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ABSTRACT OF THE DISSERTATION 

 

Modeling Impact and Cost-Effectiveness of Strategies for Hepatitis C Virus (HCV) Prevention 

and Treatment in High-Risk Populations in Low- and Middle-Income Settings 

by 

Lara K Marquez 

Doctor of Philosophy in Public Health, Epidemiology 

University of California San Diego, 2020 

San Diego State University, 2020 

 

Professor Natasha Martin, Co-Chair 
Professor Richard Garfein, Co-Chair 

 

Background: With the World Health Organization (WHO) hepatitis C virus (HCV) global 

elimination goals to reduce HCV incidence and mortality by 2030, there is an urgent need to 

consider disproportionately affected populations including people who inject drugs (PWID) and 

HIV-infected individuals. Although curative direct-acting antiviral (DAA) treatments for HCV are 

now available, barriers to access and affordability have slowed progress towards achieving the 

WHO goals, particularly in low-middle income country (LMIC) settings where the vast majority of 

HCV burden resides. This thesis uses modeling to inform HCV elimination programs among 

vulnerable populations in LMIC settings. 
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Objectives: Specific aims of this dissertation include: (1) to determine what combination 

intervention scale-up is needed to achieve the WHO HCV elimination goals among current and 

former PWID in Tijuana, Mexico; (2) to evaluate the cost-effectiveness of HCV incidence 

elimination strategies among PWID in Tijuana, Mexico; (3) to evaluate real-world cost and cost-

effectiveness of DAAs for HCV/HIV-coinfected individuals in Dawei, Myanmar.  

Methods: In Chapter 2, I used a dynamic, deterministic model of HCV transmission, 

progression, and harm reduction. In Chapter 3, I extended the model in Chapter 2 to perform a 

cost-effectiveness analysis of HCV elimination strategies from a healthcare provider perspective 

among PWID in Tijuana, Mexico. In Chapter 4, I performed a micro-costing analysis of an HCV 

treatment program among HIV-infected individuals in Dawei, Myanmar and used a Markov 

model to evaluate the cost-effectiveness of this program compared to no treatment.  

Results: In Chapter 2, findings showed that achieving both HCV incidence and mortality 

elimination goals in Tijuana required additional DAA investment. Further, combination harm 

reduction scale-up plus DAAs required fewer treatments compared to DAAs alone, so may be 

more feasible given limited treatment allocation nationally. In Chapter 3, results showed that all 

elimination strategies were cost-effective in Tijuana. While a treatment only strategy was the 

least costly, combination harm reduction and treatment provided more health benefits compared 

to treatment alone and is cost-effective. Chapter 4 findings demonstrated that HCV DAA 

treatment for HCV/HIV-coinfected individuals was cost-effective in Myanmar, and even more so 

with simplified treatment algorithms.  

Conclusions: Findings from these studies highlight the feasibility and cost-effectiveness of 

HCV elimination programs for PWID and HIV-positive individuals in two LMIC settings. 

Expansion of HCV screening and treatment programs for these populations are urgently 
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required, coupled with evidence-based harm reduction interventions to prevent reinfection and 

ensure that the WHO HCV elimination goals are achieved by 2030.  
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CHAPTER 1: INTRODUCTION 

Hepatitis C Virus (HCV), a leading cause of morbidity and mortality worldwide, is a 

blood-borne disease and one of several in a family of viral infections which cause inflammation 

of the liver. In 2015, there were an estimated 71 million (62-79 million) people living with chronic 

HCV infection and an estimated 1.75 million new HCV infections diagnosed globally [1]. Without 

treatment, chronic HCV infection can progress to serious liver complications including cirrhosis, 

liver cancer, or end-stage liver disease [2]. Infected individuals have a risk of liver cirrhosis 

between 20-30% within 15-25 years of infection [3]. One of the main risk groups for HCV 

transmission are people who inject drugs (PWID), where approximately 52% globally have a 

history of HCV infection [4]. Due to shared transmission routes, another risk group for HCV 

transmission are individuals infected with HIV, an estimated 17.8% (95% CI: 10.8-24.8) of PWID 

are infected with HIV [4] and 6.2% (95% CI: 3.4-11.9) of HIV-infected individuals are coinfected 

with HCV, globally [5]. Due to the substantial and rising morbidity and mortality associated with 

HCV globally, in 2016 the World Health Organization (WHO) introduce targets to eliminate HCV 

as a public health threat, aiming to reduce HCV incidence by 80% and HCV-related mortality by 

65% by 2030 [6]. There is no vaccine for HCV, but traditional harm reduction interventions such 

as needle and syringe programs (NSP) and opiate agonist therapy (OAT) are effective at 

preventing the acquisition of HCV among PWID [7]. However, theoretical models have shown 

these are insufficient to dramatically reduce HCV incidence in isolation [8]. Recent development 

of short duration and highly tolerable direct-acting antiviral (DAA) therapy for HCV can result in 

cure in >90% of individuals [9]. In addition to the individual benefits of treatment, HCV treatment 

for those at risk of transmission could also act as a means of prevention [1]. However, few 

individuals are diagnosed (an estimated 20% worldwide) and even fewer diagnosed are treated 

[1, 10]. This varies widely between settings where an estimated 8% of people infected with HCV 

are diagnosed in low- and middle-income country (LMIC) settings compared to 43% in high-

income settings [11]. In this dissertation introduction, we provide an overview of the WHO viral 
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hepatitis elimination targets, the natural history of HCV, review the global epidemiology of HCV, 

examine current HCV screening, diagnostics, and interventions, discuss how epidemic and 

economic modeling has been used to assess the impact and cost-effectiveness of HCV 

treatment and prevention strategies, highlighting those which have been shown to inform HCV 

elimination strategies and lastly, present the proposed aims for this dissertation.  

WHO viral hepatitis elimination targets  

In 2016, in an effort to focus resources on the global elimination of viral hepatitis as a 

public health threat, WHO set 15-year elimination targets, to be achieved between 2015 and 

2030 [6]. For HCV, these targets included an 80% reduction of HCV incidence, equating to a 

reduction from 6-10 million cases to 0.9 million cases, and 65% reduction in liver-related 

mortality by 2030, reducing annual deaths from 1.4 million to 0.5 million [1]. As a part of this 

elimination strategy, WHO had helped over 84 countries develop and establish viral hepatitis 

control programs by 2017 [11]. A global HCV elimination modeling study showed that achieving 

global elimination will be dependent on the success of a multifaceted approach including 

prevention interventions, outreach screening, and progress within key countries which have 

high-burden populations driving this epidemic, such as India, China, and Pakistan [12]. To 

achieve these goals, countries will likely require setting-specific modeling to estimate what level 

and mixture of interventions are required to ensure the WHO targets are met in the most 

effective and cost-effective manner. As HCV epidemics are highly heterogenous by country and 

setting, the WHO elimination goals are more likely to be met through the development and 

implementation of programs tailored to setting-specific HCV epidemics and rolled out among 

those identified key populations. This is a focus of this dissertation. However, with this ambitious 

set of goals, and the armory of traditional prevention interventions combined with new, highly 

effective HCV therapy, HCV elimination may move from dream to reality. Achieving these goals 

likely requires improvement in HCV diagnosis, treatment, and prevention, as discussed in the 

following sections.  
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Natural history of HCV 

Initial exposure to HCV leads to a brief period of acute infection, lasting approximately 6 

months [13, 14]. An estimated 70-80% of people with acute HCV are asymptomatic [15], and as 

a result, most individuals infected with HCV remain unaware of their status. Approximately 15-

45% of HCV-infected individuals clear their acute infection on their own (termed “spontaneous 

clearance”) within 6-12 months without treatment [16]. For those who do not spontaneously 

clear the acute HCV infection, the remainder progress to chronic infection [2]. If left untreated, 

chronic infection can slowly lead to progressive liver fibrosis, cirrhosis, liver cancer, and/or 

death, with an estimated 20-30% developing cirrhosis, 5-10% developing end-stage liver 

disease, and 4-8% dying from liver-related causes within 15-25 years [3, 16]. Of those with 

chronic HCV infections, approximately 470,000 people worldwide die each year from HCV, 

399,000 of which die from end-stage HCV infection, due to cirrhosis and hepatocellular 

carcinoma [1].   

Global epidemiology of HCV  

Globally, an estimated 2.5% (177.5 million) individuals showed evidence of past or 

current HCV infection in 2015 [17]. In 2015, the World Health Organization (WHO) estimated the 

global prevalence of chronic HCV infection to be 1% or 71 million individuals [1], with as many 

as 90% of chronically infected individuals living in LMICs [18]. Additionally, WHO estimated 1.75 

million new HCV infections were diagnosed that same year [1]. In the past 10 years, there have 

been increases in HCV morbidity and mortality, with the highest burden (accounting for 80% of 

global burden [18]) occurring in low- and middle-income countries (LMICs) [17-19].   

Key populations at risk for HCV infection 

HCV is a bloodborne disease that is transmitted by parenteral contact with infected 

blood [20]. The most common routes of transmission include injection drug use, unsafe medical 

injection practices, transmission within health care settings, transfusion of unscreened blood or 

blood products, organ and tissue transplant, and mother-to-child transmission [20, 21]. 



4 
 

However, high risk populations for HCV infection can vary dramatically by setting, even among 

LMICs or within a single country. For example, the contribution of HCV transmission attributed 

to injection drug use among people who inject drugs (PWID) is greater in high income settings 

(79%; 95% CI: 57-97), compared to LMIC settings (38%; 95% CI: 24-64) [22]. Sub-Saharan 

Africa (14%; 95% CI: 2-43%) and south Asia (14%; 95% CI: 4-31%)  are among the countries 

with the lowest population attributable fraction of HCV transmission attributed to injection drug 

use whereas North America (77%; 95% CI: 56-100%), eastern (96%; 95% CI: 69-99) and 

western Europe (83%; 95% CI: 53-94), and Latin America (71%; 95% CI: 49-98) were among 

the highest [22]. In 2015, WHO estimated about 5% of healthcare-related injections were 

unsafe, globally [1]. In many resource-limited countries, healthcare workers and recipients of 

donated blood or organs are at risk through contact with contaminated needles or inadequately 

screened blood products. Vertical HCV transmission can occur when an infected mother passes 

the virus to her child but is rare among women with HCV monoinfection, occurring at a 

transmission rate of 5.8% (95% CI: 4.2-7.8%) [23] although there is an increased risk among 

HIV-infected women (11-25%) [23, 24]. While it has been documented among HIV-infected men 

who have sex with men [25, 26], there is a low risk of spreading HCV via sexual contact [27], 

and thus not considered a major transmission route for HCV. This thesis focuses on two of the 

key populations at risk for HCV transmission: PWID and HIV-infected individuals. Below, we 

briefly describe the epidemiology of HCV among these groups. 

HCV among PWID: Globally, PWID are one of the populations most impacted by HCV. 

Current PWID are one of the main risk groups for HCV transmission because of behaviors such 

as syringe sharing, which contributes greatly to HCV incidence worldwide [22]. In 2015, 

approximately 15.6 million people (95% Uncertainty Interval [UI]: 10.2-23.7) between 15-64 

years old injected drugs globally (in the past 12 months), with the largest PWID populations 

existing in east and southeast Asia (4.0 million), eastern Europe (3.0 million), and North 

America (2.6 million) [4]. This study estimated that the seroprevalence, or those with a history of 
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HCV infection, was 52% among current PWID globally (8.2 million; 95% UI:4.7-12.4 million) and 

found high heterogeneity in prevalence, ranging from 2% to 89% across 81 countries [4]. 

Additionally, an estimated 43% of incident HCV infections could be prevented from 2018-2030 if 

the risks of unsafe injecting practices were removed [22].  

HCV among HIV-infected individuals: Due to common transmission routes, HCV is also 

a highly prevalent (6.2%; 95% CI: 3.4-11.9) co-infection among HIV-infected individuals globally, 

equating to approximately 2.28 million individuals (IQR: 1.28-4.42 million) estimated to be 

HCV/HIV-seropositive [5]. The highest burden of HCV/HIV co-infection occurs among PWID 

worldwide, with 82.4% (95% CI: 55.2-88.5) of HIV-infected PWID estimated to be co-infected, 

compared to 6.4% (95% CI: 3.2-10.0) in men who have sex with men, and 2.4% (IQR: 0.8-5.8) 

within the general population [5]. Additionally, compared to HIV-uninfected individuals, HIV-

infected individuals are 6 times (OR: 5.8; 95% CI: 4.5-7.4) more likely to become infected with 

HCV [5]. HCV/HIV co-infection rates up to 96% have been reported in east Asia, in a population 

with an estimated 20% of HIV-infected individuals also being PWID [5]. While successful scale-

up of antiretroviral therapy (ART) among HIV-infected individuals has dramatically increased life 

expectancy, HCV has now emerged as a major contributor to morbidity and mortality within this 

population. Compared to HIV monoinfected individuals, HCV/HIV coinfection was significantly 

associated with increased risk of liver-related mortality (adjusted Rate Ratio (aRR) 6.2; 95% CI: 

3.3-11.6)) and increased all-cause mortality (aRR 1.4; 95% CI: 1.2-1.8) [28]. Furthermore, 

HCV/HIV co-infection has been associated with decreased rates of spontaneous clearance of 

HCV [29, 30] and accelerated HCV-liver disease compared to HIV-monoinfection [31-33], thus 

early diagnosis and HCV treatment is important in this population.  

HCV screening & diagnosis  

While HCV screening methods exist, implementation of appropriately targeted and 

widespread screening programs remains a challenge. One of the critical gaps in HCV detection 

is inaccessible testing, due to a multitude of challenges including high cost, lack of diagnostic 
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infrastructure, poor awareness of testing facilities, lack of HCV awareness among patients and 

healthcare providers, and stigma and discrimination [34-38]. As a result, globally, as few as 20% 

of individuals living with HCV were aware of their status as of 2015 [39]. Furthermore, many 

LMICs have low diagnosis rates (10%) [11], resulting in most chronic HCV cases remaining 

undiagnosed until they manifest into more advanced stages of liver disease [40]. With the WHO 

global elimination efforts underway, the landscape is constantly changing. However, a few key 

barriers to testing access and uptake remain in LMICs including (1) high levels of stigma and 

discrimination, particularly among PWID, (2) limited healthcare infrastructure for HCV testing, 

(3) poor laboratory capacity including limited staff and testing materials, (4) costs of diagnostics, 

particularly HCV RNA testing, (5) limited HCV surveillance programs, and (6) in some countries 

a lack of guidance for testing or absence of national HCV testing strategies and funding [41]. 

Aside from these factors, and while this is changing, low level of awareness about HCV, HCV 

risk, testing and treatment remain major factors among key populations such as PWID, globally 

[42, 43].  

HCV treatment  

Historically, interferon-based HCV drug therapy was associated with a long treatment 

duration (6-12 months), severe side effects, and cured only about half of HCV monoinfected 

individuals, with lower cure rates among HCV/HIV-infected individuals [44, 45]. Within the past 

decade, however, new HCV antiviral therapies has revolutionized the field of HCV treatment 

globally, and are now curative in the majority of individuals. In 2011, first generation direct-

acting antivirals (DAAs) were available in combination with interferon and ribavirin, which 

increased cure rates to about 60% but were still long in duration and associated with serious 

side effects [46, 47]. Around 2014, the second generation of all-oral DAAs had minimal side 

effects, shorter courses of therapy (8-12 weeks), and are associated with cure rates of over 

90% in clinical and real-world studies in both HCV monoinfected and HCV/HIV co-infected 
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individuals [48-50]. Despite these higher cure rates achieved with newer DAA therapy, 

reinfection is still possible [51], as treatment does not induce immunity to HCV infection.  

However, with initial costs per DAA treatment course at >$80,000 in the US, price was 

an immediate barrier for access. While costs have been lowered in recent years (~$24,000 in 

the US [52]), to nearly a quarter of the price when DAAs came to market in the US, treatment 

cost still remains a significant challenge to access. Even with treatments offered at lower prices 

in many low or lower-middle income country settings (such as $84 in Egypt, $60 in Rwanda, and 

$39 in India for 12-week course) [53, 54], the resources required for diagnosis, treatment and 

monitoring remain a huge barrier for healthcare systems in resource-rich and resource-limited 

countries alike.  

As a result, worldwide, only 7% of those diagnosed (1.1 million) were started on 

treatment in 2015 [1]. Of those who started treatment in 2015, about half received DAAs [1]. 

Due to low treatment rates, the number of new HCV infections was greater than the number of 

HCV-infected individuals who initiated treatment in 2015 [1]. In 2017, an estimated 19% of 

people living with HCV (approximately 13.1 million) were aware of their status and 5 million 

people diagnosed with HCV were treated using DAAs [55].  

Prevention strategies among PWID 

Among PWID, the main prevention strategies include harm reduction interventions, such 

as opiate agonist therapy (OAT) and needle and syringe exchange programs (NSP). OAT is an 

evidence-based, biomedical approach using medication-assisted therapy, such as methadone 

or buprenorphine, to treat those who are dependent on opioids [56]. OAT has been shown to 

reduce the risk of fatal overdose by as much as 70% [57] and bloodborne disease transmission 

such as HCV by 50% (RR=0.50, 95% CI: 0.40-0.63) [7] and HIV by 54% (RR=0.46, 95% CI: 

0.32 to 0.67) [58].   
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NSPs provide a multi-pronged approach to reduce the use of contaminated injection 

equipment with the intention of reducing the risk of transmission of bloodborne diseases 

including HCV and HIV. At its core, NSPs provide sterile needles and syringes and other 

injection equipment [59]. In addition to needles and syringes, NSPs may also provide condoms, 

medications, educational materials on overdose prevention, HCV, sexually transmitted 

infections and more [60]. NSPs may provide a range of services including but not limited to 

education, care for abscesses, drug treatment (OAT), and HIV testing and counseling [59]. 

Additional services such as linkage to care and treatment for HIV and other illnesses, access to 

healthcare services and legal and social support may also be available [59]. In addition to OAT, 

NSPs are effective in reducing HCV transmission among PWID [7]. For example, a systematic 

review showed weaker evidence that high NSP coverage (receiving ≥1 sterile syringe per 

injection) was found to reduce HCV acquisition by approximately 23% (RR=0.77, 95% CI: 0.38-

1.54), as this estimate straddled the null [7]. However, the impact of NSP has been shown to 

vary by region, with high NSP coverage in Europe associated with a 56% reduction in HCV 

acquisition risk (RR=0.44, 95% CI: 0.24-0.80) [7]. When combining high coverage of both NSP 

and OAT interventions, the risk of acquiring HCV was reduced by an estimated 71% (RR=0.29, 

95% CI: 0.13-0.65) [7]. While scale-up of current harm reduction interventions have been shown 

to be successful, modeling studies have indicated that harm reduction alone is unlikely to 

eliminate or substantially reduce HCV incidence among PWID [8].  

Recent studies have proposed the additional use of HCV treatment as a means of 

prevention among PWID and other populations at risk of transmission [61-63]. The theoretical 

basis for this originated from the extensive body of clinical trial [64, 65], theoretical modeling 

[66], and ecological analyses [67] examining the potential impact for ART to be used for HIV 

prevention. It has been argued that due to the finite duration and curative ability of HCV 

antivirals, HCV treatment as prevention would be expected to show similar if not stronger 

success rates in transmission reductions. This optimism is hampered by concerns about the risk 
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of HCV reinfection. One of the primary challenges includes the lack of empirical data evaluating 

the prevention benefit of antivirals [68]. However, there is theoretical evidence of HCV treatment 

as prevention benefits from epidemic modeling [62, 69, 70] which we discuss in the next 

section. 

Role of epidemic modeling in public health 

Epidemic models are mechanistic models which simulate disease transmission within a 

population. The development of modern models of communicable disease dynamics have been 

credited largely to Kermack and McKendrick in the late 1920s whose initial work was centered 

on describing why epidemics spread through a population without infecting the entire population 

[71]. These epidemic models often use compartmental models, which distinguish specific 

subgroups or compartments of a given population and follow the transition of individuals 

between these compartments over time [72]. For example, for many diseases, the population 

can be split into four main compartments including susceptible, exposed (infected, not 

infectious), infectious, and removed (recovered and immune, death, vaccinated). Within each 

compartment, individuals are assumed to be homogenous [72]. Numerous versions and 

adaptations of these compartmental epidemic models have been utilized to study a wide range 

of diseases to predict the potential future epidemic trajectory and impact of interventions. These 

types of epidemic models have utility in comparing the effectiveness of prevention and control 

programs. For example, some early models compared screening, contact tracing, and 

vaccination to compare a variety of control strategies against gonorrhea [73] as well as sought 

to identify ideal age groups to receive influenza vaccination in order to reduce cost and fatalities 

[74].  

Mathematical epidemic models simulate disease epidemic trajectories over time and can 

help negotiate effective and impactful programmatic and policy changes. There are numerous 

benefits to using epidemic models to analyze infectious disease transmission, progression, and 

intervention. These models can be used to predict the impact of intervention implementation 
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and scale-up on disease prevalence and incidence over time, and are particularly valuable 

when clinical trials are unfeasible due to time or resource required.  

HCV modeling  

A number of epidemic models have been used to explore HCV transmission patterns, 

with many of these early models used to model HCV prevention focused among PWID [61, 63, 

69]. Thus, these models focused on evaluating the impact of harm reduction interventions or 

overall reduction in risk of HCV transmission. However, modeling has shown that while scale-up 

of traditional primary prevention (such as harm reduction interventions) could have success in 

certain settings, they would not be able to reduce HCV to very low levels [69]. More recently, 

models have evaluated the impact of HCV treatment scale-up used as a tool for prevention to 

reduce HCV incidence, alone and in combination with harm reduction [12]. Among PWID, these 

studies have shown that treatment scale-up may play a key role in HCV epidemic control among 

PWID, and furthermore HCV treatment along with the use of harm reduction scale-up and 

treatment as prevention has shown a significant impact on HCV transmission [63, 69]. 

Additionally, a small amount of treatment may have large impacts in reducing HCV prevalence, 

particularly when coupled with harm reduction interventions such as OAT and NSP [61-63]. Few 

modeling studies have been used to evaluate HCV elimination strategies among other key 

populations, such as HIV-infected individuals, particularly outside of high-income settings [75]. 

However, there are few studies which have modeled the impact of these programs, particularly 

within the context of HCV elimination, in LMIC settings [76]. A few studies have examined 

country-level elimination strategies among HCV monoinfected individuals, such as in Pakistan 

[76], which also highlight the benefit of prioritization of PWID and of concomitant scale-up of 

harm reduction on achieving elimination. A key gap in this research is the absence of studies 

modeling the impact HCV treatment and prevention strategies required to achieve HCV 

elimination in LMIC settings. This thesis addresses this gap by evaluating various HCV 
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treatment and harm reduction strategies, scaled-up alone and in combination among PWID in 

Tijuana, Mexico.  

Role of cost-effectiveness analysis in HCV programs 

A key secondary question for policymakers in addition to whether an intervention is 

effective is whether it is cost-effective. Cost-effectiveness evaluation compares the costs and 

outcomes of two different courses or interventions, often comparing the current intervention to a 

new intervention to determine which provides the best value for cost [77]. As a result, cost-

effectiveness evaluation is a demonstrated and valuable tool to help inform policymakers on 

how to best allocate scarce resources. The determination of whether a public health intervention 

is cost-effective depends on whether it falls above or below what is known as the willingness-to-

pay (WTP) threshold. Interventions that cost more than the defined WTP are not cost-effective, 

whereas interventions that cost less than the WTP are considered cost-effective. There is 

greater uncertainty in the determination of the WTP threshold, however. According to WHO 

guidelines, the WTP is defined based on the per capita gross domestic product (GDP) of the 

country in which the intervention takes place. If the intervention is less than three-times the per 

capita GDP of the country, it is considered cost-effective, and if it is less than one-time the per 

capita GDP, it is highly cost-effective. However, this is not the only WTP threshold that is used 

to determine cost-effectiveness. As an alternative to the WHO definition, using cost-

effectiveness thresholds based on the purchasing power parity (PPP)-adjusted GDP has been 

suggested [78]. WTP thresholds based on PPP suggest that the WHO estimates are often too 

high and would not be recommended to determine the necessary allocation of resources [78]. 

Yet, further investigation of PPP-adjusted GDP in lieu of the per capita GDP is needed to 

determine which WTP should be more widely recommended. Yet, regardless of method, these 

thresholds exist as recommendations, arising from both the financial value of an intervention as 

well as its estimated health benefits, within a specified setting, and thus are not intended to be 
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used as the sole determining factor in deciding whether or not to implement a given intervention 

[79]. 

Cost-effectiveness evaluation has played a key role in HCV research. For example, a 

number of economic evaluations have assessed the cost-effectiveness of HCV treatment for an 

individual, generally finding DAAs cost-effective in HCV monoinfection compared to interferon-

based treatments or no treatment in high income settings like the US [80] and Europe [81, 82]. 

HCV treatment with DAA-containing regimens among HCV monoinfected individuals has been 

shown to be cost-effective in Egypt [83] and in India [84, 85] compared to no treatment, yet 

studies evaluating this in LMIC settings are limited, and these studies did not utilize 

programmatic treatment delivery or outcome data. Similarly, HCV treatment with interferon-

based regimens among HCV/HIV co-infected individuals was also found to be cost-effective in 

an urban cohort in the US [86], with the cost-effectiveness of DAAs among HCV/HIV co-infected 

individuals being highly dependent on the cost of therapies [87]. Furthermore, early screening 

and treatment using DAAs has also shown to be cost-effective in high-income settings, such as 

among HIV-infected men who have sex with men in the Netherlands [88] and among PWID in 

Germany [89] and in the US [90, 91]. To our knowledge, no studies have assessed the cost-

effectiveness of real-world, HCV treatment programs using DAAs in an LMIC setting among 

HCV/HIV coinfected individuals. This thesis addresses this gap by using real-world 

programmatic data to assess the cost-effectiveness of HCV screening and treatment among 

HIV-infected individuals in Myanmar, a LMIC setting.   

In addition to evaluating the cost-effectiveness of HCV screening and treatment 

programs, economic evaluations are increasingly being applied to determine the most cost-

effective strategy for achieving HCV elimination. These studies compare various intervention 

portfolios to assess the most efficient way to achieve elimination goals, such as the WHO goal 

of reducing HCV incidence by 80%. For example, while numerous studies have shown that HCV 

treatment [80], OAT, and NSP [92] are cost-effective in the United States, the most cost-
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effective scale-up strategy for reaching the WHO elimination goal remains unclear. Increasingly, 

dynamic models are being developed to address this question. Whereas standard cost-

effectiveness analyses evaluating HCV treatment, even those focusing on treatment for PWID, 

traditionally focus solely on individual benefits of HCV treatment, newer dynamic transmission 

models include the possible population prevention benefits of treatment [93-97]. Only a handful 

of studies have assessed the most cost-effective elimination strategies, with a study in Pakistan 

finding that using an HCV point-of-care test to detect and inform treatment response could be 

cost-saving by 2030 and feasible to achieve elimination [98] and similarly a study in Greece 

finding that implementing a population-based HCV screening and awareness campaign, which 

could achieve HCV elimination, could be highly cost-effective by 2035 [99]. Furthermore, cost-

effectiveness of tailored HCV prevention and intervention programs is critical to achieving HCV 

elimination, particularly in LMIC settings where there have been few studies assessing the cost-

effectiveness of elimination strategies. This thesis addresses this gap by using dynamic 

economic modeling to assess what intervention portfolios are required to achieve HCV 

elimination among PWID in Tijuana, Mexico, and the most cost-effective intervention strategy. 

Dissertation aims and structure 

The goal of this dissertation is to determine effective and cost-effective strategies to treat 

and prevent HCV among high-risk groups including PWID and HIV-infected individuals in 

LMICs.  

Chapter 2 focuses on using dynamic modeling to determine what intervention scale-up is 

required to achieve HCV elimination goals among people who inject drugs in Tijuana, Mexico. 

With Mexico announcing its strategy for HCV elimination in 2019, it became the first country in 

Latin America to take action against HCV [100, 101]. Yet the intervention scale-up required to 

achieve the WHO elimination targets among PWID is unknown, particularly in settings with very 

high HCV prevalence and limited harm reduction as in Mexico. The documented high 

prevalence of HCV among PWID in Tijuana (>90% [102]), where evidence-based harm 
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reduction interventions are limited, underscores the need to identify the potential impact of 

intervention scale-up and what is required to achieve WHO elimination targets in Tijuana. The 

dynamic modeling analysis in Chapter 2 identifies what combination portfolios of harm reduction 

and treatment can achieve the HCV elimination goals in Tijuana. 

Just as important as the identification of effective HCV eliminations strategies, is the 

need to understand the cost-effectiveness of these proposed strategies. Only one cost-

effectiveness analysis of HCV treatment was performed in Mexico in the pre-DAA era, in 2005 

[103], but none have been performed since. Now, with HCV elimination goals in focus, solely 

understanding which intervention packages may be the most effective in achieving the HCV 

incidence and mortality reductions among PWID in Tijuana is not sufficient. In order for 

policymakers and programmatic changes to be considered and henceforth implemented, cost-

effectiveness of these proposed interventions is critically needed. Chapter 3 evaluates the cost-

effectiveness of scale-up of various HCV elimination strategies needed to reach the WHO HCV 

incidence elimination goal among PWID in Tijuana, Mexico.  

