many hospital beds they have. In terms of vaccination,
however, the countries with higher scores are more likely to quickly achieve desired
vaccination coverage. In light of lessons learned from COVID-19, factors such as response
time should be added to GHSI scoring tools in order to assess countries’ true preparedness and

vulnerability. 13

Comprehensive approaches must be coordinated by governments and international
organizations, to change the COVID-19 pandemic trajectory. Health infrastructure investments
can mitigate infection risks within countries and reduce pandemic risks overall.}* A well-

structured capacity, however, will not suffice if it is not activated for political or socioeconomic
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reasons. For mitigating public health emergencies, the major focus has been on resources and
health systems, and not enough on political preparedness. The results suggest that preparedness
is less important than following basic public health principles for the control of infectious
diseases. Additionally, difficult public health measures require support from the community to
be effectively implemented. Factors such as the universal health coverage of countries and the
presence of a strong political leadership in times of crises are not sufficiently taken into account
in the GHSI score rankings. Instead of adopting personal or collective responsibility, developed
countries with high GHSI scores often resort to institutions with varied degrees of authority
and responsibility to deal with health emergencies. GHSI indicators and weightings should be
revised in the future based on lessons learned from COVID-19. Continual re-evaluation of the
GHSI, including taking leadership factors into consideration, is essential, given the success of
countries such as China, Vietnam, New Zealand, and South Korea. Further, future GHSI

reports should take into account the country’s response to past health threats.
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CHAPTER 4: Discussion and conclusion

| conducted a systematic review and meta-analysis of studies published in the early phase of
the COVID-19 pandemic assessing the estimated pooled R, of the disease. The findings from
various studies were gathered and combined to provide a synthesis of estimates addressing the
heterogeneity among the included studies. When no deliberate intervention was taken for
COVID-19, | estimated the R, to be 2.66 with a 95% confidence interval (2.41-2.94). This
means that on average, a COVID-19-infected person transmits the infection to around two to
three susceptible people. Additionally, I conducted some analyses assessing the pandemic
response of various countries to mitigate the COVID-19 pandemic. | assessed the COVID-19
cases, deaths, and vaccination status of countries with their pandemic preparedness GHSI
scores. Results show that GHSI indicators do not seem to be well correlated with countries’
ability to prevent and respond to epidemics given the higher number of COVID-19-related

cases and deaths in countries with higher GHSI scores.

| screened 15714 articles related to COVID-19 published between 15t December 2019 and 30%"
September 2020 and included 151 studies. A total of 81 studies were included in the meta-
analysis. Studies included in the meta-analysis reported R, estimates ranging from 0.4 to
12.58. We found a high heterogeneity of estimates indicating a vulnerability of R, estimates
to choices of methods, data source, location, and timing. Sub-group analysis revealed that the
pooled estimate of R, using data collected up to January 2020 was relatively higher (R, =

3.34) compared to the estimates from subsequent months and was declining until March when
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more data were available. Additionally, the small study effect in the included studies indicated
that the studies with relatively large R, were more likely to be published. The bias-adjusted

estimate showed the pooled R, to be 1.82.

The results of the analysis of GHSI scores for different countries affected by COVID-19
showed that the countries most affected by COVID-19 in terms of deaths per million are those
with the highest GHSI scores. COVID-19 cases and mortality were not well predicted by the
GHSI scores in the first year of the pandemic. Countries like the UK and the USA had the
highest GHSI scores yet failed to contain the COVID-19 cases or deaths. On the contrary, Japan
and New Zealand had lower GHSI scores but still managed to control the spread of COVID-
19 better than the UK and the USA. However, results show that vaccination rate increased with
GHSI scores. The result from survival analysis showed that countries with higher GHSI scores
too less time to achieve 64% vaccination coverage. Even in that case, Japan and New Zealand
had higher cumulative vaccination proportion than the UK and USA. The case study of Japan
and the USA showed that difference in policy measures during the early phase of the pandemic
led to different trajectories of COVID-19 in these two countries. Results show that health
preparedness indices in the GHSI were not predictive of cases detected and mortality outcomes

until December 2020.

