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Abstract: Scholars and experts argue that future pandemics and/or epidemics are inevitable events,
and the problem is not whether they will occur, but when a new health emergency will emerge. In this
uncertain scenario, one of the most important questions is an accurate prevention, preparedness and
prediction for the next pandemic. The main goal of this study is twofold: first, the clarification of
sources and factors that may trigger pandemic threats; second, the examination of prediction models
of on-going pandemics, showing pros and cons. Results, based on in-depth systematic review, show
the vital role of environmental factors in the spread of Coronavirus Disease 2019 (COVID-19), and
many limitations of the epidemiologic models of prediction because of the complex interactions
between the new viral agent SARS-CoV-2, environment and society that have generated variants and
sub-variants with rapid transmission. The insights here are, whenever possible, to clarify these aspects
associated with public health in order to provide lessons learned of health policy that may reduce risks
of emergence and diffusion of new pandemics having negative societal impact.

Keywords: COVID-19 pandemic; infectious diseases; environmental factors; compartmental models;
epidemiologic models; outlook; preparedness; surveillance; public health; health policy; policy
responses; crisis management

1. Introduction

In 2023, negative effects of the Coronavirus Disease 2019 (COVID-19) pandemic are
considerably reduced, unlike the early period in 2020, though many people still have to cope with
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COVID-19 illness [1—14]. In the USA, deaths per day of COVID-19 in the early months of 2023 are
higher than deaths with a seasonal influenza. These facts suggest that COVID-19, in a different way,
continues to have a certain impact in society [15].

A vital aspect for public health and security of nations is to show the lessons learned to face COVID-
19 pandemic crisis, to improve the prevention and preparedness, to stop and/or mitigate, whenever
possible, the emergence and diffusion of a new virus that infects a lot of people worldwide [16—21]. In
this context, the goal of this study is a general analysis of the sources and driving factors of Severe
Acute Respiratory Syndrome Coronavirus 2 or SARS-CoV-2 virus (leading to COVID-19), and an
examination of prediction approaches, showing pros and cons [22—27]. The prediction and preparation
to deal with a pandemic, effectively, involve different aspects, such as how new viral agents may
emerge, behave and mutate in environments, to explain the transmission dynamics, spatial diffusion
and impact in society [22,28—30]. In the presence of the COVID-19 pandemic, governments have
largely applied epidemiological models of prediction of cases and/or deaths to guide the effective and
timely implementation of health policies based on restrictions and/or vast vaccination campaigns [31—34].
However, epidemiologic models of COVID-19 have also shown many limitations because of
unpredictable behavior of the SARS-CoV-2 virus in the environment and society [35].

Hence, since the source and diffusion of the pandemic are associated with manifold factors and the
forecasting of pandemic dynamics, using current epidemiologic models can have shortcomings with
mutant viral agents and/or changes in mitigation and containment policies of nations. The analysis and
discussion of these aspects can show lessons learned to improve the guidelines in the governance and
public health of countries, in a post pandemic period, to avoid the emergence of new outbreaks [36].

2. Materials and methods
2.1. Databases and search strategy

The systematic review used here is based on a search strategy of selected papers published in
various databases, such as PubMed [37], Scopus [38] and Web of Science [39]. The search strategy
was formulated and refined in terms of subject keywords by a “Boolean searching” using the operator
of logical conjunction AND; some of the search strings used here are: COVID-19 AND sources,
COVID-19 AND “diffusive factors”, COVID-19 AND “prediction models”, etc. Quotation marks were
used to search in a loose phrase, where the words appear together in a fixed order.

2.2. Inclusion and exclusion criteria

Current search engines, with the above strings, provide a high number of papers, including many
irrelevant resources. Therefore, for effective analyses, the study here follows a systematic search
strategy that screens and selects the literature to find the relevant papers based on specific criteria. In
this study, three main inclusion and exclusion criteria are applied for identifying relevant content and
removing irrelevant papers (Table 1) [40—42]:

a) The first inclusion criterion is the type of document; published documents are included,
whereas manuscripts under review and unpublished manuscripts are excluded.

b) The domain (i.e., the subject area identified for the study) is the second screening criterion;
papers dealing strictly with factors of emergence and diffusion of COVID-19, and about prediction
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models for COVID-19 are included, whereas other documents are excluded.
c¢) The last screening criterion is the language in which the paper is published; inclusion criterion
is English; exclusion is non-English language.