Few studies have evaluated the cost-effectiveness of HCV treatment in LMIC settings 

where health care management of liver disease and costs of providing DAA treatment differ 

dramatically from high-income countries. Existing evaluations have been limited to theoretical 

analyses of DAA-containing regimens for HCV monoinfection in in Egypt [83], India [84, 85], 

Pakistan [76], and Thailand [104]; and have not evaluated real-world program implementation 

costs or cost-effectiveness, nor have they addressed HIV-infected individuals. Evaluating real-

world HCV treatment programs in low-income settings is critical to designing and implementing 

effective and cost-effective HCV treatment programs to achieve the global HCV elimination 

targets set by the World Health Organization [6]. Chapter 4 uses real-world data to assess the 

cost and cost-effectiveness of HCV treatment among HIV-infected individuals in Dawei, 

Myanmar. Findings from these studies can be used to inform policymakers as to the most 
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effective and cost-effective strategies for HCV prevention and treatment required for HCV 

elimination in LMIC settings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 
 

References 

1. World Health Organization. Global Hepatitis Report 2017. 2017; Licence: CC BY-NC-SA 3.0 

IGO. 

2. Chen, S.L. and T.R. Morgan, The natural history of hepatitis C virus (HCV) infection. Int J 

Med Sci, 2006. 3(2): p. 47-52. 

3. Alberti, A., L. Chemello, and L. Benvegnu, Natural history of hepatitis C. J Hepatol, 1999. 31 

Suppl 1: p. 17-24. 

4. Degenhardt, L., et al., Global prevalence of injecting drug use and sociodemographic 

characteristics and prevalence of HIV, HBV, and HCV in people who inject drugs: a multistage 

systematic review. Lancet Glob Health, 2017. 5(12): p. e1192-e1207. 

5. Platt, L., et al., Prevalence and burden of HCV co-infection in people living with HIV: a global 

systematic review and meta-analysis. Lancet Infect Dis, 2016. 16(7): p. 797-808. 

6. World Health Organization, Global Health Sector Strategy on Viral Hepatitis 2016-2021. 

2016: Geneva. 

7. Platt, L., et al., Needle and syringe programmes and opioid substitution therapy for preventing 

HCV transmission among people who inject drugs: findings from a Cochrane Review and meta-

analysis. Addiction, 2018. 113(3): p. 545-563. 

8. Martin, N.K., et al., Combination interventions to prevent HCV transmission among people 

who inject drugs: modeling the impact of antiviral treatment, needle and syringe programs, and 

opiate substitution therapy. Clin Infect Dis, 2013. 57 Suppl 2: p. S39-45. 

9. Lynch, S.M. and G.Y. Wu, Hepatitis C Virus: A Review of Treatment Guidelines, Cost-

effectiveness, and Access to Therapy. J Clin Transl Hepatol, 2016. 4(4): p. 310-319. 

10. Terrault, N.A., Hepatitis C elimination: challenges with under-diagnosis and under-treatment. 

F1000Res, 2019. 8. 

11. World Health Organization, Progress report on access to Hepatitis C treatment, focus on 

overcoming barriers in low and middle income countries. 2018. 

12. Heffernan, A., et al., Scaling up prevention and treatment towards the elimination of hepatitis 

C: a global mathematical model. Lancet, 2019. 393(10178): p. 1319-1329. 

13. Seeff, L.B., Natural history of chronic hepatitis C. Hepatology, 2002. 36(5 Suppl 1): p. S35-

46. 

14. Thomas, D.L. and L.B. Seeff, Natural history of hepatitis C. Clin Liver Dis, 2005. 9(3): p. 

383-98, vi. 

15. McCaughan, G.W., et al., Clinical assessment and incidence of hepatitis C RNA in 50 

consecutive RIBA-positive volunteer blood donors. Med J Aust, 1992. 157(4): p. 231-3. 

16. Westbrook, R.H. and G. Dusheiko, Natural history of hepatitis C. J Hepatol, 2014. 61(1 

Suppl): p. S58-68. 



17 
 

17. Petruzziello, A., et al., Global epidemiology of hepatitis C virus infection: An up-date of the 

distribution and circulation of hepatitis C virus genotypes. World J Gastroenterol, 2016. 22(34): 

p. 7824-40. 

18. Mohd Hanafiah, K., et al., Global epidemiology of hepatitis C virus infection: new estimates 

of age-specific antibody to HCV seroprevalence. Hepatology, 2013. 57(4): p. 1333-42. 

19. Graham, C.S. and T. Swan, A path to eradication of hepatitis C in low- and middle-income 

countries. Antiviral Research, 2015. 119: p. 89-96. 

20. Alter, M.J., The detection, transmission, and outcome of hepatitis C virus infection. Infect 

Agents Dis, 1993. 2(3): p. 155-66. 

21. Tibbs, C.J., Methods of transmission of hepatitis C. J Viral Hepat, 1995. 2(3): p. 113-9. 

22. Trickey, A., et al., The contribution of injection drug use to hepatitis C virus transmission 

globally, regionally, and at country level: a modelling study. Lancet Gastroenterol Hepatol, 2019. 

4(6): p. 435-444. 

23. Benova, L., et al., Vertical transmission of hepatitis C virus: systematic review and meta-

analysis. Clin Infect Dis, 2014. 59(6): p. 765-73. 

24. Syriopoulou, V., et al., Mother to child transmission of hepatitis C virus: rate of infection and 

risk factors. Scand J Infect Dis, 2005. 37(5): p. 350-3. 

25. Hagan, H., et al., Incidence of sexually transmitted hepatitis C virus infection in HIV-positive 

men who have sex with men. AIDS, 2015. 29(17): p. 2335-45. 

26. Charre, C., et al., Hepatitis C virus spread from HIV-positive to HIV-negative men who have 

sex with men. PLoS One, 2018. 13(1): p. e0190340. 

27. Hallam, N.F., et al., Low risk of sexual transmission of hepatitis C virus. J Med Virol, 1993. 

40(3): p. 251-3. 

28. Thornton, A.C., et al., Hepatitis B, hepatitis C, and mortality among HIV-positive individuals. 

AIDS, 2017. 31(18): p. 2525-2532. 

29. Frias, M., et al., Spontaneous clearance of chronic hepatitis C is rare in HIV-infected 

patients after effective use of combination antiretroviral therapy. PLoS One, 2017. 12(5): p. 

e0177141. 

30. Grebely, J., et al., Factors associated with spontaneous clearance of hepatitis C virus 

among illicit drug users. Can J Gastroenterol, 2007. 21(7): p. 447-51. 

31. Di Martino, V., et al., The influence of human immunodeficiency virus coinfection on chronic 

hepatitis C in injection drug users: a long-term retrospective cohort study. Hepatology, 2001. 

34(6): p. 1193-9. 

32. Soto, B., et al., Human immunodeficiency virus infection modifies the natural history of 

chronic parenterally-acquired hepatitis C with an unusually rapid progression to cirrhosis. J 

Hepatol, 1997. 26(1): p. 1-5. 

33. Lin, W., E.M. Weinberg, and R.T. Chung, Pathogenesis of accelerated fibrosis in HIV/HCV 

co-infection. J Infect Dis, 2013. 207 Suppl 1: p. S13-8. 



18 
 

34. Barocas, J.A., et al., Barriers and facilitators of hepatitis C screening among people who 

inject drugs: a multi-city, mixed-methods study. Harm Reduct J, 2014. 11: p. 1. 

35. Crowley, D., et al., Barriers and facilitators to hepatitis C (HCV) screening and treatment-a 

description of prisoners' perspective. Harm Reduct J, 2018. 15(1): p. 62. 

36. Yap, L., et al., A descriptive model of patient readiness, motivators, and hepatitis C 

treatment uptake among Australian prisoners. PLoS One, 2014. 9(2): p. e87564. 

37. Swan, D., et al., Barriers to and facilitators of hepatitis C testing, management, and 

treatment among current and former injecting drug users: a qualitative exploration. AIDS Patient 

Care STDS, 2010. 24(12): p. 753-62. 

38. Easterbrook, P., et al., HIV and Hepatitis Testing: Global Progress, Challenges, and Future 

Directions. AIDS Rev, 2016. 18(1): p. 3-14. 

39. World Health Organization, Guidelines for the screening, care, and treatment of persons 

with hepatitis C infection. April 2016: France. 

40. Dore, G.J., J. Ward, and M. Thursz, Hepatitis C disease burden and strategies to manage 

the burden (Guest Editors Mark Thursz, Gregory Dore and John Ward). J Viral Hepat, 2014. 21 

Suppl 1: p. 1-4. 

41. Easterbrook, P.J. and W.H.O.G.D. Group, Who to test and how to test for chronic hepatitis 

C infection - 2016 WHO testing guidance for low- and middle-income countries. J Hepatol, 

2016. 65(1 Suppl): p. S46-S66. 

42. Solomon, S.S., et al., Burden of hepatitis C virus disease and access to hepatitis C virus 

services in people who inject drugs in India: a cross-sectional study. Lancet Infect Dis, 2015. 

15(1): p. 36-45. 

43. Ti, L., et al., Low rates of hepatitis C testing among people who inject drugs in Thailand: 

implications for peer-based interventions. J Public Health (Oxf), 2013. 35(4): p. 578-84. 

44. Mehta, S.H., et al., Limited effectiveness of antiviral treatment for hepatitis C in an urban 

HIV clinic. AIDS, 2006. 20(18): p. 2361-9. 

45. Rodriguez-Torres, M., et al., Peginterferon alfa-2a plus ribavirin for HIV-HCV genotype 1 

coinfected patients: a randomized international trial. HIV Clin Trials, 2012. 13(3): p. 142-52. 

46. Poordad, F., et al., Boceprevir for untreated chronic HCV genotype 1 infection. N Engl J 

Med, 2011. 364(13): p. 1195-206. 

47. Jacobson, I.M., et al., Telaprevir for previously untreated chronic hepatitis C virus infection. 

N Engl J Med, 2011. 364(25): p. 2405-16. 

48. Messina, J.P., et al., Global distribution and prevalence of hepatitis C virus genotypes. 

Hepatology, 2015. 61(1): p. 77-87. 

49. Bruno, G., et al., HCV mono-infected and HIV/HCV co-infected individuals treated with 

direct-acting antivirals: to what extent do they differ? Int J Infect Dis, 2017. 

50. Beguelin, C., et al., Trends in HCV treatment uptake, efficacy and impact on liver fibrosis in 

the Swiss HIV Cohort Study. Liver Int, 2017. 



19 
 

51. Rossi, C., et al., Hepatitis C virus reinfection after successful treatment with direct-acting 

antiviral therapy in a large population-based cohort. J Hepatol, 2018. 69(5): p. 1007-1014. 

52. Walker, J., Gilead to Slice List Prices of Liver Drugs, in The Wall Street Journal. 2018, The 

Wall Street Journal Online. 

53. Klein, M.B., Hepatitis C virus elimination: time for disruptive innovation. J Int AIDS Soc, 

2019. 22(7): p. e25360. 

54. Hill, A., et al., Rapid reductions in prices for generic sofosbuvir and daclatasvir to treat 

hepatitis C. J Virus Erad, 2016. 2(1): p. 28-31. 

55. World Health Organization, Progress report on access to hepatitis C treatment. 2018, World 

Health Organization.: Geneva. 

56. Volkow, N.D., et al., Medication-assisted therapies--tackling the opioid-overdose epidemic. 

N Engl J Med, 2014. 370(22): p. 2063-6. 

57. Degenhardt, L., et al., Mortality among regular or dependent users of heroin and other 

opioids: a systematic review and meta-analysis of cohort studies. Addiction, 2011. 106(1): p. 32-

51. 

58. MacArthur, G.J., et al., Opiate substitution treatment and HIV transmission in people who 

inject drugs: systematic review and meta-analysis. BMJ, 2012. 345: p. e5945. 

59. World Health Organization, Guide to starting and managing needle and syringe 

programmes. 2007: Geneva. 

60. Strike, C., et al., Guidelines for better harm reduction: evaluating implementation of best 

practice recommendations for needle and syringe programs (NSPs). Int J Drug Policy, 2011. 

22(1): p. 34-40. 

61. Martin, N.K., P. Vickerman, and M. Hickman, Mathematical modelling of hepatitis C 

treatment for injecting drug users. J Theor Biol, 2011. 274(1): p. 58-66. 

62. Martin, N.K., et al., The hepatitis C virus epidemics in key populations (including people who 

inject drugs, prisoners and MSM): the use of direct-acting antivirals as treatment for prevention. 

Curr Opin HIV AIDS, 2015. 10(5): p. 374-80. 

63. Martin, N.K., et al., Hepatitis C virus treatment for prevention among people who inject 

drugs: Modeling treatment scale-up in the age of direct-acting antivirals. Hepatology, 2013. 

58(5): p. 1598-609. 

64. Cohen, M.S., et al., Prevention of HIV-1 infection with early antiretroviral therapy. N Engl J 

Med, 2011. 365(6): p. 493-505. 

65. Cohen, M.S., et al., Antiretroviral Therapy for the Prevention of HIV-1 Transmission. N Engl 

J Med, 2016. 375(9): p. 830-9. 

66. Granich, R.M., et al., Universal voluntary HIV testing with immediate antiretroviral therapy as 

a strategy for elimination of HIV transmission: a mathematical model. The Lancet. 373(9657): p. 

48-57. 



20 
 

67. Wood, E., et al., Longitudinal community plasma HIV-1 RNA concentrations and incidence 

of HIV-1 among injecting drug users: prospective cohort study. BMJ, 2009. 338: p. b1649. 

68. Hickman, M., et al., Hepatitis C virus treatment as prevention in people who inject drugs: 

testing the evidence. Curr Opin Infect Dis, 2015. 28(6): p. 576-82. 

69. Martin, N.K., et al., Can antiviral therapy for hepatitis C reduce the prevalence of HCV 

among injecting drug user populations? A modeling analysis of its prevention utility. J Hepatol, 

2011. 54(6): p. 1137-44. 

70. Martin, N.K., et al., Can Hepatitis C Virus (HCV) Direct-Acting Antiviral Treatment as 

Prevention Reverse the HCV Epidemic Among Men Who Have Sex With Men in the United 

Kingdom? Epidemiological and Modeling Insights. Clin Infect Dis, 2016. 62(9): p. 1072-1080. 

71. Kermack, W.O. and A.G. McKendrick, A contribution to the mathematical theory of 

epidemics. Proc Royal Soc London, 1927. 115. 

72. Vynnycky E, W.R., An Introduction to Infectious Disease Modelling 1st Edition ed. 2010, 

New York: Oxford University Press Inc. 

73. Hethcote, H.W. and J.A. Yorke, Gonorrhea Transmission Dynamics and Control, in Lect 

Notes in Biomath. 1984, Springer-Verlag: Berlin-Heidelberg-New York. 

74. Longini, I.M., Ackerman E, Elveback LR, An optimization model for influenza A epidemics. 

Mathematical Biosciences, 1978. 38(1-2): p. 141-157. 

75. Martin, N.K., et al., Modeling Combination HCV Prevention among HIV-infected Men Who 

Have Sex With Men and People Who Inject Drugs. AIDS Rev, 2017. 19(2): p. 97-104. 

76. Lim, A.G., et al., Curbing the hepatitis C virus epidemic in Pakistan: the impact of scaling up 

treatment and prevention for achieving elimination. Int J Epidemiol, 2018. 47(2): p. 550-560. 

77. World Health Organization, Making Choices in Health: WHO Guide to Cost-Effectiveness 

Analysis, e.a. Tan-Torres Edejer T, Editor. 2003: Geneva. 

78. Woods, B., et al., Country-Level Cost-Effectiveness Thresholds: Initial Estimates and the 

Need for Further Research. Value in Health, 2016. 19(8): p. 929-935. 

79. Bertram, M.Y., et al., Cost-effectiveness thresholds: pros and cons. Bull World Health 

Organ, 2016. 94(12): p. 925-930. 

80. Chhatwal, J., et al., Cost-effectiveness and budget impact of hepatitis C virus treatment with 

sofosbuvir and ledipasvir in the United States. Ann Intern Med, 2015. 162(6): p. 397-406. 

81. Gissel, C., et al., Cost-effectiveness of Interferon-free therapy for Hepatitis C in Germany - 

an application of the efficiency frontier approach. BMC Infectious Diseases, 2015. 15(1): p. 297. 

82. Stahmeyer, J.T., et al., Cost-Effectiveness of Treating Hepatitis C with Sofosbuvir/Ledipasvir 

in Germany. PLoS One, 2017. 12(1): p. e0169401. 

83. Kim, D.D., et al., Cost-effectiveness model for hepatitis C screening and treatment: 

Implications for Egypt and other countries with high prevalence. Glob Public Health, 2015. 

10(3): p. 296-317. 



21 
 

84. Chaillon, A., et al., Cost-effectiveness and budgetary impact of HCV treatment with direct-

acting antivirals in India including the risk of reinfection. PLoS One, 2019. 14(6): p. e0217964. 

85. Aggarwal, R., et al., Cost-effectiveness of hepatitis C treatment using generic direct-acting 

antivirals available in India. PLoS One, 2017. 12(5): p. e0176503. 

86. Campos, N.G., et al., Cost-effectiveness of treatment for hepatitis C in an urban cohort co-

infected with HIV. Am J Med, 2007. 120(3): p. 272-9. 

87. Linas, B.P., et al., The cost-effectiveness of improved hepatitis C virus therapies in 

HIV/hepatitis C virus coinfected patients. AIDS, 2014. 28(3): p. 365-76. 

88. Popping, S., et al., Early treatment of acute hepatitis C infection is cost-effective in HIV-

infected men-who-have-sex-with-men. PLoS One, 2019. 14(1): p. e0210179. 

89. Krauth, C., et al., Elimination of hepatitis C virus in Germany: modelling the cost-

effectiveness of HCV screening strategies. BMC Infect Dis, 2019. 19(1): p. 1019. 

90. Chahal, H.S., et al., Cost-effectiveness of Early Treatment of Hepatitis C Virus Genotype 1 

by Stage of Liver Fibrosis in a US Treatment-Naive Population. JAMA Intern Med, 2016. 176(1): 

p. 65-73. 

91. Cipriano, L.E., et al., Cost effectiveness of screening strategies for early identification of HIV 

and HCV infection in injection drug users. PLoS One, 2012. 7(9): p. e45176. 

92. Barbosa, C., et al., Cost-effectiveness of scaling-up HCV prevention and treatment in the 

United States for people who inject drugs. Addiction, 2019. 114(12): p. 2267-2278. 

93. Martin, N.K., et al., Cost-effectiveness of hepatitis C virus antiviral treatment for injection 

drug user populations. Hepatology, 2012. 55(1): p. 49-57. 

94. Visconti, A.J., et al., Assessing the cost-effectiveness of treating chronic hepatitis C virus in 

people who inject drugs in Australia. J Gastroenterol Hepatol, 2013. 28(4): p. 707-16. 

95. Sheerin, I.G., F.T. Green, and J.D. Sellman, What is the cost-effectiveness of hepatitis C 

treatment for injecting drug users on methadone maintenance in New Zealand? Drug Alcohol 

Rev, 2004. 23(3): p. 261-72. 

96. Thompson Coon, J., et al., Case finding for hepatitis C in primary care: a cost utility analysis. 

Fam Pract, 2006. 23(4): p. 393-406. 

97. Stein, K., et al., Screening for Hepatitis C in injecting drug users: a cost utility analysis. J 

Public Health (Oxf), 2004. 26(1): p. 61-71. 

98. Chhatwal, J., et al., Assessment of the Feasibility and Cost of Hepatitis C Elimination in 

Pakistan. JAMA Netw Open, 2019. 2(5): p. e193613. 

99. Gountas, I., et al., Economic evaluation of the hepatitis C elimination strategy in Greece in 

the era of affordable direct-acting antivirals. World J Gastroenterol, 2019. 25(11): p. 1327-1340. 

100. Ochoa, M. México se compromete a eliminar la Hepatitis C para 2030. 2019  [cited 2019 

16 Sept]; Available from: https://www.unotv.com/noticias/portal/nacional/detalle/mxico-se-

compromete-eliminar-hepatitis-c-609911/. 



22 
 

101. Secretaría de Salud, México establecerá una estrategia de tratamiento y eliminación de la 

hepatitis C. 2019. 

102. Fleiz, C., Domínguez, Mario, Villatoro Velazquez, Jorge, Vázquez Quiroz, and Z.M. 

Fabiola, Eduardo, Sánchez Ramos, Rodrigo, Escobar, Esbehidy, Bustos Gamiño, Marycarmen., 

Cuqueando la Chiva: Contextos del consumo de heroína en la frontera norte de México. 2019. 

103. Garcia-Contreras, F., et al., Cost-effectiveness of chronic hepatitis C treatment with 

thymosin alpha-1. Arch Med Res, 2006. 37(5): p. 663-73. 

104. Kapol, N., S. Lochid-Amnuay, and Y. Teerawattananon, Economic evaluation of pegylated 

interferon plus ribavirin for treatment of chronic hepatitis C in Thailand: genotype 1 and 6. BMC 

Gastroenterol, 2016. 16(1): p. 91. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 
 

CHAPTER 2: Is hepatitis C virus (HCV) elimination achievable among people who inject 

drugs in Tijuana, Mexico? A modeling analysis  

ABSTRACT  

Background: In 2019, Mexico became the first Latin American country committed to 

hepatitis C virus (HCV) elimination, but the amount of intervention scale-up required is unclear. 

In Tijuana, HCV among people who inject drugs (PWID) is high; yet there is minimal and 

intermittent harm reduction, and involuntary exposure to compulsory abstinence programs 

(CAP) occurs which is associated with increased HCV risk. We determined what combination 

intervention scale-up can achieve HCV elimination among current and former PWID in Tijuana. 

Methods: We constructed a dynamic, deterministic model of HCV transmission, disease 

progression, and harm reduction among current and former PWID parameterized to Tijuana 

(~10,000 current PWID, 90% HCV seropositive, minimal opiate agonist therapy [OAT] or high 

coverage needle/syringe programs [HCNSP]). We evaluated the number of direct-acting 

antiviral (DAA) treatments needed from 2019 to achieve elimination targets (80% incidence 

reduction, 65% mortality reduction by 2030) with: (a) DAAs alone, (b) DAAs plus scale-up of 

OAT+HCNSP (up to 50% coverage of OAT and HCNSP separately, producing 25% of PWID 

receiving both), (c) DAAs plus CAP scale-up to 50%. Scenarios examined the number of DAAs 

required if prioritized to current PWID or provided regardless of current injection status, and 

impact of harm reduction interruptions. 

Results: Modeling suggests among ~30,000 current and former PWID in Tijuana, 

16,160 (95%CI: 12,770-21,610) have chronic HCV. DAA scale-up can achieve the incidence 

target, requiring 770 treatments/year (95%CI: 640-970) if prioritized to current PWID. 40% fewer 

DAAs are required with OAT+HCNSP scale-up to 50% among PWID, whereas more are 

required with involuntary CAP scale-up. Both targets can only be achieved through treating both 

current and former PWID (1,710 treatments/year), and impact is reduced with harm reduction 

interruptions. 
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Conclusions: Elimination targets are achievable in Tijuana through scale-up of harm 

reduction and DAA therapy, whereas involuntary CAP and harm reduction interruptions hamper 

elimination. 

Keywords: Hepatitis C elimination, people who inject drugs, modeling 

INTRODUCTION 

 

Hepatitis C virus (HCV) is a blood-borne infection which, if untreated, can result in cirrhosis, liver 

cancer, and death. Of the estimated 71 million chronic HCV infections globally, 80% occur in 

low to middle income countries (LMIC) [1-3]. Globally, people who inject drugs (PWID) are a 

main group at risk for HCV transmission, with an estimated 52% of all PWID having a history of 

HCV infection [4]. In addition, an estimated 43% of incident HCV infections could be prevented 

from 2018-2030 if the risks of unsafe injecting practices were removed [5]. In 2016, in an effort 

to focus resources on reducing the high global burden of HCV and aim for global elimination, 

the World Health Organization (WHO) set elimination targets to be achieved by 2030 [6]. These 

elimination targets include an 80% reduction in HCV incidence and 65% reduction in HCV-

related mortality in 2030 compared to 2015 [6]. In 2019, Mexico became the first country in Latin 

America to launch an HCV elimination strategy, with the first phase including purchase of 

12,500 direct-acting antiviral (DAA) treatments, among an estimated 450-550,000 people with 

HCV infection in Mexico [7,8]. Yet the intervention scale-up required to achieve the WHO 

elimination targets among PWID is unknown, particularly in settings with very high HCV 

prevalence and limited harm reduction as in Mexico.  

Tijuana, Mexico, a border city with the United States, is situated on a major drug 

trafficking route. Within Mexico, Tijuana has had the highest rates of illicit drug use and the most 

recent estimate suggests that approximately 10,000 current PWID reside there [9]. HCV is 

highly prevalent among PWID in Mexico, with HCV seroprevalence being reported among PWID 

as high as 92% in Ciudad Juarez and 79% in San Luis Rio Colorado [10]. In Tijuana, 
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seroprevalence exceeds 90% [10,11]. Despite this, access to harm reduction is minimal. After a 

brief increase in needle and syringe exchange program (NSP) services resulting from the Global 

Fund support in 2011-2013, withdrawal of this funder has severely limited NSP provision [12,13] 

and there is no access to High Coverage NSP [HCNSP] (as defined as receiving one or more 

sterile needles/syringes for each injection, [14]) in Tijuana. These services are critical given the 

evidence they reduce recent HIV transmission [15], and could reduce HCV transmission, 

particularly if provided in combination with opiate agonist therapy (OAT) [14]. Access to 

evidence-based OAT among PWID is <5% [16]. Instead, beginning in 2014, government funds 

in Tijuana were allocated to compulsory drug abstinence programs (CAP), which remain the 

main type of drug rehabilitation program available [17]. In Tijuana, CAPs entail involuntary 

physical restraint of individuals in non-medically supervised centers for approximately 3-6 

months, with non-evidence-based detoxification and abstinence interventions [18]. PWID who 

had been brought involuntarily by friends/family or police to CAP were more likely to engage in 

receptive syringe sharing, which if this association is causal, could mean involuntary exposure 

to CAPs fuel HIV transmission, and therefore could serve to disseminate HCV and hamper 

elimination progress [19]. 

Previous mathematical models of HCV transmission amongst PWID found modest 

scale-up of HCV antiviral treatment, especially coupled with harm reduction interventions such 

as OAT and HCNSP could be used as prevention [20, 21]. Yet only a few modeling studies 

have examined what combination intervention scale-up is required to achieve the WHO 

elimination targets among PWID, and these were limited to high income settings [22]. We used 

dynamic modeling to determine the level of combination intervention scale-up necessary to 

achieve WHO hepatitis C virus elimination goals of 80% incidence reduction and 65% mortality 

reduction by 2030 among PWID in Tijuana, and to assess the potential impact of involuntary 

CAP expansion or interruptions to harm reduction services. 
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METHODS 

Mathematical model  

We constructed a dynamic, deterministic model of HCV transmission and progression 

among current and former (permanently cessated) PWID. We assumed transmission only 

occurs among current PWID, but continue to track HCV disease progression and mortality 

among former PWID. We used this model to evaluate changes in prevalence, incidence, and 

mortality with varying levels of scale-up of DAA treatment and harm reduction interventions 

(Figure 2.1). We modeled an open population where individuals continually enter due to 

initiation of drug use and exit the model due to death. Additionally, we assumed random mixing 

among PWID and that PWID continuously transition between evidence-based harm reduction 

intervention compartments: (a) no intervention, (b) OAT only, (c) HCNSP only, and (d) OAT + 

HCNSP simultaneously. A proportion of PWID may become chronically infected with HCV, with 

their risk being proportional to the background prevalence of disease and to their intervention 

exposure. Those with chronic infection who remain untreated can progress to decompensated 

cirrhosis (DC), hepatocellular carcinoma (HCC), and death. Individuals with chronic infection 

can receive DAAs. For those who received DAAs, a proportion may fail treatment and remain 

chronically infected, and progress through the natural history of disease stages. PWID who are 

successfully treated, progress to the previously infected compartment, where they are at risk of 

re-infection. After permanent injecting cessation, former PWID are tracked in our model for 

disease progression. For the baseline scenario, we assumed that PWID with DC or HCC are not 

provided DAA treatment as this is unlikely to occur currently given health services in Tijuana. 

We assumed no coverage of HCV treatment at baseline given the lack of availability in Mexico. 

At baseline, we also assume no coverage of harm reduction (OAT or HCNSP), as <5% of PWID 

in Tijuana report recent access to OAT, and there is no access to HCNSP. For an alternative 

scenario analysis, we redefine the OAT compartment to represent involuntary receipt of CAP, 

and parameterize the relative risks accordingly to examine the impact of scale-up of CAP 



27 
 

instead of OAT. Analyses were conducted in Matlab version R2018b (The Mathworks, Inc., 

Natick, MA).   

