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Abstract: During the earliest stages of a pandemic, mathematical models are a tool that can be imple-
mented quickly. However, such models are based on meagre data and limited biological understanding.
We evaluate the accuracy of various models from recent pandemics (SARS, MERS and the 2009 H1N1
outbreak) as a guide to whether we can trust the early model predictions for COVID-19. We show that
early models can have good predictive power for a disease’s first wave, but they are less predictive
of the possibility of a second wave or its strength. The models with the highest accuracy tended to
include stochasticity, and models developed for a particular geographic region are often applicable in
other regions. It follows that mathematical models developed early in a pandemic can be useful for
long-term predictions, at least during the first wave, and they should include stochastic variations, to
represent unknown characteristics inherent in the earliest stages of all pandemics.
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1. Introduction

COVID-19 is a respiratory disease with flu-like symptoms that originated in the city of Wuhan, in
the Hubei Province of China at the end of 2019 [1]. On January 22, 2020, there were 425 laboratory-
confirmed cases; since then, it has spread throughout the world, intruding on almost every aspect
of daily life and negatively affecting the world economy [2]. By June 10, there were 7.45 million
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cases in 215 countries. The virus is especially deadly to older adults and those with underlying health
conditions [3].

Along with the onset of the epidemic, the scientific literature has soared with publications on
COVID-19 [4]. Several early papers have used the initial cases to build models describing the trans-
mission dynamics and epidemiological characteristics of the virus. Some of these include the basic
reproduction number (R0), defined as the average number of secondary infections caused by a single
infectious individual in a wholly susceptible population, and the effective reproduction number (Re),
defined as the average number of secondary cases per infected individual in a population with both
susceptibles and non-susceptibles [5]. Unlike the basic reproduction number, Re takes into account
interventions, behaviour changes and control measures [6].

Early studies on the spread of COVID-19 found R0 values that have ranged from 2.0 to 6.47. Li et
al. used a transmission model with renewal equations and the first 425 cases of infection to predict an
R0 of 2.2 (95% CI, 1.4 to 3.9) and a doubling time of 7.4 days [2]. Tang et al., using a compartment
model with quarantine and isolation interventions — along with the numbers of reported daily cases
in Wuhan and quarantined and released/cured individuals for a two-week period — and found an Re of
6.47 [7]∗

Imai et al. used data from the initial weeks of infection to estimate an average R0 of 2.6 (uncertainty
range 1.5–3.5). They used two key characteristics that were established from the SARS epidemic to
model the potential epidemic trajectories: that the number of secondary infections from each infectious
individual is highly variable, and that the average time between generations of infection is variable as
well. They approximated the number of cases at the end of the study to be 4000 (uncertainty range
1000–9700) using international travel frequency [8]. Zhao et al. used a statistical exponential growth
model and the epidemic curve of cases in mainland China from two weeks early in the outbreak to
estimate mean R0 values from 2.24 to 3.58. This estimate also used serial interval data from SARS
and MERS. However, they acknowledged that the official diagnostic protocol released by the WHO on
January 17, 2020, probably caused an increase in diagnosis and reporting of infections [9].

Wu et al. used stochastic Markov Chain Monte Carlo methods with data from the first month of
infection to find an R0 estimate of 2.68 (95% CI, 2.47–2.86). The study predicted an epidemic doubling
time of 6.4 days and that 75,815 individuals (95% CI 37,304–130,330) were infected in Wuhan as of
January 25th, 2020. Serial interval estimates were again based on previous studies of SARS [10]. Riou
and Althaus (2020) used stochastic simulations of early outbreak trajectories to calculate an R0 of 2.2.
An important aspect they identified was SSEs (super-spreading events), in which a few individuals
infect many susceptibles in a short span of time. Using data from January 18th, they modelled SSEs
using negative-binomial offspring distributions. With the data available at the time, they projected that
the virus exhibited a mostly homogenous distribution pattern; i.e., SSEs were unlikely, though still
possible [11].