Table 1. Inclusion and exclusion criteria of papers of the study.

Criterion Inclusion Exclusion

Document type Published papers Unpublished manuscripts

Scientific Papers dealing with factors of Papers non dealing strictly with factors of
domain emergence and diffusion of emergence and diffusion of COVID-19, and

COVID-19, and about prediction about prediction models for COVID-19
models for COVID-19

Language English papers Non-English papers

2.3. Eligibility and inclusion for review and qualitative synthesis of results

Quality evaluation is conducted to avoid biases and errors. In this study, in the initial phase, more
than 620 documents were chosen. After an in-depth analysis, using criteria of Table 1, records screened
and selected are 62 documents that are also the papers assessed for eligibility in this study (10% of the
total). Papers excluded for the lack of information strictly related to the topics under study here are 31
documents. Hence, papers selected for the review and the analysis for a qualitive synthesis of results
are 31 (50% of record selected).

In this perspective, systematic review here focuses on a method of logic selection of specific
literature (above) aimed at minimizing bias in order to produce reliable findings that explain drivers
of new viral agents, factors related to diffusion and societal impact, and points of strength and
weakness in epidemiological models [43]. The results of this systematic literature review show
critical findings and lessons learned for both healthcare managers and policymakers of health
institutions to improve the governance and application of epidemiological models directed to support
effective health polices in the presence of mutant viruses, and environmental and societal changes
during pandemic crisis.

3. Results
3.1. Factors determining a high risk for the emergence of new viral agents

3.1.1. Surveillance of wildlife to avoid spillover effects with emergence and diffusion of new viral
agents in humans

Daszak et al. [44] argue some risk factors determining the emergence of new viral agents and
pandemic threats, such as the interaction between humas and wildlife that can foster the transmission
of dangerous pathogens and spillover effects in human society; a main risk factor is wildlife trade in
domestic and international markets that, with poor measures of control, can reduce biosecurity and
increase the spillovers leading to new viral agents in humans [45,46]. In fact, poor surveillance of
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wildlife can generate evolutionary phases in pathogens that specialize them to transit from animals to
humans (cf., Table 2). These factors can trigger compounding and cascading events in regions with a
high population density where new viral agents infect a lot of individuals. In addition, persistence of
infections, driven by new viral agents, depends on manifold factors, such as: density of population,
hygienic conditions, level and period of infectivity in hosts, period necessary for host to achieve a
protective immunity, resistance of pathogens to climate and other environmental factors (e.g., air
pollution), resistance to pharmaceutical treatments, and continued existence of new viral agents in
large regions, albeit extinctions in local clusters, etc. [47].

3.1.2. Biosafety lab risk assessment and protocols to reduce accidents for the emergence and
diffusion of new viral agents

Accurate lab risk assessments and security protocols improve biosafety and reduce accidents and
the probability that a new viral agent can spread in society [48]. Hellman et al. [49] show that two
percent of accidents is in fabrications rooms and thirteen percent is in other places of research labs
(Table 2). Van Noorden [50] argues that thirty per cent of people working in labs have assisted with
serious injury in a period of about twenty years (see Table 2). Ayi and Ho [51] also report that, in
Canada, about fifteen per cent of people in labs have experienced at least one lesion or mishap.
Simmons et al. [52] reveal that, at the lowa State University (U.S.A.), lab incidents are more than
eighteen percent of total (Table 2). Kou et al. [53] point out that, at the University of Minnesota
(USA) in a period of five years, scholars reported that the most frequent incidents are the spill of
hazardous substances, fire and equipment damages that injure lab personnel. These case studies
reveal that the escape and diffusion of new viral agents, associated with an accident of lab, can have
a vital role in the emergence of epidemics and pandemics [12]. The reduction of incidents in labs
that study new viral agents is associated with an accurate activity of lab risk assessments and
effective protocols for biosecurity. Li Na et al. [54] argue that risk assessment and biosafety in labs
can be performed with different methods, such as scenario analysis, pre-hazard analysis, hazard and
operability analysis, fault tree analysis, event tree analysis, matrix analysis, risk mapping, etc.
However, control measures of biological risks have no fixed modes generalizable for all labs across
different nations, but they have to be adapted to the specificity of lab and country [22,28]. Moreover,
information and data of lab accidents should be linked to a national and international surveillance
system for a real time transmission of biological risks in order to better coordinate national security
with targeted investigations, and timely interventions in the presence of specific threats and risk for
the local and global community [55]. Hence, biosafety risk analyses and risk assessments in
laboratories have to be a recurring activity to improve the security of operation and minimize the
incidents involving hazardous pathogens and/or aerosol exposure risk to hazardous viral agents that
can lead to the emergence of new infectious diseases and serious epidemic and/or pandemic threats
at local and global levels [54,56].
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Table 2. Average level of incidents in specific labs of universities.