Model parameterization 

The model was parameterized to Tijuana, Mexico, with an estimated 10,000 current 

PWID [9]. Model parameters were obtained from published literature and data from cross-

sectional and longitudinal cohorts of PWID in Tijuana (Table 2.1). HCV seroprevalence (90%) 

was obtained from PWID recruited from drug consumption sites in Tijuana between 2017-18 

[10]. Similar to other modeling analyses [20], we estimate chronic prevalence from 

seroprevalence, based on a 26% spontaneous clearance rate (95% CI: 0.22-0.30) from a 

systematic review of longitudinal studies [23], consistent with other studies evaluating 

spontaneous clearance among PWID [24] as well as region-specific viremic rates (74% for Latin 

America) [25]. Data including proportion of individuals accessing harm reduction interventions 

(OAT, HCNSP), the average duration of injecting, and PWID mortality rate were obtained from 

the El Cuete IV study in Tijuana [16,19, 26]. Average duration of injecting by sex was obtained 

from the El Cuete IV study and weighted by the distribution of PWID in Tijuana by sex (85% 

males, 15% females, [27], as women were oversampled in El Cuete IV. 

Intervention effect estimates: HCV DAA sustained virological response (SVR) rates 

(approximately 95%) were obtained from published data for PWID [28, 29]. Effectiveness of 

evidence-based OAT and HCNSP (defined as receiving one or more sterile syringe per each 

injection) on reducing HCV acquisition was obtained from a Cochrane systematic review and 

meta-analysis, with OAT reducing the risk of HCV transmission by 50% (sampled from the 95% 

confidence interval (95%CI) of the relative risk (RR): 0.40-0.63), and with HCNSP reducing the 

risk of HCV transmission by 23% (sampled from the 95%CI of the RR 0.38-1.54) [14]. In 

combination, both HCNSP and OAT reduce the risk of acquiring HCV by an estimated 71% 

(sampled from the 95%CI of the RR: 0.13-0.65) [14]. Data from El Cuete IV cohort among PWID 

in Tijuana indicate that, compared to PWID never exposed to involuntary CAP, PWID with a 
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history of involuntary CAP had an elevated relative risk of recent receptive syringe sharing (RR 

1.14 [95%CI: 1.00-1.30]) [19]. We note that it is unclear from the epidemiological data whether 

this elevation in syringe sharing occurs during and/or after CAP exposure, or whether this 

association is truly causal. However, evidence from other custodial settings (such as prisons) 

where injecting drug use is prohibited indicates that although a lower proportion of PWID 

continue to inject drugs while detained, injecting risk is greatly enhanced due to elevated rates 

of syringe sharing [30, 31]. Accordingly, we implemented the effect of CAP exposure in the 

model by assuming a 14% increase (varying from 0 to 30%) in receptive syringe sharing among 

PWID while in CAP. As such, our model neglects any potential negative effects of syringe 

sharing on CAP after release. 

Model calibration 

To account for uncertainty in these model parameters, we sampled 1000 parameter sets 

from each parameter’s associated uncertainty distribution (Table 2.1). For each parameter set, 

the model was calibrated to HCV chronic prevalence among PWID in Tijuana in 2018, through 

varying the HCV transmission rate (calibrated fits shown in Supplementary Figure S2.1). Since 

historic estimates show stable HCV prevalence among PWID in Tijuana [10, 11, 32], we 

assumed HCV is at steady-state. We then calibrated fixed recruitment rates onto OAT and 

HCNSP starting in 2019 required to achieve scale-up to 20%, 40%, and 50% coverage by 2030 

of each intervention among PWID for each intervention scenario (producing 10%, 20%, and 

25% of PWID receiving both OAT and HCNSP). Model calibration was achieved by minimizing 

the least squares fit to the prevalence data using a global optimization solver (lsqnonlin with 

multistart in MATLAB). 

Intervention scenarios  

We evaluated various strategies to achieve the previously-referenced WHO HCV elimination 

goals. We examined the impact on incidence, chronic prevalence, and HCV-related mortality of 

the following intervention scenarios: 
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1) Status quo: no treatment or harm reduction. 

2) DAAs only: DAA treatment scale-up only beginning in 2019 to achieve the elimination 

goals.  

3) DAAs combined with evidence-based harm reduction: DAA treatment scale-up in 

combination with scaled-up OAT+HCNSP from 2019 to reach 20%, 40%, or 50% 

coverage levels of each intervention among PWID by 2030 (producing 10%, 20%, and 

25% of PWID receiving both OAT and HCNSP). Supplementary Figure S2.2 shows 

coverage scale-up over time.  

4) DAAs combined with involuntary CAP: DAA treatment scale-up in combination with 

scaled-up CAP to 50% among PWID beginning in 2019. 

Additionally, to evaluate the potential impact of interruptions in harm reduction coverage as 

historically observed, we examined the impact of scale-up of combination prevention required to 

achieve the incidence target (DAAs and 50% OAT+HCNSP among PWID) but 

interruption/removal of harm reduction from 2025-2030.  

Sensitivity analyses 

Due to parameter uncertainty, we performed sensitivity analyses examining the impact 

on numbers of treatments (inclusive of retreatments of reinfection) required to achieve both 

elimination goals if DAAs are allocated to both current and former PWID with the following 

scenarios: lower or higher number of current PWID (5,000 or 15,000 compared to 10,000 at 

baseline), lower chronic prevalence among current PWID (50%, compared to 67% at baseline), 

lower SVR (90% vs 95% at baseline), and differing injecting duration (5 years or 25 years, 

compared to 17.5 at baseline).  
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RESULTS  

Model calibration 

The calibrated model estimated 10,000 current PWID, with an associated 19,500 former 

PWID, (95% CI: 12,700-30,200) in Tijuana. Among the approximately 30,000 individuals with a 

history of injection drug use (IDU), we estimated there were 16,160 (95% CI: 12,770-21,610) 

chronic HCV infections in 2019. In 2019, HCV incidence among PWID was estimated to be 20 

per 100 person years (/100py) (95% CI: 14-29/100py), equating to 650 new infections per year 

(95% CI: 510-850). An estimated 430 current PWID (95% CI: 310-560) and 1,350 former PWID 

(95% CI: 910-1,970) had decompensated cirrhosis and approximately 100 current PWID (95% 

CI: 60-160) and 280 former PWID (95% CI: 150-500) had hepatocellular carcinoma. Among 

both current and former PWID, there were an estimated 330 (95% CI: 250-440) HCV-related 

deaths in 2019.  

WHO Goal: Achieving 80% incidence reduction among PWID by 2030 

Combination intervention strategies needed to achieve 80% incidence reduction (from 

20/100py to 4/100py) in Tijuana among PWID by 2030 are shown in Figure 2.2. Without any 

DAA treatment, harm reduction alone was unable to achieve the 80% incidence target 

(Supplementary Figures S1.3-S1.4). If DAAs were prioritized to PWID, DAAs alone, at a 

median rate of 770 annually [95% CI: 640-970] (equivalent to 11% of chronic infections among 

PWID being treated the first year) could achieve the HCV incidence target by 2030. Moderate 

scale-up of OAT+HCNSP to coverage levels of 20% or 40% among PWID, in addition to DAA 

scale-up, reduced the annual number DAAs needed to 670 PWID annually (95%CI: 540-850) or 

540 PWID annually (95% CI: 410-750), respectively. Scaling up OAT+HCNSP to 50% coverage 

among PWID reduced the DAAs required by 40% (460 PWID annually [95% CI: 310-690]). 

Conversely, if involuntary exposure to CAP were scaled-up to 50% coverage among PWID, 7% 

more DAAs would be required compared to DAAs alone because of the increase in syringe 

sharing (and therefore HCV) associated with CAP (830 annually [95% CI: 670-1080]). 
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If DAAs were provided without regard to injecting status, nearly double the DAA 

treatment numbers would be required to achieve the incidence target, compared to if DAAs 

were prioritized to current PWID (1,480/year [95%CI: 1,150-2,150], Figure 2.2). Without DAA 

prioritization, combination scale-up of OAT+HCNSP to current PWID could substantially reduce 

the DAAs required by 30% if harm reduction was scaled-up to 50% coverage among current 

PWID. As before, scale-up of CAP to 50% coverage would require more DAAs to achieve the 

WHO target (Figure 2.2). 

Achieving both 80% incidence reduction and 65% HCV-related mortality reduction by 

2030  

To achieve the 65% HCV-related mortality reduction, total HCV-related deaths among 

both current and former PWID would need to decrease from an estimated 330/year in 2018 to 

<110/year by 2030. More DAAs would be required to reach both WHO targets compared to the 

incidence target alone (Figure 2.3). To achieve the HCV-related mortality target, treatment must 

also be provided to former PWID. Even if current PWID were treated each year, HCV-related 

mortality could only be reduced by a maximum of 55% by 2030. If DAAs were provided to 

current and former PWID, approximately 1,710 (95%CI: 1,310-2,430) would need to be treated 

annually to reach both targets (13% greater than the incidence target). Scaling up evidence-

based harm reduction reduces DAAs required compared to giving DAAs only; scaled-up 

OAT+HCNSP to 50% coverage among PWID requires 15% fewer treatments per year to reach 

both targets (1,450 [95%CI: 1,090-2,060]).  

Impact of interruptions in harm reduction coverage  

Even if combination intervention scale-up is achieved from 2020-2025, HCV incidence 

can rebound if harm reduction (OAT+HCNSP) availability is stopped at 2025 increasing by a 

mean relative 18% from 2025-2030 (Figure 2.4).  
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Sensitivity analysis 

Sensitivity analyses evaluating the numbers of DAAs required to achieve both 

elimination goals when allocated randomly are shown for various scenarios in Supplementary 

Figure S1.5.  For both elimination goals, more treatments (median to reach incidence: 1,590 

[95%CI: 1,230-2,300]; median to reach mortality: 1,870 [95%CI: 1,420-2,700]) were required 

with a lower SVR rate (90%), and more (median to reach incidence: 1,850 [95%CI: 1,350-

2,910]; median to reach mortality: 2,170 [95%CI: 1,560-3,310]) were required when the average 

duration of injection was short (5 years). Fewer treatments were also needed if the baseline 

chronic prevalence was 50% (median to reach incidence: 970 [95%CI: 800-1,320]; median to 

reach mortality: 1,150 [95%CI: 920-1,610]) and the average duration of injection was longer (25 

years; median to reach incidence: 600 [95%CI: 440-910]; median to reach mortality: 720 

[95%CI: 520-1,070]). Estimates of numbers of treatments required scaled linearly with analyses 

assuming greater (50% more; median: 2,220-2,570) or fewer (50% fewer; median: 740-860) 

PWID.  

DISCUSSION  

 There is a high burden of HCV among people with a history of IDU in Tijuana, Mexico, 

where harm reduction and HCV treatment access is low. Our modeling indicates that even in 

very high burden settings such as Tijuana, HCV elimination could be achieved provided the 

forthcoming DAAs are widely available, scaled-up among both current and former PWID, and 

there is concomitant scale-up of harm reduction services. The incidence target could be 

achieved through treating approximately 770 (95%CI: 640-970) current PWID annually, but 40% 

fewer would be required if combination harm reduction is scaled-up among 50% of PWID. If 

DAAs were allocated at the same level needed to achieve the WHO elimination goals using 

treatment alone, the goals could be met earlier if combination harm reduction is scaled-up. Over 

double the number of treatments (median 1,710) would be required to achieve both the 
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incidence and mortality targets, and these would need to reach both current and former PWID. 

Allocation of the currently purchased 12,500 DAAs across Mexico is unclear, but if allocated in 

proportion to estimated burden, then approximately 355-600 total treatments would be allocated 

to Tijuana, indicating treatment investment needs to be increased for WHO elimination. 

However, the incidence target may be achievable with expansion of harm reduction. As such, 

our findings highlight the critical role harm reduction can play in achieving elimination and 

reducing the number of DAAs required, and that sustained harm reduction is important to 

maintaining elimination. Furthermore, there are multiple sites in Mexico with concentrated HCV 

epidemics among PWID, including in other U.S. border cities of Ciudad Juarez and San Luis Rio 

Colorado [10], further highlighting the need for DAAs to be allocated to the PWID within these 

communities to halt transmission.   

There are numerous challenges which curtail the possibility of achieving HCV elimination 

in Tijuana. Despite indication that HCV treatment will become available under the Mexican 

public health care system, and that it will be available or PWID, DAAS are not currently 

available for PWID in Tijuana. Additionally, even if technically available, many PWID do not 

access or receive basic health care [33, 34], in part due to negative experiences and stigma 

[35,36], both internalized and expressed by healthcare providers [37, 38]. Additionally, PWID 

often lack the documentation required to register for Mexico’s national health care system. 

Compounding this lack of access is also a lack of awareness of HCV. Estimates of the 

proportion of HCV-infected individuals who are diagnosed in Tijuana are unknown, but in a 

recent cross-sectional survey among PWID in treatment centers in Tijuana, despite the vast 

majority of PWID harboring HCV infection, only 25% of all respondents self-reported having 

ever been diagnosed with HCV, and none had received treatment (unpublished data from [10]). 

However, once diagnosed and initiated on treatment, other studies have found high HCV 

treatment adherence rates among PWID, which supports feasibility of implementing these 

interventions in Tijuana [28].  
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In addition to barriers to treatment scale-up, expansion of evidence-based harm 

reduction is challenging in Tijuana. Existing OAT provision is expensive, and unaffordable for 

most PWID [39]. Capacity is also a considerable issue, as OAT is only offered by a few 

providers, so expansion of providers would be required. As mentioned, government funding has 

been provided for CAPs, which based on our model should be reoriented towards evidence-

based treatment, including OAT provision to enhance HCV elimination strategies. Expansion in 

the quantity of HCNSPs and their provision is also urgently needed, particularly as the 

withdrawal of the Global Fund in late 2013 resulted in a dramatic reduction in the number of 

syringes and ancillary harm reduction components provided, as well as the geographical scope 

of the service, leading to increases in syringe sharing [12]. The intermittent and fluctuating 

provision of harm reduction and recent cut to harm reduction funding in Mexico will hamper 

efforts to control HCV [40]; our simulations indicate that even if scaled-up to achieve WHO 

targets, removal of these programs after 2030 will allow HCV infections to rebound to their pre-

treatment levels. We recognize that within government administrations, there is uncertainty in 

securing, directing, and continuing funding for such programs, spanning all levels from 

municipal, state, to federal, particularly with frequent turnover of elected officials. Our analyses 

support the need to provide long-term funding opportunities as to prevent a rebound in HCV 

transmission both before and after HCV elimination goals have been met. Importantly, there are 

additional benefits of implementing the proposed harm reduction strategies which are not 

represented in this model which might have a broader impact on the health of the PWID 

community in Tijuana. For example, improved harm reduction coverage could additionally 

reduce HIV transmission [15], fatal overdoses [41] and reincarceration [42], which itself is 

associated with HIV and HCV risk [43]. 

Strengths and limitations 

To our knowledge this is the first modeling analysis to project the level of combination 

interventions required to achieve the WHO HCV global elimination goals among PWID in a low-
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middle income setting. Other studies have examined country-level elimination strategies, such 

as in Pakistan, which also highlight the benefit of prioritization of PWID and of concomitant 

scale-up of harm reduction on achieving elimination [44]. Our results also support findings from 

other studies that combination harm reduction and treatment strategies are a key component of 

HCV epidemic control [45, 46]. Additionally, our results support literature showing that scaling-

up harm reduction interventions reduces the number of treatments required and is cost-effective 

in the United States [22]. Finally, this analysis supports our previous modeling work indicating 

that scale-up of involuntary exposure to CAP could increase infectious diseases among PWID, 

such as HIV [19].  

Our modeling study has a number of limitations, most notably related to uncertainty in 

parameterization. To account for these, we incorporated these uncertainties in our analysis and 

performed additional sensitivity analyses. First, there is substantial uncertainty in the number of 

PWID in Tijuana, with the estimate of 10,000 PWID arising from a Centro Nacional para la 

Prevención y Control del VIH/SIDA (CENSIDA) cross-sectional survey of 35 zones in Tijuana 

[9]. Our sensitivity analyses indicate uncertainty could strongly impact the number of DAAs 

needed. More robust, current estimates of PWID population sizes in Tijuana would help improve 

intervention planning and resource allocation.  

Second, there is always considerable uncertainty in the average duration of injecting 

until final cessation as injecting drug use is a chronic relapsing condition. Cohort estimates of 

average duration of injection are often used to infer average time to cessation, yet these data 

are both right censored (participants have not cessated yet) and left censored (people who 

inject for a very brief period of time are unlikely to be captured by the cohort). As such, we used 

Tijuana data to inform this estimate but account for wide uncertainty in this parameter within our 

analyses. More generally, we note that our analysis characterizes the PWID population between 

those who have permanently cessated from injecting and those who have not, and as such do 

not explicitly simulate periods of temporary cessation. Thus, the current PWID prioritization 
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strategies we examine incorporate prioritization to PWID who may be in a period of temporary 

cessation (such as those receiving OAT), but who are at high risk of relapse, and therefore 

future transmission.    

Third, as HCV treatment is unavailable in Tijuana, we were unable to obtain local 

estimates of SVR rates and relied on estimates from other populations. However, studies of 

PWID indicate SVR among those with a history of IDU or who continue to inject after treatment, 

are high and exceed 90% [29].  

Fourth, we assumed exposure to involuntary CAP is causally associated with increased 

receptive syringe sharing while exposed to CAP, however causality has not been established 

and even if causal it is unclear when syringe sharing is elevated. It is possible that PWID who 

are involuntarily brought to CAPs may represent a population with higher baseline injecting risk. 

Alternatively, the observed increased odds in syringe sharing could potentially result from poor 

mental health and consequences of diminished self-care following physical or psychological 

abuse occurring in CAPs [19]. Additionally, it is possible individuals who relapse after CAP 

release may share more to avoid being caught in trying to obtain clean syringes. Further, even if 

exposure to CAP causes syringe sharing it is unclear whether risk is elevated during and/or 

after exposure. Indeed, recent incarceration has been associated with elevated HIV and HCV 

incidence, but there is evidence this effect persists long-term [43]. As duration in CAP is 

relatively short (6-12 months) compared to an overall injecting career, if there is a long-term 

excess risk associated with CAP these would not be included in our results, and would mean 

CAP has even more of a negative effect than we predict. Future work examining causal 

pathways and periods of heightened risk associated with CAP is warranted.  

Furthermore, we neglected to account for HIV among PWID in Tijuana in our model as 

previous studies have shown it to be relatively low (3-7%) compared to HCV prevalence [10, 

27]. HIV infection would act as a competing risk for death; however, the same intensity of 
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interventions would be required to reach the same relative reduction in HCV related mortality 

regardless of HIV status.  

Finally, our analyses explored DAA provision to PWID with chronic infection, as the 

current published strategy highlights PWID as a priority population, and does not restrict by 

disease stage. Yet, we recognize that given the current health system reform in Mexico, the 

prioritization and allocation of treatment may change in the future, which would merit further 

modeling to assess the population impact and cost-effectiveness of these strategies. As the 

current strategy focuses highlights PWID and prisoners (many of whom are PWID) as priority 

populations, strategies to improve case finding and linkage to care among these groups will be 

an important focus. Future studies should examine these issues in further detail.   

CONCLUSION 

In conclusion, WHO global elimination goals can be achieved by 2030 in Tijuana, 

Mexico, through combination scale-up of evidence-based harm reduction and DAA treatment. 

Access to affordable HCV treatment and sustained evidence-based harm reduction is critical to 

achieving these goals, and existing compulsory abstinence programs could hamper elimination 

efforts.   
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FIGURES 

 

 

 

Figure 2.1 Model schematics showing (A) HCV disease progression by liver disease 

states and (B) stratification by harm reduction interventions. PWID: People who inject 

drugs; OAT: Opiate agonist therapy; HCNSP: High coverage needle/syringe exchange program 

(receiving ≥1 sterile syringes per injection). *PWID exiting the model due to death; ∆Current 

PWID transitioning to former PWID model, resulting from permanent cessation. 
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Figure 2.2 Annual DAA treatment numbers (B) required (with or without combination 

scale-up) to achieve an 80% incidence reduction among PWID by 2030 in Tijuana, 

Mexico, if treatment is prioritized to current PWID or allocated to current and former 

PWID. Scenarios examine combination scale-up of DAAs with evidence-based harm 

reduction (OAT+HCNSP) or involuntary exposure to compulsory drug abstinence 

programs (CAP). DAAs: HCV direct-acting antiviral treatment; OAT: Opiate agonist therapy; 

HCNSP: High coverage needle/syringe exchange program (receiving ≥1 sterile syringes per 

injection). 
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Figure 2.3 Annual DAA treatment numbers required (with or without combination scale-

up) to achieve both WHO targets (80% incidence reduction and 65% reduction in HCV-

related mortality) by 2030 in Tijuana, Mexico, if treatment is prioritized to current PWID or 

allocated to current and former PWID. Scenarios examine combination scale-up of DAAs with 

evidence-based harm reduction (opiate agonist therapy and high coverage needle/syringe 

programs, OAT+HCNSP) or involuntary exposure to compulsory drug abstinence programs 

(CAP). DAAs: HCV direct-acting antiviral treatment; OAT: Opiate agonist therapy; HCNSP: High 

coverage needle/syringe exchange program (receiving ≥1 sterile syringes per injection). 

****Treating only current PWID cannot achieve the 65% mortality goal by 2030.  
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Figure 2.4 Future projections of HCV incidence among PWID in Tijuana with: status quo 

scenario, combination harm reduction elimination scenario (DAAs plus OAT+HCNSP at 

50% coverage), and combination intervention but harm reduction removal in 2025. Lines 

present mean values from 1,000 simulations. Dashed lines show 2.5 and 97.5% centile 

predictions from the baseline scenario. DAA: Direct-acting antiviral treatment; OAT: Opiate 

agonist therapy; HCNSP: Needle/syringe exchange program. 
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TABLES 

Table 2.1 Model parameters and their distributions. Distribution ranges: Uniform: minimum, 

maximum; Beta: alpha, beta; Lognormal: shape, scale. DC: decompensated cirrhosis; HCC: 

Hepatocellular carcinoma; OAT: Opiate agonist therapy; HCNSP: High coverage needle and 

syringe program.  

Definition Mean sampled value 
(95% CI)  

Sample 
distribution 

Unit Reference 

Rate of new PWID 
initiations 

Fit to 10,000 PWID - Individuals 
per year  

-- 

Rate of infection Fit to HCV chronic 
prevalence among 
current PWID  

 Per year   

HCV seroprevalence 
among current PWID 

0.90 (0.85- 0.95) Beta  
(alpha= 141.74,  
Beta=14.48); 

-- [10] 

Proportion of infections that 
spontaneously clear 

0.26  
(0.22-0.30) 

Uniform 
(min=0.22, 
max=0.30) 

-- [23] 

Sustained viral response  0.95  
(0.91-0.99) 

Uniform 
(min=0.903, 
max=0.998) 

-- [28,29] 

Average duration of 
injecting until permanent 
cessation 

17.5 Uniform (min=11, 
max=24) 

Years Weighted average 
assumed (15% 
female; 85% male) 
[19, 27]) 

Mortality rate among PWID  0.02 (0.016, 0.024) Uniform 
(min=0.016, 
max=0.024) 

Per year [19] 

OAT recruitment rate Varied to fit to target 
proportion PWID on 
OAT 

- Per year -- 

Leaving rate from OAT 1.5 Uniform (min=1, 
max=2) 

Per year  [20, 47, 48] 

HCNSP recruitment  Varied to fit to target 
proportion on HCNSP  

- Per year -- 

Leaving rate from HCNSP  Assumed to be the 
same as OAT (1.5) 

Uniform (min=1, 
max=2) 

Per year Assumed same as 
OAT [21] 

Relative risk of HCV 
transmission on OAT only 
compared to no OAT 

0.50  
(0.39, 0.64) 

Lognormal  
(ln(0.50), 95%CI: 
0.40-0.63) 

-- [14] 

Relative risk of HCV 
transmission on HCNSP 
only compared to no 
HCNSP 

0.79  
(0.38, 1.60) 

Lognormal  
(ln(0.79), 95% 
CI: 0.39-1.61) 

-- [14] 

Relative risk of HCV 
acquisition on OAT and 
HCNSP compared to none 

0.23  
(0.09, 0.62) 

Lognormal 
(ln(0.24), 95% 
CI: 0.09-0.62) 

-- [14] 

Relative risk of HCV 
transmission on involuntary 
CAP compared to not on 
involuntary CAP 

1.14 (1-1.3) Lognormal 
(mean 1.14, 95% 
CI: 1.0-1.3) 

-- Implemented through 
a relative change in 
syringe sharing as in 
[19] 
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Table 2.1 Model parameters and their distributions, Continued. Distribution ranges: 
Uniform: minimum, maximum; Beta: alpha, beta; Lognormal: shape, scale. DC: 
decompensated cirrhosis; HCC: Hepatocellular carcinoma; OAT: Opiate agonist therapy; 
HCNSP: High coverage needle and syringe program.  

Definition Mean sampled value 
(95% CI)  

Sample 
distribution 

Unit Reference 

Disease transition probabilities 
Chronic – DC 0.016 (0.013, 0.019) Uniform 

(min=0.0128, 
max=0.0192) 

Per year Calculated from 
fibrosis progression 
rates in [49]     

Chronic—HCC 0.009 (0.007, 0.01) Uniform 
(min=0.0072, 
max=0.0108) 

Per year Calculated from 
fibrosis progression 
rates in [49]  

DC – HCC  0.012 (0.002, 0.04) Beta 
(alpha=1.193, 
beta=136.107) 

Per year [50] 

Excess HCV-related 
mortality rate from DC 

0.14  
(0.11, 0.17) 

Uniform 
(min=0.11, 
max=0.17) 

Per year [50] 

Excess HCV-related 
mortality rate from HCC 

0.55  
(0.31, 0.79) 

Uniform 
(min=0.3, 
max=0.8)  

Per year [50, 51] 
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SUPPLEMENTARY MATERIAL FOR CHAPTER 2 

Included in the supplementary information, we present the model structure and 

equations, followed by supplementary figures presenting the model fit of our estimated baseline 

HCV prevalence compared to the HCV prevalence point estimate (Supplementary Figure 

S2.1) and show OAT and HCNSP recruitment and coverage rates over time (Supplementary 

Figure S2.2). We show the 11-year relative reduction in (1) HCV incidence and (2) HCV-related 

mortality resulting from harm reduction intervention scale-up alone, in the absence of DAAs, 

shown in Supplementary Figures S1.3 and Supplementary Figure S2.4. Lastly, we consider 

various scenarios including variations in current PWID population, HCV chronic prevalence, 

SVR rate, and average duration of injecting, in our sensitivity analyses to determine the percent 

relative difference from baseline on the treatment numbers required to achieve both HCV 

elimination goals (Supplementary Figure S1.5). 

Model equations  

Model equations are presented below. The model includes compartments for uninfected 

PWID (𝑋𝑖,𝑗), chronically infected PWID (𝐶𝑖,𝑗), previously infected PWID (𝑃𝑖,𝑗), chronically infected 

PWID who failed HCV treatment (𝑍𝑖,𝑗), PWID with decompensated cirrhosis (𝐷𝑖,𝑗), and PWID 

with hepatocellular carcinoma (𝐻𝑖,𝑗). For current PWID, the subscript notation i,j denotes 

intervention status, presented as opiate agonist therapy (OAT) status (i=0 Not on OAT, i=1 On 

OAT) and high coverage needle and syringe program (HCNSP) status (j=0 Not on HCNSP, j=1 

On HCNSP). Additional compartments represent former PWID in these aforementioned HCV 

disease stages (denoted as XF, CF, PF, ZF, DF, and HF, respectively).  

Uninfected PWID enter the model at a rate, 𝜃. Susceptible PWID can become infected 

with HCV (a dynamic process, proportional to the infection rate, chronic prevalence among 

PWID, and intervention coverage). A proportion progress to chronic infection (1 − 𝛿) , whereas 

the remainder spontaneously clear their HCV infection (𝛿). For those who become chronically 
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infected, a fixed number will be treated each year (at a rate Φ(t) individuals per year), which is 

allocated proportional to chronic infection group size depending on the treatment prioritization 

strategy examined, either to current PWID or to both current and former PWID. When the total 

number of eligible infected individuals was less than the number of possible treatments per 

year, all individuals were treated. A proportion of those treated achieve a sustained virologic 

response (SVR) (𝛼) whereas others will not achieve SVR (proportion  (1 − 𝛼)). Current PWID 

who were previously infected with HCV, can become reinfected at the same rate of infection as 

primary infection, and will then move back into the chronically infected compartment. Those who 

are chronically infected (treatment naïve or who have failed treatment) can progress to more 

advanced stages of liver disease including decompensated cirrhosis (at a rate, 𝛽1), or develop 

hepatocellular carcinoma (at a rate, 𝛽2). Those who have decompensated cirrhosis can 

progress to hepatocellular carcinoma (at a rate, 𝜌). Finally, those who are in advanced stages of 

liver disease (decompensated cirrhosis or hepatocellular carcinoma) die from HCV-related 

mortality at rates, 𝜇3 and 𝜇4, respectively. Current PWID may also transition from current 

injecting to permanent cessation from all disease stages at a rate, 𝜇1. Both current and former 

(those who permanently cessated) PWID die from non-HCV-related death at a rate, 𝜇2, from 

any disease stage. Current PWID can be recruited on to OAT (rate 𝛾(𝑡)) or HCNSP (rate 𝜂(𝑡)).  

