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ARTICLE INFO ABSTRACT

Keywords: Mathematical models were used widely to inform policy during the COVID pandemic. However,
COVID-19 there is a poor understanding of their limitations and how they influence decision-making. We
SARS-CoV-2 used systematic review search methods to find early modelling studies that determined the
Reproduction number . . .. . . .

Models reproduction number and analysed its use and application to interventions and policy in the UK.

Up to March 2020, we found 42 reproduction number estimates (39 based on Chinese data: Ry
range 2.1-6.47). Several biases affect the quality of modelling studies that are infrequently dis-
cussed, and many factors contribute to significant differences in the results of individual studies
that go beyond chance. The sources of effect estimates incorporated into mathematical models are
unclear. There is often a lack of a relationship between transmission estimates and the timing of
imposed restrictions, which is further affected by the lag in reporting. Modelling studies lack basic
evidence-based methods that aid their quality assessment, reporting and critical appraisal. If used
judiciously, models may be helpful, especially if they openly present the uncertainties and use
sensitivity analyses extensively, which need to consider and explicitly discuss the limitations of
the evidence. However, until the methodological and ethical issues are resolved, predictive
models should be used cautiously.

1. Introduction

In the classic decision-making process for dealing with infectious diseases, three key variables are the burden of illness, the effects
of interventions to minimise or prevent the burden and the likely harms and benefits accrued in the process of implementing them.

Models are used in simulating the interaction of all three variables, but here we will focus on the prediction of the likely progression
of the pandemic (encapsulated in the concept of the reproduction number) and the assessment of preventive healthcare measures
(Verma et al., 1981).

In the COVID pandemic, models have been widely used to predict how populations behave, respond to different interventions, and
inform policy. However, the limitations of models for informing healthcare policies are often overlooked. An independent review of the
UK response to the 2009 influenza pandemic, led by Dame Deirdre Hine, recommended the ‘Government Office for Science, working
with lead government departments, should enable key ministers and senior officials to understand the strengths and limitations of
likely available scientific advice as part of their general induction.” Hine also reported that while ministers were keen to understand the
likely outcomes of the HIN1 pandemic, ‘this led to unrealistic expectations of modelling, which could not be reliable in the early
phases when there was insufficient data.” (Gov.UK, 2009).
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Despite the Hine recommendations, we consider there is a poor understanding of the limitations of models and little discussion or
thought given to how they influence decision-making. We analyse the limitations of modelling the progression and prevention in the
COVID-19 pandemic, including the reproduction number’s use and its application to interventions and policy in the UK.

1.1. The reproduction number

The basic reproduction number (Ry) is the average number of people infected by one person in an entirely susceptible population.
The R is the reproduction number at any time during an epidemic and changes as the epidemic evolves (The Royal Society, 2020). The
epidemic growth rate (r) refers to the number of new infections at an increasing or decreasing exponential rate. These terms are often
used interchangeably to inform policy. In March 2020, the UK Government’s Chief Scientific Advisor, Sir Patrick Vallance, said
Britain’s lockdown was having a “very big effect” on the Ry, bringing it down to “below one” (Gov.UK press briefing, 2022). By May,
UK Prime Minister Boris Johnson set out a Covid alert level system ‘primarily determined by the R-value and the number of coronavirus
cases,” which determined the level of social distancing measures (Gov.UK, 2020). The mainstream media widely reported the R
number; for example, the BBC reported the R number as ‘one of the big three,” which includes severity and the overall number of cases
(BBC News, 2021).

1.2. Early estimates of the reproduction number

The COVID-19 pandemic led to a substantial increase in publications relating to the reproductive number (See Fig. 1). A search of
PubMed using the terms “reproduction number OR “reproductive number” shows that over half (51%) of the publications have been
indexed (2539/4959) since the COVID-19 pandemic began. Nearly seven times more publications were indexed in 2020 (n = 1036)
than the 151 for the year the swine flu pandemic began (2009). In addition, a growing body of preprint publications and grey literature
adds to the volume of studies reflecting large-scale reporting on the current pandemic.