Here, we investigate the following questions: 1. What do the dynamics of a disease in its early
stages tell us about long-term predictions? 2. How well do models formulated with data from one
geographic region predict data in other geographic regions? 3. Do certain methodologies do better than
others in their predictive capacity? We reviewed modelling studies from recent pandemics in order to

∗Tang et al., along with some other authors, use the parameter Rc, which measures the average number of secondary infections in
a population when interventions such as quarantine, isolation and closed borders have been enacted. We have changed notation to Re

throughout for consistency.
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Figure 1. SARS timeline.

assess how models that were created very early on in an outbreak compared to the eventual outcomes
for those pandemics. We examined three major epidemics preceding COVID-19: the 2003 Severe
Acute Respiratory Syndrome coronavirus outbreak (SARS-CoV), the 2012 Middle East Respiratory
Syndrome-related coronavirus (MERS-CoV) and the 2009 H1N1 influenza pandemic (aka swine flu).
We used studies performed using the first few weeks of an outbreak and compared them to the eventual
results, in order to assess the reliability of early models. We also investigated which types of models
produced the most accurate predictions. Finally, we determined scenarios in which early studies are
likely to project the severity of a disease, those where they cannot, and potential pitfalls that could
cause inaccuracies.

2. The 2003 SARS outbreak

SARS-CoV was a viral respiratory disease first seen in the Guangdong province of southern China
in November 2002. It spread across continents to many of the largest cities in the world in an eight-
month period until June 2003. The virus had spread to a total of 17 different countries, with the majority
of cases in mainland China and Hong Kong. By July 2003, the virus had infected 8448 people, with a
total of 774 deaths [12]. Secondary regions, which recorded fewer than 1000 cases, included Taiwan,
Canada, Singapore, Vietnam, the US and the Philippines; the remaining countries saw fewer than 10
cases [13]. See Figure 1.

A limitation of these data is that government and health-agency statistics only list infections re-
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ported to hospitals and health authorities; they do not include asymptomatic cases or cases that did not
come forward for treatment (e.g., self-isolating individuals or those simply not seeking treatment). We
restricted our scope to papers that used data specifically from the early weeks of the pandemic or before
the disease was completely eliminated. Papers with sparse or incomplete data are of interest to see how
well they predict metrics with these built-in limitations, as compared to post-epidemic publications.

We examined six papers studying different regions that used different methodologies for their mod-
els. Riley et al. analyzed data on the first 1512 cases in Hong Kong to determine a basic reproduc-
tion number of 2.7 at the start of the epidemic. They used a stochastic metapopulation compartmental
model; this accounted for the high variability in transmission between parts of Hong Kong and changes
caused by chance versus interventions. The populations of each district were divided into susceptible,
latent, infectious, hospitalized, recovered and dead individuals; the latent and infectious categories
were each divided into multiple categories to match disease progression. Despite the variability in the
contact rate between districts and in the strength of SSEs, the output range for R0 of 2.2 to 3.7 still
suggested low to moderate transmissibility [14].

Chowell et al. estimated the reproduction number of the disease at 1.1–1.2. In this study, the au-
thors used the cumulative number of SARS cases from two weeks in the beginning of the epidemic
in Ontario, Hong Kong and Singapore and a compartmental model that accounted for known disease
characteristics at the time. Points of uncertainty that were identified included asymptomatic infectious-
ness, levels of susceptibility among the higher susceptible class and lower susceptible class, the rate
that the infected are diagnosed and the relative measure of reduced risk among diagnosed SARS cases.
The authors discussed the possibility of 10% of some regions of the world becoming infected [15].

Lipsitch et al. analyzed the first 205 probable cases of SARS in Singapore with a stochastic trans-
mission model to estimate an R0 of 2.2–3.6, depending on the serial interval. The large variability in
R0 was attributed to the uncertainty in the distribution of secondary infections from each source case
and the serial-interval distribution; the magnitude of SSEs can have a drastic effect on the number of
secondary cases when present at the beginning of the outbreak. The frequency of SSEs is also difficult
to predict using only the early disease data. Also unknown at the time was whether asymptomatic
individuals were contagious, although the model was robust to the possibility. What it established,
however, was that the few interventions that were being used were working [16].

Zhou & Yan used a Richards curve to fit early infection data from Singapore, Hong Kong and
Beijing to find reproductive numbers of 2.7, 2.1 and 3.8, respectively [17]. They also made an attempt
at predicting the maximum number of cases over the epidemic: 1748 for Hong Kong and 207 for
Singapore; the actual numbers were 1755 for Hong Kong and 238 for Singapore [13]. The 2595
estimate for Beijing was further from the actual number of 5327. Zhou & Yan mentioned that one
reason for Beijing’s higher R0 was their delay in exercising effective control measures. This highlighted
a difficulty faced by all of the research in 2003: the transmission mechanism of the virus was not known
at the time. Furthermore, timely and appropriate intervention on the part of health officials could not
be assumed (as in the case of Beijing) [17].