Force of infection equations for the model are detailed following the model equations. 

Here, 𝜋 is defined by the HCV transmission rate within the PWID population. We assumed 

PWID on OAT or HCNSP experience reduced transmission and acquisition (at a relative risk 

Γ for on HCNSP, Π on OAT, Β on both OAT and HCNSP, and Ψ for on involuntary CAP, each 

compared to no intervention). Leaving rates from OAT and HCNSP are 𝜅 and 휀, respectively. 

We assumed that those on involuntary CAP were at increased risk of HCV transmission due to 

increased receptive syringe use (RR: 1.14 [95%CI: 1.00-1.30]) (Borquez et al., 2018). For our 

CAP scenario, we implemented the intervention using the OAT compartment and replaced the 
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sampled RR of HCV transmission on OAT only (RR: 0.50 [95% CI: 0.40-0.63]; (Platt et al., 

2018)) with the sampled CAP RR stated above. We assume former PWID are no longer at risk 

for infection/reinfection.  

Model Equations for PWID not on OAT and not on HCNSP:  

(1.1)  
𝑑𝑋0,0

𝑑𝑡
=  𝜃 −  (1 − 𝛿)𝑋0,0𝜆0,0 − 𝛿𝑋0,0𝜆0,0 + 𝜅𝑋1,0 + 휀𝑋0,1 − (𝜇1 +  𝜇2 + 𝛾(𝑡) + 𝜂(𝑡))𝑋0,0 

(2.1) 
𝑑𝐶0,0

𝑑𝑡
=  (1 − 𝛿)𝑋0,0𝜆0,0 − 𝜙0,0(t) +  (1 − 𝛿)𝑃0,0𝜆0,0  − (𝛽1 + 𝛽2)𝐶0,0 +  𝜅𝐶1,0 + 휀𝐶0,1 − (𝜇1

+  𝜇2 + 𝛾(𝑡) + 𝜂(𝑡))𝐶0,0 

(3.1) 
𝑑𝑃0,0

𝑑𝑡
=  𝛿𝑋0,0𝜆0,0 +  𝛼𝜙0,0(t) − (1 − 𝛿)𝑃0,0𝜆0,0 + 𝜅𝑃1,0 + 휀𝑃0,1 − (𝜇1 + 𝜇2 + 𝛾(𝑡) + 𝜂(𝑡))𝑃0,0 

(4.1) 
𝑑𝑍0,0

𝑑𝑡
=  (1 − 𝛼)𝜙0,0(t) − (𝛽1 + 𝛽2)𝑍0,0 + 𝜅𝑍1,0 + 휀𝑍0,1 − (𝜇1 +  𝜇2 + 𝛾(𝑡) + 𝜂(𝑡))𝑍0,0 

(5.1) 
𝑑𝐷0,0

𝑑𝑡
=  𝛽1(𝐶0,0 + 𝑍0,0) − 𝜌𝐷0,0 +𝜅𝐷1,0 + 휀𝐷0,1 −  (𝜇1 +  𝜇2 + 𝜇3 + 𝛾(𝑡) + 𝜂(𝑡))𝐷0,0  

(6.1) 
𝑑𝐻0,0

𝑑𝑡
=   𝛽2(𝐶0,0 + 𝑍0,0) + 𝜌𝐷0,0  + 𝜅𝐻1,0 + 휀𝐻0,1 − (𝜇1 +  𝜇2 + 𝜇4 + 𝛾(𝑡) + 𝜂(𝑡))𝐻0,0 

Model Equations for PWID on OAT and not on HCNSP:  

(1.2)  
𝑑𝑋1,0

𝑑𝑡
=  − (1 − 𝛿)𝑋1,0𝜆1,0 − 𝛿𝑋1,0𝜆1,0 + 휀𝑋1,1 + 𝛾(𝑡)𝑋0,0 − (𝜇1 + 𝜇2 + 𝜅 + 𝜂(𝑡))𝑋1,0 

(2.2) 
𝑑𝐶1,0

𝑑𝑡
=  (1 − 𝛿)𝑋1,0𝜆1,0 − 𝜙1,0(t) + (1 − 𝛿)𝑃1,0𝜆1,0  − 𝐶1,0(𝛽1 + 𝛽2) +  휀𝐶1,1 + 𝛾(𝑡)𝐶0,0 − (𝜇1

+  𝜇2 + 𝜅 + 𝜂(𝑡))𝐶1,0 

(3.2) 
𝑑𝑃1,0

𝑑𝑡
=  𝛿𝑋1,0𝜆1,0 +  𝛼𝜙1,0(t)  − (1 − 𝛿)𝑃1,0𝜆1,0 + 휀𝑃1,1 + 𝛾(𝑡)𝑃0,0 − (𝜇1 +  𝜇2 + 𝜅 + 𝜂(𝑡))𝑃1,0 

(4.2) 
𝑑𝑍1,0

𝑑𝑡
=  (1 − 𝛼)𝜙1,0(t)− (𝛽1 + 𝛽2) 𝑍1,0 + 휀𝑍1,1 + 𝛾(𝑡)𝑍0,0 − (𝜇1 + 𝜇2 + 𝜅 + 𝜂(𝑡))𝑍1,0 

(5.2) 
𝑑𝐷1,0

𝑑𝑡
=  𝛽1(𝐶1,0 + 𝑍1,0) − 𝜌𝐷1,0 + 휀𝐷1,1 + 𝛾(𝑡)𝐷0,0 − (𝜇1 + 𝜇2 + 𝜇3 + 𝜅 + 𝜂(𝑡))𝐷1,0  

(6.2) 
𝑑𝐻1,0

𝑑𝑡
=   𝛽2(𝐶1,0 + 𝑍1,0) + 𝜌𝐷1,0  + 휀𝐻1,1 + 𝛾(𝑡)𝐻0,0 − (𝜇1 +  𝜇2 + 𝜇4 + 𝜅 + 𝜂(𝑡))𝐻1,0 

Model Equations for PWID not on OAT and on HCNSP:  

(1.3)  
𝑑𝑋0,1

𝑑𝑡
=  −(1 − 𝛿)𝑋0,1𝜆0,1 − 𝛿𝑋0,1𝜆0,1 + 𝜅𝑋1,1 + 𝜂(𝑡)𝑋0,0 − (𝜇1 + 𝜇2 + 휀 + 𝛾(𝑡))𝑋0,1 
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(2.3) 
𝑑𝐶0,1

𝑑𝑡
=  (1 − 𝛿)𝑋0,1𝜆0,1 − 𝜙0,1(t)  +  (1 − 𝛿)𝑃0,1𝜆0,1  − (𝛽1 + 𝛽2)𝐶0,1 +  𝜅𝐶1,1 + 𝜂(𝑡)𝐶0,0 − (𝜇1

+  𝜇2 + 휀 + 𝛾(𝑡))𝐶0,1 

(3.3) 
𝑑𝑃0,1

𝑑𝑡
=  𝛿𝑋0,1𝜆0,1 +  𝛼𝜙0,1(t) − (1 − 𝛿)𝑃0,1𝜆0,1 + 𝜅𝑃1,1 + 𝜂(𝑡)𝑃0,0 − (𝜇1 +  𝜇2 + 휀 + 𝛾(𝑡))𝑃0,1 

(4.3) 
𝑑𝑍0,1

𝑑𝑡
=  (1 − 𝛼)𝜙0,1(t) − 𝛽1𝑍0,1 −  𝛽2𝑍0,1 + 𝜅𝑍1,1 + 𝜂(𝑡)𝑍0,0 − (𝜇1 +  𝜇2 + 휀 + 𝛾(𝑡))𝑍0,1 

(5.3) 
𝑑𝐷0,1

𝑑𝑡
=  𝛽1(𝐶0,1 + 𝑍0,1) − 𝜌𝐷0,1 + 𝜅𝐷1,1 + 𝜂(𝑡)𝐷0,0 −  (𝜇1 + 𝜇2 + 𝜇3 + 휀 + 𝛾(𝑡))𝐷0,1  

(6.3) 
𝑑𝐻0,1

𝑑𝑡
=   𝛽2(𝐶0,1 + 𝑍0,1) + 𝜌𝐷0,1  + 𝜅𝐻1,1 + 𝜂(𝑡)𝐻0,0 − (𝜇1 +  𝜇2 + 𝜇4 + 휀 + 𝛾(𝑡))𝐻0,1 

Model Equations for PWID on OAT and on HCNSP:  

(1.4)  
𝑑𝑋1,1

𝑑𝑡
=  − (1 − 𝛿)𝑋1,1𝜆1,1 − 𝛿𝑋1,1𝜆1,1 + 𝜂(𝑡)𝑋1,0 + 𝛾(𝑡)𝑋0,1 − (𝜇1 +  𝜇2 + 𝜅 + 휀)𝑋1,1 

(2.4) 
𝑑𝐶1,1

𝑑𝑡
=  (1 − 𝛿)𝑋1,1𝜆1,1 −  𝜙1,1(t)  

+  (1 − 𝛿)𝑃1,1𝜆1,1  − (𝛽1 + 𝛽2)𝐶1,1 +  𝜂(𝑡)𝐶1,0 + 𝛾(𝑡)𝐶0,1 − (𝜇1 +  𝜇2 + 𝜅 + 휀)𝐶1,1 

(3.4) 
𝑑𝑃1,1

𝑑𝑡
=  𝛿𝑋1,1𝜆1,1 +  𝛼𝜙1,1(t) − (1 − 𝛿)𝑃1,1𝜆1,1 + 𝜂(𝑡)𝑃1,0 + 𝛾(𝑡)𝑃0,1 − (𝜇1 + 𝜇2 + 𝜅 + 휀)𝑃1,1 

(4.4) 
𝑑𝑍1,1

𝑑𝑡
=  (1 − 𝛼)𝜙1,1(t) − (𝛽1 + 𝛽2) 𝑍1,1 + 𝜂(𝑡)𝑍1,0 + 𝛾(𝑡)𝑍0,1 − (𝜇1 +  𝜇2 + 𝜅 + 휀)𝑍1,1 

(5.4) 
𝑑𝐷1,1

𝑑𝑡
=  𝛽1(𝐶1,1 + 𝑍1,1)  − 𝜌𝐷1,1 + 𝜂(𝑡)𝐷1,0 + 𝛾(𝑡)𝐷0,1 − (𝜇1 + 𝜇2 + 𝜇3 + 𝜅 + 휀)𝐷1,1  

(6.4) 
𝑑𝐻1,1

𝑑𝑡
=   𝛽2(𝐶1,1 + 𝑍1,1) + 𝜌𝐷1,1  + 𝜂(𝑡)𝐻1,0 + 𝛾(𝑡)𝐻0,1 − (𝜇1 + 𝜇2 + 𝜇4 + 𝜅 + 휀)𝐻1,1 

Model Equations for Former PWID:  

(1.5)  
𝑑𝑋𝐹

𝑑𝑡
=  𝜇1(𝑋0,0 + 𝑋1,0 + 𝑋0,1 + 𝑋1,1)−𝜇2𝑋𝐹 

(2.5) 
𝑑𝐶𝐹

𝑑𝑡
=  𝜇1(𝐶0,0 + 𝐶1,0 + 𝐶0,1 + 𝐶1,1)−𝜙𝐶𝐹(t) − 𝐶𝐹(𝛽1 + 𝛽2) − 𝜇2𝐶𝐹 

(3.5)  
𝑑𝑃𝐹

𝑑𝑡
=  𝜇1(𝑃0,0 + 𝑃1,0 + 𝑃0,1 + 𝑃1,1) + 𝛼𝜙𝐶𝐹(t)  − 𝜇2PF 

(4.5) 
𝑑𝑍𝐹

𝑑𝑡
=  𝜇1(𝑍0,0 + 𝑍1,0 + 𝑍0,1 + 𝑍1,1) + (1 − 𝛼)𝜙𝐶𝐹(t) −( 𝛽1 + 𝛽2)𝑍𝐹 − 𝜇2𝑍𝐹 

(5.5) 
𝑑𝐷𝐹

𝑑𝑡
=  𝜇1(𝐷0,0 + 𝐷1,0 + 𝐷0,1 + 𝐷1,1) + 𝛽1(𝐶𝐹 + 𝑍𝐹) − 𝜌𝐷𝐹− (𝜇2 +  𝜇3)𝐷𝐹 
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(6.5) 
𝑑𝐻𝐹

𝑑𝑡
=  𝜇1(𝐻0,0 + 𝐻1,0 + 𝐻0,1 + 𝐻1,1) +  𝛽2(𝐶𝐹 + 𝑍𝐹) + 𝜌𝐷𝐹 −  (𝜇2 +  𝜇4)𝐻𝐹 

 

where the force of infection equations are below:  

𝜆0,0 =  𝜋
(Ω0,0 +  Γ(Ω0,1) +  Π(Ω1,0) +  Β(Ω1,1))

(Ω0,0 + Λ0,0) +  Γ(Ω0,1 +  Λ0,1) +  Π(Ω1,0 + Λ1,0) +  Β(Ω1,1 +  Λ1,1)
 

𝜆0,1 =  Γ𝜆0,0  

𝜆1,0 =  Π𝜆0,0  

𝜆1,1 =  Β𝜆0,0 

where   

Ω𝑖,𝑗 =  C𝑖,𝑗 + Z𝑖,𝑗 + D𝑖,𝑗 +  H𝑖,𝑗   

and       

Λ𝑖,𝑗 =  P𝑖,𝑗 + X𝑖,𝑗  

 

Note that when involuntary CAP is implemented in the model, Π (RR of HCV transmission on 

OAT) is replaced with Ψ (RR of HCV transmission on involuntary CAP), and joint risk multiplied 

(Β = Γ ∗ Ψ).  

 

When treatment is allocated to all PWID and former PWID: 

If t<2019 

𝜙𝑖,𝑗(t) = 𝜙𝐶𝐹(t) = 0 

and if t>= 2019, 

𝜙𝑖,𝑗(t) = Φ ∗
𝐶𝑖,𝑗

𝐶0,0 + 𝐶1,0+𝐶0,1 + 𝐶1,1 + 𝐶𝐹
    

and 

𝜙𝐶𝐹(t) = Φ ∗
𝐶𝐹

𝐶0,0 + 𝐶1,0+𝐶0,1 + 𝐶1,1 + 𝐶𝐹
 .   

 

 

When treatment is only allocated to PWID: 
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If t<2019 

𝜙𝑖,𝑗(t) = 𝜙𝐶𝐹(t) = 0 

and if t>= 2019, 

𝜙𝑖,𝑗(t) = Φ ∗
𝐶𝑖,𝑗

𝐶0,0 + 𝐶1,0+𝐶0,1 + 𝐶1,1
    

and 

𝜙𝐶𝐹(t) = 0.   
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SUPPLEMENTARY FIGURES 

 

Figure S2.1 Model fit of baseline HCV prevalence among PWID (%) compared to HCV 

prevalence point estimate and corresponding 95% confidence interval (diamond 

represents the point estimate, line indicates the 95% CI). 
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Figure S2.2 OAT and HCNSP recruitment and coverage rates over time (2019-2030) 

among PWID in Tijuana. OAT: Opiate agonist therapy; HCNSP: High coverage needle/syringe 

exchange program.   
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Figure S2.3 Impact of harm reduction intervention scale-up alone on relative incidence 

reduction over 11-year period (2019-2030) among current PWID in Tijuana, Mexico. PWID: 

People who inject drugs; OAT: Opiate agonist therapy; HCNSP: High coverage needle/syringe 

exchange program.   
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Figure S2.4 Impact of harm reduction intervention scale-up alone on relative HCV-related 

mortality reduction over 11-year period (2019-2030) among current PWID in Tijuana, 

Mexico. PWID: People who inject drugs; OAT: Opiate agonist therapy; HCNSP: High coverage 

needle/syringe exchange program.  
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Figure S2.5 Sensitivity analysis on treatment numbers required (percent relative change 

compared to baseline) to achieve both HCV incidence and HCV-related mortality 

elimination goals in Tijuana, if DAAs are allocated regardless of injecting status. PWID: 

People who inject drugs; SVR: Sustained virological response.  
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CHAPTER 3. Cost-effectiveness of hepatitis C virus (HCV) elimination strategies among 

people who inject drugs (PWID) in Tijuana, Mexico 

Background: Mexico was the first country in Latin America to launch an HCV 

elimination strategy, where the main risk group for transmission are people who inject drugs 

(PWID). In the city of Tijuana, HCV seroprevalence among PWID is >90% with minimal harm 

reduction (HR). We evaluated the cost-effectiveness of strategies to achieve the incidence 

elimination target (80% reduction by 2030) among PWID in Tijuana. 

Methods: We developed a dynamic, cost-effectiveness model of HCV transmission and 

progression among former and active PWID in Tijuana, to assess the cost-effectiveness of 

incidence elimination strategies from a healthcare provider perspective. The model incorporated 

PWID transitions between HR stages (no HR, only opioid agonist therapy, only high coverage 

needle-syringe programs, both). Four strategies that could achieve the incidence target (80% 

reduction by 2030) were each compared to the status quo (no intervention). The strategies 

incorporated the number of direct-acting antiviral (DAA) treatments required with: 1) no HR 

scale-up, 2) HR scale-up from 2019 to 20% coverage among PWID, 3) HR to 40% coverage 4) 

HR to 50% coverage. Costs (2019 US$) and health outcomes (disability-adjusted life years 

[DALYs]) were discounted 3%/year. Mean incremental cost-effectiveness ratios ([ICER] $/DALY 

averted) were compared to willingness-to-pay thresholds of one-time per capita GDP ($9,698 in 

2019) and PPP-adjusted per capita GDP ($4,842-13,557). 

Results: All elimination strategies were cost-effective (ICER <$4,000/DALY averted) 

under both thresholds. DAAs alone were the least costly ($173M [95%CI 126M-238M]), but 

accrued fewer health benefits compared to a combination strategy. DAAs with 50% HR 

coverage averted the most DALYs, but could cost $265M [95%CI 210M-335M]. 

Conclusions: Combination harm reduction and treatment HCV elimination strategies 

are cost-effective in Mexico. Although combination prevention strategies are more costly, 
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initiating and sustaining harm reduction would provide more health benefits, and are critical 

components to reducing HCV, HIV and overdose in Mexico.  

 

INTRODUCTION 

People who inject drugs (PWID) remain one of the main risk groups for hepatitis C virus 

(HCV) transmission, among whom over half have ever been infected globally [1], with the 

majority residing in low- and middle-income countries (LMICs) [2-4]. Harm reduction 

interventions, such as needle and syringe exchange programs (NSP) and opioid agonist therapy 

(OAT) are effective at preventing the acquisition of HCV infection among PWID [5], yet <5% of 

PWID reside in countries with high coverage of both these interventions [6]. Recent 

development of short duration and highly tolerable direct-acting antivirals (DAAs) can cure 

>90% of PWID [7], and have been shown to be cost-effective among the general population in 

several LMICs such as Egypt and India compared to no treatment [8, 9]. In addition to the 

individual benefits of treatment, HCV treatment for PWID at risk of transmission could also act 

as a means of prevention at a population level [10]. However, while HCV treatment costs have 

been negotiated to more affordable prices in some LMICs, HCV screening and treatment 

remains inaccessible for many PWID for numerous reasons. These include structural barriers 

such as location and access to testing and treatment facilities, and socio-cultural barriers 

including stigma and discrimination [11-14].  

In 2019, Mexico became the first Latin American country to commit to the World Health 

Organization’s (WHO) 2016 HCV elimination goals of achieving 80% HCV incidence reduction 

and 65% HCV-related mortality reduction by 2030 [15, 16]. Among PWID in Tijuana, Mexico a 

city along the United States border, the seroprevalence of HCV is high (>90%), and harm 

reduction intervention coverage is low (<5%) [17, 18]. Our previous analyses have shown that 

the HCV elimination goals are achievable in Tijuana, particularly when scaling up harm 
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reduction interventions in combination with DAAs [19]; however, the most cost-effective 

elimination strategy is unknown. One recent U.S. economic evaluation found combination harm 

reduction and HCV treatment scale-up cost-effective in two U.S. settings [20], but no study has 

compared the cost-effectiveness of potential elimination strategies incorporating harm reduction.  

To address this gap and inform elimination policymaking, we assessed the cost-

effectiveness of various elimination strategies (scale-up HCV treatment with DAA provision 

among PWID, with or without harm reduction expansion) needed to achieve the WHO HCV 

incidence elimination goal among PWID in Tijuana. 

 

METHODS 

Overview 

We assessed the cost-effectiveness of four HCV elimination strategies among PWID in 

Tijuana, Mexico, from a health care provider perspective. Our analysis incorporates costs of 

HCV disease stages, HCV screening, testing, and treatment delivery, as well as harm reduction 

intervention costs. Our analysis used a dynamic model that incorporated the transmission 

benefits of treatment and prevention interventions.  

Model description and structure 

We developed a dynamic, deterministic, compartmental model of HCV transmission 

among current and former PWID (Supplementary Figure 2.1) [19]. We simulated an open 

population where individuals enter due to initiation of injection drug use, and remain at risk of 

HCV transmission until permanent cessation, whereby they transition to former PWID. All 

individuals can exit the model due to death, with excess mortality among current PWID. We 

assumed PWID can transition between harm reduction (HR) intervention compartments: (a) no 

HR, (b) on OAT only, (c) on high coverage needle and syringe program (HCNSP; receiving ≥1 

sterile syringe per injection) only, and (d) on both OAT+HCNSP simultaneously. PWID can 

become chronically infected with HCV, with a risk related to the background prevalence of 
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disease and their intervention exposure. Untreated individuals can progress to decompensated 

cirrhosis (DC) and hepatocellular carcinoma (HCC), whereby they experienced HCV-related 

mortality. For those who received direct-acting antiviral treatment (DAAs), a small proportion fail 

treatment and progress through the natural history of disease. PWID who were successfully 

treated move to the previously infected compartment, where they remain at risk of re-infection. 

Analyses were conducted in Matlab version R2018b (The Mathworks, Inc., Natick, MA). 

Model parameterization 

The model was parameterized to an estimated 10,000 current PWID in Tijuana, Mexico 

[21], with a 90% HCV seroprevalence based on a 2017/18 cross-sectional survey [17]. Data on 

harm reduction access, average duration of injecting, and PWID mortality were obtained from a 

longitudinal cohort of PWID in the El Cuete IV study (Table 3.1) [18, 22-24]. At baseline, we 

assumed no coverage (0%) of harm reduction interventions (OAT/HCNSP) or HCV treatment 

due to the very low coverage rates of OAT (<5%) and HCNSP (0%) in Tijuana, and because 

DAAs have only recently become available in Mexico. DAA sustained virologic response (SVR) 

rates (~95%), defined as undetectable levels of HCV RNA 12 or more weeks following 

completion of treatment with HCV antiviral therapy [25, 26], were obtained from published data 

for PWID [7, 27]. OAT and HCNSP efficacy were obtained from published data from a Cochrane 

systematic review and meta-analysis [5]. For OAT efficacy, we assumed OAT reduced the risk 

of acquiring HCV by 50% (RR=0.50, 95% CI: 0.40-0.63) [5]. For HCNSP efficacy, we assumed 

that HCNSP reduced HCV acquisition by approximately 23% (RR=0.77, 95% CI: 0.38-1.54) and 

that combined, high coverage of both HCNSP and OAT will reduce the risk of acquiring HCV by 

an estimated 71% (RR=0.29, 95% CI: 0.13-0.65) [5]. Based on systematic review data, current 

PWID on OAT additionally experienced a reduced all-cause mortality (excluding HCV-related) 

by 75% (RR=0.25, 95% CI: 0.18-0.36) [28]. 
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Model calibration 

To account for uncertainty in the parameter estimates, we sampled 1000 parameter sets 

from their respective parameter uncertainty distributions shown in Table 3.1. For each 

parameter set, the model was calibrated to the HCV prevalence among PWID in Tijuana by 

varying the HCV transmission rate. Based on historic HCV seroprevalence estimates among 

PWID in Tijuana, we assumed the HCV epidemic among PWID was at a steady, state 

equilibrium [29, 30].  

Intervention scenarios 

We simulated an 11-year (2019-2030) intervention implementation, and assessed long-

term costs and health outcomes among individuals using a 50-year time horizon (2019-2069). 

Our previously published modeling analysis determined the scale-up of DAAs (alone, or in 

combination with various levels of harm reduction scale-up) that could achieve the 80% 

incidence reduction targets by 2030 [19]. Based on these previously published findings, we 

considered the following intervention scenarios:  

• Baseline status quo: no coverage of harm reduction or HCV treatment 

• Elimination with DAAs only: Implementing the number of DAAs required to achieve 

the 80% incidence reduction, without harm reduction scale-up (770 annually [95% CI: 

640-970], as calculated in [19]). 

• Elimination with DAAs and 20% harm reduction coverage (DAAs+20%HR): 

implementing the number of DAAs required (665 PWID annually [95%CI: 540-850], as 

calculated in [19]) to achieve the 80% incidence reduction with a concomitant scale-up of 

combination harm reduction (OAT+HCNSP) to 20% each among PWID (therefore 10% 

are on both OAT and HCNSP).  

• Elimination with DAAs and 40% harm reduction coverage (DAAs+40%HR): : 

implementing the number of DAAs required (540 PWID annually [95% CI: 405-745], as 
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calculated in [19]) to achieve the 80% incidence reduction with a concomitant scale-up of 

combination harm reduction to 40% each among PWID (20% on both OAT and 

HCNSP). 

• Elimination with DAAs and 50% harm reduction coverage (DAAs+50%HR): : 

implementing the number of DAAs required (460 PWID annually [95% CI: 310-690], as 

calculated in [19]) to achieve the 80% incidence reduction with a concomitant scale-up of 

combination harm reduction to 50% each among PWID (25% on both OAT and 

HCNSP). 

Costs and health outcomes 

Costs were attached to each disease stage and intervention in 2019 US$ (Table 3.1). 

Costs of OAT ($2,148/year) [31] and HCNSP ($228/year) [32] per PWID receiving each harm 

reduction service, were obtained from recent (2017) Tijuana studies. Mexico-specific costs for 

HCV testing, DAA drugs ($4,000) [33] and advanced liver disease (DC and HCC) were obtained 

[34]. Cost of HCV management for untreated chronic HCV (prior to DC and HCC) were 

unavailable, so we assumed the same fraction of costs compared to DC as observed in from 

Peru, Colombia, Brazil [35], and the UK [36]. The cost of DAA treatment delivery, including 

routine lab tests, clinical monitoring, and hospital referral costs were unavailable for Mexico, so 

we obtained costs from a recent micro-costing study in Cambodia, adjusted by per capita GDP, 

and inflated to 2019 values ([37] submitted). Screening (HCV rapid antibody test cost $1.75/per 

test) and diagnostic costs (HCV RNA confirmatory testing cost $69.30/test) were included and 

obtained from unit prices provided by Gilead Sciences from a 2017-18 study evaluating HCV 

prevalence among PWID in Tijuana [17].  

Health disutilities in disability adjusted life years (DALYs) were attached to each disease 

stage (Table 3.1). Health disutilities were obtained from the Global Burden of Disease for 

decompensated cirrhosis, hepatocellular carcinoma, and current PWID states [38]. As there was 

no specific GBD estimate for chronic HCV, we calculated the midpoint value of mild 
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abdominopelvic problem and compensated cirrhosis [38]. Based on evidence of quality of life 

improvements for those on OAT [39], we applied a disutility improvement (of 0.05) to all PWID 

on OAT. All costs and utilities were discounted 3% annually. 

Cost-effectiveness analysis 

Cost-effectiveness of intervention strategies were evaluated using an incremental cost-

effectiveness ratio (ICER) analysis, where potential elimination strategies were compared to the 

status quo (no intervention) by dividing the mean differences in costs by the mean differences in 

DALYs. Results were additionally plotted on a cost-effectiveness plane (showing incremental 

costs and incremental DALYs compared to the status quo) [40]. Per WHO benchmarks, cost-

effectiveness was assessed against a willingness-to-pay threshold equal to one-time the 2019 

per capita GDP of Mexico ($9,698) [41]. We also compare the ICER to the purchasing power 

parity (PPP)-adjusted GDP per capita for Mexico in 2019 ($4,842-13,557 depending on 

elasticity estimate) [42]. 

Sensitivity analysis 

We additionally performed several one-way sensitivity analyses including varying the 

proportion accessing care for their HCV disease (from 5% to 100%, compared to 25% at 

baseline), discount rate (0% and 6% compared to 3% at baseline), time horizon (20 years 

compared to 50 years at baseline), reduced HCV treatment delivery costs using a simplified 

model of care from Cambodia ($220 vs $685, ([37], submitted) see supplement for details), 

increased DAA costs ($8,000 vs $4,000), halved harm reduction costs (for both HCNSP and 

OAT), and excluding HCV screening and diagnostic costs.  

