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The World Health Organization recommends test-and-treat interventions to curb and even eliminate epidemics of HIV, viral hepatitis, and sexually transmitted infections (e.g., chlamydia, gonorrhea, syphilis and trichomoniasis). Epidemic models show these goals are achievable, provided the participation of individuals in test-and-treat interventions is sufficiently high. We combine epidemic models and game theoretic models to describe individual's decisions to get tested for infectious diseases within certain epidemiological contexts, and, implicitly, their voluntary participation to testand-treat interventions. We develop three hybrid models, to discuss interventions against HIV, HCV, and sexually transmitted infections, and the potential behavioral response from the target population.

Our findings are similar across diseases. Particularly, individuals use three distinct behavioral patterns relative to testing, based on their perceived costs for testing, besides the payoff for discovering their disease status. Firstly, if the cost of testing is too high, then individuals refrain from voluntary testing and get tested only if they are symptomatic. Secondly, if the cost is moderate, some individuals will test voluntarily, starting treatment if needed. Hence, the spread of the disease declines and the disease epidemiology is mitigated. Thirdly, the most beneficial testing behavior takes place as individuals perceive a per-test payoff that surpasses a certain threshold, every time they get tested. Consequently, individuals achieve high voluntary testing rates, which may result in the elimination of the epidemic, albeit on temporary basis. Trials and studies have attained different levels of participation and testing rates. To increase testing rates, they should provide each eligible individual with a payoff, above a given threshold, each time the individual tests voluntarily.

Introduction

The World Health Organization (WHO) recognizes HIV, viral hepatitis and sexually transmitted infections (STIs) (such as chlamydia, gonorrhea, syphilis and trichomoniasis), altogether, as major public health threats worldwide [START_REF] Who | Global progress report on HIV, viral hepatitis and sexually transmitted infections[END_REF]. These diseases share many epidemiological features. Infections with HIV, viral hepatitis and STIs often lead to very few symptoms and can go unnoticed for years.

Meanwhile, infected individuals, unaware of their status, transmit the infection to others. Furthermore, they do not get access to treatment, which helps reduce the morbidity and transmission of the infectious disease. This yields one of the biggest challenges left in the fight against infectious diseases: epidemics of undiagnosed infections or hidden epidemics [START_REF] Ghosn | HIV[END_REF][START_REF] Vourli | Human Immunodeficiency Virus continuum of care in 11 European union countries at the end of 2016 overall and by key population: have we made progress?[END_REF]. There is an urgent need to increase testing rates, and decrease the time interval between infection and diagnosis, which, in turn, decreases transmission.

The WHO recommends test-and-treat strategies to eliminate HIV [START_REF] Granich | Universal voluntary HIV testing with immediate antiretroviral therapy as a strategy for elimination of HIV transmission: a mathematical model[END_REF][START_REF]Progress report 2016: prevent HIV, test and treat all: WHO support for country impact[END_REF], HCV [START_REF]New 'treat all' hepatitis C guidelines learn from the HIV experience[END_REF][START_REF]Guidelines for the screening, care and treatment of persons with hepatitis C infection[END_REF] and bacterial STIs [START_REF]Sexually transmitted infections: implementing the global STI Strategy[END_REF]. Test-and-treat is a public health intervention strategy where the population at risk of infection is mass-tested and, then, diagnosed individuals receive treatment immediately following diagnosis. The test-and-treat strategy employs treatment as prevention, since the infection transmissibility typically declines during treatment and cured individuals no longer transmit disease.

The success of these strategies, in considerably reducing incidence of infections, depends strongly on the availability and access of testing. Test-and-treat strategies often recommend to individuals at risk of infection to undergo periodic (e.g., yearly or quarterly) testing, followed by immediate treatment, if needed. However, due to various reasons, including low perceived risk of infection, poor access to testing, etc., individuals do not get tested or get tested less frequently than recommended.

