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Background: Transmission dynamic model is a concrete structure to describe and investigate the complex system of host—pathogen
interactions. Hepatitis C virus (HCV) is a blood-borne virus that is transmitted from infectious to susceptible individuals when they
come into contact with HCV-contaminated equipment. Injecting drug use is the most known transmission route, and about 80% of new
HCV cases have been confirmed as having acquired HCV infection via drug injection.

Objective: The main objective of this review paper was to review the importance of HCV dynamic transmission model, that enables
the readers to understand the mechanism how HCV is transmissible from infectious to susceptible hosts and the effective controlling
strategies.

Methods: PubMed Central, Google Scholar, and Web of Science electronic databases have been used to search data by using key
terms like “HCV transmission model among people who inject drug (PWID)”, HCV potential herd immunity”, and “basic reproductive
number for HCV transmission in PWID.” Data from research findings other than English version have been excluded from being used,
and the most recently published data have been considered to be included.

Conclusion: HCV belongs to the Hepacivirus genus within the Flaviviridae family. HCV infection is acquired when the susceptible
individuals in populations come into contact with medical equipment such as shared syringes and needles, or swabs contaminated with
infected blood. Construction of HCV transmission dynamic model is very significant in order to predict the duration and magnitude of
its epidemic and to evaluate the potential impact of intervention. Comprehensive harm reduction and care/support service strategies are
the best approach for intervention regarding HCV infection transmission among PWID.
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Introduction
Hepatitis C virus (HCV) belongs to the Hepacivirus genus within the Flaviviridae family that also includes yellow fever
virus, West Nile virus, and dengue virus. HCV is an enveloped and positive-strand ribonucleic acid (RNA) virus.'

HCYV is a blood-borne virus and is transmitted from infected person to non-infected person via exposure to infected
blood, most commonly through intravenous drug use, blood transfusion, vertical transmissions or congenital (mother-to-
child), organ transplant, or through sexual contact.”

HCYV causes both acute and chronic hepatitis that may lead to lifelong severe illness like liver cirrhosis and cancer.
According to 2019 report of the World Health Organization (WHO), about 58 million persons were chronically infected
and living with HCV. Annually, about 400,000 deaths occur from chronic liver diseases caused by HCV infection, and
thus HCV infection is a major public health problem.® The risk of progression to different disease stage may vary for
HCV infection. For instance, a guideline developed for HCV infection epidemiology, treatment, and prevention among
PWID shows that for every 100 people infected with HCV, 75-80%, 60-70%, and 5-20% will develop chronic
infections, chronic liver diseases, and cirrhosis, respectively, and 1-5% will die of cirrhosis or liver cancer.*

Symptoms of HCV can take decades to appear, and because of this about half of people with HCV do not know they
are infected. However, the incubation period for HCV ranges from 2 weeks up to six months.” The majority, about 80%,
of HCV-infected individuals do not show any symptoms. The HCV is cleared spontaneously without any treatment from
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30% of infected individuals within 6 months of infection, and the remaining develops chronic HCV infection.”® The
Global Health Sector strategy on viral hepatitis set goals to be achieved by 2030 to eliminate HCV as a public threat by
a 90% and 65% reduction in global incidence and mortality, respectively.’

Emerging and re-emerging infectious diseases are globally increasing, and their emergence and transmissibility
cannot be followed by the traditional statistical models like linearity and independence of outcome.” To forecast
epidemics and develop strategies to mitigate infectious diseases transmissions, infectious diseases transmission dynamic
models are essential.

These are also used to assess for changes in incidence rates of infectious diseases when there are changes in disease
susceptibility and infectiousness in a population.’

Infectious diseases transmission models have been used to predict the magnitude and duration of infectious diseases
outbreaks to estimate significant biological and clinical parameters and to evaluate the potential impact of
interventions.'®!" The infectious diseases transmission model used is preferably defined by the question of interest
and fitted to specific pathogens which give extraordinary powerful insights into the drivers of infectious diseases
dynamicity.'> The model is also used for establishment of a framework to explore the impact and efficacy of lots of
mitigation approaches.'’