Type and percentage of incidents in labs Sources
2% of accidents in fabrications rooms

13% in other places of research labs

30% of people working in labs has assisted with serious injury over a period
of 20 years

15% of people in labs has experienced at least one lesion or mishap Ayi and Ho [51]
18% of lab incidents have occurred at the lowa State University Simmons et al. [52]
25% of hazard types are spills and fires

18% of hazard types are for equipment failure or explosion

16% of hazard types are associated with cryogenics

15% of hazard types are spills and sharps

12% of serious incidents has involved a researcher requesting an external help
12% is “near miss” incidents

A natural zoonosis is a rare event Coccia [12]

Hellman et al. [49]

Van Noorden [50]

Kou et al. [53]

3.1.3. High air and environmental pollution, and (un)sustainable environment can support pandemic
emergence and rapid spread

One of the factors determining a high risk for the diffusion of epidemics and pandemics similar
to COVID-19 is air and environmental pollution in populated cities [11,57—61]. In general, populations
living in environments with high air pollution have experienced an increased mortality of COVID-19,
because of rapid diffusion of SARS-CoV-2 in polluted and highly populated cities [4,6; cf. Figure 1].
In fact, high levels of particulate matter and other air pollutants can mix with new pathogens,
generating mutations and resistance of these new viral agents that increase their transmissibility and
infectivity with a negative impact on the health of people [2,7,62—65].
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Figure 1. Infected people on population density per km?, considering the groups of cities with
high or low air pollution (high particulate compounds emissions in the atmosphere). Note:
Coccia [59] reveals that diffusion of COVID-19 is higher in cities with high air pollution.
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3.2. Pre-emptively measures of control for reducing widespread diffusion of new viral agents
3.2.1.  Strengthening the early warning system with effective contract tracing system

An effective contact tracing system and timely isolation can reduce transmission dynamics of
infectious diseases within, and between, different outbreak areas [66]. This dual strategy plays a basic
role to stop the spread of infectious diseases having a latent pre-symptomatic phase (Coccia, 2020).
Moreover, an effective contact tracing system, with a “bidirectional” approach, can reduce the spread
of new viral agents in society, and improve the timely healthcare in infected individuals to reduce
severe side effects and also mortality [67,68]. Benati and Coccia [66] show that, during the first wave
of the COVID-19 pandemic, some regions in Italy have managed pandemic crisis with appropriate
health policy responses based on: a) a timely and widespread testing of individuals, b) effective units
of epidemiological investigation in a pervasive contact-tracing system to detect and isolate all infected
people. Benati and Coccia [66] reveal that widespread and in-depth testing of symptomatic and
asymptomatic individuals, associated with a timely isolation of infected people, can reduce total
number of infections and deaths of COVID-19 (Figure 2). Hence, a health policy of timely effective
contact tracing is basic to face pandemics when there are no effective pharmaceutical treatments, such
as vaccines and/or appropriate antiviral drugs [66,69]. This evidence by Benati and Coccia [66], in the
first pandemic wave of COVID-19, provides important lessons when appropriate drugs are not ready,
and to design health policies based on effective contact tracing systems can constraint pandemic waves
driven by new viral agents or their variants and sub-variants (Figure 2). Zhan et al. [70] also argue that
a susceptible-unconfirmed-confirmed-recovered mode can capture transmission dynamics of
confirmed cases, and that by increasing five times the testing capacity associated with control measures,
the numbers of COVID-19 infections in people would decrease to 33%.