We searched PubMed, LitCovid and the WHO Covid-19 database for published studies that report the Reproduction number up to
March 2020. We found 29 studies that included 42 estimates of the Ry: 39 were based on Chinese data (one included overseas data),
two on the Diamond Princess Cruise Ship and one from South Korean data (see Appendix 1, which provides the individual study
references). Thirty-three estimates from China reported an average Ry ranging from 2.1 to 6.47 and 95% confidence or credible in-
tervals that varied substantially (see Fig. 2).

These early estimates are prone to biases because of the small amount of case data used over short time periods and the systematic
differences that arise in identifying individuals who may differ from the population of interest (a form of ascertainment bias (Catalogue
of Biases Collaboration Spencer and Brassey, 2017)). In addition, selection bias can occur due to inadequacies in testing and variation
in those presenting for testing or because of poorly understood modes of agent transmission. Results are also distorted by systematic
differences in the care provided or exposure to factors other than the infectious agent under investigation - a form of performance bias
(Catalogue of Bias Collaboration Banerjee et al., 2019). Furthermore, most early estimates were based on limited data - only 80,000
cases were reported up to March 2020 in China, a tiny fraction of the COVID-19 cases, and it is unclear if these estimates are based on
overlapping case data. Finally, the absence of pre-existing protocols setting out predefined methods will lead to reporting biases.

Further complexities are added as the R varies based on the chosen method (Delamater et al., 2019a). For example, Song et al.
modelled the early dynamics of the pandemic in China from 15 to 31 January 2020 using the maximum likelihood method, the

PubMed Timeline:

PubMed searches using the terms “reproduction number” or “reproductive number” reveal 4,959
publications since 1979 with 2,529 (51%) published in the COVID-19 outbreak.
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Fig. 1. Publications indexed in PubMed relating to the reproductive number over time.
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Published estimates of the Reproduction Number (RO) from China for SARs-CoV-2 to

March 2020

We searched Lit Covid, WHO COVID-19 and Google Scholar to March 2020. We report the
published estimates for the RO for COVID-19 (average 1.9 to 6.49)

Du Z,2020

Jung, SM 2020

Qun L 2020

Zhao S &Lin Q, 2020
Kucharski AJ, 2020
Zhao, S (b) 2020

Lai A, 2020

Wu, JT 2020

Wu JT

Wang Y, 2020

Liu T, 25 Jan 2020
Liu T, 25 Jan 2020
Wang Y, 2020

Read JM 2020

Song QQ 2020

Jung, SM 2020

Park SW, 2020
Muniz-Rodriguez K, 2020
Zhao S & Salihu R 2020
Shao N, 2020

Wang Y, 2020

Zhao S &Lin Q, 2020
Zhao S, 27 Jan 2020
Song QQ 2020

Song QQ 2020

Liu T, 13 Feb 2020
Wang Y, 2020

Liu T, 13 Feb 2020
Zhao S & Salihu R 2020
Sanche S 2020
Tang, B 2020

Tang B 2020

Shen M 2020

j— 1.9

F 21

|m——] ) 7

| 2.24

j——] ) 35

W 2.56
j— 2 6
J==i 2. 68
==l 2,68
I=l 2.55
|—] 20
[—] 2 97
H2.99
|—] 311
== 316
|—j 3 2
—] 3 2
el 3.3
Jm] 315
M 3.32
M 3.49
] 3 3
I— 358
ol 3.74
=l 3.91
Il 4.4
Jmm] 4.48
Bl 4.5
[ — 5 47
5.7

6.39
|— (.47
1=l 6.49

The width of the bars represents credible intervals or 95% confidence intervals.

Created with Datawrapper

Fig. 2. Published estimates of the Repreduction Number (Ro) from China to March 2020.

exponential growth method and the SEIR model. The estimates were 3.16 (95%CI: 2.90-3.43), 3.74 (95%CI: 3.63-3.87), and 3.91
(95%CI: 3.71-4.11) respectively (see Appendix 1).