Choi & Pak used Canadian data up to April 6th, 2003, and a simple exponential model with an R0

of 1.5 to show that it could be possible to see up to 50,500 total cases without intervention by June
25th [18]. Lloyd-Smith et al. used Hong Kong and Singapore data prior to May 23rd to simulate the
spread in a single hospital and show an R0 of 1.2–2.0. This was thought to be a reasonable range given
the data available at the time [19].
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Figure 2. MERS timeline.

3. MERS

Middle East Respiratory Syndrome coronavirus (MERS-CoV) is a respiratory disease similar to
SARS and COVID-19 that has caused recurrent outbreaks in the Arabian Peninsula and other parts of
Asia since 2012 [20]. See Figure 2. Symptoms include fever, cough, diarrhea and shortness of breath. It
is suspected to have derived from bats and is found prominently in camels. The disease has been known
to have a somewhat different transmission pattern to SARS; it typically has low transmissibility but
occasionally sees temporary, rapid outbreaks originating in hospital settings [21, 22]. Its characteristic
epidemic pattern can lead to different research questions compared to SARS; for example, could early,
rapid outbreaks inform the severity of later ones?

Cauchemez et al. used data up to August 8th, 2013 (111 total cases) to give an estimate of R0

averaged across all detected clusters as 0.63. The majority of cases were in Saudi Arabia, followed
by Jordan, the United Arab Emirates and a handful in some European countries. The doubling time
was estimated to be 90 days. This study focused on clusters of non-resident travellers (non–hospital
originating cases), and they acknowledged that it would make sense to see a reduced rate of infection
because of inhomogenous mixing patterns [23].

Eifan et al. used data from the two-year period May 2013–May 2015 to assess Saudi Arabia’s
experience with the disease according to specific clusters. The country was divided into five different
clusters based on their geographical separation; north, south, east, west and central. In the baseline
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case, a sequential Bayesian method revealed a basic reproduction number in the range 0.85–0.97 in all
five regions. However, results from a sensitivity analysis showed that the central and western regions
achieved values between 1.08 and 1.12. The authors describe contact frequency, hospital procedures
and population composition/density as being factors for the differences between regions. It is clear
from their results that the virus is usually not sustainable to the point of being an epidemic threat [20].

A study by Breban et al. estimated R0 to be 0.69 using only the first 64 (55 actually used in the
model) lab-confirmed cases. The lower number here appears to be due to optimism about potential
contact tracing and the isolation procedures that could be used during outbreaks. They concluded that
MERS did not have pandemic potential, although they still highlighted the importance of enhanced
surveillance and vigorous searches for the original animal hosts. While many studies used datasets
with hundreds or thousands of data points, this study generated an R0 in line with many other papers
of the time using fewer than one hundred cases [24].

3.1. Super-spreading events

Both SARS and MERS nosocomial infections were characterized by early SSEs that briefly saw
very high effective reproductive numbers, which then tapered off very quickly. This progression was
recognized by Chowell et al. who used four different nosocomial outbreaks of SARS and MERS to
show the effect of super-spreading events in hospital settings [21]. They focused on SARS outbreaks
in Singapore and Toronto and MERS outbreaks in Al-Hasa, Saudia Arabia, and South Korea, creating
transmission trees to quantify the average exposure time by type of individual (healthcare worker, pa-
tient, visitor, non-clinical staff) and were able to assign a reproduction number to each generation of the
disease; the Generation 0 (R0) of MERS in South Korea and SARS in Singapore had an overwhelming
effect, with the overall numbers being estimated at 30 and 25, respectively [21]. The Generation 0 of
MERS in Al-Hasa was estimated at 3; SARS in Toronto’s had a Generation 0 of 1, which progressed to
an epidemic with an Re of 7 in Generation 1 and an Re of 5–6 in Generation 2 before tapering off [21].

