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Abstract: Objective: This systematic review estimated the pooled R for early COVID-19 outbreaks
and identified the impact of study-related factors such as methods, study location and study period
on the estimated Rg. Methods: We searched electronic databases for human studies published in
English between 1 December 2019 and 30 September 2020 with no restriction on country/region.
Two investigators independently performed the data extraction of the studies selected for inclusion
during full-text screening. The primary outcome, Ry, was analysed by random-effects meta-analysis
using the restricted maximum likelihood method. Results: We identified 26,425 studies through
our search and included 151 articles in the systematic review, among which 81 were included in the
meta-analysis. The estimates of Ry from studies included in the meta-analysis ranged from 0.4 to
12.58. The pooled Rj for COVID-19 was estimated to be 2.66 (95% CI, 2.41-2.94). The results showed
heterogeneity among studies and strong evidence of a small-study effect. Conclusions: The high
heterogeneity in studies makes the use of the Ry for basic epidemic planning difficult and presents
a huge problem for risk assessment and data synthesis. Consensus on the use of Ry for outbreak
assessment is needed, and its use for assessing epidemic risk is not recommended.

Keywords: basic reproduction number; basic reproductive number; Ry; COVID-19; coronavirus;
reliability; pandemic; infectious disease

1. Introduction

The World Health Organisation declared a public health emergency of international
concern on 30 January 2020 [1], after the outbreak of a novel coronavirus in China that
was subsequently named COVID-19. Since that declaration there have been more than
490 million confirmed cases and above 6 million deaths due to COVID-19, affecting more
than 180 countries worldwide, and the rate of infection continues to rise [2].

For infectious diseases like COVID-19, the basic reproduction number (Rg) is essential
to understanding the disease transmissibility, preparing preventive measures such as social
distancing and lockdowns, and evaluating the effectiveness of policy. The Ry is often evalu-
ated early in an emerging infectious disease outbreak to identify the pandemic potential of
the disease [3], 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 [4].

Rp 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 Ry may be based on limited and highly biased data, and estimates can change over

Int. ]. Environ. Res. Public Health 2022, 19, 11613. https://doi.org/10.3390/ijerph191811613

https:/ /www.mdpi.com/journal/ijerph


https://doi.org/10.3390/ijerph191811613
https://doi.org/10.3390/ijerph191811613
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com
https://orcid.org/0000-0002-0014-8385
https://orcid.org/0000-0003-1911-6807
https://orcid.org/0000-0003-4830-6255
https://orcid.org/0000-0002-5946-6839
https://orcid.org/0000-0003-0196-6184
https://orcid.org/0000-0002-6556-0995
https://doi.org/10.3390/ijerph191811613
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com/article/10.3390/ijerph191811613?type=check_update&version=1

Int. |. Environ. Res. Public Health 2022, 19, 11613 2 of 14

time. Because of the vulnerability of these indices to estimation differences and data quality,
they have both been criticised as metrics for assessing either pandemicity or intervention
effectiveness [5]. Nonetheless, their use has been widespread in the COVID-19 pandemic,
both to make judgments about the effectiveness of highly controversial “herd immunity”
strategies [6] and to assess the state of the pandemic at different time points and regions [7].
Many COVID-19 dashboards in many countries report this metric [8,9].

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 [10,11]. This study aimed to estimate
the pooled Ry 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 Ro.

2. Methods

The study was performed according to the protocol registered in PROSPERO
(ID = CRD42021279514 [12]) and PRISMA guidelines (Supplementary File S2 and S3).

2.1. Search Strategy and Selection Criteria
2.1.1. Database Search

All COVID-19-related studies with title and abstract published between 1 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 database arXiv. Finally, the reference list of the relevant articles was searched to
find additional studies.

2.1.2. Search Strategy

Electronic databases were searched using keywords such as ‘COVID-19’, 2019-nCoV’,
‘SARS-CoV-2’, ‘novel coronavirus’, ‘Basic reproduction number’, ‘Basic reproductive rate’
or ‘Ry’, with no restriction on country /region or language but limited to human studies.
The search strategies are presented in Supplementary File S1.

2.1.3. 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.