Deaths in Piedmont region (Italy) with containment policy and weak tracing system

Value in Log scale
=

period February-June 2020

——VLog Veneto Deaths per million ===Log Piemonte Deaths per million

Figure 2. Trends of COVID-19 deaths in Italian regions (Veneto and Piemonte) with
effective and non-effective contract tracing systems. Source: Benati and Coccia [66].
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3.2.2.  Effective public governance improves prevention and preparedness to face pandemic threats

Effective governance and constant investments in the health sector can support prevention and
preparedness to pandemic threats with an improvement of: surveillance in the interaction between
human society and wildlife, protocols for biosafety laboratory risk assessments, overall health system,
human resources and management in healthcare, new technology that reduces human exposure to new
vital agents or that improves treatments of new infections, early warning system and containment
actions to stop rapid diffusion of viral agents in cities. In short, good institutions and effective public
governance associated with human resources having expertise and availability of new technology in
health sector, can improve the preparedness of crisis management to face novel viral agents and
consequential pandemic crisis [71-95]. Benati and Coccia [96] show the positive effects of good
governance for designing effective policy responses to cope with the COVID-19 pandemic, such as the
roll out of a timely vaccination plan directed to reduce negative pandemic impact in society (Figure 3).

Log Doses of vaccines administered 100 people, March 2021

O Observed
= Linear

5,0

T
20 1,0 0 1,0 20 30

Government Effectiveness 2019

Figure 3. How the increase of government effectiveness between countries can support
higher levels of vaccination. Source: Benati and Coccia [96].
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Figure 4 summarized critical risk factors for the emergence and diffusion of pandemics.

e

— Factors determining a high risk for the emergence of new viral agents
= Poor surveillance of the interaction between humans and wildlife

* Incomplete biosafety protocols in labs that increase the probability of accidents

* High air pollution in environments with little wind that can support atmospheric
stability for diffusion of new viral agents in society driven by a mixture of
pathogens and particular matter leading to high resistance, infectivity and rapid
transmission in polluted cities having a high density of people with deteriorated
immune systems

Factors determining
emergence and rapid =<
diffusion of pandemics

— Poor pre-emptively measures of control for reducing the widespread diffusion of
new viral agents

» Ineffective contact tracing systems and scarce teams for epidemiological
investigations

___* Bad governance of nations leading to poor health systems and health policies

Figure 4. Factors that increase the opportunities for a pandemic virus to emerge and spread.
3.2.3.  Prediction Models for COVID-19