 

RESULTS 

Cost-effectiveness analysis 

Compared to no intervention (status quo), all strategies that could achieve the 80% 

incidence reduction elimination goal were cost-effective (Table 3.2), with mean ICERs falling 
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under both the per capita GDP willingness-to-pay (WTP) threshold for Mexico ($9,698), and the 

PPP-adjusted GDP WTP ($4,842-13,557). Achieving the incidence target with DAAs alone was 

the least costly, resulting in total incremental costs of $58.1 million (95% CI $48.7-63.6 million), 

and averting 30,076 DALYs (95% CI 27,659-31,526) compared to the status quo (Figure 3.1, 

Table 3.2). Overall, the strategy of DAAs alone resulted in a mean ICER of $1,931 per DALY 

averted compared to the status quo.   

Strategies that incorporated harm reduction scale-up combined with DAAs accrued 

additional health benefits (in terms of DALYs averted), compared to the DAA only strategy. 

However, these strategies also accrued additional costs, as although they required fewer DAA 

treatments (and therefore savings in DAA costs), these savings were offset by costs of harm 

reduction provision (Supplementary Table S3.1). Overall, the greatest health benefits (and 

greatest costs) were achieved through harm reduction scale-up to the highest level examined 

(DAAs+50%HR), averting 41,121 DALYs (95% CI 39,413-44,001) compared to the status quo 

(Figure 3.1, Table 3.2). However, this was also the most expensive elimination strategy, 

resulting in incremental costs of $149.8 million (95%CI $146.1-150.2 million) compared to the 

status quo. Nonetheless, the DAAs+50% HR strategy was highly cost-effective (mean ICER 

$3,474/DALY averted) under one-time per capita GDP WTP threshold and cost-effective under 

the PPP WTP threshold.  

Sensitivity analysis 

 

Nearly all elimination strategies remained cost-effective (ICERs < $6,000) compared to 

the status quo even with a higher discount rate, doubled DAA costs, and fewer (5%) PWID 

accessing care (Supplementary Table S3.2). All strategies became more cost-effective with a 

lower discount rate, halved OAT+HCNSP costs, with reduced HCV treatment delivery costs 

using a simplified treatment protocol, if a greater proportion or all PWID accessed care for liver-

related problems (Figure 3.2), and removing screening and diagnostic costs. Under a shorter 

time horizon (20 years), the elimination strategies exceeded the one-time GDP WTP threshold, 
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but were below both the 3 times per capita GDP of Mexico, thus still considered cost-effective 

according to WHO recommendations, as well as the upper bound of the PPP threshold (ICERs 

$10,500-13,500/DALY averted). Notably, the only scenario that changed the relative cost-

effectiveness of the strategies was with a shorter time horizon. The highest level of harm 

reduction (DAAs+50% HR) was the most cost-effective scenario, due to immediate prevention 

benefits of harm reduction and lack of full accrual of mortality benefit for treated infections 

(which required a longer time horizon). 

 

DISCUSSION 

Main findings  

Our analysis indicates that achieving the HCV incidence elimination target are cost-

effective in Tijuana, Mexico. Scale-up of combination harm reduction programs (opioid agonist 

therapy and high coverage needle and syringe programs) with 50% coverage among PWID 

along with scale-up of DAAs, resulted in the most health benefits, required fewer DAA 

treatments compared to strategies using DAAs alone, and was cost-effective. This strategy was 

slightly more expensive than a strategy of DAAs alone, but accrued more health benefits due to 

prevention of HCV and overdose, in addition to broader benefits not explicitly included in our 

analysis. We were surprised that combination prevention was more expensive despite reducing 

the number of treatments required, but this was due to the relatively low cost of DAAs 

($4000/treatment for DAA therapies and roughly as much in addition for treatment delivery) 

compared to harm reduction (~$2000/year for OST). Indeed, we found the ICER of combination 

strategies approached that of the DAA-only strategy if treatment costs were increased or harm 

reduction costs reduced, indicating that in other settings with higher DAA prices or lower harm 

reduction costs the combination preventions strategies may be more cost-effective or less costly 

compared to treatment alone. Indeed, we note that existing harm reduction provision is 

extremely limited in Tijuana, and as such the expansion of these services could lead to 
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efficiencies in delivery which could reduce costs and alter relative cost-effectiveness. 

Nevertheless, even with the costs presented, combination prevention elimination strategies 

were cost-effective, and provided the greatest health benefits. 

With the new commitment from Mexico to achieve HCV elimination by 2030 within the 

country and forthcoming allocation of 12,500 DAA treatments nationwide [15, 33], there is 

immediate need to understand and evaluate cost-effective and achievable intervention 

strategies. Tijuana, is a high prevalence HCV setting, where over 90% of PWID are expected to 

have ever been HCV-infected [17], yet availability of evidence-based harm reduction 

interventions are limited. Given the current, government-led HCV elimination efforts in Mexico, 

coupled with the critical needs of HCV-infected PWID in Tijuana, proposing effective and cost-

effective interventions to achieve these goals is pertinent. Furthermore, Tijuana is not alone. 

There are several other concentrated HCV epidemics among PWID along the US border in San 

Luis Rio Colorado (79.1%) and in Ciudad Juarez (91.7%) [17]. The rampant HCV epidemics 

among PWID in Mexico further highlights the immediate need to prioritize these communities 

and for prompt rollout of tailored HCV intervention strategies, as achieving HCV elimination in 

Mexico will not be possible without treating PWID.  

Due to limited, forthcoming DAA allocations in Mexico, and that all interventions were 

cost-effective, combination interventions such as DAAs + 50% OAT+HCNSP, which was 

determined to be cost-effective under the one-time per capita GDP WTP threshold, may also 

serve as the most feasible option for implementation. HCV treatment adherence among PWID 

has been reported as high as 95% (ranging from 80-95%) in other settings [27]. Thus, it is 

possible that adherence rates similar to these could be achieved among other PWID 

communities, such as those in Tijuana. However, among the numerous challenges which 

remain is the provision of HCNSP and OAT which has currently and historically been limited in 

Tijuana, as a primary result of funding lapses or terminations [32, 43]. Despite the limited 

provision of these evidence-based harm reduction strategies, PWIDs in Tijuana have self-
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reported a high-level need for addiction treatment programs [44].  While future funding of these 

harm reduction programs is unclear, our analyses indicate that their implementation, even 

scaling to levels as high as 50% for both OAT and HCNSP, would be cost-effective and 

otherwise beneficial to the PWID in Tijuana, reducing HCV as well as preventing and fatal 

overdose [28] as well as HIV transmission among PWID [5, 45]  and perhaps the broader 

community. 

For PWID in Tijuana, accessing healthcare remains another critical obstacle. However, 

despite expressing the desire to access care in Tijuana, as in other settings, stigma within the 

healthcare system is rampant and greatly hinders accessibility [46-49]. Additionally, many PWID 

do not even have access to basic health care [50, 51], let alone specialized treatment and care 

for more advanced diseases. Thus, there is a concern that despite the recent allocation of 

12,500 DAAs to Mexico for HCV elimination, allocation to Tijuana and prioritizing PWID to 

receive these allotted treatments are unclear, as in other literature, which show that when public 

healthcare resources are limited, PWID are less likely to be prioritized [52]. 

Strengths and limitations of study  

Given limited resources, there is a need to determine achievable interventions that can 

support the efforts towards HCV elimination within Tijuana, and in Mexico overall, which will not 

be achieved without implementing evidence-based interventions that prioritize high-risk, high 

HCV prevalence groups such as PWID. This study is novel in that it is, to our knowledge, the 

first study to evaluate cost-effectiveness of combination HCV elimination strategies in Latin 

America, thus contributing to a significant gap in knowledge and much needed evidence to 

better recommend impactful interventions among PWID in Tijuana and in Mexico.  

Our study has several limitations. As with all modeling studies, there is uncertainty within 

the model parameters. First, there is substantial uncertainty in the proportion of PWID accessing 

liver-related care in Tijuana (with our estimate based on a limited sample of survey 

respondents), as well as the costs of care for these disease stages (with our estimates either 
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using older estimates from Mexico or extrapolating relative costs from other settings), but our 

sensitivity analyses indicated the model results were robust to assumptions of very low access 

to care, indicating the cost of disease stages were not a main driver of the results. Second, 

costs of HCV treatment delivery were unavailable for Mexico, so we adjusted costs from a 

recent micro-costing study in Cambodia. It is unclear as to whether these costs are 

generalizable to Mexico, yet our sensitivity analyses indicated the results were robust to this 

uncertainty. Third, due to a lack of data suggesting otherwise, we assume that all individuals are 

equally likely to accept our interventions (HCV treatment or harm reduction). It is possible there 

may be heterogeneity in willingness to accept OAT or DAAs, such that higher risk PWID may be 

less willing to accept harm reduction or HCV treatment, which could reduce the impact of 

prevention efforts. More studies are warranted to assess willingness to access HCV 

interventions and implications on elimination efforts. Fourth, we assume fixed costs for all 

interventions (treatment or harm reduction). We would not expect harm reduction costs to vary 

depending on stage of HCV elimination, however we acknowledge that current harm reduction 

provision is very limited in Tijuana, and if scaled-up to the coverages examined could achieve 

economies of scale which would reduce costs over time. Regarding HCV treatment, we 

incorporate increased screening costs required to diagnose individuals for treatment as 

prevalence declines, but assume the cost of treatment delivery remains unchanged. On one 

hand, as more people are treated, we may observe efficiencies which could reduce treatment 

delivery costs. Alternatively, those who remain untreated until the end could reflect a harder to 

engage population which may require additional efforts (and associated costs) to engage them 

with treatment. As treatment programs expand, they will provide the required data on how 

treatment delivery costs evolve through the elimination process. Fifth, there is uncertainty in the 

effect estimates for harm reduction impact on HCV transmission, particularly for high coverage 

NSP. Our effect estimates were obtained from a recent global Cochrane systematic review and 

meta-analysis, but there were no studies from Latin America, and as such it is unclear whether 
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these estimates are generalizable to Mexico [5]. In particular, the global effect estimate for the 

HCNSP effect estimate was uncertain and straddled the null, whereas a much stronger effect 

was observed in Europe. Further studies are required to determine the impact of harm reduction 

on prevention of HCV among PWID in Mexico and other similar Latin American settings. 

CONCLUSION 

HCV elimination is cost-effective in Tijuana, and the greatest health benefits can be 

achieved through a combination strategy that includes scale-up of harm reduction and DAA 

provision. Implementation of a combination prevention strategy will not only prevent new HCV 

infections and re-infections, but also accrue additional benefits in prevention of HIV transmission 

and mortality from fatal overdose. Provision of harm reduction and HCV treatment for people 

who inject drugs is urgently needed in Tijuana, and Mexico more broadly. 
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FIGURES 

 

 

Figure 3.1 Incremental costs and DALYs averted for various HCV elimination strategies 

to achieve 80% HCV incidence reduction by 2030 compared to status quo in Tijuana, 

Mexico. DAA: Direct-acting antiviral treatment. HR: Harm reduction includes (1) OAT: Opioid 

agonist therapy and (2) HCNSP: High coverage needle/syringe program (receiving ≥1 sterile 

syringes per injection). 
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Figure 3.2 Incremental cost-effectiveness ratio (ICER) of DAAs+50%HR strategy 

compared to status quo, with varying proportions of HCV-infected accessing care in 

Tijuana, Mexico. OAT: Opioid agonist therapy; HCNSP: High coverage needle/syringe program 

(receiving ≥1 sterile syringes per injection); DAA: Direct-acting antiviral treatment.  
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TABLES 

Table 3.1 Model parameters and their distributions. Distribution ranges: Uniform: minimum, 

maximum; Beta: alpha, beta; Lognormal: shape, scale. DC: decompensated cirrhosis; HCC: 

Hepatocellular carcinoma; OAT: Opioid agonist therapy; NSP: Needle/syringe program; 

HCNSP: High-coverage needle/syringe exchange program (receiving ≥1 sterile syringes per 

injection). 

Definition Mean sampled 
value (95% CI)  

Sample 
distribution 

Unit Reference 

Number of current PWID 10,000  Not sampled 
 

[21] 

HCV seroprevalence among 
current PWID (2017/18) 

0.90 (0.85- 
0.95) 

Beta   -- [17] 

Proportion of infections that 
spontaneously clear 

0.26  
(0.22-0.30) 

Uniform  -- [53] 

HCV sustained viral 
response rates 

0.95  
(0.91-0.99) 

Uniform  -- [7, 27] 

Average duration of injecting 17.5 (11.3-23.6) Uniform  Years Weighted average 
assumed (15% female; 
85% male) [22, 23, 54] 

Mortality rate among PWID  0.02 (0.016, 
0.024) 

Uniform  Per year [23, 24] 

Relative reduction of all-
cause (excluding HCV) 
mortality for current PWID 
on OAT compared to off 
OAT 

0.25 (0.18, 
0.36) 

Lognormal   [28] 

OAT recruitment rate Varied to fit to 
target 
proportion 
PWID on OAT 

- Per year -- 

Leaving rate from OAT 1.5 (1.0-2.0) Uniform  Per year [55-57] 
HCNSP recruitment  Varied to fit to 

target 
proportion on 
HCNSP  

- Per year -- 

Leaving rate from HCNSP  1.5 (1.0-2.0) 
 

Per year Assumed same as OAT 
[58] 

Relative risk of HCV 
transmission on OAT only 
compared to no OAT 

0.50  
(0.39, 0.64) 

Lognormal  -- [5] 

Relative risk of HCV 
transmission on HCNSP 
only compared to no 
HCNSP 

0.79  
(0.38, 1.60) 

Lognormal  -- [5] 

Relative risk of HCV 
acquisition on OAT and 
HCNSP compared to none 

0.23  
(0.09, 0.62) 

Lognormal  -- [5] 
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Table 3.1 Model parameters and their distributions, Continued. Distribution ranges: 

Uniform: minimum, maximum; Beta: alpha, beta; Lognormal: shape, scale. DC: 

decompensated cirrhosis; HCC: Hepatocellular carcinoma; OAT: Opioid agonist 

therapy; NSP: Needle/syringe program; HCNSP: High-coverage needle/syringe 

exchange program (receiving ≥1 sterile syringes per injection). 

Definition Mean sampled 
value (95% CI)  

Sample 
distribution 

Unit Reference 

Disease transition probabilities 

Chronic – DC 0.016 (0.013, 
0.019) 

Uniform  Per year Calculated from fibrosis 
progression rates in [59]   

Chronic—HCC 0.009 (0.007, 
0.01) 

Uniform  Per year Calculated from fibrosis 
progression rates in  
[59] 

DC – HCC  0.012 (0.002, 
0.04) 

Beta  Per year [60] 

HCV-related mortality rate 
from DC 

0.14  
(0.11, 0.17) 

Uniform  Per year [60] 

HCV-related mortality rate 
from HCC 

0.55  
(0.31, 0.79) 

Uniform  Per year [60, 61] 

HCV-related costs (in 2019 US$) 
HCV antibody test $1.75  Per test [17] 
HCV RNA test  $69.30  Per test [17] 
DAA drugs  $4,000 -- Per treatment [33, 62] 
HCV treatment delivery  $4,812 -- Per treatment Costs from HCV 

treatment program in 
Cambodia, adjusted by 
GDP ratio (2017 
Mexico/2017 Cambodia 
GDP). Then, inflated to 
2019 costs.( [37], 
submitted) 

OAT in Tijuana or Mexico $2,148 (1,749-
2,565) 

Uniform +/-
20% point 
estimate  

Per year [31] 

NSP in Tijuana or Mexico $228 (184-272) Uniform +/-
20% point 
estimate  

Per year [32] 

Chronic HCV (no treatment) $749.69 
(395.90-
1,094.36) 

1/13*DC 
estimate 

Per year No Mexico estimates 
available. Assumed to 
be 1/13th of the DC 
estimate based on data 
from Peru, Colombia, 
Brazil [35], and the UK 
[36].  

DC  $9,509.94 
(5,090.88-
14,132.67) 

Uniform +/-
50% point 
estimate 

Per year Based on the 2005 
estimate for cirrhosis 
[34]; published cost not 
specified for 
decompensation: 
$1944. Inflated to 2019 
prices 

HCC  $9,662.56 
(4,977.47-
14,199.51) 

Uniform +/-
50% point 
estimate 

Per year Based on the 2005 
estimate: $5523 [34];  
Inflated to 2019 prices 
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Table 3.1 Model parameters and their distributions, Continued. Distribution ranges: 
Uniform: minimum, maximum; Beta: alpha, beta; Lognormal: shape, scale. DC: 
decompensated cirrhosis; HCC: Hepatocellular carcinoma; OAT: Opioid agonist 
therapy; NSP: Needle/syringe program; HCNSP: High-coverage needle/syringe 
exchange program (receiving ≥1 sterile syringes per injection). 
 
Definition Mean sampled 

value (95% CI)  
Sample 
distribution 

Unit Reference 

Health disutility values for HCV disease stages 
Uninfected 
   Ex/non-PWID 
   Active PWID 

 
0 
0.333 (0.202-
0.467)  

Beta   [38] 

Hepatitis C Virus Stage decrement  
Chronic HCV 0.063  --  No GBD estimate for 

moderate chronic HCV, 
took midpoint value of 
mild abdominopelvic 
problem and 
compensated cirrhosis 
[38] 

Decompensated cirrhosis  0.178 (0.123-
0.250) 

Beta   [38] 

Hepatocellular carcinoma  0.569 (0.389-
0.727) 

Beta   [38] 

OAT disutility improvement  0.05 (0.03-0.07) Uniform   [39] 
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Table 3.2 Cost-effectiveness of strategies to reach the 80% HCV incidence reduction 

target by 2030 among PWID in Tijuana compared to no intervention (status quo). ICER: 

Incremental cost-effectiveness ratio; DAAs: Direct-acting antiviral treatment; HR: harm 

reduction. *compared to status quo. 

  Mean cost (millions)  Mean DALYs   

Intervention 
Scenario 

Total 
(95% CI) Incremental* 

Total  
(95% CI) Incremental*   

ICER ($ per 
DALY 
averted) 
compared to 
status quo 

No Intervention 
(status quo) 

114.90  
(62.50, 
188.90) 

-- 
553,330  
(448,310, 
700,400) 

-- -- 

DAA only 
strategy 

173.0  
(126.10, 
237.60) 

58.10  
(48.70, 63.60) 

523,250  
(420,650, 
668,870) 

-30,080  
(-27,660,  
-31,530) 

1,931  

DAAs+ 20%HR 
coverage 
strategy 

211.40  
(163.60, 
280.70) 

96.50  
(91.80, 
101.10) 

517,850 
(416,070, 
663,260) 

-35,480  
(-32,250,  
-37,140) 

2,719 

DAAs+ 40% HR 
coverage 
strategy 

248.0  
(196.90, 
317.10) 

133.10  
(128.20, 
134.40) 

512,640  
(411,410, 
658,500) 

-40,690  
(-36,900,  
-41,900) 

3,272 

DAAs + 50% HR 
coverage 
strategy 

264.70  
(209.90, 
335.0) 

149.80  
(146.10, 
150.20) 

510,210  
(408,900, 
656,400) 

-43,120  
(-39,410,  
-44,000) 

3,474  
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SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

Included in the supplementary information, we provide additional details about some of 

the parameters we selected to include in our model, present the model structure and equations, 

followed by supplementary figures presenting the model schematic (Supplementary Figure 

S2.1) and the total number of DAA treatments estimated to achieve the 80% HCV incidence 

reduction goal by 2030 by harm reduction intervention strategy (Supplementary Figure S2.2). 

Additionally, we detail the breakdown of each intervention scenario by cost component 

(Supplementary Table S3.1). Lastly, in our sensitivity analyses, we consider various scenarios 

including variations in cost of harm reduction, DAAs, and treatment delivery, to examine the 

impact of these alternative scenarios on the cost-effectiveness of the presented interventions 

(Supplementary Table S3.2). 

Description of simplified model of care  

The simplified model of care differed from the full model of care in the: (1) point of care 

tests for HCV diagnosis (SD Bioline rapid HCV antibody test, GeneXpert) instead of ELISA/PCR 

utilized in the full model of care, (2) reduced the number of nurse-counsellor visits throughout 

treatment (from 10 to 2 visits), (3) eliminated HCV genotyping and several monitoring blood 

tests, (4) required 50% fewer patient visits during treatment (from 8 to 4 visits), as well as (4) 

some task-shifting from physicians to nurses and pharmacists ([1] submitted)).  

Screening and diagnostic costs  

The costs of screening and diagnosis were incorporated in the model, such that the 

costs of diagnosing an individual for treatment increased as chronic prevalence reduced over 

time. Unit prices of diagnostics were obtained from unit prices provided by Gilead Sciences from 

a 2017-18 study evaluating HCV prevalence among PWID in Tijuana [2]. The cost in 2017-18 

per HCV rapid test was $1.75 (34 Mexican pesos) and HCV RNA confirmatory test was $69.30 

(1,350 Mexican pesos). 
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Model Equations 

Model equations are presented below. The model includes compartments for uninfected 

PWID (𝑋𝑖,𝑗), chronically infected PWID (𝐶𝑖,𝑗), previously infected PWID (𝑃𝑖,𝑗), chronically infected 

PWID who failed HCV treatment (𝑍𝑖,𝑗), PWID with decompensated cirrhosis (𝐷𝑖,𝑗), and PWID 

with hepatocellular carcinoma (𝐻𝑖,𝑗). For current PWID, the subscript notation i,j denotes 

intervention status, presented as opiate agonist therapy (OAT) status (i=0 Not on OAT, i=1 On 

OAT) and high coverage needle and syringe program (HCNSP) status (j=0 Not on HCNSP, j=1 

On HCNSP). Additional compartments represent former PWID in these aforementioned HCV 

disease stages (denoted as XF, CF, PF, ZF, DF, and HF, respectively).  

Uninfected PWID enter the model at a rate, 𝜃. Susceptible PWID can become infected 

with HCV (a dynamic process, proportional to the infection rate, chronic prevalence among 

PWID, and intervention coverage). A proportion progress to chronic infection (1 − 𝛿) , whereas 

the remainder spontaneously clear their HCV infection (𝛿). For those who become chronically 

infected, a fixed number will be treated each year (at a rate Φ(t) individuals per year), which is 

allocated proportional to chronic infection group size depending on the treatment prioritization 

strategy examined, either to current PWID or to both current and former PWID. When the total 

number of eligible infected individuals was less than the number of possible treatments per 

year, all individuals were treated. A proportion of those treated achieve a sustained virologic 

response (SVR) (𝛼) whereas others will not achieve SVR (proportion  (1 − 𝛼)). Current PWID 

who were previously infected with HCV, can become reinfected at the same rate of infection as 

primary infection, and will then move back into the chronically infected compartment. Those who 

are chronically infected (treatment naïve or who have failed treatment) can progress to more 

advanced stages of liver disease including decompensated cirrhosis (at a rate, 𝛽1), or develop 

hepatocellular carcinoma (at a rate, 𝛽2). Those who have decompensated cirrhosis can 

progress to hepatocellular carcinoma (at a rate, 𝜌). Finally, those who are in advanced stages of 
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liver disease (decompensated cirrhosis or hepatocellular carcinoma) die from HCV-related 

mortality at rates, 𝜇3 and 𝜇4, respectively. Current PWID may also transition from current 

injecting to permanent cessation from all disease stages at a rate, 𝜇1. Both current and former 

(those who permanently cessated) PWID die from non-HCV-related death at a rate, 𝜇2, from 

any disease stage, due to evidence of high mortality rates among both current and former PWID 

in the El Cuete Cohort. Based on systematic review data, current PWID on OAT have a relative 

reduction in all-cause (not HCV-related) mortality (RR=0.25; 95% CI: 0.18-0.36) compared to 

those not on OAT [3], and thus die at a rate of 𝜇2*OAT_mortality. Current PWID can be 

recruited on to OAT (rate 𝛾(𝑡)) or HCNSP (rate 𝜂(𝑡)). Force of infection equations for the model 

are detailed following the model equations. Here, 𝜋 is defined by the HCV transmission rate 

within the PWID population. We assumed PWID on OAT or HCNSP experience reduced 

transmission and acquisition (at a relative risk Γ for on HCNSP, Π on OAT, Β on both OAT and 

HCNSP, each compared to no intervention). Leaving rates from OAT and HCNSP are 𝜅 and 휀, 

respectively. We assume former PWID are no longer at risk for infection/reinfection.  

Model Equations for PWID not on OAT and not on HCNSP:  

(1.1)  
𝑑𝑋0,0

𝑑𝑡
=  𝜃 −  (1 − 𝛿)𝑋0,0𝜆0,0 − 𝛿𝑋0,0𝜆0,0 + 𝜅𝑋1,0 + 휀𝑋0,1 − (𝜇1 +  𝜇2 + 𝛾(𝑡) + 𝜂(𝑡))𝑋0,0 

(2.1) 
𝑑𝐶0,0

𝑑𝑡
=  (1 − 𝛿)𝑋0,0𝜆0,0 − 𝜙0,0(t)     +  (1 − 𝛿)𝑃0,0𝜆0,0  − (𝛽1 + 𝛽2)𝐶0,0 +  𝜅𝐶1,0 + 휀𝐶0,1 − (𝜇1

+  𝜇2 + 𝛾(𝑡) + 𝜂(𝑡))𝐶0,0 

(3.1) 
𝑑𝑃0,0

𝑑𝑡
=  𝛿𝑋0,0𝜆0,0 +  𝛼𝜙0,0(t)   − (1 − 𝛿)𝑃0,0𝜆0,0 + 𝜅𝑃1,0 + 휀𝑃0,1 − (𝜇1 +  𝜇2 + 𝛾(𝑡) + 𝜂(𝑡))𝑃0,0 

(4.1) 
𝑑𝑍0,0

𝑑𝑡
=  (1 − 𝛼)𝜙0,0(t)  −(𝛽1 + 𝛽2)𝑍0,0 + 𝜅𝑍1,0 + 휀𝑍0,1 − (𝜇1 +  𝜇2 + 𝛾(𝑡) + 𝜂(𝑡))𝑍0,0 

(5.1) 
𝑑𝐷0,0

𝑑𝑡
=  𝛽1(𝐶0,0 + 𝑍0,0) − 𝜌𝐷0,0 +𝜅𝐷1,0 + 휀𝐷0,1 −  (𝜇1 +  𝜇2 + 𝜇3 + 𝛾(𝑡) + 𝜂(𝑡))𝐷0,0  

(6.1) 
𝑑𝐻0,0

𝑑𝑡
=   𝛽2(𝐶0,0 + 𝑍0,0) + 𝜌𝐷0,0  + 𝜅𝐻1,0 + 휀𝐻0,1 − (𝜇1 +  𝜇2 + 𝜇4 + 𝛾(𝑡) + 𝜂(𝑡))𝐻0,0 
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Model Equations for PWID on OAT and not on HCNSP:  

(1.2)  
𝑑𝑋1,0

𝑑𝑡
=  − (1 − 𝛿)𝑋1,0𝜆1,0 − 𝛿𝑋1,0𝜆1,0 + 휀𝑋1,1 + 𝛾(𝑡)𝑋0,0 − (𝜇1 + 𝜇2 + 𝜅 + 𝜂(𝑡))𝑋1,0 

(2.2) 
𝑑𝐶1,0

𝑑𝑡
=  (1 − 𝛿)𝑋1,0𝜆1,0 − 𝜙1,0(t)    +  (1 − 𝛿)𝑃1,0𝜆1,0  − 𝐶1,0(𝛽1 + 𝛽2) +  휀𝐶1,1 + 𝛾(𝑡)𝐶0,0 − (𝜇1

+  𝜇2 + 𝜅 + 𝜂(𝑡))𝐶1,0 

(3.2) 
𝑑𝑃1,0

𝑑𝑡
=  𝛿𝑋1,0𝜆1,0 +  𝛼𝜙1,0(t)  − (1 − 𝛿)𝑃1,0𝜆1,0 + 휀𝑃1,1 + 𝛾(𝑡)𝑃0,0 − (𝜇1 +  𝜇2 + 𝜅 + 𝜂(𝑡))𝑃1,0 

(4.2) 
𝑑𝑍1,0

𝑑𝑡
=  (1 − 𝛼)𝜙1,0(t)− (𝛽1 + 𝛽2) 𝑍1,0 + 휀𝑍1,1 + 𝛾(𝑡)𝑍0,0 − (𝜇1 + 𝜇2 + 𝜅 + 𝜂(𝑡))𝑍1,0 

(5.2) 
𝑑𝐷1,0

𝑑𝑡
=  𝛽1(𝐶1,0 + 𝑍1,0) − 𝜌𝐷1,0 + 휀𝐷1,1 + 𝛾(𝑡)𝐷0,0 − (𝜇1 + 𝜇2 + 𝜇3 + 𝜅 + 𝜂(𝑡))𝐷1,0  

(6.2) 
𝑑𝐻1,0

𝑑𝑡
=   𝛽2(𝐶1,0 + 𝑍1,0) + 𝜌𝐷1,0  + 휀𝐻1,1 + 𝛾(𝑡)𝐻0,0 − (𝜇1 +  𝜇2 + 𝜇4 + 𝜅 + 𝜂(𝑡))𝐻1,0 