Until recently, most tests used to diagnose HIV, HCV or bacterial STIs were laboratory-based, initiated by clinician prescriptions. However, numerous barriers exist to accessing laboratory-based tests, including time and travel required for accessing testing sites, lack of confidentiality, stigma, aversion to the sampling process, etc. [START_REF] Spence | Perceptions and experiences of internet-based testing for sexually transmitted infections: systematic review and synthesis of qualitative research[END_REF][START_REF] Kpokiri | Diagnostic infectious diseases testing outside clinics: a global systematic review and meta-analysis[END_REF], and therefore testing has been underused. New testing tools, such as self-testing and self-sampling [START_REF] Spence | Perceptions and experiences of internet-based testing for sexually transmitted infections: systematic review and synthesis of qualitative research[END_REF][START_REF] Kpokiri | Diagnostic infectious diseases testing outside clinics: a global systematic review and meta-analysis[END_REF][START_REF] Stevens | A global review of HIV self-testing: Themes and implications[END_REF][START_REF] Garland | Diagnosis of sexually transmitted infections (STI) using self-collected non-invasive specimens[END_REF][START_REF] Biello | HIV self-testing and STI selfcollection via mobile apps: experiences from two pilot randomized controlled trials of young men who have sex with men[END_REF][START_REF] Greacen | Les enjeux de l'autotest VIH en officine perçus par des pharmaciens et des populations concernées en France[END_REF], were recently developed and made available to mitigate these barriers. The WHO defines self-testing as a process whereby a person who wants to know his/her status collects specimen, performs a test, and interprets the test result in private. Selfsampling requires the individual to collect and send his/her specimen to laboratory where it is tested, and then the laboratory returns the test result to the individual [START_REF] Harding-Esch | Self-sampling and self-testing for STIs and HIV: the case for consistent nomenclature[END_REF]. Self-sampling for HIV and STIs are currently available in many settings, from public and private providers and rapid self-tests for HIV have been made available in pharmacies, without medical prescription [START_REF]A short technical update on self-testing for HIV[END_REF][START_REF] Unitaid | Access to HIV self-tests significantly expanded and costs halved thanks to Unitaid agreement[END_REF]. Population perceptions about voluntary testing and willingness to test against HIV [START_REF] Yuan | Factors associated with willingness to participate in free HIV test among general residents in Heilongjiang, Northeast China[END_REF][START_REF] Johnson | Use and awareness of and willingness to self-test for HIV: an analysis of cross-sectional population-based surveys in Malawi and Zimbabwe[END_REF][START_REF] Ashburn | Willingness to use HIV self-test kits and willingness to pay among urban antenatal clients in Cote d'Ivoire and Tanzania: a cross-sectional study[END_REF], viral hepatitis [START_REF] Grannan | Understanding patient perceptions and risk for hepatitis C screening[END_REF] and STIs [START_REF] Keizur | Knowledge and testing preferences for Chlamydia trachomatis, Neisseria gonorrhoeae , and Trichomonas vaginalis infections among female undergraduate students[END_REF][START_REF] Ong | Risk attitudes, risky sexual behaviours and willingness to test negative for syphilis using lottery-based financial incentives among Chinese men who have sex with men[END_REF] have been evaluated through population surveys. Hopes are that the new testing tools will lead to increasing testing rates, and, in turn, curb and even eliminate, epidemic dynamics.

Mathematical models have been extensively employed to study the role of HIV [START_REF] Granich | Universal voluntary HIV testing with immediate antiretroviral therapy as a strategy for elimination of HIV transmission: a mathematical model[END_REF][START_REF] Phillips | Potential impact on HIV incidence of higher HIV testing rates and earlier antiretroviral therapy initiation in MSM[END_REF][START_REF] Sood | Test-and-treat in Los Angeles: a mathematical model of the effects of test-and-treat for the population of men who have sex with men in Los Angeles County[END_REF][START_REF] Hutchinson | Cost-effectiveness of frequent HIV testing of high-risk populations in the United States[END_REF][START_REF] Ying | Home testing and counselling to reduce HIV incidence in a generalised epidemic setting: a mathematical modelling analysis[END_REF][START_REF] Farnham | How much should we pay for a new HIV diagnosis? A mathematical model of HIV screening in US clinical settings[END_REF][START_REF] Cori | HPTN 071 (PopART): a clusterrandomized trial of the population impact of an HIV combination prevention intervention including universal testing and treatment: mathematical model[END_REF][START_REF] Reitsema | Impact of frequent testing on the transmission of HIV and N. gonorrhoeae among men who have sex with men: a mathematical modelling study[END_REF][START_REF] Godin | Inferring population HIV incidence trends from surveillance data of recent HIV infection among HIV testing clients[END_REF][START_REF] Nyabadza | Modelling HIV/AIDS in the presence of an HIV testing and screening campaign[END_REF][START_REF] Johnson | Optimal HIV testing strategies for South Africa: a model-based evaluation of population-level impact and cost-effectiveness[END_REF][START_REF] Caro-Vega | Estimating the impact of earlier ART initiation and increased testing coverage on HIV transmission among men who have sex with men in Mexico using a mathematical model[END_REF] HCV [START_REF] Breban | Effect of preventive and curative interventions on hepatitis C virus transmission in Egypt (ANRS 1211): a modelling study[END_REF][START_REF] Sadeghimehr | Hepatitis C core antigen test as an alternative for diagnosing HCV infection: mathematical model and costeffectiveness analysis[END_REF][START_REF] Pitcher | Mathematical modeling of hepatitis C virus (HCV) prevention among people who inject drugs: a review of the literature and insights for elimination strategies[END_REF][START_REF] Sadeghimehr | Modelling the impact of different testing strategies for HCV infection in Switzerland[END_REF] and STI [START_REF] Reitsema | Impact of frequent testing on the transmission of HIV and N. gonorrhoeae among men who have sex with men: a mathematical modelling study[END_REF][START_REF] Heijne | What explains anorectal chlamydia infection in women? Implications of a mathematical model for test and treatment strategies[END_REF] testing for the epidemic course and public health interventions. They all found that frequent testing is central to epidemic elimination [START_REF] Granich | Universal voluntary HIV testing with immediate antiretroviral therapy as a strategy for elimination of HIV transmission: a mathematical model[END_REF][START_REF] Phillips | Potential impact on HIV incidence of higher HIV testing rates and earlier antiretroviral therapy initiation in MSM[END_REF][START_REF] Sood | Test-and-treat in Los Angeles: a mathematical model of the effects of test-and-treat for the population of men who have sex with men in Los Angeles County[END_REF][START_REF] Ying | Home testing and counselling to reduce HIV incidence in a generalised epidemic setting: a mathematical modelling analysis[END_REF][START_REF] Caro-Vega | Estimating the impact of earlier ART initiation and increased testing coverage on HIV transmission among men who have sex with men in Mexico using a mathematical model[END_REF]. Granich et al. [START_REF] Granich | Universal voluntary HIV testing with immediate antiretroviral therapy as a strategy for elimination of HIV transmission: a mathematical model[END_REF] suggested that, HIV elimination in South Africa would require yearly mass-testing and universal antiretroviral treatment immediately following HIV diagnosis. Philips et al. [START_REF] Phillips | Potential impact on HIV incidence of higher HIV testing rates and earlier antiretroviral therapy initiation in MSM[END_REF] showed that, in the United Kingdom, HIV elimination among men who have sex with men (MSM) would require diagnosing 90% of MSM within a year of their infection, and starting treatment at the time of diagnosis. Breban et al. [START_REF] Breban | Effect of preventive and curative interventions on hepatitis C virus transmission in Egypt (ANRS 1211): a modelling study[END_REF] discussed the epidemiological consequences of successfully targeting an HCV core group with testing and treatment. However, the question of whether a certain testing coverage can be achieved in a population has not been addressed. These modeling studies only assume that the coverage reaches much needed values, while this may not be granted in the practice of public health. Furthermore, they do not discuss how individuals decide to get tested, and how decisions to get tested depend on the perception of infection risk, as well as pros and cons of testing uptake.