Methods

To develop this review paper, PubMed Central, Google Scholar, and Web of Science electronic databases have been
searched to collect important data about HCV transmission dynamic model construction, calculated basic reproductive
number with its interpretation, HCV disease transmission, and intervention mechanisms from internationally peer-
reviewed published original articles, systematic reviews, and meta-analyses from international guidelines like the
World Health Organization (WHO) and Centers for Disease Control and Prevention (CDC). Key terms like “HCV
transmission model among PWID”, “HCV transmission model”, and “basic reproductive number for HCV transmission
in PWID” have been used to search these published data. The searches are also restricted to English language articles and
guidelines.

HCV Transmission Mechanism
HCV infection can be spread when susceptible individuals are in contact with surfaces, equipment, or objects that are
contaminated with infected blood or blood products, as HCV is highly infectious.” The HCV is capable to survive on
equipment and dry surfaces for about 6 weeks, and people who inject drugs can get HCV infection from sharing and
reusing HCV-contaminated needles and syringes, and from HCV-contaminated equipment used for drug preparation such
as cotton, cooker, injection site, or swabs. 314

Drug use injection (DUI) is the main mode of HCV transmission mechanism in developed countries, and about 60%
of all HCV infection is due to sharing needles, syringes, and drugs."” Injecting drug use is the most known transmission
route for HCV, and about 80% new HCV cases were confirmed to have acquired HCV infection via drug injection.'® The
World Health Organization (WHO) 2017 report revealed that the global prevalence of HCV infection among PWID was
67% in 77 countries and 80% in 12 countries. The report pointed out high prevalence of HCV infection in settings where

PWID were criminalized and lacked access to harm reduction strategies.'”'®

Infectious Diseases Transmission Dynamic Models

Transmission dynamic models are tools that help scientists or researchers understand the complex interaction between

hosts and pathogens. These models are used to study how a system behaves and responds to interventions,'"'® for

instance studying whether the prevalence of an infection increases or decreases in the absence of intervention, and also

studying the fraction of population that needs to be immunized to prevent the pathogen from causing an epidemic.'’
Infectious diseases transmission dynamic models are also used to better understand the system itself — for example,

understanding whether the previous infection provides a protection from re- infection or not; or understanding and

identifying the number of new cases that depend on the proportion of asymptomatic infectious individuals.'*""
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There are different structures of infectious diseases transmission dynamic models. A “susceptible—infectious—recov-
ered (SIR)” model is an example that contains three health states, namely susceptible, infectious, and recovered. A SIR
model is selected when hosts becomes infectious soon after infection and retain at least partial immunity to re-infection
on recovery.”’ A “susceptible—exposed—infectious—recovered (SEIR)” model is another example of an infectious diseases

transmission dynamic model that is appropriate for a pathogen with a period of latency.'*!

HCV Transmission Dynamic Model Among PWID

Constructing a transmission model for HCV is very important in order to understand the transmission dynamics and
prevalence of HCV infection as well as to predict the trend of the disease and to search for a prevention and control
mechanism.*?

Basic susceptible—infected formulations with a variety of modeling approaches including stochastic individual-based
and deterministic compartmental, HCV-mono-infection or HIV/HCV joint co-infection were used to examine transmis-
sion dynamics in a range of theoretical and real-world settings.'*> Open populations are simulated in these models with
injectors entering open initiation of injecting and exiting PWID population through permanent cessation or death.”’

The compartment model is the most frequently used class of models by researchers to simulate the HCV epidemic
among PWID.?' This model considers the transmission of HCV infection by classifying the PWID populations into
compartments consequent to different HCV infectious processes: susceptible (S); infectious (I); recovered (R); suscep-
tible (S), or the S-I-R-S model.

Model Description

1. Susceptible compartment: This includes infectious-naive PWID, or those achieving a sustained virological
response (SVR) either through treatment or spontaneously, but do not develop immunity.