The commonly used approach is the SIR compartmental model in which individuals are separated into mutually exclusive groups
based on the population susceptibility (S) to infection, the rate at which infections (I) occur, and the rate of removal of infections (R)
(Tolles and Luong, 2020). Modifications to the SIR model can include a period between being infected and becoming infectious - the
exposed (E) period (SEIR model) and the loss of immunity in the population, plus changes in demography such as differences in births
and deaths that give rise to the SEIRS model. Further modifications include the addition of certain factor such as quarantine (Q)
restrictions. Early epidemic models commonly use exponential growth models without containment measures; however, this is less
appropriate in the presence of measures (Tovissodé et al., 2020). Sources of further variation include the choice of model, the
simulation method, the method of parameter estimation and the assumptions made (Skrip and Townsend, 2019).

Further issues arise with defining a case of COVID-19 that are often not accounted for in modelled estimates. We used evidence from
Freedom of Information requests to show that UK bodies have a statutory duty to report positive cases based on PCR results; however,
they do not have to advise which tests they are using or provide quantitative estimates of the PCR result, such as the cycle threshold
(Ct) (Jefferson, 2022) Tests are, therefore, not standardised across the UK and few report thresholds for detection and positivity which
is essential in distinguishing those who have active infection from those who have not. When they report thresholds for a positive
result, the Ct can vary from 30 to 45 (meaning that a proportion of the donors probably and certainly are not infectious). Lack of
awareness of the Ct values will overestimate the number of infectious cases, distorting the model estimates.

Fig. 2 shows this to be the case as the lack of overlap between the early estimates of Ro, indicate the presence of significant statistical
heterogeneity (12 = 99%) (Alimohamadi et al., 2020). As a general rule, an 12 of 75%-100% indicates the presence of considerable
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variation in effect estimates due to heterogeneity rather than chance (Cochrane Handbook for Systematic Reviews, 2022).

1.3. Problems generalising reproduction numbers

Internal validity is the degree to which a study is free from bias. In contrast, external validity is the extent to which you can
generalize the findings of one study to other settings, situations, or populations. Several factors can affect the spread, and early es-
timates of transmission should be seen as specific to that setting and population at that moment in time. The high heterogeneity in early
Ry estimates questions its application outside the population from which the results were derived.

Limitations for using Ry outside of the population and setting it was derived from have previously been noted (Ridenhour et al.,
2014). A review of methods on the HIN1 Swine flu pandemic reported there is little evidence that an Ry from one area can be applied to
another, noting that studies from the same region provide highly variable results that are even more heterogeneous when early data are
relied upon. Across eleven studies Ry for HIN1 ranged from 1.03 to more than 2.9, corresponding to population attack rates between
6% and 93%.

A systematic review of the basic Ry of measles found 18 studies providing 58 Ry estimates that further illustrate the shortcomings:
the Ry varied from 1-43 to 770, substantially more often than the often-cited range of 12-18 (Guerra et al., 2017). The included studies
used diverse methods to calculate Ry, and estimates varied considerably by region and covariates. There have been attempts to estimate
country-level reproduction numbers but they are limited by the accuracy of the contact data, the presence of missing data on covariates
and projections in the early phase of the pandemic that do not account for the variations in non-pharmaceutical interventions (NPIs)
and behaviour changes (Hilton and Keeling, 2020). Because Ry is determined with heterogeneous modelling methods and the outputs
are affected by numerous factors, it can easily be misinterpreted (Delamater et al., 2019b). When applying modelled estimates from
one population or setting to another, care should be used.

1.4. Modelled estimates and the effectiveness of interventions

Imperial College’s COVID-19 Response Team published on the 16 March 2020 the impact of NPIs to reduce COVID-19 mortality
and healthcare demand (Ferguson et al., 2020). The authors modified an individual-based simulation model previously developed for
pandemic influenza. The model outputs predicted 510,000 deaths in the UK in an ‘unmitigated epidemic’ scenario. Cited nearly 4000
times the report had a significant impact on UK and US policy.