Nevertheless, individual-level behavior and decision-making in response to disease epidemiology have often been included in mathematical models.

These modeling studies are reunited in a young discipline, the behavioral epidemiology of infectious diseases, focusing on the interplay between human behavior, and the transmission and control of infectious diseases [START_REF] Manfredi | Modeling the Interplay Between Human Behavior and the Spread of Infectious Diseases[END_REF]. While its origins can be traced back to the 70's, the turn of the century marked an important moment, when several influential ideas originated, bringing the discipline where it is today. We note the seminal papers by Philipson (41), Bauch and Earn (42), Bauch (43) and d'Onofrio and Manfredi [START_REF] Onofrio | Information-related changes in contact patterns may trigger oscillations in the endemic prevalence of infectious diseases[END_REF], which argue that prevention tools delivered by private markets, and deployed according to disease prevalence, cannot lead to disease elimination since the incentive to safe behavior declines with enacted prevention. Nevertheless, public health interventions can act to circumvent this outcome and may even lead to disease elimination; see the papers by Philipson (41), D'Onofrio, Manfredi and Poletti [START_REF] Onofrio | The Interplay of Public Intervention and Private Choices in Determining the Outcome of Vaccination Programmes[END_REF], and Vardavas, Breban and Blower [START_REF] Vardavas | Can influenza epidemics be prevented by voluntary vaccination?[END_REF]. In this work, we shift the discussion from disease prevention to voluntary testing and model the potential impact of test-and-treat strategies.