2. Infectious compartment: This compartment includes PWID who are naive to antiviral treatment, or PWID who do
not clear their infection spontaneously including both initial infection (non-sustained virological response) and re-
infection.

3. Recovered compartment: This includes PWID who developed immunity through clearance of HCV infection either
spontaneously due to natural immunity or through treatment.

4. Susceptible: PWID who are treated by antiviral therapy but not achieving sustained virological response (non-
SVR) due to treatment failure. These individuals can be susceptible to the same pathogen by re-infection.

The susceptible—exposed—infectious—recovered (S-E-I-R) model is used to give insights into the dynamics of
HCV epidemics among the PWID population and is used to understand how public health interventions affect the
trajectory of epidemics. The susceptible PWID enter this model in the S compartment, and they contract HCV
infection when they come into contact with HCV-infectious individuals. Once the susceptible PWID become
infected, they move to the infectious compartment. In the infectious compartment, infection in individuals who
are exposed to HCV pathogen may remain latent or without signs and symptoms. The infection may be cleared
spontaneously, without treatment, from the infected individual, who can become susceptible for re-infection or
resistant to re-infection due to developing immunity. Those infected PWID can develop chronic HCV infection
before treatment due to being treatment-naive or after treatment due to treatment failure or non-sustained virological
response (non-SVR). Those who have sustained virological response (SVR) after treatment can develop immunity
and recover from the disease or due to cessation of injecting. Those individuals with non-SVR after viral treatment
can have the probability to be susceptible to other genotypes of viral infection or become chronically infected and
removed from the infectious compartment due to death. Other susceptible individuals may leave the susceptible
compartment due to cessation of injecting or natural death because of other comorbidity.>*2® Some individuals
might be also removed from infectious compartment after having SVR and being immune, because of cessation of
injecting or natural death (Figure 1).

The S-I-R-S model parameters include population dynamics (average new injector rate, average PWID leaving rate—
cessation or death), infection dynamics (average HCV infection rate, average proportion of infection spontaneously
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Figure | Schematic description of HCV infection transmission model.

cleared the infection resulting in immunity), and treatment dynamics (average treatment rate, average treatment duration,
average proportion of cured infections due to treatment resulting in immunity and also average proportion of cured
infections with sustained virological response (SVR)).

In closed populations (no births or deaths), the HCV transmission model and associated differential equations can be
constructed and represented by the box-and-arrow diagram in Figure 1.

The basic reproductive number (Ry) of HCV infection among PWID is the average number of HCV secondary
infections arising from a typical HCV-infected individual in a population where everyone is susceptible to HCV
infection. In the Figure 1, B stands for the rate of HCV transmission from infected individuals, and a stands for the
rate of recovery from HCV infections. Thus, RogHCV infection is the ratio of the rate of HCV transmission from an
infected individual and the rate of recovery from HCV infection, ie Ry = /c.

In the HCV transmission dynamic model indicated below, BI stands for the force of HCV infection, and BI is the
product of the HCV transmission parameter and the prevalence of HCV-infectious individuals in the population, and ¢
stands for the rate of HCV disease progression (Figure 2).

The SEIR model is considered to be an appropriate transmission dynamic model for a pathogen with a period of
latency between time of infection and time that an infectious individual becomes infectious to others.'” About 80% of
HCV-infected individuals do not exhibit any signs and symptoms for 2 weeks to 6 months, so the SEIR model is an
appropriate model for HCV transmission dynamic.?’

S is the prevalence of PWID susceptible to HCV infections; E is the prevalence of HCV-exposed/latent PWID; I is the
prevalence of infectious PWID; R is the number of recovered or immune PWID from HCV infections.'* Some literatures
have established differential equations by associating parameters B, o, ¢ and variables S, E, I, and R as indicated below:

ﬁl(lnfecrion ﬂ (p(ProgreSSion - a(Recovery n

Figure 2 Susceptible-Exposed-Infectious—Recovered (S-E-I-R) HCV transmission dynamic model.
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e dS/dt = —pIS, where [ is the HCV transmission parameter, and S is prevalence of susceptible individuals;

o dE/dt = IS — pE, where ¢ is HCV disease's progression rate, and E is prevalence of HCV-exposed/latent
individuals.

e dI/dt = oE — oI, where o is recovery rate of individuals from HCV infection, and I is prevalence of HCV-
infectious individuals.

e dR/dt = cI, where o is recovery rate of individuals from HCV infection, and R is prevalence of recovered
individuals.