2.1.4. 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 (Supplementary File 54)
to capture the following information and was pilot-tested. The title of the study, name
of the authors, affiliated country of the author, journal, date of publication, study period,
study location, model used for estimating Ry, and the estimated value of Ry with 95%
confidence interval (CI) or credible interval (Crl) including other intervals were extracted
from the selected articles. We used an assessment tool developed by the National Heart,
Lung and Blood Institute (NHI) to assess study quality [13]. Any disagreements were
resolved by consensus or after discussing with the principal investigator.
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2.2. Data Analysis

We 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 (Supplementary File S1). Studies with reproduction numbers
and estimated confidence intervals were included in the meta-analysis. We 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. We 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) [14]. The I?, 72, and Q values were used to examine the extent of heterogeneity
between studies. We used the restricted maximum likelihood (REML) method in the case
of the random-effects meta-analysis [15]. 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. We assessed the possibility of publication bias through a visual
inspection of asymmetry in funnel and Doi plots and through a LFK index to measure
asymmetry [16]. When evidence of publication bias was confirmed, we performed the trim-
and-fill procedures to account for the possible publication bias [17]. Details on subgroup
analysis and sensitivity analysis are presented in Supplementary File S1.

3. Results

A schematic representation of the process of selecting articles for this systematic review
is shown in Figure 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, we included 500 articles, out of which 129 articles met
the eligibility criteria, and we additionally included 22 articles from the references of the
included studies. Finally, 151 articles (Supplementary File S5) estimating Ry were included
in this study. Seventy-six articles were synthesised narratively, as they did not provide
intervals or uncertainty estimates for Ry. 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.

The estimates of Ry 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 S1
(Supplementary File S1). Figure 2 shows the forest plot with the distribution of Ry values by
study, with the overall pooled estimate. The pooled R, for COVID-19 was estimated to be
2.66 (95% CI, 2.41-2.94) using a random-effects model. This value suggests that, on average,
these studies found that a COVID-19-infected person transmits the infection to around two
to three susceptible people. There was heterogeneity among studies (I = 100%, p-value
from the chi-square test for heterogeneity <0.001, and 7> = 0.31). The LFK index of 6.76
(Figure 3b) showed strong evidence of a small-study effect, as indicated by the funnel plot
(Figure 3a) and the Doi plot (Figure 3b). The bias-adjusted results from the trim-and-fill
method in Figure 3¢ showed an overall pool estimate of Ry of 1.82 (95% CI, 1.74-1.91).
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Figure 1. Selection of articles reporting the basic reproduction number of COVID-19 published
between 1 December 2019 and 31 September 2020 using a PRISMA flow diagram 2020. Note:
2 PubMed, LitCovid, MEDLINE (via PubMed); ® MEDLINE Complete, CINAHL Plus with full text,
APA PsychlInfo (vis EBSCO host); ¢ COVID-19 database by the World Health Organization, LILACS
(Americas), WPRIM (Western Pacific); 9 British Nursing Index, Coronavirus Research Database (via

Proquest); ¢ Web of science.

Sub-group analysis is reported in Table 1, and detailed figures are presented in
Figures S1-S8 (Supplementary File S1). The pooled estimates for studies using the ex-
ponential growth model (Rg = 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 Ry 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 Ry using data
collected up to January 2020 was relatively higher (Rg = 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 (Ry = 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 (Rg = 2.74), while Africa’s pooled
Ro was 1.94. Studies that reported mean Rj had higher pooled estimates, 2.99, compared to
studies reporting the median, with pooled estimates of 2.39. In Wuhan, the pooled Ry was
higher in Wuhan, Hubei (including Wuhan) or overall in China (R ~ 3.40) than outside
Hubei in China (Rg = 1.50).
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Figure 2. Pooled estimates of basic reproduction number values based on a random effects model.
Note: References for the corresponding study numbers can be obtained from Supplementary file S5.
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Figure 3. Funnel plot before (a) and after (c) the trim-and-fill method, and a Doi plot (b) for basic
reproduction number values based on the random effects model of all studies used to estimate the
pooled reproduction number of COVID-19.