On the 27 March 2020, UK policy redirected from a mitigation strategy to one of suppression, with restrictive measures coming into
legal force. The same Imperial model state the unmitigated epidemic, would “predict approximately” 2.2 million deaths in the US.
Nature report “it was shared with the White House and new guidance on social distancing quickly followed” (Adams, D, 2020)

Suppression (see box 1) aims for a decline in case numbers by reducing the R below one, whereas mitigation seeks to slow spread by
reducing R, but not necessarily below one.

Data from England from May 2020 to April 2022 report the upper estimate of the R number never rose above 1.6 and the lower
estimate above 1.2 (See Fig. 3). The effective reproduction number (Re) is the number of people in a population who can be infected by
an individual at any specific time. It varies as the population susceptibility changes either through immunity following infection or
vaccination or as the demographics of the population change through births and deaths (Aronson JKA et al., 2020).

The Imperial College report stated in the mitigation scenario that ‘even if all patients were able to be treated, we predict there
would still be in the order of 250,000 deaths in GB, and 1.1-1.2 million in the US.’ (Ferguson et al., 2020) Imperial’s model predicted
with suppression that deaths would come somewhere between 8700 and 39,000, assuming an Ry of 2.4 (confidence interval estimate of
2.0-2.6). This Ry was based on two studies cited in our review dataset: Li et al. 2020 (Li et al., 2020) and Riou J 2020 (Riou and
Althaus, 2020). It is unclear why 2.4 was chosen as it is higher than these reports. The lower bound of the Imperial estimate does not
reflect their estimates: Li Qun reports an estimate of 2.2 (95% CI, 1.4 to 3.9), and Riou J reports an Ry around 2.2 (median value, with
90% high-density interval: 1.4-3.8). The report concluded that suppression was the only viable strategy. Five days after the UK
lockdown began, advisors reported the UK would ‘do well to keep deaths under 20,000.” (BBC News, 2022).

Death is widely used to assess the severity of pandemics. However, the accuracy of the cause of death assignment is not apparent in
modelled outputs. In an analysis of 800 Freedom of Information requests, we found ‘there was no consistency in the definition of cause
of death or contributory cause of death across UK national bodies and in different bodies within the same nation.” (Jefferson, 2022)

Box 1
(Ferguson et al., 2020)

Suppression: ‘to reduce the reproduction number (the average number of secondary cases each case generates), R, to below 1 and hence
to reduce case numbers to low levels or (as for SARS or Ebola) eliminate human-to-human transmission.

Mitigation: ‘to use NPIs (and vaccines or drugs, if available) not to interrupt transmission completely, but to reduce the health impact of
an epidemic, akin to the strategy adopted by some US cities in 1918, and by the world more generally in the 1957, 1968 and 2009
influenza pandemics.’
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The reproduction number (R) in England; May 2020 to April 2022

Estimates represent the transmission of COVID-19 from 2 to 3 weeks previously due to time delays between being infected,
developing symptoms, and needing healthcare.
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Fig. 3. The reproduction number (R) in England: May 2020 to April 2022.

Overall, we found 14 different ways of attributing the causes of death. The lack of consistent definitions leads to erroneous comparisons
and estimates that differ depending on the definition used.

1.5. Sources of evidence for the effectiveness estimate

The Imperial report considered the impact of five different NPIs that included social distancing, stopping mass gatherings and
closure of schools and universities implemented individually and in combination. The most effective interventions were predicted to be
a combination of case isolation, home quarantine and social distancing of those over 70s. The “optimal mitigation scenario” was
projected to result in 8-fold higher peak demand on critical care beds. However, it is unclear what the sources of the effect estimates
incorporated in the model were. In March 2020, the Cochrane review of Randomised Controlled Trials of physical interventions against
Influenza-Like illnesses (ILIs) and influenza included 67 RCTs and observational studies with a mixed risk of bias. The highest quality
cluster-RCTs suggested respiratory virus spread can be prevented by handwashing; however, there was limited evidence that social
distancing was effective (Jefferson et al., 2011).