Hospitals were disproportionately large carriers at the outbreak of both diseases: healthcare workers
must rotate, and family members visited patients [21]. A separate study by Chang estimated R0 for the
Korean case at 8.1 [25]. Despite being an order of magnitude higher than that calculated by Chowell
et al., its value exceeding unity confirmed the epidemic threat.

4. The 2009 H1N1 epidemic

The influenza A (H1N1) virus that emerged in April 2009 spread worldwide and generated a pan-
demic that lasted until August 2010. The virus likely jumped species from influenza in pigs. Symptoms
include nasal secretions, chills, fever and lowered appetite resulting from upper respiratory tract infec-
tions. Despite being a subtype of influenza virus A, seasonal flu vaccines offered almost no cross pro-
tection against the strain. Whereas typical seasonal influenza epidemics see the vast majority of deaths
in individuals aged 65 or older, 80% of those caused by H1N1 were people under 65 [26, 27, 28]. See
Figure 3.

Roberts & Nishiura used a renewal process to model the first two months of cases in New Zealand
in a group of students returning from Mexico. The model incorporated imported cases alongside local
growth and accounted for the infection-age distribution, determining an R0 estimate of 1.25 (95% CI
1.07–1.47). The aim of the modelling was to show the effectiveness of different distributions for finding
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Figure 3. H1N1 timeline.

the best fit and to illustrate the importance of demographic stochasticity in modelling the early stages
of the disease [29].

Using Mexican data, Fraser et al. predicted an R0 of 1.4–1.6 in three different epidemiological
analyses; a separate genetic analysis gave an estimate of 1.2. They used data on cases among travelers
and back-calculation methods to estimate the total number of people in Mexico with the disease, using
a cutoff date. This model used several different methods for calculating R0, using (1) estimates for the
cumulative number of infections based on the generation-time distributions of other seasonal viruses,
(2) a Bayesian coalescent population genetic analysis and (3) the time series of reported disease onsets
among confirmed cases. It also emphasized the importance that age-specificity played in fitting the
model to the data accurately [30].

Nishiura et al. focused on age-specific estimates using Japanese data. They predicted R0 values to
be as high as 1.9–2.3. The study considered the 361 confirmed cases up to June 1, 2009. The authors
suggested that the higher R0 value was likely due to high contact rates among teenagers and suggested
that minors could sustain transmission of the new influenza A (H1N1) virus among themselves. Of the
361 confirmed cases, 287 (79.5%) had been teenagers (10–19 years old) [31].

Estimates for the basic reproduction number found after the epidemic had run its course (post-2011)
usually hovered around 1.3–1.7, with some studies for countries in the northern hemisphere describing
values slightly above 2.0 [32, 33].
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4.1. Waves

Pandemics typically come in waves, with some locations experiencing second and sometimes even
third waves of the disease that were stronger than the initial one. While estimates can be derived for
the spreading capability of the first waves using their specific data, these data are unable to predict the
potency of subsequent waves or how likely they are to occur. Helferty et al. examined the effects of
H1N1 in Canada and concluded that the second wave was substantially greater than the first. They
reported that there were 4.8 times more hospital admissions, 4.0 times more ICU admissions and 4.6
times more deaths in the second wave than in the first [34]. In the UK, the second wave of H1N1 caused
significantly higher population mortality than the first, with a rate of 5.4 vs. 1.6 deaths per million. Of
the cases that qualified as being due to H1N1 over the whole pandemic, there were nearly four times
as many deaths in the second wave as in the first (279 vs. 82) [35].

This disparity is reflected in the mathematical models. Using data in the UK through the pandemic,
Dorigatti et al. found that, from an assumed Re of 1.4 at the beginning of the outbreak, increased
transmissibility grew Re to 1.5 by the start of the third wave. Transmissibility was estimated to be
between 67% and 121% higher than that found in Wave 1, depending on the model used and if prior
immunity is considered [36]. Sharomi et al. built a model mirroring the data found in Manitoba,
Canada; assuming the second wave for this region began in early October 2009, the reproduction
number corresponding to this period was projected to be Re = 1.91 [37] (the pandemic began in April
2009, but some sources suggest the second wave began in August 2009, depending on the region).