The simplest way to account for behavior in an epidemic model has been to include prevalence dependence in rate parameters [START_REF] Hsieh | Modelling the social dynamics of a sex industry: its implications for spread of HIV/AIDS[END_REF][START_REF] Hsieh | Basic reproduction number for HIV model incorporating commercial sex and behavior change[END_REF][START_REF] Bowie | Using a Dynamic Causal Model to validate previous predictions and offer a 12-month forecast of the long-term effects of the COVID-19 epidemic in the UK[END_REF][START_REF] Bhattacharyya | Role of word-of-mouth for programs of voluntary vaccination: a game-theoretic approach[END_REF]. However, decisions made by individuals, within a given epidemiological context, have been typically described using mixed models, merging a game-theoretic model and an epidemic model [START_REF] Manfredi | Modeling the Interplay Between Human Behavior and the Spread of Infectious Diseases[END_REF][START_REF] Verelst | Behavioural change models for infectious disease transmission: a systematic review (2010-2015)[END_REF][START_REF] Chang | Game theoretic modelling of infectious disease dynamics and intervention methods: a review[END_REF]. Several topics have been addressed thus far: voluntary vaccination [START_REF] Bauch | Vaccination and the theory of games[END_REF][START_REF] Bhattacharyya | Role of word-of-mouth for programs of voluntary vaccination: a game-theoretic approach[END_REF][START_REF] Breban | Mean-field analysis of an inductive reasoning game: application to influenza vaccination[END_REF][START_REF] Reluga | Evolving public perceptions and stability in vaccine uptake[END_REF][START_REF] Galvani | Long-standing influenza vaccination policy is in accord with individual self-interest but not with the utilitarian optimum[END_REF][START_REF] Reluga | A general approach for population games with application to vaccination[END_REF][START_REF] Bhattacharyya | Wait and see" vaccinating behaviour during a pandemic: a game theoretic analysis[END_REF][START_REF] Wu | Imperfect vaccine aggravates the long-standing dilemma of voluntary vaccination[END_REF][START_REF] Liu | Epidemiological game-theory dynamics of chickenpox vaccination in the USA and Israel[END_REF][START_REF] Shim | The influence of altruism on influenza vaccination decisions[END_REF][START_REF] Jijón | Prevention of treatable infectious diseases: a game-theoretic approach[END_REF][START_REF] Chouhan | Game-theoretical model of retroactive hepatitis B vaccination in China[END_REF][START_REF] Scheckelhoff | Optimal voluntary vaccination of adults and adolescents can help eradicate hepatitis B in China[END_REF][START_REF] Vardavas | Can influenza epidemics be prevented by voluntary vaccination?[END_REF], adoption of pre-exposure prophylaxis [START_REF] Jijón | Can HIV epidemics among MSM be eliminated through participation in preexposure prophylaxis rollouts?[END_REF], social distancing (66-68) and self-isolation [START_REF] Hellmann | A theory of voluntary testing and self-isolation in an ongoing pandemic[END_REF]. In fact, Hellmann and Thiele (69) modeled home testing as an aid in the decision making about whether or not to self-isolate. Fallucchi et al. [START_REF] Fallucchi | How to make universal, voluntary testing for COVID-19 work? A behavioural economics perspective[END_REF] discuss universal, voluntary testing for COVID-19, explaining various game-theoretic aspects.

Here, we develop new mixed models to address, for the first time, the question of voluntary testing.

We merge a utility-based game for the decision-making about testing with three different paradigm epidemic models for describing the epidemiological contexts of several infectious disease, such as HIV, HCV, and bacterial STIs. We determine whether and under what conditions certain testing rate levels can be reached and lead to disease elimination. We discuss implications for test-and-treat strategies and the epidemiologies of HIV, HCV and STIs.

A game-theoretic framework for modeling voluntary testing

During an epidemic, individuals may get tested for various reasons. First, there are many circumstances where testing is demanded by medical protocols such as pregnancy check-up, check-up to provide contraceptives, blood donations, etc. Second, individuals may follow recommendations of periodic testing; e.g., the WHO recommendation to test quarterly for HIV. Third, as the incubation period comes to an end and symptoms become noticeable, individuals may seek testing due to having symptoms, i.e., symptom-driven testing. These approaches to testing may be seen as coercive. In contrast, another approach may be voluntary testing, where individuals make voluntary, informed decisions about whether or not to get tested, according to their perceived risk of infection (e.g., a surrogate for this is the prevalence of infection) and the perceived pros and cons of voluntary testing, which may include the price and the accessibility of testing tools, the consequences of being infected, the importance of knowing his/her own infection status, etc. These factors, summarizing monetary and/or non-monetary aspects, can be expressed in a decision-making model as costs or/and payoffs perceived by the individual. Once the decision to get tested is made, individuals can get tested either through clinician-prescribed laboratory testing, through casual access of laboratory services, using self-sampling kits or self-testing, depending on the available testing protocols.

The epidemiological circumstances where individuals get tested can be conceptually described using epidemic models, expressed by ordinary differential equations (ODE); see sections 3-5 below.

The decision to get tested can be modeled as a non-cooperative game, where each individual acts in his/her own interest, to maximize his/her own perceived testing utility and benefit from treatment as soon as possible, if needed. We propose the following model for the utility of voluntary testing perceived by a typical individual

Eq. 1

where is the testing rate, and is the perceived probability of being infected and, at the same time, the expected per-test payoff for finding out the disease status. It is reasonable to assume that individuals actively searching to get tested will perceive finding out their disease status as a per-test payoff. We also assume that individuals employing voluntary testing make the a priori assumption that they will test negative. Hence, we consider that the per-test payoff for finding about disease negative status is zero. The parameter summarizes other per-test costs and payoffs in addition to knowing the disease status. If , then represents a cost. Otherwise, , and represents a payoff. For example, may represent the cost of accessing a laboratory site for the testing procedure, while may represent the perceived payoff for having access to self testing. Therefore, after receiving the test results, the individual perceives a cost if s/he is found negative and a smaller cost, , if s/he is found positive. We assume that positive individuals are immediately diagnosed and start treatment, without making further decisions regarding their own health.