Table 1. Sub-group analysis for basic reproduction number (R ) based on a random effects model.

p Value
Characteristics Number of Reporting  Rg (95% CI) -
Heterogeneity
Method considered (n=161)
Exponential growth model 20 3.06 (2.32-4.03) <0.001
Moment generating function of the Lotka—Euler equation 6 2.47 (2.13-2.86) <0.001
Compartmental model 87 2.99 (2.67-3.35) <0.001
Logistic model 4 2.60 (1.94-3.48) <0.001
Others 44 2.24 (1.87-2.69) <0.001
Duration of data (n=127)
<2 weeks 15 2.74 (2.26-3.31) <0.001
2 weeks-1 month 28 2.70 (2.11-3.46) <0.001
1-2 months 53 2.45 (2.06-2.91) <0.001
>2 months 31 2.86 (2.47-3.32) <0.001
Last month of data (n =128)
January 25 3.34 (2.89-3.87) <0.001
February 14 2.23 (1.40-3.56) <0.001
March 30 2.18 (1.73-2.76) <0.001
April 13 2.72 (1.99-3.71) <0.001
May 12 2.69 (2.40-3.01) <0.001
June 30 2.80 (2.31-3.39) <0.001

July 4 2.60 (1.94-3.48) <0.001
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Table 1. Cont.
p Value
Characteristics Number of Reporting  Rg (95% CI) -
Heterogeneity
Month of publication (n=130)
January 8 3.87 (2.97-5.03) <0.001
February 11 2.90 (1.92-4.37) <0.001
March 6 3.18 (2.28-4.45) <0.001
April 11 3.37 (1.93-5.89) <0.001
May 26 2.22 (1.74-2.85) <0.001
June 11 2.12 (1.58-2.86) <0.001
July 40 2.83 (2.43-3.28) <0.001
August 6 2.04 (1.70-2.45) <0.001
September 8 2.27 (2.12-2.43) <0.001
Country (n=130)
China 43 3.02 (2.55-3.59) <0.001
Other 49 2.24 (1.87-2.68) <0.001
USA 5 4.09 (2.60-6.43) <0.001
Italy 8 2.69 (2.08-3.48) <0.001
India 7 1.91 (1.56-2.33) <0.001
France 5 2.68 (2.18-3.29) <0.001
UK 4 3.43 (1.99-5.91) <0.001
Spain 5 3.02 (2.22-4.09) <0.001
Germany 3 3.18 (1.99-5.08) <0.001
Continent (n=126)
Asia 66 2.54 (2.18-2.96) <0.001
Europe 50 2.78 (2.46-3.15) <0.001
North America 8 2.74 (1.62-4.64) 0.002
Africa 2 1.94 (1.27-2.98) <0.001
Type of central estimate (n =130)
Mean 34 2.99 (2.43-3.68) <0.001
Median 13 2.39 (1.91-2.98) <0.001
Other 83 2.58 (2.28-2.92) <0.001
Location in China (n=43)
Wuhan 8 3.40 (2.61-4.44) <0.001
Hubei including Wuhan 2 3.39 (2.48-4.64) <0.001
Outside Hubei in China 6 1.50 (0.76-2.96) <0.001
China overall 27 3.39 (2.84-4.04) <0.001

In sensitivity analysis conducted after excluding studies with Ry < 1, the pooled Ry

was estimated to be 2.92 (95% CI, 2.70-3.16), as shown in Figure 59 (Supplementary File
51). Similarly, an analysis of only good-quality studies estimated a pooled reproduction
number (Ry = 2.56) very close to the overall estimate of 2.66, as shown in Figure S10
(Supplementary File S1). Table S2 (Supplementary File S1) shows that the estimated Rg
after leave-one-out analysis ranged from 2.63 to 2.70. A study by Bi et al. [18] had the
highest influence on the pooled estimate, but it increased the Ry by only about 0.4. Figure 4
shows the scatterplot of the Ry values of the 76 studies that were narratively ynthesized. A
detailed description can be obtained from Table S3 (Supplementary File S1). The estimated
reproduction numbers from these studies are in line with the pooled Ry estimated from
this study, except a few studies that estimated extreme values of Ry [19-21]. An R value of
14.8 was estimated in the Diamond Princess Cruise ship using data from 21 January to 19
February 2020 [20].
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Figure 4. Timeline of the basic reproduction number (Ry) estimates for COVID-19 included in the
narrative synthesis.