Pandemic forecasting plays a vital role to control the pandemic threats and support health policies
to cope with on-going pandemic crisis [97,98]. In the presence of the COVID-19 pandemic crisis,
scholars suggest different models for epidemic tracking and forecasting [35]. Reinhart et al. [99] have
done many efforts in the construction and maintenance of an open repository of real-time and
geographically detailed COVID-19 indicators in the United States. This repository provides main
information about COVID-19, such as confirmed cases, hospitalizations, intensive care units, deaths,
fatality rates, etc. McDonald et al. [100] endeavor to explain if a set of indicators can improve the
accuracy of COVID-19 forecasting in the short run across regions. KhudaBukhsh et al. [101] analyze
the support that The Ohio State University offered, in the initial wave of COVID-19, to the Ohio
Department of Health with epidemic modeling and decision analytics directed to predict statewide
cases of new infections, as well as potential hospital burdens in the state. The proposed Dynamical
Survival Analysis (DSA)-based statistical method, for statewide prediction and uncertainty
quantification, needs fewer parameters and is less computationally expensive than agent-based
models. However, the DSA method does not provide the flexibility to test arbitrary what-if scenarios
involving individual human behaviors, because the method is based on population-level equations.
Hurford et al. [102] analyze an elimination strategy, enacting strict border control and periods of
lockdowns to end community transmission. A case study in Canada has reported a long period with
no community cases. They also develop a method to assess alternative plans to relax public health
restrictions when vaccine coverage is high in regions that have implemented an elimination strategy.
Khairulbahri [103] suggests a SEIR model capturing the roles of behavioral measures, partial
lockdowns, hospital preparedness and asymptomatic cases in Sweden. The suggested SEIR model
successfully reproduces main observed outputs and finds that the effects of partial lockdowns
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effectively start more than 50 days after the first confirmed case. Hence, behavioral measures and
partial lockdowns can reduce infected cases of about 22% and 70%, respectively. Sasanami et al. [104]
endeavor to estimate in Japan the proportion of the population that is immune to symptomatic SARS-
CoV-2 infection with the Omicron variant (immune proportion), considering the waning of immunity
resulting from vaccination and naturally acquired infection. Results show that vaccine-induced
immunity, conferred by the second vaccine dose, was estimated to rapidly wane. The resulting
prediction of the share of the population that is immune to symptomatic SARS-CoV-2 infection could
aid decision-making processes on when, and for whom, another round of booster vaccination should
be considered. Li et al. [105] develop a new transmission model via a delay differential system, which
parameterized the roles of adaptive behaviors and vaccination, allowing to simulate the dynamic
infection process among people. Results show that for complete prevention, the average proportions of
people with immunity should be about 76—92% with adaptive protection behaviors, or roughly 77-97%
without protection behaviors; in addition, the required proportion of vaccinated people is a sub-linear
decreasing function of vaccine efficiency, with little heterogeneity between different countries.
Vasconcelos et al. [106] apply a generalized pathway model, with time-dependent parameters, to
describe the mortality curves of the COVID-19 for several countries that exhibit multiple waves of
infections. The model is in good agreement with the data for selected cases under study, showing the
starting and peak dates for each successive wave. In fact, reliable estimates of characteristic points in
epidemic curves play important aspects for assessing the effectiveness of interventions, and the
possible negative impact of their relaxation. The study also shows that expected time for an epidemic
wave to reach a peak seems to be positively correlated with the delay to adopt control measures. The
study describes efficiency COVID-19 data, but a more detailed analysis about the effectiveness of
intervention measures is needed to improve predictions. Cherednik [107] proposes a two-phase
solution for modeling the total number of confirmed cases in COVID-19, and for describing the curves
of many pandemic waves. A suggested approach shows uniformity of the COVID-19 waves between
countries, and this result can be used for forecasting the epidemic spread. This approach is very
different from the classical SID, SIR, SIER models and their variants, and the models used in the
neighboring directions of invasion ecology. The saturation in the model is a dynamic equilibrium
between the virus invasion and protective measures, but this is not due to classical herd immunity.
Moreover, because of a very limited number of parameters in a two-phase solution, the modeling is
rigid. Since the forecasting of waves can be potentially reduced to finding the factors of initial
transmission rate and the intensity of hard protective measures, the challenge is to do this at early
stages of the pandemic waves; likely it is doable near to the turning point of the wave. Currently, these
parameters are found “manually”. Leonov et al. [108] consider two modifications to the well-known
SEIR model of epidemic development to analyze the infection curves in COVID-19 pandemic. These
models can identify external and hidden sources of infection. Numerical experiments show that
infection curves can be approximated with a high accuracy (2—8%). However, in infection waves
having a sharp increase, the approximation errors grow tenfold. This problem is solved with an
additional term that considers external and latent sources of infection (average accuracy here is 2-4%).
Moreover, because of lack of data, models approximated the infection waves, including the Omicron
wave, with an accuracy of about 10-30%. Cao et al. [109], using a model, show in a pre-vaccine era
that policy-related factors guide the spread of COVID-19; in the post-vaccine era, the drivers of policy-
related factors decreased, whereas travel-related factors, variants and vaccine-related factors increased
the COVID-19 diffusion. However, a quantitative assessment of the combinatorial effect of different
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factors is needed to effective control the diffusion of COVID-19 over time. Namiki and Yano [110]
use the total number of individuals as an optimized parameter in the susceptible-infected-quarantined-
recovery (SIQR) model, and propose two methods to simulate multiple epidemic waves (MEWs).
Numerical results indicate that a logistic model fits MEWs with a good accuracy. A limitation of the
model is the transition from the delta to omicron variant that generates difficulty of prediction because
the rate of the infection changes during the epidemic wave. Safaie et al. [111] analyze the factors that
affect COVID-19 outbreak and expand the basic SEIR model by considering vaccination policy.
Results suggest that the vital factor that reduces the COVID-19 diffusion is due to increasing

vaccination plans, rather than decreasing in behavioral risks of people.

Table 3. Limitations of prediction models for COVID-19.