While a number of countries — including the US, UK, Mexico and Canada — experienced more
than one meaningful wave of the virus, several countries, especially in the southern hemisphere, only
experienced a single one [37, 38, 39]. Determining factors that predict single vs. multiple waves would
be extremely helpful: what was it about Canada, the US and the UK that encouraged a second, more
potent, wave compared to other countries? Possible factors include the weather, population density,
social pandemic procedures and the healthcare systems. Finding ways to predict when subsequent
waves are likely to occur or what measures could prevent them would be enormously beneficial.

5. How did we do?

The SARS epidemic had mostly run its course by December 2003; there were only three confirmed
cases and one probable case by the end of February 2004 [40]. Several studies reflected on the spread
of the disease after the fact. Anderson et al. (published June 2004) determined the reproductive number
to be between 2 and 3 [41], while Ruan et al suggested a range of 4–5 [42]. Many retrospective studies
agreed on a value within 2–4, depending on the method used [43]. Several studies did accurately
predict the strength of the epidemic, despite the short timeframe, limited available information and
gaps in the data. Riley et al., Lipsitch et al., and Zhou & Yan had their estimates directly in the
confirmed post-disease range [14, 16, 17], while others had their estimates slightly outside the range.

Accounting for and properly estimating government response is an important factor in modelling
an outbreak. China’s government and healthcare structure likely played a role in allowing SARS to
persist beyond 3000–4000 total cases, as estimated by Zhou & Yan [17]. Estimates based on Toronto’s
or Singapore’s healthcare systems were optimistic for a society of China’s capabilities. This highlights
the unpredictability of agents at the macro level versus the individual level. Also difficult to predict
is the public’s response to news of the virus and the magnitude of isolation once the pandemic is
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underway. Furthermore, the capability of hospitals isn’t always straightforward.
There have been few cases of MERS in recent years, most of which have been in Saudi Arabia.

Apart from cases of SSE-triggered, high-R0 outbreaks, recent MERS studies describe the reproduction
number to be similar to that in papers that came out in the first few years after the disease’s first case.
Kucharski and Althaus (published in 2015) estimate R0 to be 0.47 [44], which is in line with the earlier
estimates from Cauchemez et al. (R0 of 0.63) [23] and Breban et al. (R0 of 0.69) [24]. In the cases
of sudden, high-transmissibility events, the same trend of a high basic reproductive number at the
outset (usually in the 1–7 range), with the effective reproductive number very quickly tapering off as
individuals respond to the outbreak, has been reported [45, 46, 47, 48].

The degree to which early epidemiological data was useful in predicting the 2009 H1N1 outbreak
depends on the scale of the prediction; early studies did a good job of mapping the trajectory of the
virus in its initial stage. This holds true when the epidemic passes in one continuous wave. The same is
not always true in the case of multiple waves; while some subsequent waves maintained an R0 similar
to that of the early stages of the first [49, 50, 51], others increased their ability to transmit. Subsequent
waves of a virus are not easy to predict, and neither is the increase in their strength.

Early disease models can thus do well in projecting the spread of a single wave. However, initial
studies are not representative of the disease in later waves. Subsequent waves can lead to higher
transmissibility, worse symptoms and increased mortality rates, as seen in Canada and the UK for the
2009 H1N1 outbreak.

6. Discussion

Mathematical modelling has the potential to make surprisingly accurate predictions in the early
stages of an epidemic, despite the paucity of data. By comparing early models to what was later known
about these outbreaks, we were able to answer our research questions. 1. The dynamics of a disease
in its early stages can be used to make good predictions about the length and severity of a disease’s
first wave; these predictions are less good at characterising either the existence, timing or strength
of subsequent waves. 2. Models formulated in one geographic region generally have good predictive
power for other geographic regions in general, but do not always translate. 3. The methodologies that
have the most success generally included stochastic effects. We thus recommend that future models
include stochasticity, especially when modelling new outbreaks.

However, in addition to the success stories, lessons can be learned from models that were less suc-
cessful in predicting past pandemics. For example, the nature of SARS transmission was not fully
understood early in the outbreak; it was unclear at the time whether contaminated surfaces contributed
meaningfully to the spread [15]. This uncertainty would have affected parameter estimates and model
construction. Similar questions arose early in COVID-19, although it should be noted that a key differ-
ence between SARS and COVID-19 is that SARS was contained after its first wave [40].