Literature Review for HCV Basic Reproductive Number

The basic reproduction number is the average number of secondary cases that would be generated by a primary case in
a totally susceptible population. It depends on the transmission coefficient and the average duration of infectiousness of
the host. It is used to provide the general measure of the potential for the transmission of an infection within
a population.’ Naught, or zero, stands for the zeroth generation (patient zero) and refers to the first documented patient
infected by a disease in an epidemic. Ry is calculated as a product of the number of contacts per unit time, transmission
probability per contact, and duration of infectiousness, ie Ry = ¢ x p x d.

To understand the various aspects of the HCV epidemic, a mathematical concept is very useful;*® however, the
attempt to use the mathematical concept to understand HCV in terms of an interaction between the various actors like the
host, the needle injection equipment, and others in an HCV outbreak is yet not well developed.

A HCV transmission model can be formulated by homogeneous mixing, in which an individual has an equal chance
of contact with another in the population, and ignoring seasonal changes and space structure.”®

Ry is always estimated retrospectively, and theoretical mathematical modeling or sero- epidemiological data are used
for estimation.*’

Different international research findings reported different basic reproductive values that show HCV transmission potential
among different populations. For instance an epidemiological study conducted on data extracted from the Chinese Center for
Disease Control and Prevention (China’s CDC) to understand the transmission and prevalence of HCV determined 1.6592 as an
estimated reproductive number.”® Another study reported from the same country, China, on the available HCV epidemic data
revealed that the incidence of HCV infection was rising continuously, which was indicated by the Ry = 4.0636 value, which is
large.*® Again, another paper published data from Xiamen City, from China, conducted in six districts on modeling the
transmissibility of HCV and determined the median R, = 0. 41.%°

In the case of modeling the spread of HCV among PWID, the study currently conducted in England to measure the
potential transmission of HCV infection among PWID population determined a basic reproductive number that is greater
than one, Ry = 2.9987, with a 0.5348 total endemic equilibrium fraction of infectious PWIDs and with a 0.275 total

fraction of infectious needles.?®

Interpretation of the Basic Reproductive Number (Ry)

Ry is used to measure the transmission potential of infectious diseases; because of this it is considered as a central
quantity in infectious diseases epidemiology. To study the dynamicity of infectious diseases, Ry is the most fundamental
and often-used metric that is reported as a single numeric value or low—high range.”’

Ryor this basic reproductive number for infectious diseases is interpreted in a straightforward manner, even though the
process of applying, calculating, and defining it is far from straightforward. The magnitude of the Ryvalue is used to
determine the potential size of an outbreak or epidemic of an infectious disease.”’ It is also used to estimate the
proportion of vaccination coverage to eliminate an infection from the population.**

If an infected individual averagely produces less than one new infected individual over the course of his/her infectious
period, then Ry< 1 and the infection cannot expand or grow. If each infected individual produces averagely more than one
new infection, then Ry> 1 and the disease can spread in the population. If R, is equal to one (Ro=1), the disease

remains stable or endemic in the community, but will not cause an epidemic.?*!
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Intervention Mechanisms
Potential Herd Immunity of HCV Through Infection

The epidemic threshold is the critical number of susceptible hosts required for an epidemic to occur. A minimum number
of hosts is required for an infectious agent to survive. To prevent the transmission of infectious agents like HCV, reducing
the number of susceptible hosts and preventing the infectious agent survival via vaccination is crucial. The infectious
agent becomes extinct, and herd immunity is reached when the proportion of susceptible population is reduced below the
threshold of susceptibility.®

Potential Herd Immunity Through Vaccination

The traditional vaccine development design strategies like live-attenuated and inactivated whole virus vaccine develop-
ment have not been applied for HCV vaccine development due to the difficulty of growing the virus in viral culture
media, mutation of the cultured strain, and the live-attenuated vaccine risk of causing HCV infection.>?