4. Discussion

This study used meta-analysis to estimate the Ry of COVID-19 using a systematic re-
view of articles published between 1 December 2019 and 30 September 2020. We aggregated
results published in these studies and synthesised estimates addressing heterogeneity in
different studies. When no deliberate intervention was taken for COVID-19, we estimated
the R to be 2.66, with a 95% confidence interval (2.41-2.94), which is slightly higher than
the estimates of 1.4 to 2.5 provided by the WHO [22]. Our estimates are similar to the Ry of
severe acute respiratory syndrome (R : 2.7; 95% CI: 2.2-3.7) [23] but greater than that of
Middle East respiratory syndrome (Rg = 0.91; 95% CI: 0.36-1.44) [24]. Our sub-group anal-
ysis found a very wide heterogeneity of estimates in our meta-analysis, with values ranging
from 1.91 to 4.09. This shows the vulnerability of Ry 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
Ro were more likely to be published. If the small-study effect observed in our study was
due to publication bias, the true pooled Ry 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 [25].
However, we found heterogeneity among included studies, which makes the use of the
basic reproduction number for basic epidemic planning difficult. The estimated reproduc-
tion 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. We included studies from across the world and found wide variation in
pooled estimates of Ry, which ranged from 1.91 in India to 4.09 in the USA. We also found
high heterogeneity for estimates within countries, with estimates within single countries
varying by orders of magnitude. We found estimated basic reproduction numbers below 1
in 6% of studies (Table 2), which is inconsistent with the rapid spread of the virus during
that time period.
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Table 2. Basic reproduction number (Ry) of various infectious diseases with proportion of studies
reporting Rg within the given threshold.

Reproduction Number Threshold Number (%) Cumulative Number (%) Mean R Range
Epidemic containment (Rg < 1) 21 (6.2%) 21 (6.2%) 0.69 0.03-0.99
Influenza (1 < Rp < 1.5) [26] 19 (5.6%) 40 (11.8%) 1.33 1.00-1.49
SARS-CoV (1.5 < Rg < 4) [23] 231 (68.3%) 271 (80.2%) 2.61 1.50-3.99
HIV (4 < Rg <5) [27] 26 (7.7%) 297 (87.9%) 4.43 4.02-4.95
Smallpox (5 < Ry < 6) [28] 16 (4.7%) 313 (92.6%) 5.47 5.00-5.88
Rubella/Polio (6 < Ry <7) [29] 16 (4.7%) 329 (97.3%) 6.49 6-6.96
Chickenpox (7 < Ry < 12) [30] 6 (1.8%) 335 (99.1%) 8.84 7.50-11.40
Measles (12 < Ry < 18) [31] 3 (0.9%) 338 (100%) 13.96 12.58-14.80

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 Ry in
the sub-populations. Thus, even if the overall Ry 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 population may still be high. Failure to
take effective and adequate preventive measures may result in serious consequences. Given
that we found wide variation in the estimation of Ry between studies in the same country
or using the same method, the estimation of R at the sub-national level is unlikely to offer
a reliable or useful tool for informing prevention policies.

We estimated that, in the absence of any control measures, a COVID-19-infected
individual can transmit the disease to between two and three susceptible people in a naive
population. The pooled Ry estimate of 2.66 estimated from this study is higher than the
early WHO estimate of 1.4-2.5 [22] and indicates a rapid spread of COVID-19. However,
many governments and public health decision-makers acted based on lower estimates
of Ry 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 [32], 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 Ry value of
less than 2.5 [33]. Even though less than 38% of the studies published up 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 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.
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The estimation of the reproduction number depends on data sources, environmental
factors, serial interval, and model assumptions [34,35]. Ali et al. showed that the serial in-
terval of COVID-19 decreased from 7.8 to 2.6 days between January and February 2020 [35].
This has a large impact on the estimated reproduction numbers, but particularly in the
early stages of an outbreak, this serial interval can be under- or over-estimated, and the
interpretation of data can lead to significant changes in the estimated reproduction number.
However, we also identified studies based on compartmental mathematical modelling
which used the next-generation matrix method to estimate Ry, wherein no information
on the serial interval was required and all calculations derived only from observed case
numbers. These studies, too, showed very wide variations in R estimates, so the problem
of inconsistency in estimation is not exclusively due to the serial interval. Our study shows
that the competing influence of these factors can lead to a wide range of potential values of
Ro 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 disap-
pearing, 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 Ry 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 inform-
ing policy, and those nations that depended upon this value for determining when to relax
restrictions have paid a high price [5,36]. We recommend that the basic reproduction num-
ber 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. Furthermore, the infectious disease modelling and epidemiology community need
to develop a consensus on the estimation and reporting of Ry, 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 [37],
SARS [23], other novel respiratory viruses [24], and hantaviruses [38], 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. We 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. Models may underestimate or overestimate reproduction numbers depending on
whether unobserved and asymptomatic cases are considered. Although some of the papers
reviewed incorporated this information, we did not incorporate this information in the
current study. A follow-up study with detailed assessment of study quality, methods and
estimation tools is required to assess how the estimates of reproduction numbers vary
among studies that included or did not include unobserved cases, or by other details of the
modelling process (such as estimation methods, data sources and calibration or validation
methods used). A great deal of additional theoretical and quality assessment is needed
to understand which studies are best placed to contribute to scientific knowledge about
pandemic risk and to what extent data sources or modelling methods can be misleading
or inaccurate.
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5. Conclusions