Individual decisions on whether or not to get tested may be biased, yet, overall, closely relate to the course of the epidemic. Each individual's decision is indirectly influenced by the decisions of others, since the sum of all decisions determines the testing coverage, which, consequently, determines the rate of going on treatment and the risk of becoming infected. The decision-making game model is thus intertwined with the epidemic model. We assume that the long-term outcome of the feedback dynamics between voluntary testing and disease epidemiology leads to an equilibrium, where individuals make their testing decisions in quasi-stationary epidemic conditions. Hence, we restrict our models to describe stationary epidemiology; i.e., they do not apply to epidemic outbreaks.

Epidemiologically, we interpret as the ratio between the number of asymptomatic infected individuals and the total population size; that is, the prevalence of asymptomatic infections. We employ mathematical models of disease transmission to describe the epidemiological context and obtain formulae for , which depend implicitly on the testing rate and other epidemiological parameters (sections 3-5). In particular, we consider the following models: Susceptible-Infected-Susceptible (SIS), to describe transmission of bacterial STIs such as syphilis, chlamydia, etc., Susceptible-Infected-Removed (SIR), to describe HIV transmission, and we define a Susceptible- In the sections 3-5, we combine the game with each of the three models. Game theory postulates that the value of maximizing the utility , denoted , estimates the testing rate that is achieved voluntarily. If , then we say that the epidemic is eliminated. If , then we say that the epidemic is mitigated or controlled by the voluntary testing intervention.

The SIS model

The To explicitly model testing, we write , where is the baseline, symptom-driven diagnosis rate, resulting from symptom-driven testing, and is the diagnosis rate achieved through voluntary testing. In particular, is the testing rate and is the sensitivity of the testing procedure.

The reproduction number in the presence of voluntary testing is . The epidemic can be eliminated (i.e., ) if the testing rate is larger than the threshold , given by (n.b., )

Eq. 4

Therefore, the equilibrium prevalence of asymptomatic infections in Eq. 2 can be written as a function of S

ES

Eq. 5

The In Region III, where , the solution , such that the disease epidemiology is stationary, does not exist. This is a consequence of the fact that, ultimately, in contrast to the SIS model, the diseasefree state is always unstable in the mixed model. We propose the following interpretation inspired by the theory of dynamical games [START_REF] Glaubitz | Oscillatory dynamics in the dilemma of social distancing[END_REF][START_REF] Khazaei | Disease spread coupled with evolutionary social distancing dynamics can lead to growing oscillations[END_REF][START_REF] Poletti | The effect of risk perception on the 2009 H1N1 pandemic influenza dynamics[END_REF]. The endemic prevalence can be zero, hence , where . is positive and strictly increasing; individuals are prone to voluntary testing because the cost of voluntary testing is negative, so it corresponds to a payoff. The resulting rates of voluntary testing are high and the epidemic can be eliminated. However, elimination can be only temporary, since the disease-free state is unstable (Figure 1, Region III). Indeed, once the epidemic is eliminated, individuals perceive the risk of infection as being low and testing as no longer necessary. Hence, the frequency of voluntary testing decreases and the epidemic dynamics in Region III can enter Region II or Region I, where the epidemic reemerges and becomes, again, of public health concern.

We note elements of realism that the utility game brings to the SIS model. First the parameter , denoting the testing and diagnosis rate, with very little empirical and quantitative understanding, is intuitively explicated in terms of costs/payoffs perceived by the individual. Second, the game-theoretic component provides an intuitive explanation why a voluntary testing rate much larger than , the threshold for disease elimination, should not be expected in practice.

The SIR model

The SIR model can describe the current epidemiology of HIV. Susceptible individuals (S) can become infected and infectious, with very few symptoms (I). Upon diagnosis, individuals start lifetime treatment under which they remain infected but no longer infectious (R). The population dynamics are given by Eq. 9

where is the size of the total population and the parameter definitions are just like in the SIS model, and so is the reproduction number, . However, the formula for the endemic prevalence of asymptomatic disease differs ES , Eq. 10 so the utility maximization yields if if

Eq. 11

where

Eq. 12

Like for the SIS model, the domain of the variable is partitioned into three regions (Figure 2).

In Region I, where , the endemic equilibrium is stable and the maximum of is reached for (Figure 2). The perceived cost of voluntary testing is too high, so individuals choose to get tested only if they have symptoms.

In Region II, where , individuals test voluntarily at the rate , solution of , given by Eq. 11, which also yields Eq. 13 for all . In particular, for , . We obtain that the epidemic is controlled through voluntary testing, yet not eliminated; i.e., .

In Region III, where , we obtain results similar to those for the SIS model. The epidemic dynamics in this region are unstable and the solution , such that the disease epidemiology is stationary, does not exist. We postulate that, in this region, epidemic elimination occurs temporarily.

The three regions found in the analysis of the SIR model (Figure 2) are qualitatively similar to those found for the SIS model (Figure 1).