Model Equations for PWID not on OAT and on HCNSP:  

(1.3)  
𝑑𝑋0,1

𝑑𝑡
=  −(1 − 𝛿)𝑋0,1𝜆0,1 − 𝛿𝑋0,1𝜆0,1 + 𝜅𝑋1,1 + 𝜂(𝑡)𝑋0,0 − (𝜇1 + 𝜇2 + 휀 + 𝛾(𝑡))𝑋0,1 

(2.3) 
𝑑𝐶0,1

𝑑𝑡
=  (1 − 𝛿)𝑋0,1𝜆0,1 − 𝜙0,1(t)  +  (1 − 𝛿)𝑃0,1𝜆0,1  − (𝛽1 + 𝛽2)𝐶0,1 +  𝜅𝐶1,1 + 𝜂(𝑡)𝐶0,0 − (𝜇1

+  𝜇2 + 휀 + 𝛾(𝑡))𝐶0,1 

(3.3) 
𝑑𝑃0,1

𝑑𝑡
=  𝛿𝑋0,1𝜆0,1 +  𝛼𝜙0,1(t)   − (1 − 𝛿)𝑃0,1𝜆0,1 + 𝜅𝑃1,1 + 𝜂(𝑡)𝑃0,0 − (𝜇1 + 𝜇2 + 휀 + 𝛾(𝑡))𝑃0,1 

(4.3) 
𝑑𝑍0,1

𝑑𝑡
=  (1 − 𝛼)𝜙0,1(t) − 𝛽1𝑍0,1 −  𝛽2𝑍0,1 + 𝜅𝑍1,1 + 𝜂(𝑡)𝑍0,0 − (𝜇1 +  𝜇2 + 휀 + 𝛾(𝑡))𝑍0,1 

(5.3) 
𝑑𝐷0,1

𝑑𝑡
=  𝛽1(𝐶0,1 + 𝑍0,1) − 𝜌𝐷0,1 + 𝜅𝐷1,1 + 𝜂(𝑡)𝐷0,0 −  (𝜇1 + 𝜇2 + 𝜇3 + 휀 + 𝛾(𝑡))𝐷0,1  

(6.3) 
𝑑𝐻0,1

𝑑𝑡
=   𝛽2(𝐶0,1 + 𝑍0,1) + 𝜌𝐷0,1  + 𝜅𝐻1,1 + 𝜂(𝑡)𝐻0,0 − (𝜇1 +  𝜇2 + 𝜇4 + 휀 + 𝛾(𝑡))𝐻0,1 

 

Model Equations for PWID on OAT and on HCNSP:  

(1.4)  
𝑑𝑋1,1

𝑑𝑡
=  − (1 − 𝛿)𝑋1,1𝜆1,1 − 𝛿𝑋1,1𝜆1,1 + 𝜂(𝑡)𝑋1,0 + 𝛾(𝑡)𝑋0,1 − (𝜇1 +  𝜇2 + 𝜅 + 휀)𝑋1,1 

(2.4) 
𝑑𝐶1,1

𝑑𝑡
=  (1 − 𝛿)𝑋1,1𝜆1,1 −  𝜙1,1(t)  

+  (1 − 𝛿)𝑃1,1𝜆1,1  − (𝛽1 + 𝛽2)𝐶1,1 +  𝜂(𝑡)𝐶1,0 + 𝛾(𝑡)𝐶0,1 − (𝜇1 +  𝜇2 + 𝜅 + 휀)𝐶1,1 

(3.4) 
𝑑𝑃1,1

𝑑𝑡
=  𝛿𝑋1,1𝜆1,1 +  𝛼𝜙1,1(t)   − (1 − 𝛿)𝑃1,1𝜆1,1 + 𝜂(𝑡)𝑃1,0 + 𝛾(𝑡)𝑃0,1 − (𝜇1 +  𝜇2 + 𝜅 + 휀)𝑃1,1 
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(4.4) 
𝑑𝑍1,1

𝑑𝑡
=  (1 − 𝛼)𝜙1,1(t) − (𝛽1 + 𝛽2) 𝑍1,1 + 𝜂(𝑡)𝑍1,0 + 𝛾(𝑡)𝑍0,1 − (𝜇1 +  𝜇2 + 𝜅 + 휀)𝑍1,1 

(5.4) 
𝑑𝐷1,1

𝑑𝑡
=  𝛽1(𝐶1,1 + 𝑍1,1)  − 𝜌𝐷1,1 + 𝜂(𝑡)𝐷1,0 + 𝛾(𝑡)𝐷0,1 − (𝜇1 + 𝜇2 + 𝜇3 + 𝜅 + 휀)𝐷1,1  

(6.4) 
𝑑𝐻1,1

𝑑𝑡
=   𝛽2(𝐶1,1 + 𝑍1,1) + 𝜌𝐷1,1  + 𝜂(𝑡)𝐻1,0 + 𝛾(𝑡)𝐻0,1 − (𝜇1 + 𝜇2 + 𝜇4 + 𝜅 + 휀)𝐻1,1 

Model Equations for Former PWID:  

(1.5)  
𝑑𝑋𝐹

𝑑𝑡
=  𝜇1(𝑋0,0 + 𝑋1,0 + 𝑋0,1 + 𝑋1,1)−𝜇2𝑋𝐹 

(2.5) 
𝑑𝐶𝐹

𝑑𝑡
=  𝜇1(𝐶0,0 + 𝐶1,0 + 𝐶0,1 + 𝐶1,1)−𝜙𝐶𝐹(t)   − 𝐶𝐹(𝛽1 + 𝛽2) − 𝜇2𝐶𝐹 

(3.5)  
𝑑𝑃𝐹

𝑑𝑡
=  𝜇1(𝑃0,0 + 𝑃1,0 + 𝑃0,1 + 𝑃1,1) + 𝛼𝜙𝐶𝐹(t)  − 𝜇2PF 

(4.5) 
𝑑𝑍𝐹

𝑑𝑡
=  𝜇1(𝑍0,0 + 𝑍1,0 + 𝑍0,1 + 𝑍1,1) + (1 − 𝛼)𝜙𝐶𝐹(t) −( 𝛽1 + 𝛽2)𝑍𝐹 − 𝜇2𝑍𝐹 

(5.5) 
𝑑𝐷𝐹

𝑑𝑡
=  𝜇1(𝐷0,0 + 𝐷1,0 + 𝐷0,1 + 𝐷1,1) + 𝛽1(𝐶𝐹 + 𝑍𝐹) − 𝜌𝐷𝐹− (𝜇2 +  𝜇3)𝐷𝐹 

(6.5) 
𝑑𝐻𝐹

𝑑𝑡
=  𝜇1(𝐻0,0 + 𝐻1,0 + 𝐻0,1 + 𝐻1,1) +  𝛽2(𝐶𝐹 + 𝑍𝐹) + 𝜌𝐷𝐹 −  (𝜇2 +  𝜇4)𝐻𝐹 

 

where the force of infection equations are below:  

𝜆0,0 =  𝜋
(Ω0,0 +  Γ(Ω0,1) +  Π(Ω1,0) +  Β(Ω1,1))

(Ω0,0 + Λ0,0) +  Γ(Ω0,1 +  Λ0,1) +  Π(Ω1,0 + Λ1,0) +  Β(Ω1,1 +  Λ1,1)
 

𝜆0,1 =  Γ𝜆0,0  

𝜆1,0 =  Π𝜆0,0  

𝜆1,1 =  Β𝜆0,0 

where   

Ω𝑖,𝑗 =  C𝑖,𝑗 + Z𝑖,𝑗 + D𝑖,𝑗 +  H𝑖,𝑗   

and       

Λ𝑖,𝑗 =  P𝑖,𝑗 + X𝑖,𝑗  
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SUPPLEMENTARY FIGURES 

 

 

 

Figure S3.1 Model schematics showing (A) HCV disease progression by liver disease 

states and (B) stratification by harm reduction interventions. PWID: People who inject 

drugs; OAT: Opiate agonist therapy; HCNSP: High coverage needle/syringe exchange program 

(receiving ≥1 sterile syringes per injection). *PWID exiting the model due to death; ∆Current 

PWID transitioning to former PWID model, resulting from permanent cessation. 
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Figure S2.2 Total number of DAA treatments estimated to achieve the 80% HCV incidence 

reduction goal by 2030 by harm reduction intervention strategy. DAA: Direct-acting antiviral 

treatment; OAT: Opiate agonist therapy; HCNSP: High coverage needle/syringe exchange 

program (receiving ≥1 sterile syringes per injection). 
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SUPPLEMENTARY TABLES  

Table S3.1 Intervention scenario by cost component. Treatment costs include DAA costs 

(US$4,000) and cost of treatment delivery (US$4,812). Harm reduction costs include cost of 

OAT (US$2,148/year) and HCNSP (US$228/year) in Tijuana. DAA: Direct-acting antiviral 

treatment; HR: Harm reduction includes (1) OAT: Opiate agonist therapy and (2) HCNSP: High 

coverage needle/syringe program (receiving ≥1 sterile syringes per injection).  

 Disease 
stage costs 
(95%CI) 

Screening & 
diagnostic 
costs 
(95%CI) 

Treatment 
costs 
(95%CI) 

Harm 
reduction 
costs 
(95%CI) 

Total cost 
(95%CI) 

No intervention 
(status quo) 

114.90  
(62.50-
188.88) 

0 0 0 114.90  
(62.50-
188.88) 

DAAs only 107.94  
(60.88-
171.36) 

0.97  
(0.85-1.0) 

64.07  
(59.59-
64.25) 

0 172.98  
(126.09-
237.63) 

DAAs+20% HR 108.22  
(60.74-
172.24) 

0.85  
(0.77-0.95) 

57.45  
(55.48-
59.75) 

44.84  
(37.14-
52.49) 

211.36  
(163.63-
280.65) 

DAAs+40% HR 108.31  
(60.39-
173.10) 

0.69  
(0.63-0.77) 

49.04  
(37.98-
61.39) 

90.0  
(74.53-
105.27) 

248.04  
(196.94-
317.11) 

DAAs+50%HR 108.28  
(60.50-
174.02) 

0.58  
(0.51-0.66) 

43.11  
(28.43-
55.62) 

112.72  
(93.29-
131.90) 

264.69  
(209.91-
335.01) 
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Table S3.2 Sensitivity analyses of alternative intervention scenarios showing ICER of 

each scenario compared to no intervention (status quo). DALY: Disability-adjusted life 

years; CI: Confidence interval; ICER: Incremental cost-effectiveness ratio; HR: Harm reduction; 

DAA: Direct-acting antiviral treatment; HCV: Hepatitis C virus.  

 Mean cost  
(millions)  

Mean DALYs 
(hundred thousand) 

 

Intervention Scenario Total (95% CI) Total (95% CI) 

ICER ($ per 
DALY averted) 
compared to 
status quo 

Reduced HR cost by half  
 

  

No Intervention (status quo) 114.90 (62.50-188.88) 5.53 (4.48-7.00) -- 

DAA only  172.98 (126.09-237.63) 5.23 (4.21-6.69) 1,931 

DAAs+ 20%HR  188.94 (141.21-256.17) 5.18 (4.16-6.63) 2,087 

DAAs+ 40% HR  203.04 (154.68-270.65) 5.13 (4.11-6.59) 2,166 

DAAs + 50% HR  208.33 (159.69-276.90) 5.10 (4.09-6.56) 2,167 

Double DAAs cost ($8,000)    

No Intervention (status quo) 114.90 (62.50-188.88) 5.53 (4.48-7.00) -- 

DAA only  202.06 (155.26-266.19) 5.23 (4.21-6.69) 2,898 

DAAs+ 20%HR  237.44 (189.34-307.00) 5.18 (4.16-6.63) 3,454 

DAAs+ 40% HR  270.30 (219.22-339.42) 5.13 (4.11-6.59) 3,819 

DAAs + 50% HR  284.26 (229.49-354.59) 5.10 (4.09-6.56) 3,928 

5% HCV-infected PWID accessing care  

No Intervention (status quo) 22.98 (12.50-37.78) 5.53 (4.48-7.00) -- 

DAA only  86.63 (77.00-99.84) 5.23 (4.21-6.69) 2,116 

DAAs+ 20%HR  124.79 (110.21-141.89) 5.18 (4.16-6.63) 2,869 

DAAs+ 40% HR  161.39 (140.97-182.92) 5.13 (4.11-6.59) 3,402 

DAAs + 50% HR  178.06 (153.86-202.82) 5.10 (4.09-6.56) 3,597 

100% HCV-infected PWID accessing care  

No Intervention (status quo) 459.59 (250.01-755.53) 5.53 (4.48-7.00) -- 

DAA only  496.78 (308.72-750.70) 5.23 (4.21-6.69) 1,237 

DAAs+ 20%HR  536.03 (347.01-798.02) 5.18 (4.16-6.63) 2,154 

DAAs+ 40% HR  572.97 (382.75-838.89) 5.13 (4.11-6.59) 2,787 

DAAs + 50% HR  589.54 (397.69-858.60) 5.10 (4.09-6.56) 3,014 

Discount rate (0%)  
   

No Intervention (status quo) 219.98 (119.66-361.62) 13.31 (10.82-16.93) -- 

DAA only  279.41 (189.82-402.63) 12.51 (10.03-16.11) 744 

DAAs+ 20%HR  326.99 (236.89-455.26) 12.42 (9.96-16.02) 1,205 

DAAs+ 40% HR  372.21 (280.12-503.72) 12.34 (9.88-15.93) 1,568 

DAAs + 50% HR  392.59 (296.77-524.16) 12.30 (9.85-15.89) 1,713 
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Table S3.2 Sensitivity analyses of alternative intervention scenarios showing ICER 

of each scenario compared to no intervention (status quo), Continued. DALY: 

Disability-adjusted life years; CI: Confidence interval; ICER: Incremental cost-

effectiveness ratio; HR: Harm reduction; DAA: Direct-acting antiviral treatment; HCV: 

Hepatitis C virus.  

 
Mean cost  
(millions)  

Mean DALYs 
(hundred thousand) 

 

Intervention Scenario Total (95% CI) Total (95% CI) 

ICER ($ per 
DALY averted) 
compared to 
status quo 

Discount rate (6%)    

No Intervention (status quo) 71.43 (38.85-117.42) 2.73 (2.22-3.43) -- 

DAA only  125.11 (95.58-165.90) 2.61 (2.10-3.30) 4,238 

DAAs+ 20%HR  156.78 (126.19-200.90) 2.57 (2.07-3.27) 5,240 

DAAs+ 40% HR  187.16 (152.31-231.22) 2.53 (2.04-3.23) 5,828 

DAAs + 50% HR  201.05 (162.71-246.72) 2.52 (2.02-3.21) 6,004 

Time horizon (20 years) 
   

No Intervention (status quo) 66.44 (38.85-117.42) 1.82 (1.46-2.27) -- 

DAA only  129.86 (102.19-167.61) 1.77 (1.42-2.21) 13,587 

DAAs+ 20%HR  167.70 (137.72-209.02) 1.73 (1.38-2.18) 11,736 

DAAs+ 40% HR  203.89 (168.45-246.13) 1.69 (1.34-2.13) 10,885 

DAAs + 50% HR  220.32 (182.01-264.77) 1.67 (1.32-2.11) 10,514 

Simplified model of care costs  
   

No Intervention (status quo) 114.90 (62.50-188.88) 5.53 (4.48-7.00) -- 

DAA only  149.22 (102.27-213.76) 5.23 (4.21-6.69) 1,141 

DAAs+ 20%HR  190.06 (142.88-259.25) 5.18 (4.16-6.63) 2,118 

DAAs+ 40% HR  229.85 (178.71-298.89) 5.13 (4.11-6.59) 2,825 

DAAs + 50% HR  248.70 (193.91-319.01) 5.10 (4.09-6.56) 3,103 

No screening and diagnostic costs  

No Intervention (status quo) 114.90 (62.50-188.88) 5.53 (4.48-7.00) -- 

DAA only  172.01 (125.12-236.67) 5.23 (4.21-6.69) 1,899 

DAAs+ 20%HR  210.51 (162.81-279.79) 5.18 (4.16-6.63) 2,695 

DAAs+ 40% HR  247.35 (196.26-316.46) 5.13 (4.11-6.59) 3,255 

DAAs + 50% HR  264.11 (209.36-334.39) 5.10 (4.09-6.56) 3,460 
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CHAPTER 4. Cost and cost-effectiveness of a real-world HCV treatment program among 
HIV-infected individuals in Myanmar   

ABSTRACT 

Background: Over half of those coinfected with hepatitis C virus (HCV) and HIV live in 

low- and middle-income countries (LMICs), and many remain undiagnosed or untreated. In 

2016, Médecins Sans Frontières (MSF) established a direct-acting antiviral (DAA) treatment 

program for people co-infected with HCV and HIV in Myanmar. We evaluated the real-world 

cost and cost-effectiveness of this program. 

Methods: Costs (patient-level micro-costing) and treatment outcomes were collected 

from the MSF prospective cohort study in Dawei, Myanmar. A Markov model was used to 

assess cost-effectiveness of the program compared to no HCV treatment from a health provider 

perspective. Estimated lifetime and healthcare costs (in 2017 US$) and health outcomes (in 

disability-adjusted life-years [DALYs]) were simulated to calculate the incremental cost-

effectiveness ratio (ICER), compared to a willingness-to-pay threshold of the per capita GDP in 

Myanmar ($1,250). We additionally evaluated potential cost-effectiveness with updated quality-

assured generic DAA prices, or with a proposed simplified treatment protocol with updated DAA 

prices, implemented by the Ministry of Health (task shifting, fewer visits, local staff, no 

coordination). 

Results: From 11/2016 to 10/2017, 122 HCV/HIV coinfected patients were treated with 

DAAs (46% cirrhotic), 96% (n=117) achieved sustained virologic response (SVR). Mean 

treatment costs were $1,229 (non-cirrhotic) and $1,971 (cirrhotic), with DAA drug as the largest 

contributor to cost. Compared to no treatment, the program was cost-effective (ICER 

$634/DALY averted); even more so with updated prices for quality-assured generic DAAs (ICER 

$488/DALY averted). A simplified protocol delivered by the Ministry of Health could be cost-

effective if associated with similar outcomes (ICER $316/DALY averted). 
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Conclusions: DAA treatment for HCV infection among HIV-coinfected individuals is 

cost-effective in Myanmar, and even more so with recently updated DAA prices. A simplified 

treatment protocol could enhance cost-effectiveness if further rollout demonstrates it is not 

associated with worse treatment outcomes. 

Lay summary:  We evaluated the real-world cost and cost-effectiveness of HCV direct-

acting antiviral treatment for HCV/HIV-coinfected individuals in Myanmar. We found the program 

cost-effective. A simplified treatment protocol could enhance cost-effectiveness if not associated 

with worse treatment outcomes.  
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INTRODUCTION 

Among people living with hepatitis C virus (HCV) infection, coinfection with HIV can lead 

to accelerated liver cirrhosis, liver cancer, and death compared to those with HCV 

monoinfection [1-3]. Globally, an estimated 6.2% of people living with HIV show serologic 

evidence of HCV antibody (2.3 million individuals), the majority residing in low-middle income 

countries (LMICs) [4]. In Myanmar, an estimated 5.3% of the 222,000 HIV-infected individuals 

are HCV-seropositive [5-7], but in the Southern township of Dawei, Myanmar, HCV 

seroprevalence rises to 8% among people living with HIV (data unpublished), and as high as 

23% among male HIV-infected fisherman [8].  

Promisingly, HCV treatment with new direct-acting antivirals (DAAs) is highly effective 

among HCV/HIV-coinfected individuals (>90% cure rate) [9]. Yet the previous high cost of DAAs 

restricted many individuals in LMICs settings from accessing treatment in these highest 

burdened areas [10]. Few studies have evaluated the cost-effectiveness of HCV treatment in 

LMIC settings where health care management of liver disease and costs of providing DAA 

treatment differ dramatically from high-income countries. Existing evaluations are limited to 

theoretical analyses of DAA-containing regimens for HCV monoinfection in Egypt, India, 

Pakistan, and Thailand; and have not evaluated real-world program implementation costs or 

cost-effectiveness [11-14]. Evaluating real-world HCV treatment programs in low-income 

settings is critical to designing and implementing cost-effective HCV treatment programs to 

achieve the global HCV elimination targets set by the World Health Organization as it provides 

real data of current programs which allows a better understanding of which components are 

driving cost and where cost savings can be made [15].  

In 2016, Médecins sans Frontières (MSF) began a UNITAID-funded HCV treatment 

program within an HIV cohort in Dawei, Myanmar using interferon-free DAA-based regimens, 

and in 2018, obtained updated prices for quality-assured generic DAAs [16]. With programmatic 



98 
 

experience treating HCV/HIV coinfected patients in Dawei, MSF subsequently proposed a 

simplified HCV treatment protocol as a potential HCV model of care that aligns with the 2017 

Myanmar Ministry of Health (MoH) National Hepatitis Guidelines.  

In this study, we evaluate the cost of providing DAA treatment in the MSF program and 

assess the cost-effectiveness of the program compared to no treatment among HCV/HIV 

coinfected patients in Myanmar. We additionally evaluate the potential cost-effectiveness of 

HCV treatment using generic DAAs and the proposed simplified treatment protocol. To our 

knowledge, this is the first study to conduct a full costing and cost-effectiveness analysis of a 

real-world HCV treatment program for HIV-infected individuals in a LMIC. 

 

METHODS 

Setting and model of care 

The MSF-Dawei HIV clinic was established in 2004, targeting patients in Dawei and the 

entire Thanintharyi Division in Southern Myanmar. In 2014, MSF began screening for HCV 

within the MSF-Dawei HIV clinic, initially providing interferon-based treatment. In late 2016, a 

UNITAID-funded prospective cohort study evaluating interferon-free HCV regimens with DAAs 

was initiated in the clinic. Within the MSF-Dawei clinic, there were 73 local staff members and 2 

expatriate staff. Data including patient characteristics, outcomes, and costs were collected from 

this UNITAID study, which was part of a larger multi-center cohort study to evaluate the 

effectiveness and cost-effectiveness of HCV screening and treatment programs in LMIC [17].  

We assessed costs and outcome data among chronically HCV-infected (HCV RNA-

positive) patients from the MSF-Dawei HIV cohort initiated on interferon-free DAA treatment 

between November 2016 and October 2017. There were no restrictions on treatment eligibility 

by HCV disease stage or substance use criteria. Prior to initiation, patients underwent liver 

disease staging and testing for co-morbidities. Patients were classified by METAVIR stage (F0, 
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F1, F2, F3, F4) based on transient elastography with those classified as having cirrhosis (F4) if 

they had a liver stiffness measure of ≥11kPa. Decompensated cirrhosis was defined as liver 

stiffness ≥11kPa and Child-Pugh score ≥6 based on values for HCV/HIV coinfected patients 

[18]. All patients were screened for hepatocellular carcinoma (HCC) via abdominal ultrasound. 

Patients were treated with sofosbuvir+daclatasvir (SOF+DAC) without or with ribavirin (RBV) as 

per the 2015 European Association for the Study of the Liver (EASL) recommendations [19]. 

During treatment, patients returned every 2-4 weeks (or more frequently, if necessary) for 

routine clinical monitoring and biological testing (Figure 4.1). Patients were evaluated for 

sustained virologic response (SVR), defined as a negative HCV RNA test 12 or more weeks 

after the end of treatment. Patients were considered as lost to follow-up if they did not return 

within two months after a scheduled appointment and were not noted as dead or transferred 

out. Intention-to-treat SVR rates were calculated that included patients who were lost to follow-

up or died. 

Costing methods 

Overall costing approach: We performed a patient-level micro-costing analysis of HCV 

treatment delivery from a program provider’s perspective, incremental to the standard twice-

yearly HIV visits. Data on costs were obtained from MSF’s financial records, receipts, and price 

lists from a 12-month period (January 2017-December 2017), when the majority of the HCV-

related costs were incurred. Records prior to 2017 were used to allocate a proportion of capital 

equipment costs obtained in previous years based on expected service lives estimated by 

interviewing local staff. Using an ingredients approach, patient-level resource use (in terms of 

type and frequency of visit) was combined with cost information for each patient interaction type. 

Patient-level data on number and type of visits, clinical examinations, laboratory investigations, 

treatment regimens, and treatment outcomes were extracted from electronic medical records 

[20]. Resources were valued from MSF financial records, invoices, price lists and additionally 
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informed through interviews with key staff (finance, logistics, pharmacy manager, medical 

activity manager). We present costs stratified by HCV-related visit components, HCV-related lab 

costs, DAA costs, and coordination costs, as described below. Results are presented in 2017 

US dollars. 

HCV-related visit components: HCV-related visits were classified as: (1) pre-treatment 

(2) on-treatment, and (3) post-treatment as per the MSF protocol (Figure 4.1). All HCV-related 

labs costs were excluded from visit costs and costed separately (see below). Each HCV visit 

included personnel time specific to the visit (patient-interacting and administrative time, 

determined by staff diaries), space/materials depending on which area of the clinic was utilized 

(laboratory, medical, counseling, pharmacy), and proportion of usage for HCV treatment. For 

each location, the visit cost incorporated recurrent costs (general personnel costs, medicines 

(excluding HCV), medical and laboratory supplies, non-medical supplies, transport operating 

costs, building rental and insurance, maintenance, utilities and bills, freight and clearance, 

travel, and training) and capital costs (buildings, vehicles, medical equipment including 

Fibroscan transient elastography machine, laboratory equipment including GeneXpert real-time 

PCR system, cold chain equipment, non-medical equipment, construction and rehabilitation, 

and furniture). Building space for each location visit was determined through site maps and 

visual inspection and allocated as HCV-related by determining the proportion of all consultations 

which were HCV-related from records. Personnel effort by visit type was determined by general 

staff category (coordination, nursing, medical doctor, individual counselling, pharmacy, 

registration, human resources, support staff), involvement in HCV-related activities and 

allocated to proportion of staff, budget, floor space, or consultations. Group counselling for HCV 

treatment, in which patients shared HCV treatment experiences and served as a discussion 

group for treatment preparation (including counselling on HCV infection, transmission, 
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encouragement for family testing, lifestyle, treatment, and monitoring plan) was costed 

separately.  

HCV-related laboratory costs: Costs of HCV-related laboratory investigations as per the 

MSF protocol (Figure 4.1) were obtained from invoices and price lists.  

DAA costs: Unit costs were determined from MSF invoices (Supplementary Table 

S4.1). Patient-specific DAA costs were calculated based on observed length of treatment and 

treatment regimen.  

Coordination costs: Per visit MSF coordination costs were included from the local 

coordination site (Dawei) and country coordination (Yangon) using a top-down method. (see 

supplementary material). For Dawei, HCV-related coordination costs were estimated through 

obtaining the remaining personnel, recurrent and capital costs associated with the HCV 

program, after extracting specific costs attributable to direct HCV visits by type. For Yangon, 

coordination costs included the proportion of personnel effort attributed to the Dawei program by 

staff type and non-personnel costs (e.g. all HCV-related activities) and were allocated as a 

proportion of the total budget.  

Cost-effectiveness methods 

Disease progression model: We developed a compartmental, deterministic Markov 

model of liver disease progression in a closed cohort of diagnosed HCV/HIV coinfected adults 

(Supplementary Figure S4.1), based on the liver disease distribution in the MSF cohort 

(Supplementary Table S4.2). We simulated disease progression through each stage of HCV-

related hepatic fibrosis (METAVIR stages F0, F1, F2, F3), compensated cirrhosis (CC, 

METAVIR F4), decompensated cirrhosis (DC), and hepatocellular carcinoma (HCC). Liver-

related mortality was assumed to only occur from DC or HCC. The model did not include liver 

transplantation, as this is not commonly performed in Myanmar. The model was additionally 

stratified by treatment history and outcome (untreated, treated and cured, or treated and failed). 
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Individuals with F3 or milder liver disease who were treated and achieved SVR were assumed 

not to have further liver fibrosis progression. Those with CC, DC, or HCC who were treated and 

achieved SVR could progress to more severe liver disease states or liver-related death but at 

reduced rates. We assumed those who achieved SVR cannot be re-infected. The model was 

developed in Matlab R2018a.  

Disease progression rates and mortality: Liver disease state transition probabilities 

(Supplementary Table S4.3) were based on previous studies among HCV/HIV coinfected 

individuals which suggests faster acceleration to more advanced hepatic fibrosis stages and 

mortality among HCV/HIV co-infected individuals off ART compared to HCV/HIV co-infected 

individuals on ART  [1, 21-26]. Background (non-HCV related) mortality rates were estimated 

given the CD4 count distribution, ART status of the cohort, and estimated life expectancy based 

on mean age of the cohort weighted by sex ([27] see supplement).  