The 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 Ry offers a highly variable measure of pandemic risk, subject
to much uncertainty and vulnerable to the influence of modelling assumptions, data
quality and data timeliness. Although infectious disease models and composite emergent
indicators such as Ry offer a tempting tool to simplify the 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.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijerph191811613/s1, Supplementary data are available online.
Supplementary File S1: Conversion of effect sizes, Search strategy and selection criteria, Search
strategies, Statistical analysis: sub-group and sensitivity analysis; Figure S1: Sub-group analysis of
basic reproduction number by method; Figure S2: Sub-group analysis of basic reproduction number
by duration of data; Figure S3: Sub-group analysis of basic reproduction number by last month of
data; Figure S4: Sub-group analysis of basic reproduction number by month of publication; Figure S5:
Sub-group analysis of basic reproduction number by country; Figure S6: Sub-group analysis of
basic reproduction number by type of central estimate; Figure S7: Sub-group analysis of basic
reproduction number by location in China; Figure S8: Sub-group analysis of basic reproduction
number by continent; Figure S9: Sensitivity analysis of basic reproduction number excluding studies
with Ry < 1; Figure S10: Sensitivity analysis of basic reproduction number excluding fair or low-
quality studies; Table S1: Descriptive characteristics including quality assessment of studies with
basic reproduction number included in meta-analysis; Table S2. Result of influence analysis for basic
reproduction number; Table S3: Narrative synthesis including quality assessment of the studies with
basic reproduction number included in the review; Supplementary File S2: Protocol registered in
PRESPERO; Supplementary File S3: PRISMA 2020 Checklist; Supplementary File S4: Data extraction
form; Supplementary File S5. References included in the systematic review and meta-analysis (cited
in Figure 2).

Author Contributions: Conceptualization, B.D., M.S.R. and S.G.; methodology, B.D., M.S.R. and 5.G;
software, B.D.; validation, B.D., M.S.R. and S.G.; formal analysis, B.D. and M.S.R.; investigation,
B.D., M.S.R. and S.G.; resources, B.D. and S.G.; data curation, B.D., M.S.R.,, M.\M.R,, AK.C.B,, PM.L,,
N.A.B. and S.G.; writing—original draft preparation, B.D., M.S.R. and S.G.; writing—review and
editing, B.D., M.S.R.,, M\M.R., AK.C.B.,, PM.L., N.A.B. and S.G,; visualization, B.D., M.S.R. and S.G.;
supervision, M.S.R. and S.G.; project administration, B.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data used in this study have been provided in the Supplementary
File S1 (Tables S1 and S3).

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/ijerph191811613/s1
https://www.mdpi.com/article/10.3390/ijerph191811613/s1

Int. |. Environ. Res. Public Health 2022, 19, 11613 13 of 14

References

1.  Huang, C;Wang, Y.; Li, X;; Ren, L.; Zhao, J.; Hu, Y,; Zhang, L.; Fan, G.; Xu, J.; Gu, X,; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497-506. [CrossRef]

2. World Health Organization. WHO Coronavirus (COVID-19) Dashboard. Available online: https://covid19.who.int/ (accessed
on 21 November 2021).

3. Nishiura, H. Correcting the Actual Reproduction Number: A Simple Method to Estimate RO from Early Epidemic Growth Data.
Int. |. Environ. Res. Public Health. 2010, 7, 291-302. [CrossRef] [PubMed]

4. Sharma, M.; Mindermann, S.; Brauner, J.; Leech, G.; Stephenson, A.; Gavenciak, T.; Kulveit, J.; The, YYW.; Chindelevitch, L.;
Gal, Y. How Robust are the Estimated Effects of Nonpharmaceutical Interventions against COVID-19? In Proceedings of the
34th Conference on Neural Information Processing Systems (NeurIPS 2020), Online, 6-12 December 2020. Available online:
https:/ / github.com/epidemics/COVIDNPIs/tree /neurips (accessed on 2 February 2022).