This version included observational studies, but the 2020 version (Jefferson et al., 2020a) (also published as a preprint (Jefferson
et al., 2020b)) removed these because there were sufficient published RCTs and Cluster RCTs (n = 46) to address the effectiveness of
NPIs. Observational studies are subject to recall bias due to participants not accurately remembering previous events or exposures or
omitting important details (Catalogue of Bias Collaboration Spencer et al., 2017). For example, in a systematic review of physical
distancing, face masks, and eye protection to prevent transmission of SARS-CoV-2, we could not replicate many distance assumptions
reported in the paper - only two studies provide precise estimates on distancing. While the review reported physical distancing to be
effective, it further noted that ‘robust randomised trials are needed to better inform the evidence for these interventions.” (Chu et al.,
2020).

In October 2019, the World Health Organisation reported on ‘non-pharmaceutical public health measures for mitigating the risk
and impact of epidemic and pandemic influenza”. The report included high-quality evidence from 18 systematic reviews about the
effects of intervening and used the Grading of Recommendations Assessment, Development and Evaluation (GRADE) method to
determine the direction (for or against) and the strength (the amount of certainty) of the recommendations (WHO, 2019). The evidence
base on the effectiveness of NPIs in the community was judged as limited, and the overall quality of the evidence was considered very
low for most interventions, further mandating the need for high-quality evidence on NPIs.

1.6. Reproduction numbers and reporting delays

Despite the widespread use of the R number, there is often a lack of a relationship with the timing of restrictions (see Fig. 3). This
relationship is further affected by reporting lags, which can apply to transmission estimates from 2 to 3 weeks previously. Delays in
reporting and dissemination can mean that modelled estimates are outdated by the time they are published. Approaches to regularly
updating estimates lead to substantial changes in the outputs. For example, weekly projections on COVID-19 deaths by the (MRC
Biostatistics Unit) reported on 12 October 2020 a projected 588 deaths for 30 October; on 21 October, this was revised down to 324



C.J. Heneghan and T. Jefferson Advances in Biological Regulation 86 (2022) 100914

deaths for 31 October (Howdon et al. 2020).

In November 2020, we showed that slides used by the UK Government were out of date: the “worst-case scenario” of deaths based
on modelling was weeks out of date, and errors were not unusual (The Telegraph, 2020). However, regularly updating models as data
accumulates is resource intensive and, therefore, rarely done.

2. Discussion

Models have been widely used to influence UK policy in the COVID-19 pandemic. However, their use comes with several limi-
tations. First, despite our best efforts, we could not find a taxonomy of different models and good practice guidelines for methods and
reporting. The validation of models is also a scarce commodity. Initial overestimates of Ry compared to the real-world highlight the
problems with using early data and generalising context-specific Ro numbers.

There has been a substantial increase in published modelling studies since the pandemic began. A systematic review of modelling
studies estimating the risk of spread and effect of NPIs included 166 studies mostly modelled on data from China and Italy (Dhaoui
et al., 2022). The review reported the calibration by fitting models to data was common, whereas the inclusion of uncertainties in
disease characteristics and validation to external data was relatively uncommon. Yet, models should undertake robust validation or, at
a minimum, explain why validation was not done (Walters et al., 2018).

Because most models are not validated and lack communication of their uncertainties (Eker, 2020) they are poorly understood. The
biases and inherent limitations are often unaccounted for in policy decisions, despite clear lessons from previous pandemics.

In the past, models have been influential, leading to the stockpiling of the antiviral oseltamivir to interrupt or delay transmission of
influenza H5N1 to “contain an emerging influenza pandemic in SE Asia” (Ferguson et al., 2005). The data upon which the model was
based on an incomplete understanding of the circumstances of transmission, a massive exaggeration of the threat with a tone of
certainty. The antiviral claimed properties were later revealed to be based on selective ghost-written pharmaceutical-sponsored
publications (Cohen, 2009).