Weaknesses

Authors

Dynamical Survival Analysis-based statistical method does not have the
flexibility to test arbitrary what-if scenarios involving individual human
behaviors because the method is based on population-level equations

The pathway approach for multi-wave epidemics shows its efficiency in
describing COVID-19 data, but a more detailed study about the effectiveness of
intervention measures is needed to improve predictions

The modeling is rigid for limited number of parameters in two-phase solution.
The key factors of the initial transmission rate and the intensity of hard
protective measures are found “manually”

The approximation errors grow tenfold in pandemic waves with a sharp increase
of infections. Because of the lack of data, model approximates the infection
curves with an accuracy of about 10-30%

A quantitative assessment of the combinatorial effect of different control
measures is needed for accurate prediction of the diffusion of COVID-19
Limitation of the model is the transition from the delta to omicron variant
because the rate of the infection changes over time in the epidemic wave
Human behavior and its impact on the progression of epidemics are hard to
measure and to model

Unlike predictions of epidemiologic models, the reduction of control measures
for COVID-19 did not generate a rapid take off of infections

Epidemiologic models for COVID-19 generate overestimation of deaths

A limitation of models for pandemic prediction is the assumption of a constant
reproductive number, whereas in real contexts it changes over the course of time
A lot of models do not consider that the deaths of COVID-19 have a skewed
distribution towards elderly and susceptible people with comorbidities

A critical limitation of epidemiological models for COVID-19 is that they do
not consider the behavioral change of people in the presence of a pandemic

KhudaBukhsh et
al. [101]

Vasconcelos et al.
[106]

Cherednik [107]
Leonov et al.
[108]

Cao etal. [109]
Namiki and Yano
[110]
Mohammadi et
al. [117]

Wieland [112]

Douglas [113]
Korolev [115]

Chen et al. [116]

Stangier et al.
[118]
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3.2.4. Limitations in epidemiologic model of forecasting

Different pandemic tracking and forecasting models for COVID-19 crisis support processes of
decision-making, but they also have limitations (Table 3). For instance, COVID-19 diffusion has
shown rapid peaks and then infections abruptly fall, regardless of measures of control, generating a
flop in many prediction modelling. In fact, unlike predictions of different epidemiologic models, the
reduction of control measures for COVID-19 did not generate a rapid take off of infections [112].
Other main problems of epidemiologic models for COVID-19 prediction are due to high
overestimation of deaths [113—115]. Additionally, a limitation of current models for pandemic
prediction is the assumption of a constant reproductive number, whereas, in real contexts, it changes
over the course of time [115]. A lot of models also do not consider that the deaths of COVID-19 have
a skewed distribution towards elderly and susceptible people with comorbidities [116]. As a
consequence, appropriate prediction models of COVID-19 should include age-dependent factors.

Another critical limitation of epidemiological models for COVID-19 forecasting is that they did
not consider the behavioral change of people in the presence of a pandemic [117]. In fact, people with
the fear to be infected and/or of die with a new infection, they adapt the behaviour to new situation
taking provident actions to protect themselves and survive in uncertain environments [118]. A main
example is in the US economy where the reduction of consumer mobility is due to mainly to private
responses rather than public obligations [119]. Finally, susceptible-infectious-removed (SIR),
Susceptible-Exposed-Infected-Recovered-Dead (SEIRD) and other epidemiologic models focus
mainly on stable and short-run variables, whereas factors driving the pandemic waves have dynamic
change over time. However, Amaro [120] argues that, in a small number of selected countries, the SIR
model well describes a basic reproduction number between 3 and 8 units. Overall, epidemiologic
models are useful approaches for approximate pandemic dynamics but they cannot provide reliable
long-run forecasting for rapid changes in manifold factors, such as new variants, relaxation of
containment measures, behavioral change, etc. (Table 3).