5. Adam, D. A guide to R—The pandemic’s misunderstood metric. Nature 2020, 583, 346-348. [CrossRef]

6. Gurdasani, D.; Drury, J.; Greenhalgh, T.; Griffin, S.; Haque, Z.; Hyde, Z.; Katzourakis, A.; McKee, M.; Michie, S.; Pagel, C.; et al.
Mass infection is not an option: We must do more to protect our young. Lancet 2021, 398, 297-298. [CrossRef]

7. UK Health Security Agency. The R Value and Growth Rate. Available online: https:/ /www.gov.uk/guidance/the-r-value-and-
growth-rate (accessed on 26 January 2022).

8.  Reproduction Live. Is COVID-19 Multiplying or Dying Out in Your Region? Available online: https://reproduction.live/
(accessed on 12 March 2022).

9.  Arroyo-Marioli, F,; Bullano, F; Kucinskas, S.; Rondén-Moreno, C. Tracking R of COVID-19: A new real-time estimation using the
Kalman filter. PLoS ONE 2021, 16, €0244474. [CrossRef]

10.  Yu, C]J; Wang, Z.X,; Xu, Y,; Hu, M.X,; Chen, K,; Qin, G. Assessment of basic reproductive number for COVID-19 at global level: A
meta-analysis. Medicine 2021, 100, €25837. [CrossRef]

11. Billah, M.A.; Miah, M.M.; Khan, M.N. Reproductive number of coronavirus: A systematic review and meta-analysis based on
global level evidence. PLoS ONE 2020, 15, e0242128. [CrossRef] [PubMed]

12.  Dhungel, B.; Rahman, S.; Rahman, M.; Bhandari, A.K.C.; Phuong, L.M.; Biva, N.A.; Gilmour, S. A Systematic Review and
Meta-Analysis of the Transmissibility and Severity of COVID-19. PROSPERO. 2021. Available online: https://www.crd.york.ac.
uk/prospero/display_record.php?RecordID=279514 (accessed on 26 January 2022).

13.  NIH. Study Quality Assessment Tools. Available online: https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-
tools (accessed on 26 January 2022).

14. Higgins, ].P.T.; Thompson, S.G.; Deeks, J.].; Altman, D.G. Measuring inconsistency in meta-analyses. BM] 2003, 327, 557-560.
[CrossRef]

15. Inthout, J.; Ioannidis, ].P.; Borm, G.F. The Hartung-Knapp-Sidik-Jonkman method for random effects meta-analysis is straight-
forward and considerably outperforms the standard DerSimonian-Laird method. BMC Med. Res. Methodol. 2014, 14, 25.
[CrossRef]

16. Furuya-Kanamori, L.; Barendregt, ].J.; Doi, S.A.R. A new improved graphical and quantitative method for detecting bias in
meta-analysis. Int. ]. Evid. Based Healthc. 2018, 16, 195-203. [CrossRef]

17. Shi, L,; Lin, L. The trim-and-fill method for publication bias: Practical guidelines and recommendations based on a large database
of meta-analyses. Medicine 2019, 98, €15987. [CrossRef]

18. Bi, Q.; Wu, Y;; Mei, S.; Ye, C.; Zou, X.; Zhang, Z.; Liu, X.; Wei, L.; Truelove, S.A.; Zhang, T.; et al. Epidemiology and transmission
of COVID-19 in 391 cases and 1286 of their close contacts in Shenzhen, China: A retrospective cohort study. Lancet Infect. Dis.
2020, 20, 911-919. [CrossRef]

19. Lu,Z;Yu,Y.; Chen, Y,; Ren, Y; Xu, C; Wang, S.; Yin, Z. A fractional-order SEIHDR model for COVID-19 with inter-city networked
coupling effects. Nonlinear Dyn. 2020, 101, 1717-1730. [CrossRef] [PubMed]