The SICAT model

We define the SICAT model (Figure 3) to describe HCV transmission in the general population, in line with previous literature [START_REF] Breban | Effect of preventive and curative interventions on hepatitis C virus transmission in Egypt (ANRS 1211): a modelling study[END_REF]. The HCV disease is known to have very few symptoms until the late chronic stage. In our model, susceptible individuals (S) can become infected and infectious as they enter the acute phase of infection (I). Then, one of three events can happen. Individuals can either [START_REF] Who | Global progress report on HIV, viral hepatitis and sexually transmitted infections[END_REF] progress from the acute stage to the chronic stage of the disease (C), or (2) be diagnosed and treated (T) while still being in the acute stage, or (3) clear the infection naturally and remain positive for HCV antibodies (A). Individuals in the chronic stage (C) can also be diagnosed and treated (T). It is assumed that all treated individuals (T) clear the infection, yet remain antibody positive (A). HCV antibodies do not prevent HCV reinfection. However, the reinfection rates in the general population are small [START_REF] Toyoda | Lack of hepatitis C virus reinfection in lifetime of Japanese general population with previous hepatitis C virus (HCV) infection successfully treated with anti-HCV therapy[END_REF][START_REF] Yu | Taiwan consensus statement on the management of hepatitis C: part (I) general population[END_REF] and we neglect them here, in the SICAT model.

The population dynamics of the model are given by Eq. 14 where is the force of infection and is the total population size. The parameters have the same definitions as in the SIS model. The rest of the parameters are as follows. The symbol stands for the rate of disease-unrelated death. The symbol stands for the rate of natural clearance of the infection and for the fraction of individuals that clear the infection. Finally, stands for the cure rate, whether individuals are acutely or chronicly infected.

The reproduction number is

Eq. 15

and the threshold testing rate needed for disease elimination verifies

Eq. 16

Note that if and only if .

Straightforward calculations yield the following population numbers at the endemic state

Eq. 17

and thus, the formula for prevalence at the endemic state is ES Eq. 18

We find that, just like for the SIR and SIS models, there exist two boundaries Eq. 19

which divide the domain of the variable in three regions. Region I corresponds to , where the utility reaches its maximum at . Hence, individuals do not find utility in voluntary testing.

Region II corresponds to , where the epidemic is controlled, but not eliminated. Region III corresponds to , where individuals find testing very useful and can temporarily eliminate the epidemic.

Obtaining an analytic formula for is cumbersome, since results as a solution of a cubic equation. Instead, we approached the problem of the utility maximization numerically. Figure 4 shows the numerical results for versus and appears similar to Figures 1 and2.

Discussion and conclusion

Each of our three models shows that individuals can adopt three different behaviors toward testing, depending on the perceived per-test cost , additional to the payoff of finding out the disease status. First, if the cost is too high, then individuals do not test voluntarily, rather, they restrain to symptom-driven testing, and thus the epidemic continues without diminish. Second, if the cost is intermediate, then there exists a trade-off between the rate and the cost of voluntary testing. Some individuals find the cost acceptable and get tested voluntarily; hence, the epidemic can be controlled through frequent voluntary testing. Third, if the cost is low and negative (i.e., is a per-test payoff), below a certain threshold, then individuals are prone to voluntary testing, and the epidemic can be eliminated. In consequence, the individuals quit testing and the epidemic can reemerge, in which case individuals will later resume their testing behavior. Therefore, the epidemiological dynamics are not stable and epidemic elimination can be reached only temporarily.

The transmission of HIV and bacterial STIs has often been modeled using network models rather than ODE; e.g., Refs [START_REF] Hansson | A dynamic network model to disentangle the roles of steady and casual partners for HIV transmission among MSM[END_REF][START_REF] Jenness | Incidence of Gonorrhea and Chlamydia Following Human Immunodeficiency Virus Preexposure Prophylaxis Among Men Who Have Sex With Men: A Modeling Study[END_REF][START_REF] Eames | Modeling dynamic and network heterogeneities in the spread of sexually transmitted diseases[END_REF]. These models are more realistic than ODE models, but also require significantly more data for their parameterization. Besides the inherent limitations of ODE epidemic models (77), our mixed models have three main limitations. First, the game-theoretical components assume that individuals have a fair perception about the risk of infection and make rational choices towards voluntary testing. Second, both components of the mixed models assume that the studied population is homogeneous regarding testing behavior. In reality, the population is most likely heterogeneous regarding perception of risk of infection, correct perception coexisting with misperception, leading to heterogeneous rates of voluntary testing. Hence, our analyses describe an optimistic scenario where all individuals are rational players, who accept treatment unconditionally once diagnosed with the disease. Third, our models address only stationary epidemiologies.