4. Discussion and policy implications for preventing pandemic threats

Studies of literature review on COVID-19 pandemic crisis have focused on different aspects.
Noteboom et al. [121], with a literature review, argue that deep learning methods, such as medical
image screening, can improve diagnosis of COVID-19, in particular, the application of transfer
learning for chest X-rays and computed tomography. Jordan et al. [122] analyze, with a literature
review, optimization and machine learning approaches related to aspects of prediction and control of
COVID-19 pandemic, such as optimization in screening testing strategies, healthcare resource
management, vaccination prioritization, etc. Shakeel et al. [42] present a systematic literature review
with results that are vital both for healthcare managers and for prediction model developers to face
COVID-19 pandemic. Hudda et al. [123] show a systematic review of COVID-19 prediction models
based on preprint and peer-reviewed published manuscripts, in order to assess the percentage of
adherence between prediction and effective data. Instead, Zhang et al. [124] systematically examine,
in COVID-19 research, the application of three simulation approaches given by a system dynamics
model, agent-based model and discrete event simulation, and their hybrids. Results suggest that hybrid
simulation models can capture the complexity of pandemic impact to design appropriate interventions
of health policy. Bhatia and Di Ruggiero [125] review publicly accessible documents of the Canadian
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Government about the procurement and provision of expert-driven science advice to support timely
decision-making processes of public health for pandemic crisis. The study clarifies that the federal
science advice bodies and mechanisms represent main elements of the federal science advice
“ecosystem”. Moreover, the study suggests, in the presence of pandemic crisis, the necessity in Canada
to institutionalize science advisory bodies for public health to improve pandemic preparedness, and
ensure rapid mobilization of well-coordinated and independent advice.

This study extends this body of knowledge by discussing factors that may trigger pandemic
threats and the role of pandemic modelling with pros and cons aspects. In particular, systematic review
here reveals that epidemiologic models for the prediction of COVID-19 have also many limitations
because of unpredictable dynamics and rapid change in society of the new viral agent SARS-CoV-2
and its variants and sub-variants. This study also provides, considering the analysis done, some
recommendations to improve crisis management of pandemics by focusing on key components
described in Table 4.

Table 4. Elements for improving crisis management of pandemic threats.

ELECTRONIC MEDICAL RECORDS (EMR)

The accurate analytics of real-time data can improve the forecasting of pandemic dynamics.
Electronic Medical Records (EMR) has a high potential for real-time surveillance streams of
infections and deaths related to pandemic of new viral agents similar to SARS-CoV-2

DIFFERENT PHASES OF EPIDEMIC SURVEILLANCE NEED DIFFERENT ANALYTIC
TECHNIQUES AND APPROACH.

In the inter-pandemic phase, the monitoring of data streams and consequential events worldwide
can avoid compounding and cascading events, such as species jumping, mutations and high diffusion
of viral agents.

In the containment phase, a threat of a new viral agent has to be intensely monitored, assessed, and
contained with effective contact tracing systems. A real-time analytics can provide reliable
estimation of critical epidemiological parameters for assessing and predicting with accuracy
pandemic trend, and controlling diffusion with appropriate health policies.

In general, countries should direct their efforts on pre-emptively strategic actions to increase R&D
investments in new technology, organized infrastructures in health sector, equipment, and education of
human resources, associated with international collaboration, for improving activities of prevention and
preparedness to cope timely with unforeseen pandemics and reduce problems of public health [18,22,28].
In particular, preventive strategies should minimize risk factors associated with the emergence and
evolution of a new pandemic virus [126—128].

This strategy of pandemic prevention should focus on following vital guidelines:

» Analytics for detecting factors determining pandemic threat.

* Reduction of factors associated with emergence and diffusion of new viral agents to
prevent pandemics.

» Health policies that mitigate negative impact of outbreaks in society, endeavoring to contain
and/or stop diffusion in local contexts.
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This strategy can be implemented with three main actions.

First, the reduction of interaction between humans and wildlife and/or appropriate protections in
hazardous environments (e.g., mines) for reducing human exposure to wild animals inducing a high
risk that a pandemic virus to emerge (e.g., spillover from bats, rats, etc.).

Second, the improvement of the warning system and prompt containment interventions in the
initial phase of an outbreak that could prevent chains of transmission in local and global contexts. An
effective early warning system in the international community can ensure timely detection of suspected
cases in humans. Laboratories have to receive all data, information and clinical specimens for assessing
risk factors of a pandemic threat in society and communicate timely appropriate actions to remove
and/or minimize factors for a diffusion from local to global environments, such as selected restrictions
in specific places, also considering that asymptomatic people may not be infectious for the surrounding
people [17,129—131]. International institutions have to timely coordinate global health policies to
minimize risks of pandemic threat or global crisis.