20. Rocklov, J.; Sjodin, H.; Wilder-Smith, A. COVID-19 outbreak on the Diamond Princess cruise ship: Estimating the epidemic
potential and effectiveness of public health countermeasures. J. Travel Med. 2020, 27, taaa030. [CrossRef]

21. Hoque, M.E. Estimation of the number of affected people due to the Covid-19 pandemic using susceptible, infected and recover
model. Int. J. Mod. Phys. C 2020, 31, 2050111. [CrossRef]

22.  World Health Organization. Statement on the Meeting of the International Health Regulations (2005) Emergency Committee
Regarding the Outbreak of Novel Coronavirus 2019 (n-CoV) on 23 January 2020. Available online: https://www.who.int/news/
item/23-01-2020-statement-on-the-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-
the-outbreak-of-novel-coronavirus-(2019-ncov) (accessed on 4 February 2022).

23. Riley, S,; Fraser, C.; Donnelly, C.A.; Ghani, A.C.; Abu-Raddad, L.J.; Hedley, A ].; Leung, GM.; Ho, L.-M.; Lam, T.-H.; Thach, T.Q.;
et al. Transmission Dynamics of the Etiological Agent of SARS in Hong Kong: Impact of Public Health Interventions. Science
2003, 300, 1961-1966. [CrossRef]

24. Cauchemez, S.; Fraser, C.; van Kerkhove, M.D.; Donnelly, C.A_; Riley, S.; Rambaut, A.; Enouf, V.; van der Werf, S.; Ferguson,

N.M. Middle East respiratory syndrome coronavirus: Quantification of the extent of the epidemic, surveillance biases, and
transmissibility. Lancet Infect. Dis. 2014, 14, 50-56. [CrossRef]


http://doi.org/10.1016/S0140-6736(20)30183-5
https://covid19.who.int/
http://doi.org/10.3390/ijerph7010291
http://www.ncbi.nlm.nih.gov/pubmed/20195446
https://github.com/epidemics/COVIDNPIs/tree/neurips
http://doi.org/10.1038/d41586-020-02009-w
http://doi.org/10.1016/S0140-6736(21)01589-0
https://www.gov.uk/guidance/the-r-value-and-growth-rate
https://www.gov.uk/guidance/the-r-value-and-growth-rate
https://reproduction.live/
http://doi.org/10.1371/journal.pone.0244474
http://doi.org/10.1097/MD.0000000000025837
http://doi.org/10.1371/journal.pone.0242128
http://www.ncbi.nlm.nih.gov/pubmed/33175914
https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=279514
https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=279514
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
http://doi.org/10.1136/bmj.327.7414.557
http://doi.org/10.1186/1471-2288-14-25
http://doi.org/10.1097/XEB.0000000000000141
http://doi.org/10.1097/MD.0000000000015987
http://doi.org/10.1016/S1473-3099(20)30287-5
http://doi.org/10.1007/s11071-020-05848-4
http://www.ncbi.nlm.nih.gov/pubmed/32836817
http://doi.org/10.1093/jtm/taaa030
http://doi.org/10.1142/S0129183120501119
https://www.who.int/news/item/23-01-2020-statement-on-the-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov)
https://www.who.int/news/item/23-01-2020-statement-on-the-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov)
https://www.who.int/news/item/23-01-2020-statement-on-the-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov)
http://doi.org/10.1126/science.1086478
http://doi.org/10.1016/S1473-3099(13)70304-9

Int. |. Environ. Res. Public Health 2022, 19, 11613 14 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kwok, K.O.; Tang, A.; Wei, VW.L; Park, W.H.; Yeoh, E.K; Riley, S. Epidemic Models of Contact Tracing: Systematic Review of
Transmission Studies of Severe Acute Respiratory Syndrome and Middle East Respiratory Syndrome. Comput. Struct. Biotechnol.
J. 2019, 17, 186-194. [CrossRef] [PubMed]

Chertow, D.S.; Kindrachuk, J. Influenza, Measles, SARS, MERS, and Smallpox. In Highly Infectious Diseases in Critical Care; Hidalgo,
J., Woc-Colburn, L., Eds.; Springer: Cham, Switzerland, 2020; pp. 69-96. [CrossRef]

National Emerging Special Pathogens Training & Education Center. Playing the Numbers Game: R0O. Available online: https:
/ /netec.org/2020/01/30/playing-the-numbers-game-r0/ (accessed on 19 March 2022).