The outcomes of our three mixed models are qualitatively similar. Hence, it is reasonable to consider qualitatively similar interventions, such as test-and-treat, to increase voluntary testing and mitigate HIV, HCV and STI epidemics. Increasing the spectrum of testing solutions, with convenient testing protocols, such as self-sampling kits or self-testing [START_REF] Spence | Perceptions and experiences of internet-based testing for sexually transmitted infections: systematic review and synthesis of qualitative research[END_REF][START_REF] Kpokiri | Diagnostic infectious diseases testing outside clinics: a global systematic review and meta-analysis[END_REF][START_REF] Stevens | A global review of HIV self-testing: Themes and implications[END_REF][START_REF] Garland | Diagnosis of sexually transmitted infections (STI) using self-collected non-invasive specimens[END_REF][START_REF] Biello | HIV self-testing and STI selfcollection via mobile apps: experiences from two pilot randomized controlled trials of young men who have sex with men[END_REF][START_REF] Greacen | Les enjeux de l'autotest VIH en officine perçus par des pharmaciens et des populations concernées en France[END_REF][START_REF] Harding-Esch | Self-sampling and self-testing for STIs and HIV: the case for consistent nomenclature[END_REF], can act as a testing incentive.

Indeed, it seems that, with the availability of self-tests on-line and in pharmacies, the cost of voluntary testing decreased substantially. One may thus expect to see a surge in voluntary testing, possibly leading to epidemic elimination. Studies [START_REF] Kpokiri | Diagnostic infectious diseases testing outside clinics: a global systematic review and meta-analysis[END_REF][START_REF] Zhang | The longer-term effects of access to HIV self-tests on HIV testing frequency in high-risk gay and bisexual men: follow-up data from a randomised controlled trial[END_REF] showed that, with the availability of new testing tools, the testing frequency increased, without significant adverse outcomes. Still, testing rates did not increase sufficiently and it remains unclear whether the observed increase will last in the long run. For example, it was estimated that, in France, in 2017, only about half of the MSM recently tested for HIV, and testing for STI was even worse [START_REF] Rahib | Online self-sampling kits to screen multipartner MSM for HIV and other STIs: participant characteristics and factors associated with kit use in the first 3 months of the MemoDepistages programme, France, 2018[END_REF]. These testing rates are much lower than modeling estimates of target testing rates to eliminate HIV [START_REF] Granich | Universal voluntary HIV testing with immediate antiretroviral therapy as a strategy for elimination of HIV transmission: a mathematical model[END_REF][START_REF] Phillips | Potential impact on HIV incidence of higher HIV testing rates and earlier antiretroviral therapy initiation in MSM[END_REF].

These findings agree with our modeling results. To achieve epidemic elimination, it is not sufficient that individuals perceive low or zero cost for voluntary testing, they must perceive a per-test payoff, above a certain threshold, as motivation to get tested voluntarily, over and over, whether they are found positive or negative. Theoretically, the threshold payoff depends on epidemic parameters. In practice, it may be expressed using monetary and/or non-monetary aspects, and may be difficult to quantify. However, in the strive for epidemic elimination, the per-test payoff should be as large as feasible, to act as a testing incentive. Financial incentives and reminders to get tested for HIV or chlamydia were relatively recently implemented with various degree of success [START_REF] Chamie | Comparative effectiveness of novel nonmonetary incentives to promote HIV testing[END_REF][START_REF] Kranzer | Economic incentives for HIV testing by adolescents in Zimbabwe: a randomised controlled trial[END_REF][START_REF] Mccoy | Improving the efficiency of HIV testing with peer recruitment, financial incentives, and the involvement of persons living with HIV infection[END_REF][START_REF] Downing | Increasing chlamydia test of re-infection rates using SMS reminders and incentives[END_REF][START_REF] Dolan | The effect of financial incentives on chlamydia testing rates: evidence from a randomized experiment[END_REF][START_REF] Macis | Using incentives and nudging to improve non-targeted HIV testing in Ecuador: a randomized trial[END_REF]. Particularly, they were successful to lower the per-test costs and raise the testing coverage in low-and middleincome settings [START_REF] Chamie | Comparative effectiveness of novel nonmonetary incentives to promote HIV testing[END_REF][START_REF] Kranzer | Economic incentives for HIV testing by adolescents in Zimbabwe: a randomised controlled trial[END_REF][START_REF] Downing | Increasing chlamydia test of re-infection rates using SMS reminders and incentives[END_REF][START_REF] Macis | Using incentives and nudging to improve non-targeted HIV testing in Ecuador: a randomized trial[END_REF]. The effects of a successful incentive and increased payoff of testing may be estimated through monitoring laboratory activity and sales of self-sampling kits and self-tests.

Moving toward epidemic elimination will also require reaching individuals who may not perceive themselves at high risk. Therefore, a correct risk perception needs to be maintained through interventions that increase awareness, motivation and behavioral skills about risk reduction. These interventions will still be required with epidemic elimination so individuals keep perceiving a high payoff for voluntary testing and have a fair perception of risk of infection. Otherwise, diseases can reemerge and reach again an endemic state of concern for public health. The situation is similar to that of vaccination prevention, which requires continuous vaccine coverage even though the disease is declared to be eliminated [START_REF] Jijón | Prevention of treatable infectious diseases: a game-theoretic approach[END_REF]. In conclusion, perception of testing payoff and risk of infection are two key levers to increase the impact of test-and-treat strategies up to epidemic elimination and maintaining elimination in the context of less epidemic adversity.