The heterogeneous genetic diversity, immune selection, and the error-prone polymerase of the virus are challenging
for vaccine development for HCV.?? Currently there are about eight HCV genotypes and about ninety sub-types. About
30% and 15% of the different HCV genotypes and sub-types within each genotype, respectively, are varying in
nucleotide sequences.”® This is the fundamental challenge for HCV vaccine development globally. The other challenge
for HCV vaccine development is the absence of an immuno-competent small laboratory animal model that is used to
assist in determining whether the vaccination under study induces protective immunity or not.>*

Treatment as Prevention (TasP)

Treating HCV-infected PWID is very important to prevent the transmission of HCV infection among PWID susceptible
populations. Treatment as prevention of HCV transmission among PWID is very effective when PWID and their
immediate injecting networks are treated together like “a treat-your-friends” strategy.

In order to completely eliminate HCV infection, an integrated health care system strategy involving multidisciplinary
sectors that target the highest-risk groups like PWID is crucial in addition to antiviral treatment like direct-acting antiviral
(DAA) medications.'®

To prevent and reduce HCV transmission among PWID, it is important to use combination prevention strategies, for
instance expansion of comprehensive harm reduction and care/support services to be facilitated by the community for
PWID to get access.'® The World Health Organization (WHO) guidelines recommend safe and appropriate use of health
care injections, safe handling and disposal of sharps and waste, and provision of comprehensive harm reduction services
as primary prevention intervention of HCV infection among PWID.*”

Treating HCV-infected PWID is an effective prevention mechanism as those who are cured of HCV infection do not
transmit the virus. A very good approach to intervene in HCV infection transmission among PWID is to increase
treatment rates such as testing and diagnosing more PWID, linking them to HCV care, and increasing treatment uptake,
adherence, and rates of successful treatment.'” A comprehensive, evidence-based multi-professional harm reduction
strategy (particularly concerning opioid substitution therapy and clean needles and syringes) and support/care services
based in the community are essential to reduce HCV infection and transmission among PWID.?*-*>

Education about safety regarding injection is a complementary approach to prevent HCV infection and transmission
among PWID. Routinely testing or screening people at risk for HCV infection has also been used to reduce the incidence
of HCV by reducing risky behaviors and prevalence as those who become infected will be linked to treatment and care

that reduces the transmission.>®>”

Summary and Conclusion

Hepatitis C virus (HCV) belongs to the Hepacivirus genus within the Flaviviridae family. HCV infection is acquired
when the susceptible individuals in populations come into contact with medical equipment (such as by sharing
syringes and needles) or swabs contaminated with infected blood. About 60% of HCV infection transmission is via
syringe and needle sharing. Thus, PWID are at high risk of acquiring HCV infection from medical equipment
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contaminated with HCV-infected blood. The HCV infection may remain latent for about 2 weeks up to 6 months without
the individual showing signs and symptoms but being potential disease transmitters. Some of the HCV-infected
individuals may establish chronic HCV infection, while in some the HCV infection may be cleared spontaneously. HCV-
infected individuals can develop chronic infection due to being treatment-naive or failure of treatment. Those who are
treated with direct-acting antiviral (DAA) medications may also develop sustained virological response (SVR) and
become immune, or may establish non-sustained virological response (non-SVR) and become chronic HCV-infected.

Construction of HCV transmission dynamic model is very significant in order to predict the duration and magnitude
of its epidemic and to evaluate the potential impact of intervention. Different published data showed that the calculated
basic reproductive number for HCV is greater than 1. A comprehensive harm reduction and care/support services
strategy is the best approach to intervention regarding HCV infection transmission among PWID. Treating the infected
individuals is also one mechanism of HCV infection prevention. HCV vaccine development is challenging due to the
difficulty of growing the HCV on culture media as well as due to the mutation of the cultured HCV or heterogeneity of
the virus.
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