Gani, R.; Leach, S. Transmission potential of smallpox in contemporary populations. Nature 2001, 414, 748-751. [CrossRef]
[PubMed]

Centers for Disease Control and Prevention; World Health Organization. History and Epidemiology of Global Smallpox
Eradication: Day 1 Module 1—Smallpox: Disease, Prevention, and Intervention (Training Course) (Presentation). 2014. Available
online: https:/ /stacks.cdc.gov/view /cdc/27929 (accessed on 19 March 2022).

Health Service Executive of Ireland. Chapter 23 Varicella-Zoster: Hospitalisation Notifiable, Outbreak Notifiable; Health Service
Executive of Ireland: Dublin, Ireland, 2022.

Guerra, EM.; Bolotin, S.; Lim, G.; Heffernan, J.; Deeks, S.L.; Li, Y.; Crowcroft, N.S. The basic reproduction number (R 0) of measles:
A systematic review. Lancet Infect. Dis. 2017, 17, e420-e428. [CrossRef]

Secunder Kermani. Coronavirus: Whitty and Vallance Faced “Herd Immunity” Backlash, Emails Show. BBC News. Available
online: https://www.bbc.com/news/uk-politics-54252272 (accessed on 26 January 2022).

Dan Diamond. U.S. to Narrowly Miss Biden’s July 4 Vaccination Goal, White House says. The Washington Post. Available online:
https:/ /www.washingtonpost.com/health /2021/06 /22 /white-house-vaccination-goal / (accessed on 26 January 2022).
Delamater, PL.; Street, E.J.; Leslie, T.E; Yang, Y.T.; Jacobsen, K.H. Complexity of the Basic Reproduction Number (R0). Emerg.
Infect. Dis. 2019, 25, 1. [CrossRef]

Ali, S.T.; Wang, L.; Lau, EH.Y,; Xu, X.-K.; Du, Z.; Wy, Y.; Leung, G.M.; Cowling, B.J. Serial interval of SARS-CoV-2 was shortened
over time by nonpharmaceutical interventions. Science 2020, 369, 1106-1109. [CrossRef]

Reuters. Bosnia Reports Sharp Rise in Coronavirus Cases after Relaxing Lockdown. Available online: https://www.reuters.com/
article /us-health-coronavirus-bosnia-cases-idUSKBN22B2DB (accessed on 12 March 2022).

Lewnard, J.A.; Ndeffo Mbah, M.L.; Alfaro-Murillo, J.A.; Altice, FL.; Bawo, L.; Nyenswah, T.G.; Galvani, A.P. Dynamics and
control of Ebola virus transmission in Montserrado, Liberia: A mathematical modelling analysis. Lancet Infect. Dis. 2014, 14,
1189-1195. [CrossRef]

Gedeon, T.; Bodelon, C.; Kuenzi, A. Hantavirus Transmission in Sylvan and Peridomestic Environments. Bull. Math. Biol. 2010,
72,541-564. [CrossRef] [PubMed]


http://doi.org/10.1016/j.csbj.2019.01.003
http://www.ncbi.nlm.nih.gov/pubmed/30809323
http://doi.org/10.1007/978-3-030-33803-9_5
https://netec.org/2020/01/30/playing-the-numbers-game-r0/
https://netec.org/2020/01/30/playing-the-numbers-game-r0/
http://doi.org/10.1038/414748a
http://www.ncbi.nlm.nih.gov/pubmed/11742399
https://stacks.cdc.gov/view/cdc/27929
http://doi.org/10.1016/S1473-3099(17)30307-9
https://www.bbc.com/news/uk-politics-54252272
https://www.washingtonpost.com/health/2021/06/22/white-house-vaccination-goal/
http://doi.org/10.3201/eid2501.171901
http://doi.org/10.1126/science.abc9004
https://www.reuters.com/article/us-health-coronavirus-bosnia-cases-idUSKBN22B2DB
https://www.reuters.com/article/us-health-coronavirus-bosnia-cases-idUSKBN22B2DB
http://doi.org/10.1016/S1473-3099(14)70995-8
http://doi.org/10.1007/s11538-009-9460-4
http://www.ncbi.nlm.nih.gov/pubmed/19821001

	Introduction 
	Methods 
	Search Strategy and Selection Criteria 
	Database Search 
	Search Strategy 
	Study Selection 
	Data Extraction and Quality Assessment 

	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