Modelling studies lack basic evidence-based standards that aid their quality assessment. They lack a quality framework such as
GRADE that provides a systematic approach for grading the quality of the evidence and making recommendations. (https://www.
gradeworkinggroup.org/Accessed 17 July) Models also lack reporting checklist, (EQUATOR network: www.equator-network.org/.)
such as CONSORT for RCTs or PRISMA for systematic reviews that seek to improve publication quality, facilitate complete and
transparent reporting, and improve their interpretation. (CONSORT: www.consort-statement.org/.) There are also no checklists for
reporting the sources of heterogeneity, such as the ones that exist for pooling epidemic surveillance systems; (European Centre for
Disease Prevention and Control, 2019) no registers for posting protocol methods, and evidence underpinning interventional effects are
not readily identifiable. Models fit the available data and recreate the epidemic to that point (UK Government, 2021) and choose
methods and assumptions that produce the best fit - hence the variation in methods across studies - however, post hoc methods changes
or assumptions are also not identifiable. Hence the need for published protocols. The lack of reproducibility enhances the need for
protocols: the US Government Accountability Office reported that ‘CDC’s guidelines and policy do not address the reproducibility of
models or their code.” Further undermining the scientific validity of models. (U.S. Government, 2020) The validity of modelling would
be enhanced by developing standardized methods, quality criteria and reporting standards.

Perhaps the most perplexing aspect is the lack of high-quality evidence that underpins the modelled effect of intervening. For
example, a societal economic evaluation of interventions to interrupt or slow down the spread of COVID- 19 requires a reliable estimate
of the impact of SARs-Cov-2; a reliable estimate of the costs and effects of the planned interventions alone or more likely together
(multiple interventions) and a credible evaluation of the benefits, expressed as clinical outcomes (lives saved, cases or hospitalisations
prevented).

Unfortunately, none of the above currently exists, nor is there an appetite for developing the evidence-base. Because we do not have
robust COVID 19 evidence of the effect of NPIs, policy defaults to models - using a non-EBM approach to intervening. Since modelled
assumptions inform policy decisions, this sets up a circular argument that means we now don’t require robust evidence as we have the
modelled effects of intervening - and therefore, the high-quality evidence gap persists. For example, only two RCTs of face masks for
COVID-19 have been published at the time of writing. This lack of evidence for NPIs is at odds with the substantial number of RCTs
undertaken for pharmaceuticals, illustrating high-quality evidence can be developed during a pandemic.

Where do models fit in the hierarchical scale of evidence for decision-making? Probably they fit on the same rung as the data they
use. Early in the pandemic, government advisors said that models were informed mainly by ‘educated guesswork, intuition and
experience’. (Blakey R, 2020) If they use guesswork, they should be placed at the bottom along with expert opinion; if they use RCT
data appropriately, higher up. In an ideal world, we’d have all the evidence to hand to inform policy judgments about what to do next.
This is often not possible in the early stages of pandemics; however, as the pandemic evolves, robust data should drive
decision-making, and high-quality evidence should be the mainstay for reducing uncertainties over whether to intervene.

3. Conclusion

If used judiciously, models may be helpful, especially if they openly present the uncertainties and use sensitivity analyses exten-
sively, which need to consider and explicitly discuss the limitations of the evidence. Models are not an alternative to evidence gen-
eration and should be iterative. Until such time as the methodological and ethical issues have been resolved, predictive models should
be used with caution: ‘by definition and design, models are not reality (Heesterbeek et al., 2015). The methodological shortcomings
and the lack of generalizability of models mean they often fail to translate into the real world. Moreover, the policies that followed fail
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to account for the uncertainties in modelling and did not necessarily reflect the high-quality evidence and emerging data.
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