Costs: HCV treatment and routine HIV care and treatment costs were obtained through 

our patient-level analyses. Due to a lack of information available on patient access to care for 

advanced liver disease associated with HCV outside of the HIV Clinic, for the baseline analysis 

we utilize estimates of HCV related disease management costs from similar income settings 

(Cambodia), adjusted for Gross Domestic Product (GDP; Supplementary Table S4.3).  

Health utilities: Health outcomes were evaluated in disability-adjusted life-years 

(DALYs). Health disutilities for HIV and liver disease stages were obtained from the Global 

Burden of Disease (Supplementary Table S3) [28] and coinfection disutility values calculated 

as: [1-((1-HIV disability weight)x(1-HCV disability weight)] [26].  
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Cost-effectiveness analyses: We evaluated the cost-effectiveness of HCV treatment for 

HCV/HIV infected individuals compared to no HCV treatment. We evaluated the following 

treatment protocol scenarios: 

• “Observed MSF”: Data from observed full MSF protocol from the implemented UNITAID 

HCV DAA study in 2016/17, utilizing 2017 DAA prices.  

• “MSF updated DAA cost”: Costs estimated from full MSF protocol, but with updated DAA 

prices based on the outcomes of the MSF HCV tender for quality-assured generic DAAs 

(reduces 12-weeks SOF+DAC from US$493 to US$120) negotiated after the study in 

2018.   

•  “Simplified MoH”: We estimate costs of a simplified treatment protocol (as proposed by 

MSF to the Myanmar MoH after the study in 2018, Figure 4.1) if implemented by the 

MoH. The simplified protocol reduced the number of visits and laboratory measurements 

and incorporated partial task-shifting from doctors to nurses. To represent 

implementation by the MoH, we also use local staff costs (26% less expensive than 

current staff costs), no MSF coordination costs, quality-assured generic DAA prices, and 

updated HCV test costs (previously OraQuick rapid test, and now SD Bioline HCV rapid 

test resulting in a ~US$5 reduction per test). We simulate cost-effectiveness of the 

proposed simplified protocol assuming the same SVR as observed with the full protocol.  

The model was run for 100 years, with cost and utilities discounted at 3%/year. To 

account for parameter uncertainty, we performed a probabilistic sensitivity analysis, sampling 

1000 parameter sets from parameter distributions (Supplementary Table S4.3). We calculated 

the mean incremental cost-effectiveness ratio (ICER, mean incremental costs divided by mean 

incremental DALYs averted) for the intervention compared to no treatment. Interventions with an 

ICER less than a willingness-to-pay (WTP) threshold of one-times per capita GDP of Myanmar 

(US$1250 in 2017) were considered cost-effective [29, 30].  



104 
 

One-way sensitivity analyses: We performed several one-way sensitivity analyses on the 

ICER for each of the “Observed MSF”, “MSF updated DAA cost”, and “Simplified MoH” 

strategies compared to no treatment. We varied the discount rate (0% and 6% compared to 3% 

at baseline), time horizon (20 and 50 years versus 100 years at baseline), SVR rate (90% and 

98% versus 96% at baseline), initial distribution of fibrosis stage (30% and 60% patients with 

cirrhosis versus 46% at baseline), HCV/HIV coinfection disutility values (lower and upper 

bounds versus mean values at baseline ), transient elastography costs (cost in Cambodia 

observed with higher volume of use compared to Dawei: $4 compared to $115), reinfection 

among those who achieved SVR (5%/year versus 0% at baseline), no cost for care for all 

hepatic fibrosis stages (versus F0:$0; F1: $35; F2: $80; F3: $137; F4: $207; DC: $314; HCC: 

$378 at baseline), no coordination cost (versus $98 for patients without cirrhosis and $142 for 

patients with cirrhosis at baseline), and accelerated liver disease progression among patients 

with GT3 (HR:1.31 for cirrhosis [95% CI 1.22-1.39]; HR: 1.80 for HCC [95% CI 1.61—2.03] [31]; 

among 56% of patients). Additionally, for the “Simplified MoH” strategy we examine task shifting 

to nurse-led care only during treatment, reducing overall physician interactions by 56% (9 visits 

vs 4; and nurse interaction by 66% from 6 interactions to 2). 

HCV screening and treatment sensitivity analyses:  Because screening occurred several 

years prior to the UNITAID intervention, our base case evaluates the cost-effectiveness of the 

DAA treatment program only. For a sensitivity analysis, we explored the cost-effectiveness of a 

combined screening and treatment program for the “Simplified MoH” scenario compared to no 

screening and treatment across various HCV seroprevalences (0.5%-10%), reflecting likely 

geographical heterogeneity across Myanmar. We estimated associated screening costs based 

on testing yields for each prevalence scenario, assuming HCV antibody testing using the SD 

Bioline HCV rapid test (US$2.33) and GeneXpert HCV RNA test (US$21.09) with staff costs 

included. 
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This study was approved by the MSF Ethical Review Board and the Ethical Review Committee 

of the Department of Medical Research (Lower Myanmar).  

 

RESULTS 

Treatment outcomes 

From November 2016 to October 2017, 122 HIV-infected patients (mean age 43) were 

treated with DAAs (56/122 (46%) with cirrhosis [CC or DC]). No HCC was detected among 

those treated or untreated. Roughly half of the treated cohort were genotype (GT) 3 (51%), 

followed by GT1 (46%), and GT6 (3%). Of these, 96% (n=117) achieved SVR. The majority of 

patients with cirrhosis (n=50; 89%) were treated with 24 weeks of SOF+DAC, but 6 were treated 

with 12 weeks of SOF+DAC+RBV resulting in lower costs (All 6 patients achieved SVR; 

GT1:n=1; GT3: n=4; GT6: n=1). Of those who did not achieve SVR (n=5), 1 died, 1 did not 

complete treatment, and 3 completed treatment. There was no difference in SVR by liver 

fibrosis stage (Supplementary Table S4.2).  

Treatment delivery cost  

The average cost of HCV treatment per patient was $1,229 (95%CI $848-1,829) for 

patients without cirrhosis and $1,971 (95%CI $1,307-2,686) for patients with cirrhosis 

(Supplementary Figure S4.2). Variations in cost were predominantly due to differences in 

durations of treatment and drug regimens, with minor differences in monitoring. DAA drug cost 

was the largest cost component, and main driver of difference in cost by liver disease stage 

(without cirrhosis: $524 vs with cirrhosis: $1,122; Table 4.1). The second largest driver of cost 

was laboratory costs, with minimal difference by liver disease stage (without cirrhosis: $421 vs 

with cirrhosis: $437). Of these laboratory costs, transient elastography costs comprised $115, 

which was high because of the initial purchase price (~US$49,037) and relatively low usage 
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(159 measurements in 2017). Visit costs were the third largest contributor to cost (breakdown by 

visit type in Supplementary Table S4.4). Within the personnel component of visit costs, 61% of 

the personnel costs were due to physician costs (3 local, 1 foreign), as the protocol incorporated 

physician-led treatment. Coordination costs were on average $98 per treatment for patients 

without cirrhosis and $142 per treatment for patients with cirrhosis (45% from Dawei, and 55% 

from Yangon; see supplement for details).  

Updated quality-assured generic DAA costs were obtained after the end of our study 

($120 for 12 weeks of SOF/DAC before MSF-overhead charges (Supplementary Table S4.1). 

With these updated costs, the total estimated DAA costs when incorporating RBV (included in 

54% of treatments) were $184 for 12 weeks, $453 for 24 weeks, reflecting variations in dose). 

With these costs, based on the observed treatment protocol, the total cost per treatment would 

be $889 for patients without cirrhosis and $1,302 for patients with cirrhosis (Table 4.1). In this 

scenario, the highest contributors to overall cost would be the laboratory and monitoring costs.  

Cost-effectiveness of HCV treatment among HIV-infected Individuals 

The “Observed MSF” treatment program (mean treatment costs: $1,229 (patients 

without cirrhosis), $1,971 (patients with cirrhosis)) resulted in an average incremental cost of 

$2,121 per patient treated including annual HIV care costs (Supplementary Table S3.5), and 

3.35 DALYs averted per patient. This led to a mean ICER of $634/DALY averted compared to 

no treatment, cost-effective compared to a WTP threshold of one-times the per capita GDP of 

Myanmar ($1,250) (Table 4.2). In this analysis, 100% of the simulations fell under the WTP 

threshold. 

The “MSF updated DAA cost” analysis (with updated DAA prices, mean treatment cost 

$889 (patients without cirrhosis), $1,302 (patients with cirrhosis)) produced a mean ICER of 

$488/DALY averted compared to no treatment, cost-effective under the WTP threshold (all 

simulations fell under the WTP threshold). 
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Finally, a “Simplified MoH” strategy (also with cheaper drugs) could result in substantial 

reductions in treatment cost (patients without cirrhosis: $417, patients with cirrhosis: $601), and 

if resulting in equal treatment outcomes, could be highly cost effective (mean ICER $316 DALY 

averted compared to no treatment, all simulations fell under the WTP threshold).  

One-way sensitivity analyses 

The “Observed MSF” treatment program remained cost-effective across all scenarios, if 

the discount rate was reduced to 0% or increased to 6%, there were no cost of care for hepatic 

fibrosis stages, coordination costs were excluded, GT3 patients were assumed to have 

accelerated liver disease progression, transient elastography costs were decreased, there was 

a time horizon of 20 or 50 years, they achieved a reduced SVR rate, there was different disutility 

estimates were used, cirrhosis prevalence varied, or reinfection rate was 5%/year (Figure 4.2).   

The “MSF updated DAA cost” and “Simplified MoH” scenarios remained cost-effective 

for all sensitivity analyses (Supplementary Figure S4.3 and S3.4).  

Screening and treatment sensitivity analyses 

A combined screening and treatment program among HIV-infected individuals 

implemented by the MoH using the Simplified MoH strategy could be cost-effective at the all 

HCV seroprevalences examined, including the lowest prevalence (0.5%; ICER: $489), below 

the national monoinfection estimate (2.7%), and the 8% observed among HIV-infected 

individuals in Dawei (ICER: $334; Supplementary Figure S4.5) [6].   

 

 

 

 



108 
 

DISCUSSION 

Main findings 

We used observational data from an HCV treatment study to show that DAA treatment 

among HCV/HIV-coinfected patients in Myanmar is cost-effective, particularly with quality-

assured generic DAAs. Moreover, a simplified model of care (proposed by MSF to the Myanmar 

MoH, incorporating fewer visits and task shifting) implemented by the MoH with local staff could 

be highly cost-effective (ICER <$400/DALY averted compared to no treatment), if not 

associated with worse treatment outcomes, and could be cost-effective if combined with a HCV 

screening program among HIV-infected individuals. These findings hold even with lower than 

observed (90%) SVR rates and reinfection rate was 5% per year. With quality-assured generic 

DAAs, treatment remained cost-effective even over 20-year time horizons. 

The majority of treatment costs in our study were comprised of DAA costs in 2017, which 

were negotiated to lower prices after the study period in 2018 by the MSF Supply Centers and 

MSF Access campaign ($120 for 12-week course) [16], underscoring the importance of generic 

competition to reduce drug prices and improve access to HCV treatment. The cost of transient 

elastography also contributed markedly to cost of treatment delivery because of the high 

purchase price and low annual use. These costs could be reduced if used in a higher volume 

clinic or if non-invasive methods for determining hepatic fibrosis were used (e.g., Fibrosis-4 

Index for Hepatic Fibrosis (FIB-4), aspartate aminotransferase (AST)-to-platelet ratio index 

(APRI), or FibroSure).  

Comparisons with existing literature 

To our knowledge, our study is the first to evaluate the real-world costs and cost-

effectiveness of DAA treatment in an implemented HCV treatment program among HIV-infected 

individuals in a LMIC setting. However, our study supports previous analyses indicating that 

HCV treatment is likely cost-effective in LMIC settings where DAAs are available at low costs. 



109 
 

One study in Egypt found that implementing an HCV screening program with interferon (IFN)-

based DAA therapy compared to no screening would be cost-effective [11]. Compared to IFN-

based therapy, IFN-free DAA therapy is superior in efficacy, shorter treatment duration, and 

better tolerability [32-35], yet in many settings historically more costly, though costs continue to 

fall [36, 37]. Similarly, two cost-effectiveness studies in India showed that implementing HCV 

screening and treatment with generic DAAs would be cost-saving within about a decade, but 

these studies did not utilize programmatic treatment delivery or outcome data [12, 38]. 

Importantly, none of these studies, ours included, incorporated data on access to health care, 

which may be low in LMIC, and therefore it is possible that treatment is less cost-effective than 

estimated if fewer medical costs are associated with untreated HCV infection. While our 

sensitivity analyses indicated that HCV treatment remained cost-effective with no cost of care 

for hepatic fibrosis stages, further work is warranted to assess real-world medical utilization for 

liver disease in LMIC.    

Strengths and limitations 

The main strength of our study is that it was based on real-world programmatic costs 

and outcome data. However, as with all modelling studies, there were numerous uncertainties in 

the parameter values. Nevertheless, we incorporated these uncertainties in our analysis, 

conducted sensitivity analyses, and our results were generally robust to most of these 

uncertainties. First, no patients in our cohort received additional care for HCV within the MSF-

Dawei HIV clinic, but it was unknown whether they received care at other medical facilities and 

so was not included in our analysis. Future work in this area is warranted to refine our 

estimates. 

Second, we utilized published data on disease progression from other settings, while it is 

unclear whether these are truly generalizable to Myanmar. Our baseline analysis did not 

simulate differential disease progression by genotype. Half our cohort was GT3, which has been 
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associated with accelerated liver disease progression in HCV-monoinfected individuals [31, 39, 

40], yet it is unclear if this is true in HCV/HIV coinfection. A sensitivity analysis incorporating 

accelerated disease progression among GT3 patients improved the cost-effectiveness.  

Third, reinfection rates among HIV-infected individuals in Myanmar are unknown, 

however we note that our analyses with quality-assured generic DAA prices indicated that 

treatment was cost-effective even with reinfection rates of 5%.  

Fourth, although we used observational data for our main analysis (“Observed MSF”), 

our additional analyses examining a simplified model of care as proposed by MSF-Myanmar to 

the MoH. The MoH strategy assumed equal SVR rates and projected costs based on adherence 

to the planned visits and monitoring plan. Real-world data on costs and treatment outcomes are 

required to confirm these findings, although our sensitivity analyses show that treatment with 

generic DAA costs was cost-effective when including lower SVR and higher treatment costs, 

indicating that it is likely that our results would hold in other settings with worse treatment 

outcomes.   

Finally, our study was based on data from a cohort receiving care from MSF in one 

setting (Dawei, Myanmar), so it is unclear whether our results are generalizable to the country 

or if scaled-up to the broader population of people living with HIV. Additionally, our treated 

cohort were all on ART with well-controlled HIV. Integrating HCV treatment into existing ART 

programs may be an effective strategy to reach HCV/HIV co-infected populations and should be 

considered.  

CONCLUSION 

In conclusion, treating HCV infection among HIV-infected individuals in Myanmar is cost-

effective, with the potential of being even more cost-effective when utilizing a simplified protocol 

as long as this does not result in worse treatment outcomes. Access to affordable, quality-

assured generic DAAs improved cost-effectiveness. Given our cost-effectiveness projections, 
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national programs in Myanmar and similar settings should no longer consider DAA cost a 

barrier, but rather consider these data along with simplified models of care as a means to cure 

people with HCV infection and progress towards WHO HCV elimination goals. While this study 

evaluated the current HCV treatment program implemented by MSF, these results can be 

informative to the MoH in Myanmar and other similar LMIC settings. 
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FIGURES  

 

 

Figure 4.1 Treatment protocols for the MSF full model of care and simplified model of 

care for patients on a 12-week treatment regimen. Mandatory appointments shown, optional 

appointments excluded. ALT: Alanine aminotransferase; AST: aspartate aminotransferase; 

HBsAg: hepatitis B surface antigen; HCV: hepatitis C virus; INR: international normalized ratio 

(coagulation test); TSH: thyroid stimulating hormone.  
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Figure 4.2 Sensitivity analysis of the cost-effectiveness of the “Observed MSF model of 

care with 2017 DAA costs compared to no treatment. DAA: direct-acting antiviral therapy; 

SVR: sustained virologic response at 12 weeks. ICER: incremental cost-effectiveness ratio. 

Costs shown in US dollars. The reduced fibroscan cost (US$3.89) scenario reflects the 

fibroscan cost estimated in similar income country setting with higher volume (GDP adjusted 

cost from Cambodia, US$2017; $4.31). Dark and light blue bars displayed when two values of a 

parameter were examined and resulted in ICER values lower and above the baseline ICER 

value (US$634). 
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TABLES 

Table 4.1 Cost of HCV treatment by component type among HIV-infected individuals in 
Myanmar, with the “Observed MSF” treatment protocol and proposed alternative 
protocols. Costs in 2017 US$. a“Observed MSF intervention” presents summary data from 
observational study, including 2017 DAA prices. b“MSF with updated DAA costs” estimates 
costs with updated DAA prices for quality-assured generic DAAs negotiated in 2018. c“Simplified 
MoH” strategy estimates costs with generic DAAs and a proposed simplified protocol (Figure 1), 
with local staff costs and no overheads. 95% confidence intervals are presented for the 
observed cost data reflecting patient variations in observed costs. For estimations of costs using 
updated cost data or simplified strategies, patients were assumed to adhere to the exact clinical 
schedule (see Fig 1) and so no uncertainty is provided. Non-cirrhotic: METAVIR F0-F3, cirrhotic: 
F4 as measured by transient elastography. 
 

  

 
HCV visit 

costs per 

patient  

HCV 

laboratory 

costs per 

patient  

DAA 

costs per 

patient  

HCV 

coordination 

costs per 

patient  

Total HCV 

treatment 

costs per 

patient  

Observed MSF interventiona 

Non-cirrhotic 186.60 

(95%CI 

158.65-

292.94)  

420.80 

(95%CI 

194.80-

718.94)  

523.53 

(95%CI 

411.60-

663.81) 

97.60  

(95%CI 

82.74- 

153.66) 

1228.53 

(95%CI 

847.79-

1829.35) 

Cirrhotic 270.47 

(95%CI 

225.45-

419.17) 

436.73 

(95%CI 

251.62-

697.04) 

1122.01 

(95%CI 

711.58-

1349.37) 

141.84 

(95%CI 

118.20-

220.15) 

1971.05 

(95%CI 

1306.85-

2685.72) 

MSF with updated DAA costsb 

Non-cirrhotic 186.60  420.80  183.69  97.60 888.69  

Cirrhotic 270.47  436.73  453.02  141.84  1302.06  

Simplified MoHc  

Non-cirrhotic 80.92 216.33 120 - 417.25 

Cirrhotic 89.54 271.25 240 - 600.79 



118 
 

Table 4.2 Incremental cost-effectiveness of HCV treatment among HIV-infected 

individuals in Myanmar compared to no treatment, as observed and with proposed 

simplified protocols and newly negotiated DAA costs. Estimates for interventions include 

cost of annual HIV care and treatment. a“Observed MSF intervention” presents summary data 

from observational study, including 2017 DAA prices. b“MSF with updated DAA costs” estimates 

costs with updated DAA prices for quality-assured generic DAAs negotiated in 2018. c“Simplified 

MoH” strategy estimates costs with generic DAAs and a proposed simplified protocol (Figure 1), 

with local staff costs and no overheads.  

 
 
 Cost (US$ 2017) per 

capita 
DALYs per capita ICER mean 

Strategy Total 
mean 
(95%CI) 

Incremental 
mean 

compared to 
no treatment 
(95%CI) 

Total 
mean 
(95%CI) 

Incremental 
mean 
compared to 
no treatment 
(95%CI) 

$/DALY 
averted 

compared to 
no treatment  

No treatment 3,991.71 
(3,133.86, 
4,955.87) 

- 21.89 
(20.77, 
22.92) 

- - 

Observed MSF 
treatment 
programa 

6,112.72 
(5,019.45, 
7,170.54) 

2,121.01 
(1,885.59, 
2,214.67) 

18.54 
(17.48, 
19.50) 

-3.35  
(-3.29,  
-3.42) 

633.60  

MSF program 
with updated DAA 
costsb 

5,624.94 
(4,550.21, 
6,738.39) 

1,633.23 
(1,416.35, 
1,782.52) 

18.54 
(17.48, 
19.50) 

-3.35  
(-3.29,  
-3.42) 

487.89 

Simplified MoH 
strategyc 

5,050.30 
(4,009.81, 
6,128.90) 

1,058.59  
(875.95,  
1,173.03) 

18.54 
(17.48, 
19.50) 

-3.35  
(-3.29,  
-3.42) 

316.23 
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SUPPLEMETARY INFORMATION TO CHAPTER 4 

1.1 Valuation of coordination costs 

Yangon coordination: To determine the proportion of the Yangon country coordination 

budget attributable to the HCV treatment program in Dawei, we first separated out the budget 

which was attributable to the full Dawei program. First, we divided the total MSF Yangon budget 

into personnel and non-personnel. Staff interviews were performed to determine what proportion 

of personnel effort was attributable to the Dawei program, by staff type. The personnel budget 

was allocated accordingly by multiplying the personnel costs for each staff type by their stated 

proportion effort attributable to Dawei. Non-personnel costs were allocated to the Dawei 

program as a proportion of the total budget (e.g. roughly 45% of the total budget was comprised 

of Dawei costs).  

Among the Yangon budget estimated to be attributable to Dawei coordination, we 

estimated what proportion of these costs were associated with HCV-related activities based on 

the proportion of all consultations in Dawei which were for HCV treatment in 2017 (14%). We 

then divided the Dawei HCV program coordination budget estimate by the number of HCV 

consultations in 2017 to obtain a per HCV consultation Yangon coordination cost 

($5.23/consultation).  

Dawei Coordination: The Dawei HCV-related coordination costs were estimated through 

obtaining the remainder of the personnel, recurrent and some capital costs (shared office 

supplies allocated to proportion of staff) associated with the HCV program, after extracting 

specific costs attributable to direct HCV visits by type (e.g. laboratory visit, pharmacy visit, etc.). 

Some capital costs were fully allocated to coordination, such as general support items including 

cold chain and energy equipment, furniture, spare parts for vehicles, and 

construction/rehabilitation costs for building maintenance. The per HCV consultation 

coordination cost was obtained from dividing the total HCV-related Dawei coordination cost by 

the number of HCV consultations ($6.59/consultation).  
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1.2 Valuation of GeneXpert for HCV-related activities 

GeneXpert costs were first costed separately by capital costs, personnel costs, 

consumables, and overheads. Since the GeneXpert was utilized to test for HIV and tuberculosis 

in addition to HCV, we multiplied shared costs by the proportion of HCV viral load tests 

performed in 2017 out of the total number of tests run on the GeneXpert for 2017. HCV viral 

load tests performed internally using the GeneXpert accounted for 29% of the total number of 

tests performed on the GeneXpert at the MSF-Dawei clinic in 2017.  

1.3 Background (non-HCV related) mortality rate calculation 

As all patients were on ART at HCV treatment initiation, we estimated a weighted 

background non-HCV related mortality rate based on the CD4 cell count distribution among the 

cohort at HCV treatment initiation (stratified by <200, 200-350, 350-500, >500 cells/μL, see 

Supplementary Table S4), and expected survival on ART by stage, assuming a 3-4 fold 

increase in lifespan if on ART  [1, 2]. With this calculation, the estimated average lifespan 

excluding HCV-related mortality among the HIV infected cohort was 30 years, only slightly less 

(3-4 years) than the expected lifespan among the general population in Myanmar. The 

background death rate was then calculated as 1/weighted life expectancy.  

1.4 HCV/HIV coinfection disability weights calculation 

HCV/HIV coinfection disability weights were calculated as [1-((1-HIV disability 

weight)*(1-HCV disability weight))]. We obtained relevant disability weights from the WHO 

Global Burden of Disease Study 2013 [3]. For the HIV disability weight for this analysis, we use 

the disability weight for ART (0.078), as all were on ART in the treatment cohort. Disability 

weights for DC (0.178) and HCC (0.451) were obtained directly from the GBD. No disability 

weights were available for HCV METAVIR stages, so the weight for mild abdominopelvic 

problem (0.011) was used for stages F0/F1, moderate abdominopelvic problem (0.114) was 

used for CC, and the midpoint between these two values was used for F2 (0.063) [3, 4].  
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SUPPLEMENTARY FIGURES 

 

 

 

Figure S4.1 Schematic of Markov model showing natural chronic HCV disease 

progression by liver disease states and treatment success. For those who are cured 

(achieve SVR), liver disease progression is reduced. F0-F3 are METAVIR hepatic fibrosis 

scores determined by transient elastography (<11.0 kPa); Cirrhosis: METAVIR score≥11.0 kPa; 

Decompensated cirrhosis: METAVIR score≥11.0 kPa and Child-Pugh score ≥6. Hepatocellular 

carcinoma was determined by abdominal ultrasound.    
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Figure S4.2 Distribution of patient-level HCV treatment costs (in 2017 US$) by liver 
disease stage among HIV-infected individuals in Dawei, Myanmar. Non-cirrhotic includes 
F0-F3, defined by METAVIR scores determined by transient elastography (<11.0 kPa); Cirrhotic 
includes CC: compensated cirrhosis (≥11.0 kPa); DC: decompensated cirrhosis (≥11.0 kPa and 
Child-Pugh score ≥6).   
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Figure S4.3 Sensitivity analysis of the cost-effectiveness of the “MSF updated DAA cost” 

model of care with 2018 DAA Access drug costs. 12-week Sofosbuvir/Daclatasvir treatment 

cost: US$120; 24-week Sofosbuvir/Daclatasvir treatment cost: US$240. DAA: direct-acting 

antiviral therapy; SVR: sustained virologic response at 12 weeks. Baseline parameter values 

are shown in Table 1. Fibroscan cost (US$3.89) reflects fibroscan cost estimated in similar 

setting (Cambodia, US$2017; $4.31; GDP-adjusted (Myanmar, US$1250/Cambodia, US$1385). 

Dark and light orange bars displayed when two values of a parameter were examined and 

resulted in ICER values lower and above the baseline ICER value (US$488). 
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Figure S4.4 Sensitivity analysis of the cost-effectiveness of the “Simplified MoH” model 

of care with 2018 DAA costs. DAA: direct-acting antiviral therapy; SVR: sustained virologic 

response at 12 weeks. Task shifting to nurse-led care increased nurse-led consultations by 3 

times. Dark and light green bars displayed when two values of a parameter were examined and 

resulted in ICER values lower and above the baseline ICER value (US$316). 
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Figure S4.5 Incremental cost-effectiveness ratio (ICER) for HCV screening and treatment 

among HIV-infected individuals compared to no screening for various HCV 

seroprevalences. HCV treatment protocol examined is the proposed Myanmar Ministry of 

Health HCV treatment strategy. MSF cohort HCV seroprevalence (HCV Ab-positive) was 8%. 

ICER: incremental cost-effectiveness ratio; DALY: disability-adjusted life years; HCV: hepatitis C 

virus; Ab: antibody; MSF: Médecins sans Frontières.  
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SUPPLEMENTARY TABLES 

Table S4.1 Unit cost in US$ of HCV therapy by drug type. 2017 drug costs are based on 

costs obtained from MSF invoices, which include MSF overhead charges. Updated unit drug 

costs from the Access campaign shown for sofosbuvir (400mg) and daclatasvir (60mg), 

excluding MSF overhead costs. *Ribavirin was not included in the Access campaign, but was 

prescribed in the “Observed MSF” intervention. Costs for Ribavirin were only included in the 

“Observed MSF” and “MSF with updated DAA costs” scenarios.  

 

HCV treatment drug 2017 Cost  2018 Cost 

Sofosbuvir (400mg) 3.52 1.04 
Daclatasvir (60mg) 1.38 0.39 
Ribavirin (200mg) 0.35 0.35* 
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Table S4.2 HCV treatment outcomes by liver fibrosis stage among cohort of HIV-infected 

patients in Dawei, Myanmar initiated on DAA treatment from 11/2016-10/2017. F0-F3 are 

METAVIR scores determined by transient elastography (<11.0 kPa); CC: compensated cirrhosis 

(≥11.0 kPa); HCV: hepatitis C virus; SVR: sustained viral response at 12 weeks; CC: 

compensated cirrhosis; DC: decompensated cirrhosis; HCC: hepatocellular carcinoma 

 

HCV 

disease 

stage 

N (% of total) Number 

achieved 

SVR 

SVR rate by 

HCV stage 

Number failed 

treatment, lost-to-

follow-up, or died 

F0 39 (32%) 37 94.5% 2 

F1 9 (7%) 8 88.9% 1 

F2 6 (5%) 5 83.3% 1 

F3 12 (10%) 11 91.7% 1 

CC 54 (44%) 54 100% 0 

DC 2 (2%) 2 100% 0 

HCC 0 (0%) 0 - 0 

Total 122 (100%) 117 95.9% 5 
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Table S4.3 Economic model parameters and their distributions. HCV: hepatitis C virus; 

SVR: sustained virologic response; ART: antiretroviral therapy; CC: compensated cirrhosis; DC: 

decompensated cirrhosis; HCC: hepatocellular carcinoma; GDP: gross domestic product. *2017 

USD$ 

Variable Sampled 
Value mean 
(95%CI) 

Distribution and input 
parameters 

Source 

HCV disease stage costs* (annual) 

No hepatic fibrosis – F0 0 - [5, 6] No Myanmar 
data; 2017 costs from 
Cambodia 
(unpublished) for F0-
CC adjusted by GDP 
(Myanmar GDP 
$1250)/ (Cambodia 
GDP $1385); 
Minimum/maximum 
values ±50% point 
estimate. Multiplier of 
5.3 used from 
Cambodia cohort data 
for DC calculation; 6.5 
for HCC. 