Despite its simple appearance, R,’s definition, calculation, and interpretation are complicated
when it comes to assessing infectious disease transmission dynamics. It is evident that some
misconceptions about R, have arisen as a result of its extensive use in the scientific literature.®?
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There are several challenges associated with estimating the basic reproductive number from
available data, which has significant implications for interpreting the pandemic's course.
Various biological, socio-behavioural, and environmental factors affect R, estimation.®®
Resulting reproduction numbers from various mathematical models may be biased in case the
underlying assumptions are not met, such as in case of misspecification of general interval.11°
Due to the ease with which R, can be misrepresented, misinterpreted, and misused, this basic
metric must be estimated, reported, and applied with great caution.®* To estimate R,
accurately and timely, most epidemiological data require statistical adjustments as the data
itself may not always be ideal. Additionally, it is essential to understand the model inputs,
structures, and interactions in order to interpret R, estimates derived from different models
without distorting the metric’s true meaning and value. Researchers and practitioners must take
caution when applying and discussing R, since its value and relevancy depend on its correct

use and interpretation.

When a new disease emerges, important decisions need to be made in a short time in the
absence of quality evidence and amidst uncertainties. With the prevailing uncertainties, no
single model can predict the disease or the effectiveness of intervention strategies in place.
Similarly, one model may not necessarily be superior to another, but rather just provide a
different perspective. The different model assumptions and simplification process in modelling
make it difficult to assess the merits and limitations of a disease model. During the early stage,
policymakers try to contain the disease through quarantine and isolation of infected cases. If

this turns out to be unsuccessful, they face challenges to formulate effective intervention
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strategies such as gathering and travel restrictions. However, there is a huge economic burden
to society associated with such mass restrictions. Various epidemiological, infectious disease,
and health policy analysis models for a long time are being used to guide policy decisions. It
is effective for projecting short-term outcomes, but uncertainties compound as epidemic
trajectories are predicted over a longer period. Objective measures of preparedness like the
GHSI were just as incapable of predicting spread as objective measures of virus infectivity like,
R, . Decision rules from decision theorists provide theoretical constructs to account for
uncertainty during decision-making process. Health protection must be balanced with
preventing economic effects on society. Amidst the uncertainty, policymakers should continue

to communicate their strategies and keep the public informed.

4.1 Policy recommendations about methods for assessing pandemic risk
and pandemic preparedness

The issue of global health security is not simply one related to just health. Crises such as those
caused by Ebola, Zika, or COVID-19 have the power to destroy economies and halt national
progress. Globally, the COVID-19 pandemic is expected to cost $13.8 trillion by 2024. 116 As
a result of this kind of economic devastation, the effects are more widespread than ever before.
17 All countries should be prepared for the next pandemic, and so, they should have a strong
political engagement to enable multi-sectoral coordination. It is imperative to identify and
make accessible the funding necessary to build a multi-resource capacity and implement
pandemic preparedness and response activities. The establishment of an effective

communication channel between sectors and stakeholders, as well as the creation of a pandemic
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plan providing a framework for cross-border and national planning, is crucial. As part of
planning activities, both national and subnational exercises and simulations should be
conducted. In order to prevent diseases from spreading internationally, health systems in all
countries should cooperate to detect and contain disease outbreaks. It is the responsibility of
health systems in all countries to collaboratively work towards identifying and containing
public health outbreaks before it spreads internationally. Only about one-third of countries
around the world are currently capable of assessing, detecting, and responding to public health
emergencies, despite a broader global agreement on IHR (2005).%%8 Particularly, low- and

middle-income are at risk due to these gaps in pandemic preparedness.

PHEICs are beneficial for funding and mobilization, but they also have a downside when it
comes to their economic impact. There have been recent debates raising questions about the
value of PHEIC declarations. It is necessary to review the 2005 regulations and the declaration
in general in light of the controversy. In accordance with the WHQO’s emergency committee’s
recommendations, a new alert-level system needs to be developed.*® It would allow the WHO
to take quicker action when a PHEIC declaration is not required. Additionally, there is a need
to standardize the emergency committee’s reviews to specifically address whether an outbreak
meets each core PHEIC criteria of IHR. Also, it is necessary to formulate guidelines for
emergency committee members that allow them to interpret IHR criteria effectively. Disease
outbreak response capabilities of the IHR and WHO will be strengthened by incorporating
these recommendations in future emergency committee deliberations and PHEIC decision-
making processes.
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4.2 Conclusion

Different countries faced various challenges in the decision-making processes during the
COVID-19 pandemic. Reliable information on effectiveness of disease containing measures
and its impact on the population is essential for policymakers. Many countries have relied on
expert opinions and result of modelling studies for making policy decisions. However, the
prevailing uncertainty during the early spread of the disease outbreak imposes hindrance to

formulate grounded predictions leading to misinterpretations and suboptimal decisions.