Test-and-treat trials and studies often employed testing protocols different than those for the general population. For example, within the large-scale trial ANRS 12249, eligible residents of South Africa were offered rapid HIV testing, during home-based visits every 6 months for a few years.

Eventually, 89% of them had their HIV status ever ascertained (86), demonstrating that, in this context, offering testing at home considerably decreased the cost of testing. Test-and-treat strategies have also been employed in smaller trials, for specific demographic subgroups, defined by social status (e.g., incarcerated individuals) (87-90), geographical area (91-93), sexual behavior (e.g., MSM, sex workers) [START_REF] Braun | A treatment-asprevention trial to eliminate hepatitis C among men who have sex with men living with human immunodeficiency virus (HIV) in the swiss HIV cohort study[END_REF][START_REF] Garvey | Decline in hepatitis C virus (HCV) incidence in men who have sex with men living with human immunodeficiency virus: progress to HCV microelimination in the United Kingdom?[END_REF], or risk of infection (e.g., drug users) [START_REF] Foschi | Model of care for microelimination of hepatitis C virus infection among people who inject drugs[END_REF] with the goal to achieve local elimination, so-called micro-elimination [START_REF] Jenness | Incidence of Gonorrhea and Chlamydia Following Human Immunodeficiency Virus Preexposure Prophylaxis Among Men Who Have Sex With Men: A Modeling Study[END_REF], [START_REF] Eames | Modeling dynamic and network heterogeneities in the spread of sexually transmitted diseases[END_REF].

Some of these trials achieved very high participation and testing rates from the eligible populations, much larger than those reported in the studies of the general population. For example, HCV elimination efforts met with participation and testing rate of 99.5% in a prison [START_REF] Cuadrado | Microenvironment eradication of hepatitis C: a novel treatment paradigm[END_REF], 80% in a cohort of HIV-infected MSM [START_REF] Braun | A treatment-asprevention trial to eliminate hepatitis C among men who have sex with men living with human immunodeficiency virus (HIV) in the swiss HIV cohort study[END_REF], and 89% in an Egyptian village [START_REF] Shiha | An educate, test, and treat programme towards elimination of hepatitis C infection in Egypt: a community-based demonstration project[END_REF], where public health authorities engaged in short talks to address commonly asked questions, and distributed booklets, flyers and posters before testing. With positive experience from HCV micro-elimination, public health agencies look forward to nationwide strategies for HCV elimination (99-103). The overall strategic objective also includes elimination of HIV and STIs, because of the inherent similarities between the HCV and HIV and STI epidemiologies (1).

It appears that the recipe for achieving large testing rates from targeted populations has been either (1) careful design of the testing protocol [START_REF] Iwuji | Universal test and treat and the HIV epidemic in rural South Africa: a phase 4, open-label, community cluster randomised trial[END_REF], which may be quite different from typical practice of public health, or (2) careful targeting relatively small populations, which due to their specificities, 

  SIS model can describe the epidemiology of bacterial STIs, such as chlamydia, gonorrhea, syphilis and trichomoniasis. Susceptible individuals (S) can become infected and infectious (I), showing very few symptoms. Upon diagnosis, they immediately start treatment, which is rather brief for bacterial STIs. After the completion of the treatment regimen, individuals immediately become susceptible, again. The population dynamics are given by Eq. 3 where denotes the total population size. The parameters and are demographic and denote, respectively, the inflow of susceptible individuals and the rate at which individuals quit the sexually mixing pool. The symbol denotes the infection transmissibility, and denotes the rate at which infected individuals get diagnosed and treated. Since we assume the duration of treatment is short, also represents the rate at which individuals become susceptible again.
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	Note that	. There exist two boundaries and	that divide the domain of into
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	of is reached at	, i.e.,	(Figure 1, region I). The perceived additional cost of voluntary
	testing is too high, so individuals choose not to test unless they have symptoms. The resulting
	epidemiological equilibrium is a stable endemic equilibrium.
	Region II, where	,	is differentiable and strictly concave for	. The
	voluntary testing rate, , is the unique solution of the equation	; see equation Eq.6. The
	reproduction number becomes		
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are prone to participate in test-and-treat interventions. Either way, building large scale strategies for systematic, nationwide interventions remains complex. Our models suggest that, a testing offer, which simply acknowledges the epidemiological context of the community, would not be met with large testing rates because voluntary testing would likely not be perceived as providing substantial payoffs to individuals. Comprehensive offers should be made in line with the principles of voluntary testing.

Providing per-test payoffs to all eligible individuals in a population is a task whose complexity can increase substantially with the size and the diversity of the population.
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