Mild hepatic fibrosis– F1 34.87 
(18.88, 
51.85) 

Uniform 
(min=17.64, 
max=52.92) 

Moderate hepatic fibrosis – F2 80.45 
(41.89, 
117.55) 

Uniform  
(min=39.85, 
max=119.55) 

Severe hepatic fibrosis – F3 137.03 
(71.72, 
199.60) 

Uniform  
(min=67.62, 
max=202.86) 

Compensated cirrhosis (F4, 
CC)  

206.93 
(109.23, 
301.92) 

Uniform 
(min=102.25, 
max=306.75) 

Decompensated cirrhosis (DC)  313.51 
(161.53, 
460.81) 

Uniform  
(min=156.70, 
max=470.10) 

Hepatocellular carcinoma 
(HCC) 

378.09 
(202.34, 
561.70) 

Uniform 
(min=191.47, 
max=574.42) 

HIV care costs (annual) 

HIV care visit cost  191.70 
(154.69, 
227.36) 

Uniform (min=152.74, 
max=229.12) 

Dawei Cohort, 
including visit and ARV 
drug costs. See Table 
S4 for specific ARV 
costs. Bounds ±20% 
point estimate  

Transition rates 

F0 to F1 (per year) 0.122 
(0.094, 
0.155) 

Gamma (shape=61.95, 
scale=.00197) 

[7] 

F1 to F2 (per year) 0.115 
(0.091, 
0.142) 

Gamma (shape=84.64, 
scale=0.00136)  

[7] 

F2 to F3 (per year) 0.124 
(0.091, 0.16) 

Gamma (shape=50.21, 
scale=0.0025)  

[7] 

F3 to CC (per year) 0.115 
(0.096, 
0.134) 

Gamma 
(shape= 132.25, 
scale=0.0009) 

[7] 

CC to DC (per year) 0.039 
(0.022, 
0.062) 

Beta (alpha=14.6168, 
beta=360.1732) 

[4, 8-11] Transition 
probability sampled, 
converted to rate 

CC or DC to HCC (per year) 0.015 
(0.002, 0.04) 

Beta (alpha=1.19326, 
beta=136.1074) 

[4, 8-12] Transition 
probability sampled, 
converted to rate 
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Table S4.3 Economic model parameters and their distributions, Continued. HCV: 

hepatitis C virus; SVR: sustained virologic response; ART: antiretroviral therapy; CC: 

compensated cirrhosis; DC: decompensated cirrhosis; HCC: hepatocellular carcinoma; 

GDP: gross domestic product. *2017 USD$ 

Variable Sampled 
Value mean 
(95%CI) 

Distribution and input 
parameters 

Source 

Relative risk of CC to DC with 
SVR  

0.078 
(0.023, 
0.190) 

Lognormal  
(mean 0.07,  
95%CI 0.03-0.2) 

[13, 14] 

Relative risk of CC/DC to HCC 
with SVR  

0.236 
(0.151, 
0.352)  

Lognormal  
(mean 0.23,  
95%CI 0.16-0.35) 

[15] 

Background (non-HCV related) 
mortality 

0.0336 
(0.0292, 
0.0378) 

Uniform (min=0.029, 
max=0.038) 

[1, 2] Weighted by 
CD4 status at HCV 
treatment initiation 
(Table S3), with all 
patients on ART as per 
cohort. See 
supplement for details. 

Relative risk of DC to liver-
related death in HIV/HCV 
coinfection compared to HCV 
monoinfection 

2.3  
(1.57, 3.38) 

Lognormal  
(mean 2.26,  
95%CI 1.51-3.38) 

[4, 16-18]  
 

DC to liver-related death for 
HCV monoinfection 

0.130 
(0.111, 
0.150) 

Beta (alpha=147.03, 
beta=983.97) 

[8, 9] Transition 
probability sampled, 
converted to rate 

HCC to liver-related death  0.429 
(0.370, 
0.482) 

Beta  
(alpha=117.1, 
beta=155.23) 

[4, 19-21] Transition 
probability sampled, 
converted to rate 

SVR 96% - Dawei cohort 

Discount rate 3% -  [22] 

Disability weights  

HCV/HIV coinfection (no SVR)  

F0/F1 0.088  - Calculated as [1-((1-
HIV disability weight) 
*(1-HCV disability 
weight))] using ART 
disability weight as all 
on ART in cohort. See 
supplement for details.  
[3, 4] 

F2/F3 0.136 - [4, 23] 

Compensated cirrhosis (CC) 0.183  - [3, 4] 

Decompensated cirrhosis (DC) 0.242  - [3, 4] 

Hepatocellular carcinoma 
(HCC) 

0.494  - [3, 4] 

HCV/HIV coinfection (achieved SVR)  

Disutility improvement on 
achieving SVR  

0.045 
(0.04, 0.05) 

Uniform (min=0.05, 
max=0.05) 

[24-26]  
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Table S4.4 Average unit cost in 2017 US$ of an HCV visit to Dawei clinic by cost category 

and visit component. Distribution of visit component by cost category expressed as row 

percentage. HCV: hepatitis C virus.  

 

 Cost category 
Visit component Recurrent cost (%) Personnel cost (%) Capital cost (%) 

General coordination 20.31 (59.0) 13.46 (39.1) 0.66 (1.9) 
HCV consultation 0.75 (65.2) 0.20 (17.7) 0.19 (17.1) 
Laboratory 2.83 (90.5) 0.26 (8.4) 0.04 (1.2) 
Pharmacy 0.22 (59.6) 0.13 (34.6) 0.02 (5.8) 
HCV counselling 0.48 (74.2) 0.13 (20.2) 0.04 (5.6) 
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Table S4.5 Cost components by intervention scenario. a“Observed MSF intervention” 

presents summary data from observational study, including 2017 DAA prices. b“MSF with 

updated DAA costs” estimates costs with updated DAA prices for quality-assured generic DAAs 

negotiated in 2018. c“Simplified MoH” strategy estimates costs with generic DAAs and a 

proposed simplified protocol (Figure 1), with local staff costs and no overheads. HCV treatment 

costs are assumed to be standard for all patients ($120/12-week treatment course of 

sofosbuvir/daclatasvir for non-cirrhotic patients; $240/24-week treatment course of 

sofosbuvir/daclatasvir for cirrhotic patients). 95% confidence intervals are presented for the 

observed cost data reflecting patient variations in observed costs. For estimations of costs using 

updated cost data or simplified strategies, patients were assumed to adhere to the exact clinical 

schedule (see Fig 1) and so no uncertainty is provided. MSF: Médecins sans Frontières; DAA: 

direct-acting antiviral treatment; MoH: Ministry of Health; CI: confidence interval. 

 

 Per patient cost (95% CI) 

Strategy HCV treatment HIV treatment  HCV disease 
stage 

Baseline 0 2,306.63 
(1,785.13, 
2,868.67) 

1,685.08  
(1,106.88, 
2,367.23) 

Observed MSF 
treatment programa 

1,563.92 
(1,309.88, 
1,855.96) 

2,866.59 
(2,252.05, 
3,520.34) 

1,682.21 
(1,030.56, 
2,346.50) 

MSF program with 
updated DAA costsb 

1,076.13  
(870.05, 
1,314.11) 

2,866.59 
(2,252.05, 
3,520.34) 

1,682.21 
(1,030.56, 
2,346.50) 

Simplified MoHc  501.50 2,866.59 
(2,252.05, 
3,520.34) 

1,682.21 
(1,030.56, 
2,346.50) 
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Table S4.6 HIV characteristics of study participants at baseline enrollment (n=121). WHO 

HIV staging categories defined as: Stage 1: Asymptomatic; Stage 2: mildly symptomatic; Stage 

3: moderately symptomatic; Stage 4: severely symptomatic/AIDS [27].TDF: Tenofovir (300mg 

daily); 3TC: Lamivudine (300mg daily); EFV: Efavirenz (600mg daily); AZT: Zidovudine (300mg 

twice daily); NVP: Nevirapine (200mg twice daily); ABC: Abacavir (600mg daily); LPV/r: Kaletra/ 

Lopinavir/Rionavir (400mg/100mg twice daily);  

 

Characteristic n % 

CD4 Count (cells/μL) upon HCV treatment 
initiation   

<200 13 10.7 

200-350 23 18.9 

350-500 24 19.7 

>500 62 50.8 

WHO HIV staging at HIV care enrollment   
Stage 1 10 8.3 

Stage 2 20 16.5 

Stage 3 73 60.3 

Stage 4 17 14.1 

Unknown 1 0.8 

HIV treatment regimen   
AZT + 3TC + NVP 19 15.7 

AZT + 3TC + EFV 5 4.1 

TDF + 3TC + EFV 84 69.4 

ABC + 3TC + EFV 3 2.5 

LPV/r + 3TC + AZT 5 4.1 

TDF + 3TC + LPV/r 4 3.3 

AZT + TDF + 3TC + LPV/r 1 0.8 
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Table S4.7 Unit cost in US$ of HIV therapy by drug type. 2017 drug costs are based on 

costs obtained from MSF invoices, which include MSF overhead charges. TDF: Tenofovir 

(300mg daily); 3TC: Lamivudine (300mg daily); EFV: Efavirenz (600mg daily); AZT: Zidovudine 

(300mg twice daily); NVP: Nevirapine (200mg twice daily); ABC: Abacavir (600mg daily); LPV/r: 

Kaletra/ Lopinavir/Rionavir (400mg/100mg twice daily) 

 

ARV regimen 2017 Cost 
(Annual) 

AZT+3TC+NVP 34.23 
AZT+3TC+EFV 54.32 
TDF+3TC+EFV 79.40 
ABC+3TC+EFV 152.45 
LPV/r+3TC+AZT 239.63 
TDF+3TC+LPV/r 219.00 
AZT+TDF+3TC+LPV/r 301.08 
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CHAPTER 5: CONCLUSIONS  

HCV infection is a leading cause of morbidity and mortality, globally, with the greatest 

burden occurring in LMICs [1-3]. However, some of the key populations for HCV transmission 

such as PWID and HIV-infected individuals face numerous challenges to screening, diagnosis, 

and treatment, thus further propagating HCV epidemics globally. Both PWID and HIV-infected 

individuals are marginalized populations which often face barriers to basic healthcare access, 

stigma and discrimination within the healthcare setting [4, 5], and a historically low level of 

awareness about HCV testing and treatment [6, 7]. Furthermore, in many LMICs, PWID and 

HIV-infected individuals face additional challenges to accessing HCV screening and treatment 

due to limited healthcare infrastructure for HCV testing, poor laboratory capacity including 

limited staff and testing materials, limited HCV surveillance programs, and in some settings, a 

lack of guidance for testing or absence of national HCV testing strategies and funding [8]. 

Currently, the WHO global HCV elimination goals aim for an 80% reduction in incidence and 

65% reduction in HCV-related mortality by 2030, thus creating an ideal avenue to draw attention 

to the high burden of HCV in these populations, and needs of these resource-limited settings to 

address this public health issue. Yet the most cost-effective way to achieve the HCV elimination 

goals and to expand HCV treatment programs is unknown in most LMIC settings. To inform 

public health planning, this dissertation used infectious disease and economic modeling to 

further our understanding of the costs, cost-effectiveness, and population impact of HCV 

treatment and prevention programs in two LMIC settings (Mexico and Myanmar).  

In Chapter 2, we evaluated various HCV intervention strategies including HCV treatment 

alone and in combination with evidence-based harm reduction interventions (OAT and HCNSP) 

to identify the most effective elimination strategies among PWID in Tijuana, Mexico. We used an 

HCV transmission and prevention model to project the impact of scaled-up combination 

interventions on HCV incidence and HCV-related mortality, in order to determine which levels of 
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scale-up of intervention and in which combination could achieve the WHO HCV global 

elimination goals among PWID in Tijuana. While we determined that HCV elimination among 

PWID in Tijuana can be achieved using treatment with DAAs alone with an estimated 770 (95% 

CI 640-970) treatments per year prioritized to current PWID, scaling up OAT+HCNSP in 

addition to DAAs decreases the total number of treatments required per year. Scale-up to 50% 

OAT+HCNSP+DAAs required 40% fewer treatments per year compared to DAAs alone to 

achieve HCV elimination. A combination intervention approach may be the most feasible option 

as current allocation of HCV treatment across Mexico is limited and thus a combination strategy 

would reduce the number of DAAs required to achieve elimination goals. Further, harm 

reduction interventions provide multiple other benefits such as preventing overdose [9] and HIV 

transmission [10, 11]. Finally, and a growing concern, is that existing compulsory abstinence 

programs could hamper elimination efforts by increasing syringe sharing and thus increasing the 

risk for HCV transmission. Our findings showed that DAAs scaled up with CAP required the 

greatest number of treatments per year, making it the least feasible intervention option given the 

resource constraints mentioned above.    

In Chapter 3, we evaluated the cost-effectiveness of scale-up of various HCV elimination 

strategies needed to reach the WHO HCV incidence elimination goal among PWID in Tijuana, 

Mexico. We adapted the model developed in Chapter 2 to incorporate valuation of costs and 

health stages, and used this economic dynamic model to evaluate cost-effectiveness HCV 

portfolios which could achieve the 80% reduction in HCV incidence target by 2030. We found 

that all elimination portfolios were cost-effective in Tijuana. Although combination prevention 

strategies (incorporating treatment and harm reduction) were more costly than treatment with 

DAAs alone, they provided more health benefits overall, underscoring the substantial benefit 

combination approaches can have on improving health among PWID in Tijuana, and Mexico 

more broadly. 
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In Chapter 4, we evaluated the cost-effectiveness of a real-world HCV treatment 

implementation trial among HIV-infected individuals in Dawei, Myanmar. We assessed the real-

world cost of treatment using micro-costing methods. We then developed an HCV treatment and 

disease progression model among HIV-infected individuals to assess the cost-effectiveness of 

DAAs for HCV/HIV-coinfected individuals compared to no treatment from a health provider 

perspective. We found that DAA treatment for HCV infection among HIV-coinfected individuals 

was cost-effective in Myanmar, even more so with recently negotiated DAA prices. We 

additionally found that a simplified treatment protocol as proposed to the Myanmar Ministry of 

Health could enhance cost-effectiveness if not associated with poorer treatment outcomes.  

Dissertation strengths 

To our knowledge, Chapter 2 was the first modeling study to project the level of 

combination interventions required to achieve the WHO HCV global elimination goals among 

PWID in a LMIC setting. Additionally, Chapter 3 was novel in that it was also the first study to 

evaluate cost-effectiveness of combination elimination strategies in Latin America, thus 

contributing to a significant gap in knowledge and much needed evidence to better recommend 

impactful interventions among PWID in Tijuana and in Mexico. As the first country in Latin 

America to pledge their efforts and resources to eliminate HCV, our studies aim to inform 

policymakers and programmatic changes to help Tijuana and Mexico accomplish these goals. 

Finally, Chapter 4 was the first to evaluate the cost-effectiveness of HCV DAA treatment among 

HIV-infected individuals in a LMIC setting. A strength of our analysis was that it was based on 

real-world programmatic costs and outcome data of an implemented HCV screening and 

treatment program in a LMIC setting.  
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Dissertation limitations  

There are several overall limitations to this dissertation research. First, as all of our 

analyses involve transmission and disease progression modeling, and as with all modeling 

studies, there are limitations in the uncertainty of the parameters. For example, HCV 

seroprevalence in Tijuana and overall risk population estimates (i.e. total number of PWID in 

Tijuana) are highly uncertain as the populations included in the underlying epidemiological 

studies which formed the basis of our parameterization are transient and may be difficult to 

locate, may have expired from a competing illness or condition such as overdose, leaving those 

with high adherence, those in close proximity, and potentially neglecting those with trouble 

accessing and locating care and treatment, those suffering from other health conditions and 

disabilities and more. As a result, these studies may not capture those at highest risk for HCV 

transmission. However, the finding that >90% of participants show a history of HCV infection 

indicates that HCV transmission is widespread and the burden is extremely high, so our results 

are robust to this uncertainty. However, our results in terms of treatment numbers were 

sensitive to overall PWID population size estimates, which merits further study. Another key 

piece of uncertainty were costs for untreated HCV disease stages in both Mexico and in 

Myanmar. Given a lack of data, we adjusted costs derived from data collected in a micro-costing 

study in Cambodia for disease stage costs in our Myanmar analysis and for HCV treatment 

delivery in Mexico as this data was not available. In Mexico, disease stage costs from a 2005 

HCV treatment cost-effectiveness study [12] were utilized for decompensated cirrhosis and 

hepatocellular carcinoma but inflated to current prices as they were similar to costs in other 

studies. However, for chronic HCV, our cost estimate was based on data from Peru, Colombia, 

Brazil [13], and the United Kingdom [14]. Overall, to address these and other uncertainties, we 

sampled all parameters from underlying uncertainty distributions, generating many (1000s) of 

parameter sets and therefore propagating this parameter uncertainty into our future modeling 
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projections. Additionally, we performed numerous one-way sensitivity analyses to account for 

variation in parameters and model assumptions. In doing so, we found that our results were 

robust to most uncertainties, and noted where the results were sensitive, meriting further study.  

Second, we recognize there are several limitations to our models. We developed 

deterministic, compartmental models for our studies. These models neglect to account for 

networks structure and network effects, thus potentially limiting the understanding of the impact 

of individual behaviors, including individuals who may be more high risk than others. Our 

models for Tijuana neglect additional health benefits to the proposed interventions, such as the 

impact on harm reduction strategies on the prevention of HIV transmission and fatal overdose. 

Additionally, the proposed harm reduction interventions in Tijuana are limited to those with 

histories of injection drug use and thus do not consider the impact of transmission on other 

populations aside from PWID. The models also fail to consider the additional benefits of HCV 

prevention, such as improved economic productivity due to reduced disease burden and 

reduced disability-adjusted life years incurred. We suggest the development of more complex 

models to account for these numerous benefits as well as further research to evaluate other 

socio-economic benefits that could result from implementing these proposed interventions. 

Furthermore, our cost-effectiveness models neglect to consider costs or logistical complications 

that arise in developing infrastructure and strengthening health systems and capacity which is 

required in order to achieve the proposed intervention scale-up scenarios. Additional work is 

warranted here to quantify these costs, incorporate them into the model, and to re-evaluate the 

cost-effectiveness of the implementation of interventions under these revised details. Finally, 

our models are limited in that they are quantitatively driven and focused. Thus, we do not 

account for patient preferences towards interventions or delivery of services. We suggest that 

further mixed-methods and qualitative research is performed to evaluate this.  
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Third, our analyses were limited to LMICs and thus the results may not be generalizable 

to other income settings or to settings with different epidemiologic profiles (i.e. varying 

prevalences, type of HCV epidemic, mode of transmission, risk population). For example, our 

work focused on PWID and HIV-infected individuals, however, in some settings such as in 

Egypt, HCV epidemiology is very different in that the epidemic is highly disseminated within the 

general population, and a large proportion of its HCV transmission occurred between 1950 and 

1980 from national treatment campaigns using unsterilized intravenous injections against 

schistosomiasis [15]. In settings such as Egypt, where the HCV epidemic is highly disseminated 

within the community or in other settings where HCV transmission largely stems from general 

community risks, rather than being driven by PWID, strategies required to achieve the HCV 

elimination goals may require focusing intervention efforts and resources on other key 

populations aside from those considered in our analyses. In other settings where PWID are the 

primary high-risk population for HCV transmission, combination DAA and harm reduction 

intervention scale-up are still likely to be effective in reducing the HCV transmission and burden, 

as has been projected in numerous countries across Europe [16]. Furthermore, our results are 

consistent with those modeled in other prevalence settings [16, 17], where similar treatment 

rates (50 per 1,000 PWID) scaled with various OAT and NSP coverage levels results in a 

reduction of at least 50% in under 10 years in the highest chronic prevalence settings and 

results in an even greater reduction in low chronic prevalence settings [16]. However, reinfection 

rates may vary greatly depending on prevalence and thus the threshold for treatment and harm 

reduction scale-up required to achieve HCV elimination may also vary as a result (i.e. higher 

number DAAs and scale-up needed in higher chronic prevalence, higher reinfection settings 

compared to lower chronic prevalence/lower reinfection settings). It is unclear if our results 

would apply to HCV epidemics that are not stable, as we have assumed in our model. In 

settings with increasing HCV epidemics, a greater number of treatments, retreatments, and 
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more substantial scale-up of harm reduction interventions (to levels in excess of 50%) would 

likely be required [18]. Conversely, in settings where the HCV epidemic is already decreasing 

among PWID, lower levels of interventions scale-up may be required or higher levels of 

intervention over a shorter period of time in order to achieve the HCV elimination goals. Another 

limitation to the generalizability of our findings include that HCV/HIV co-infected individuals are 

highly specific in that the progression to liver-related disease or mortality accelerates depending 

on coinfection and ART status. In Dawei, all of the HCV/HIV coinfected individuals were 

receiving ART therapy. However, it is unclear if our results would apply to HCV/HIV coinfected 

populations where ART coverage is low or zero, as there would be increased competing 

mortality from HIV.  

Fourth, another limitation and overall challenge to cost-effectiveness research is the lack 

of established WTP thresholds and thus uncertainty with those defined to evaluate public health 

interventions. For example, a WTP of one time the per capita gross domestic product (GDP) of 

the corresponding country of interest, originally defined by the WHO Commission on 

Macroeconomics and Health, is used to provide a threshold to evaluate the cost-effectiveness of 

many public health interventions [19]. The rationale behind this threshold as stated by the WHO 

Commission on Macroeconomics and Health, was that it is if a given intervention resulted in a 

mean of at least one additional year of healthy life, per capita, then it was reasonable to spend 

the estimated value of a year of healthy life, per capita [20]. Additionally, as the per capita GDP 

WTP threshold was established from the following assumptions: non-health consumption, 

leisure time, longevity, and health-related quality of life—it is considered to be comparable to the 

value of statistical life and thus is representative of an individual’s willingness to pay to extend 

their healthy life by one year [20]. Yet, these thresholds exist as recommendations, arising from 

both the financial value of an intervention as well as its estimated health benefits, within a 

specified setting, and thus are not intended to be used as the sole determining factor in deciding 
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whether or not to implement a given intervention [20]. More recently, this WHO definition has 

been criticized that (1) it may obscure the reality of implementing an intervention, ineffectively 

evaluating context and capacity within the given setting, (2) is seemingly arbitrary, (3) assumes 

that a country would pay linearly up to a valued threshold for a health benefit, and (4) neglects 

to sufficiently assess affordability of the proposed intervention within a given setting  [21]. As an 

alternative to the WHO definition, using cost-effectiveness thresholds based on the purchasing 

power parity (PPP)-adjusted GDP has been suggested [22]. WTP thresholds based on PPP-

adjusted GDP suggest that the WHO estimates are often too high and would not be 

recommended to determine the necessary allocation of resources [22]. As such, a true 

determination of cost-effectiveness is difficult. Further yet, the decision of which WTP threshold 

is best suited for a specific intervention may depend on whether the program funder and 

stakeholders are either domestic or international. Future investigation of PPP-adjusted GDP in 

lieu of the per capita GDP is needed to determine which WTP should be more widely 

recommended. Additionally, further research regarding WTP thresholds and the determination 

of cost-effectiveness is needed, particularly in LMICs such as Myanmar.   

Public Health Implications 

Overall, findings from this research can be used to advocate for evidence-based HCV 

screening and treatment programs among key HCV risk populations in LMICs. Our modeling 

indicates that even in very high burden settings such as Tijuana, HCV elimination could be 

achieved provided the forthcoming DAAs are widely available, scaled-up among both current 

and former PWID, and there is concomitant scale-up of harm reduction services. As such, our 

findings also highlight the need for affordable harm reduction services such as OAT, which is a 

major barrier in Tijuana and, emphasizes the need for continuous funding of harm reduction 

services including both OAT and HCNSP for PWID as disrupted funding for these programs 

may result in a rebound effect further hindering HCV elimination. Furthermore, there are multiple 
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sites in Mexico with concentrated HCV epidemics among PWID, including in other US border 

cities of Ciudad Juarez and San Luis Rio Colorado [23], further emphasizing the need for DAAs 

to be allocated to the PWID within these communities to halt HCV transmission. Additionally, 

implementing harm reduction interventions may result in additional benefits aside from reducing 

the risk of HCV transmission including reduced HIV transmission [10], fatal overdoses [9], and 

reincarceration [24]. Additionally, incorporating HCV screening and treatment alongside existing 

HIV screening and treatment services may allow for more rapidly integrated and disseminated 

establishment of HCV programs for HCV/HIV co-infected individuals, particularly in resource 

strained communities and settings. Finally, and as we have shown in both of our studies in 

Mexico and Myanmar, national programs in similar settings should no longer consider DAA cost 

a barrier, but rather consider these data along with simplified models of care as a means to cure 

people with HCV infection and progress towards WHO HCV elimination goals. 

Future research   

HCV elimination goals are achievable by 2030, even within high HCV prevalence 

settings, such as among PWID in Tijuana. This dissertation both identified and contributed to 

gaps in current literature by determining effective and cost-effective evidence-based intervention 

strategies that can achieve HCV elimination among PWID in a LMIC setting. Additionally, we 

contributed greatly to the cost literature, by performing a detailed, micro-costing study of an 

existing HCV treatment program among HIV-infected individuals, also in a LMIC setting. There 

are several suggestions for future research, building upon these analyses.  

First, and critical to HCV elimination, is to examine other cities within the countries 

examined in our research (Mexico, Myanmar) as well as other LMIC countries facing different 

HCV epidemics in order to understand which interventions will be the most effective at achieving 

both setting-specific and overall HCV elimination. Results from these studies would improve 

intervention planning and resource allocation, but will need to be completed within the next few 
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years if the targets are going to be met on time. Second, as tailored interventions are 

implemented and scaled-up within key populations, additional modeling analyses will need to 

evaluate whether these programs are on track for HCV elimination. Similar modeling studies to 

that which recently evaluated the progress towards HCV elimination in Georgia, determined that 

current treatment rates as initially implemented through the national HCV program would not be 

sufficient in achieving the Georgian government’s desired 90% prevalence reduction by 2020, 

but that Georgia is on track to achieve the WHO incidence and mortality elimination goals by 

2030 [25]. Third, while the models developed in this dissertation neglected to account for 

heterogeneity across interventions, they are well-suited to address this. The HCV/HIV co-

infected cohort in Dawei, Myanmar, included HIV-positive individuals on well-controlled 

antiretroviral therapy (ART), with high adherence rates. We recognize, however, that many HIV 

and HCV treatment programs in other settings may not have the same ‘ideal’ levels of 

adherence or may be less achievable. In order to provide a more complete picture of the impact 

of various levels of adherence on the scale-up of interventions proposed in this research, the 

current models could be adapted to examine the synergistic effects of treatment adherence 

levels and willingness of participants to accept a particular treatment or intervention. Results 

from those models would then provide levels of treatment and intervention scale-up that could 

extend to a variety of settings and programs. Lastly, there is an overall lack of cost data for HCV 

disease stages, screening, treatment, and care. Generally, detailed cost data is not collected or 

published which makes it difficult to evaluate current programs and propose new, cost-effective 

interventions. Future studies should aim to collect and publish current cost data in LMIC 

countries, in order to provide accurate, updated cost data to allow for future real-world costing 

and cost-effectiveness of these HCV elimination programs. 
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Conclusions 

With the WHO HCV elimination goals driving the charge for HCV efforts globally, 

elimination cannot be met without prioritizing those within high risk communities, including PWID 

and HIV-infected individuals, and within high HCV burden areas, such as in LMICs. PWID and 

HIV-infected individuals face critical barriers to HCV screening, diagnosis, and treatment, 

particularly within these settings. Resources are not typically allocated for PWID, in particular, 

and recent funding cuts in Mexico to harm reduction interventions will hamper the HCV 

elimination goals among both PWID and HIV-infected individuals. Despite high prevalence of 

HCV among PWID in Tijuana, similar to other regions, local programs are often not tailored to 

the needs of their community. Among HIV-infected individuals, leveraging existing health 

infrastructure and HIV treatment programs to incorporate HCV treatment could further 

accelerate progress of disseminating HCV treatment to HCV/HIV co-infected individuals. An 

integrated screening and treatment approach may be a more feasible option as it would only 

require few additional resources, particularly in LMIC settings. Public health programs are 

urgently needed in these communities, implementing evidence-based, culturally appropriate 

programs which provide accessible and affordable screening, treatment, care, and prevention 

efforts. Furthermore, elimination efforts will be hindered without financial, political, and 

community investment in HCV programs [26]. 
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