Initial literature reports typically account for and describe individuals who have severe clinical
infections; these are reported/admitted cases only. Asymptomatic cases that were not reported are
either missed or need to be estimated. As such, retroactive studies have the benefit of more in-depth
serological surveys that more accurately describe the number of infected individuals. The rate of
infection during the asymptomatic period of the disease is often subject to uncertainty, especially in
the absence of detailed tracing for reliable estimates. Some of the early MERS studies only looked
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at community-acquired MERS infections and ignored nosocomial outbreaks [46]. Moreover, it is
extremely difficult to predict where an SSE-level individual will be found and how much of an effect
an SSE will have near the beginning of the outbreak.

It should be noted that diseases with low to moderate transmissibility display more uniform behavior
and are easier to model and project; diseases with more volatile spread rates are less likely to display
this uniformity. While diseases with lower reproductive numbers usually have less potential to spread
in a devastating way, they can sometimes infect a lot of people; diseases with very high reproductive
numbers have the possibility of infecting very many people but can sometimes only infect very few,
depending on clusters.

Models with an explicit stochastic component seemed to perform well against compartment models
that derived their R0 values in more traditional ways. These models placed a greater focus on quantify-
ing the effect of the super-spreading events and how their involvement at the start of the disease could
be the difference between a large outbreak or not. For example, whereas Chowell et al. considered
the role of super-spreaders in the parameters [15], Riley et al. tried to incorporate an estimate for the
explicit number of individuals who were infected by the super-spreaders and who went on to propagate
the disease [14]. Other factors included taking into account differing contact rates in different regions
of the study; for example, dividing Hong Kong into higher and lower contact districts. Choi & Pak
incorporated stochastics into a compartment-based model and only split these compartments up when
necessary [18].

6.1. Lessons from other pandemics

The other major pandemic during the past 20 years was the 2014 Ebola outbreak in West Africa.
See Figure 4. Since Ebola is not airborne, its implications for COVID-19 are limited. However, it is
worth noting some of the predictions made at the time and the lessons learned. A number of models
addressed the Ebola epidemic in its earliest stages.

Rivers et al. [52] investigated the efficiency of increased contact tracing, improved infection-control
practices and a hypothetical pharmaceutical intervention to improve survival of hospitalised patients
aimed at reducing the reproduction number of the Ebola virus. They showed that perfect contact trac-
ing could reduce R0 from 2.22 to 1.89, while additionally reducing hospitalisation rates by 75% would
further reduce R0 to 1.72. Fisman et al. [53] used a two-parameter model to examine epidemic growth
and control. They evaluated the growth patterns and determined the degree to which the epidemic could
be controlled, finding only weak control in West Africa as of the end of August 2014 and essentially
no control in Liberia. Browne et al. [54] developed an SEIR model to examine the effects of contact
tracing. They showed that if contact tracing was perfect, then the critical proportion of contacts that
need to be traced could be derived. Webb and Browne [55] developed an age-structured model, track-
ing disease age through initial incubation, followed by an infectious phase with variable transmission
infectiousness. They showed that successive stages of hospitalisation would result in a mitigation of
the epidemic. Do and Lee [56] developed an SLIRD model to determine the mathematical dynamics
of the disease. Their model had a single equilibrium point, which they showed would be stable if safe
burial practices without traditional rituals were followed and R0 < 1. Salem and Smith? [57] conducted
a sensitivity analysis, showing safe burial and reduced contacts — with both living and dead infected
individuals — were the interventions most likely to lead to eradication. However, models for the 2014
Ebola epidemic tended to significantly overestimate the the number of cases and deaths [58].

Mathematical Biosciences and Engineering Volume 17, Issue 6, 7502–7518.
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Figure 4. Ebola timeline.