Despite our efforts, we still have a long way to go before we can fully understand the dynamics
of emerging infectious diseases. Pandemic risk can vary greatly, depending on the quality,
accuracy and timeliness of the data, and the assumptions made. A pandemic decision cannot
be made with certainty and precision with infectious disease models and composite emergent
indicators such as R,, although it provides some basic information on the course of the
pandemic. A clear and simple framework for pandemic response should be used instead of
these measures until the epidemiological community understands how to measure and apply
them. To be able to fully prepare ourselves for the next pandemic, there is a need to have a
clearer understanding of and consensus on how to use infectious disease models for pandemic
response. In turn, the mechanism by which scientific evidence is synthesized and incorporated
into national and global decisions needs to be made clearer, more objective, and more
comparable between nations. Until the global health and infectious disease community have a
proper understanding of the governance measures required to properly incorporate scientific
information into decision-making, the IHR will be of limited effectiveness, WHO decisions
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will be subject to protest, distrust and delay, and there will be no global understanding of what
is and is not a global health emergency. The world has failed to properly respond to COVID-
19, and until more progress is made on these aspects of the interaction of science and decision-

making, is vulnerable to the next emerging disease epidemic.
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Appendices

Appendix A: PHEIC criteria as per the International Health regulations of

the WHO

EXAMPLES FOR THE APPLICATION OF THE DECISION INSTRUMENT FOR
THE ASSESSMENT AND NOTIFICATION OF EVENTS THAT MAY CONSTITUTE
A PUBLIC HEALTH EMERGENCY OF INTERNATIONAL CONCERN

The examples appearing in this Annex are not binding and are for indicative guidance
purposes to assist in the interpretation of the decision instrument criteria.

DOES THE EVENT MEET AT LEAST TWO OF THE FOLLOWING CRITERIA?

I. Is the public health impact of the event serious?

1. Is the number of cases and/or number of deaths for this type of event large for the
given place, time or population?

2. Has the event the potential to have a high public health impact?

THE FOLLOWING ARE EXAMPLES OF CIRCUMSTANCES THAT CONTRIBUTE TO HIGH PUBLIC
HEALTH IMPACT:

v Event caused by a pathogen with high potential to cause epidemic (infectiousness of the
agent, high case fatality, multiple transmission routes or healthy carrier).

v Indication of treatment failure (new or emerging antibiotic resistance, vaccine failure,
antidote resistance or failure).

v" Event represents a significant public health risk even if no or very few human cases have
yet been identified.

v' Cases reported among health staff.

v' The population at risk is especially vulnerable (refugees, low level of immunization,
children, elderly, low immunity, undernourished, etc.).

v Concomitant factors that may hinder or delay the public health response (natural
catastrophes, armed conflicts, unfavourable weather conditions, multiple foci in the State
Party).

v" Event in an area with high population density.

v Spread of toxic, infectious or otherwise hazardous materials that may be occurring
naturally or otherwise that has contaminated or has the potential to contaminate a
population and/or a large geographical area.

3. Is external assistance needed to detect, investigate, respond and control the current
event, or prevent new cases?

THE FOLLOWING ARE EXAMPLES OF WHEN ASSISTANCE MAY BE REQUIRED:

Is the public health impact of the event serious?

v" Inadequate human, financial, material or technical resources — in particular:

— insufficient laboratory or epidemiological capacity to investigate the event
(equipment, personnel, financial resources);

— insufficient antidotes, drugs and/or vaccine and/or protective equipment,
decontamination equipment, or supportive equipment to cover estimated needs;

— existing surveillance system is inadequate to detect new cases in a timely manner.
IS THE PUBLIC HEALTH IMPACT OF THE EVENT SERIOUS?
Answer “yes” if you have answered “yes” to questions 1, 2 or 3 above.
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II. Is the event unusual or unexpected?