Third, governments have to support public and private research labs for drug discoveries of
effective antivirals and/or vaccines to treat new viral agents [28]. These innovative drugs to face health
emergency should be delivered to all countries with equity to reduce the takeoff of epidemic/pandemic
in local and/or global contexts and the generation of new variants that feed the evolution of pandemic
waves for a longer period of time [8,28,34,66,96,132]. R&D investments should also be directed to
new vaccines that provide a general and long-run protection of people against mutant viral agents that
generate variants and sub-variants [2,16,18,19,133,134].

Overall, then, R&D investments and good governance in countries can improve the preparedness
and reduce opportunities of human exposure to hazardous pathogens and risk factors that lead to the
emergence of a pandemic virus, strengthening the early warning system that decreases/stops
transmissibility among humans in the initial phase, and also delays its international spread [2,18,28].

5. Conclusions

Lessons learned from the COVID-19 pandemic crisis suggest that governments have to plan
strategies and policies of public health to prevent and prepare countries to cope with future infectious
diseases of new vital agents in society [81,135—137]. In a worldwide context, an effective crisis
management is based, more and more, on an international collaboration in science and public health
for timely sharing of data and samples for accurate analytics of novel viral agents in order to apply
appropriate health policy responses that contain hazardous pathogens in local communities and avoid
the spread between countries [2]. Considering the difficulties of accurate long-run outlook of pandemic
threats, as well as of exact predictions of on-going pandemic trends because of manifold factors that
change rapidly, countries have to focus their efforts on planning flexible and resilient strategies that
prevent the emergence and diffusion of a pandemic virus from local to global environments [28,66,96].
As far as the current evolution of COVID-19 in 2023, after almost three years of the health emergence,
El-Sadr et al. [15] argue a need for unbiased monitoring of transmission and infection rates by means of
regular testing of sentinel populations or randomly selected representative samples of the general
population [138]. Moreover, vaccine and booster coverage, availability and utilization of new treatment
drugs for COVID-19 are critical variables that affect the risk of severe illness in population, numbers of
deaths from SARS-CoV-2 and its variants, and health system capacity to support a huge burden in a short
period. Vaccination plan can avoid negative socioeconomic effects driven by unintended results of
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mitigation measures to face pandemics, such as stay-at-home orders, the shutting down of public venues,
ban travels, etc. Government and institutional entities need also create clear pathways for vulnerable and
poor people [139]. One of the key challenges, according to El-Sadr et al. [15], is that public health
policies should move away, as the pandemic evolves, from universal and general population-wide
prevention policies to differentiated measures considering characteristics of various communities, places
and also the evolution of novel viral agents in the environment and society [140]. In short, as the
pandemic evolves, the control measures and their effects are more complex, and clear guidelines should
be applied to specific populations, leveraging an effective communication that explains the rationale for
various recommendations. The post-(COVID-19) pandemic period needs to avoid using alarming and
misleading language in order to suggest, with effective communication, reasonable solutions to bring
people with a health security plans towards a new nonemergency phase of the pandemic.

Overall, the preparation and crisis management to health emergencies have to be planned by
countries with forward-looking policies that improve institutions, public governance and
communication in health sectors and not with short-run interventions prepared for pre-, on-going, and
post pandemic scenarios [141—145].

Although this study has described interesting lessons and insights that can support to face future
pandemics, results are, of course, tentative.

One of the problems is the difficulty of an accurate prediction of the numbers of reported and
unreported cases for the COVID-19 pandemic, and similar pandemics for different age classes [146].
Second, the change of Reproduction number in the presence of rapid evolutionary changes of viral
agents in variants and sub-variants should be considered to improve the accurateness of epidemiologic
modelling of prediction [87,147,148]. Finally, a lot of confounding and situational factors should be
considered for designing accurate measures of preparedness and prediction for future pandemics. In
fact, the Global Health Security Index that assesses the preparedness of countries to face a biological
threat ranked, in 2019, the United States of America and the UK as first and second place, respectively,
suggesting a strong capability of these countries to face a major biological threat [150,151—-174].
Instead, these countries have experienced a current fatality rate of 1.08% for the USA and 0.89% for
the UK, respectively, which is higher than other advanced countries, such as France and Germany.

Hence, to conclude, prevention, crisis management of pandemics and forecasting of the dynamics
of novel viral agents is a difficult task in a more and more turbulent world, though we have considerable
scientific and technological advances.
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