In addition to specific diseases, mathematical models have also made general predictions for pan-
demics not linked to any specific disease or classified under the umbrella of pandemic influenza. Such
models are numerous and not always based on data or strict biological accuracy, but it is worth ac-
knowledging that some have made insightful forecasts, nonetheless. In 2006, Germann et al. [59]
used stochastic modelling to describe initial seeding and final quenching of small community-level
outbreaks, with a suggested range of R0 values from 1.6 to 2.4. Intervention methods considered were
socially targeted antiviral prophylaxis, dynamic mass vaccination, closure of schools and social dis-
tancing. They considered mitigation strategies to be successful when the attack rate was limited to
approximately 10% of the US population, in line with that of annual influenza epidemics. In 2011, Wu
and Cowling [60] surveyed the state of mathematical models predicting influenza pandemics. They
suggested that travel restrictions would have little effect in stopping the pandemic but that the most
effective mitigation would be combinations of antiviral treatment and prophylaxis, as well as non-
pharmaceutical interventions such as quarantine, isolation, school closure and social distancing in both
the community and workplace. Short-term solutions would be maintaining a stockpile of antiviral
drugs, while a long-term solution would be the development of a vaccine. In 2012, Morse et al. [61]
examined the emergence of novel infectious diseases from zoonoses, which account for more than
60% of the 400 emerging infectious diseases that have been identified since 1940. They noted that no
novel pathogens have ever been predicted before their first appearance but that predictions were pos-
sible once an outbreak was underway. They identified three stages of a new pandemic: (1) no human
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infection; (2) localised human infection; and (3) widespread transmission and global dissemination.
In 2013, Huppert and Katriel [62] argued that mathematical models can and do provide accurate pre-
dictions in the field of infectious diseases, provided the scope of the notion of prediction is suitably
qualified. They suggested that the next pandemic would cause severe morbidity, mortality and exten-
sive economic impact and that the advantages of modern medicine would be offset by the ability of
transportation networks to rapidly propagate a disease around the globe. In 2017, Saunders-Hastings
et al. [63] examined strategies for mitigating a potential influenza pandemic and calculated economic
costs, with hospital-resource capacity as a limiting factor. In addition to pharmaceutical interventions
such as antivirals and vaccination, the non-pharaceutical interventions under consideration were school
closures, community-contact reduction, hand hygeine, mask use, voluntary isolation and quarantine.

It is worth noting that all of the above non-pharmaceutical predictions came to pass during the
COVID-19 outbreak, while the pharmaceutical-based predictions may yet come to do so if a vaccine
is developed. This illustrates the power of modelling to make good generalised predictions even in the
absence of specific data.

6.2. Implications for COVID-19

The lessons learned from early modelling of SARS, MERS and the 2009 H1N1 outbreak show that
it is possible to derive meaningful estimates for disease spread, the maximum number of infections and
an approximate fade-away date when using appropriate model selection and characteristics. Stochastic
models that take into account the variability of disease spread are extremely useful, both in the early
asymptomatic stages and through its regular course. Where possible, spatial considerations seem to
help the accuracy when outbreaks occur in highly populated, dense regions like Hong Kong. Allowing
for the possibility of SSEs is paramount. To create accurate models, it is imperative to first determine
the nature of disease spread between individuals that will make up the pathways between compart-
ments in order to answer the following questions: Can individuals become reinfected? Can recovered
individuals continue to spread the disease? As seen in the case of MERS, it is possible to closely es-
timate very short-term, powerful and volatile events of disease spread when the nature of the disease
and setting (e.g., hospitals) are very similar to those of known pandemics. Significant difficulty might
arise if the disease appears in large, consecutive waves.

COVID-19 has many similarities with the recent outbreaks, but there are important differences.
Most obvious is the scale of the outbreak, which is significantly greater than anything witnessed in
the past century. Whereas SARS was entirely contained to its first wave and MERS varied between
low-level community transmission and rapid outbreaks in hospitals, both the 2009 H1N1 outbreak and
COVID-19 produced multiple sustained waves. An effective vaccine was developed later in the 2009
H1N1 outbreak [64]; at the time of writing, it remains to be seen whether a vaccine for COVID-19 will
reach the market, and if so how effective it will be. Lessons from early Ebola modelling illustrated the
importance of effective contact tracing and the reduction of contacts with infected individuals, which
are also important factors for COVID-19.

It follows that current and future pandemics can be modelled with some degree of accuracy, at least
in the first wave. Understanding how a pandemic might unfold during its earliest stages is clearly
highly desirable, and the ability of early COVID-19 models to predict the disease’s course is possible,
as seen from the lessons learned from SARS, MERS and the 2009 H1N1 outbreak. It follows that
models for COVID-19 and future pandemics are most useful when they include stochasticity, spatial
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considerations and SSEs. Furthermore, waves after the first should be treated as distinct waves for the
purpose of modelling. Mathematical modelling can be a powerful tool for predicting the future when
harnessed correctly.
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