4. Is the event unusual?
THE FOLLOWING ARE EXAMPLES OF UNUSUAL EVENTS:

v" The event is caused by an unknown agent or the source, vehicle, route of transmission is
unusual or unknown.

v" Evolution of cases more severe than expected (including morbidity or case-fatality) or
with unusual symptoms.

v" Occurrence of the event itself unusual for the area, season or population.

5. Is the event unexpected from a public health perspective?
THE FOLLOWING ARE EXAMPLES OF UNEXPECTED EVENTS:

v" Event caused by a disease/agent that had already been eliminated or eradicated from the
State Party or not previously reported.

Is the event unusual or unexpected?

IS THE EVENT UNUSUAL OR UNEXPECTED?
Answer “yes” if you have answered ‘“‘yes” to questions 4 or 5 above.

IIL. Is there a significant risk of international spread?

6. Is there evidence of an epidemiological link to similar events in other States?

7. Is there any factor that should alert us to the potential for cross border movement of the
agent, vehicle or host?

THE FOLLOWING ARE EXAMPLES OF CIRCUMSTANCES THAT MAY PREDISPOSE TO
INTERNATIONAL SPREAD:

v Where there is evidence of local spread, an index case (or other linked cases) with a
history within the previous month of:

— international travel (or time equivalent to the incubation period if the pathogen is
known);

— participation in an international gathering (pilgrimage, sports event, conference,
etc.);

— close contact with an international traveller or a highly mobile population.

v" Event caused by an environmental contamination that has the potential to spread across
international borders.

v" Event in an area of intense international traffic with limited capacity for sanitary control
or environmental detection or decontamination.

Is there a significant risk of international spread?

IS THERE A SIGNIFICANT RISK OF INTERNATIONAL SPREAD?
Answer “yes” if you have answered “yes” to questions 6 or 7 above.

IV. Is there a significant risk of international travel or trade restrictions?

8. Have similar events in the past resulted in international restriction on trade and/or
travel?

9. Is the source suspected or known to be a food product, water or any other goods that
might be contaminated that has been exported/imported to/from other States?

10. Has the event occurred in association with an international gathering or in an area of
intense international tourism?

1. Has the event caused requests for more information by foreign officials or international
media?

IS THERE A SIGNIFICANT RISK OF INTERNATIONAL TRADE OR TRAVEL
RESTRICTIONS?

Answer “yes” if you have answered “yes” to questions 8, 9, 10 or 11 above.

Risk of international restrictions?

States Parties that answer ‘“yes” to the question whether the event meets any two of the four
criteria (I-IV) above, shall notify WHO under Article 6 of the International Health Regulations.
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Appendix B: Data extraction form

Study ID (study number eg. 1, 2..)

General information

Date form completed (dd/mm/yyyy)

Name of person extracting data

Notes:

Study details

Study title

DOl

Journal

Author

Affiliation of author

Date of publication

Characteristics of included studies

Methods

Descriptions as stated in | Location in text or source

report/paper (pg & 9i/fig/table/other)

Country
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City

Data collected from date

(year, month, date)

Data collected until the date

Method used to calculate

reproduction number

Model used to calculate

reproduction number

Assumption of the model

Sample size

Notes:

Outcome: Reproduction number

Description Location in text or source

(pg & f/fig/table/other)

Type of reproduction number

assessed

Reproduction number

Interval of reproduction number

SD or SE (if mentioned)
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Type of interval (95% CI, 90% ClI,

max/min, Credible Interval)

Type of central estimate

Notes:

Study quality assessment through National Institute of Health (NIH) quality assessment

tool for case series studies

Criteria Yes | No | Other
(CD, NR,
NA)*

1. Was the study question or objective clearly stated? HEN

2. Was the study population clearly and fully described, including | [ ] | []

a case definition?

3. Were the cases consecutive? ] | ]

4. Were the subjects comparable? HEN

5. Was the intervention clearly described? HEN

6. Were the outcome measures clearly defined, valid, reliable, and | [] | []

implemented consistently across all study participants?

7. Was the length of follow-up adequate? HEi

8. Were the statistical methods well-described? HEIE

9. Were the results well-described? RN
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Quality Rating (Good, Fair, or Poor)

Additional Comments (If POOR, please state why):

*CD, cannot determine; NA, not applicable; NR, not reported
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