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Abstract 

Human immunodeficiency virus (HIV) control is one of the most heavily studied 

diseases of our time, as an estimated 32.7 million people have lost their lives to HIV-

related illnesses. The scientific community has collectively made considerable 

advancements in HIV prevention and treatment methods, with the implementation of 

programmes for voluntary medical male circumcision (VMMC), antiretroviral therapy 

(ART), and behavioural interventions successfully reducing HIV-related deaths globally 

by 60% in 2019, compared to the peak in 2004. Cervical cancer is caused by a 

persistent infection with an oncogenic strain of human papillomavirus (HPV), which in 

rare cases, facilitates the development of a lesion that progresses to cervical cancer. 

New evidence suggests that women living with HIV are at a six-fold greater risk of 

cervical cancer compared to women without HIV, as the presence of an HIV infection 

increases HPV infection persistence and escalates progression to cervical cancer. 

Cervical cancer is largely preventable through HPV vaccination and cervical screening; 

however, despite this, there were still over 600,000 cervical cancer cases and over 

340,000 cervical cancer deaths globally in 2020. Therefore, the World Health 

Organisation (WHO) has called for all nations to contribute to a concerted global effort 

to eliminate cervical cancer as a public health problem and has launched a global 

strategy to accelerate this. As HIV control such as VMMC and behavioural 

interventions directly impact HPV transmission, and since HIV is implicated in 5% of 

cervical cancers, future predictions of cervical cancer incidence and mortality rates in 

regions with endemic HIV must account for HIV epidemic metrics and uptake of HIV 

control. The body of work presented in this thesis utilises a detailed model platform of 

HIV and HPV infection and natural history to systematically address the combined and 

standalone impacts of HIV and HIV control on cervical cancer incidence and mortality 

in Tanzania, an example country broadly representative of sub-Saharan Africa. This 

thesis builds on the Tanzanian example to assess the impact of the implementation 

and scale-up of HPV vaccination and screening for cervical cancer prevention under 

the WHO global strategy for cervical cancer elimination in terms of direct health 

benefits and cost-effectiveness and resource utilisation. The results presented in this 

thesis illustrate the importance of continuing to invest in sustained HIV control, which 

has the secondary benefit of preventing cervical cancer incidence and mortality and 

provides arguments for the adoption and rapid scale-up of HPV vaccination and 

cervical screening for all women, with particular emphasis on women living with HIV. 

From a broader perspective, this body of work highlights the valuable role of detailed 

mathematical modelling to assess population health policy.  
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Chapter 1: Introduction and Literature Review 

Biology and epidemiology of human immunodeficiency virus (HIV) 

Human immunodeficiency virus (HIV) is a transmissible retrovirus that infects human 

immune cells that express the CD4 receptor. Susceptible cells include monocytes, 

macrophages and CD4+ T cells(Dalgleish et al., 1984, Barre-Sinoussi et al., 1983). The 

virus is acquired through contact with the bodily fluids of an infectious individual, most 

commonly during sexual intercourse(Moore et al., 2001, National Institutes of Health, 

2017, De Cock et al., 2000). Following HIV acquisition, an infected individual enters an 

acute stage of infection that typically lasts for less than 12 weeks (Table 5) and is 

characterised by non-descript flu-like symptoms(U.S. Department of Health & Human 

Services, 2017, Hightow-Weidman et al., 2009). Following acute infection, the World 

Health Organisation recognises four clinical (symptom-defined) stages of HIV 

infection(World Health Organization, 2013). Clinical stage 1 refers to the asymptomatic 

stage of disease, otherwise known as chronic infection. In the absence of HIV 

treatment, chronically infected individuals remain in this stage for approximately five 

years, while their immune system is gradually depleted(AVERT, 2017, U.S. 

Department of Health & Human Services, 2017). Once the infected individual’s immune 

system has been sufficiently depleted, they enter clinical stage 2, the first symptomatic 

stage(World Health Organization, 2013). Identifying symptoms for this stage are 

unexplained weight loss (<10% of bodyweight), and recurrent bacterial, viral, or fungal 

infections. The second symptomatic stage (clinical stage 3) is identified by a set of 

more severe symptoms, for example, weight loss of greater than 10% of body weight, 

severe/chronic infection and persistent diarrhoea, fever and anaemia(World Health 

Organization, 2013). On average, untreated individuals spend an additional five years 

in clinical stages 2 and 3(Palk et al., 2018). The final stage (clinical stage 4) is often 

characterised by an increase in viral load alongside the presence of AIDS-defining 

conditions(World Health Organization, 2013, Vergis and Mellors, 2000, U.S. 

Department of Health & Human Services, 2017). 

Following the emergence and classification of HIV in the early 1980s, fear of the deadly 

infection swept the globe. As infection rates grew, HIV was quickly identified as a 

global public health concern, with the United Nations declaring a global crisis. 

Estimates suggest that global HIV incidence peaked at 3.3 (3.1-3.4) million new 

infections in 1997, before rapidly declining over 1998-2005 following the introduction 

and scale-up of highly effective anti-retroviral therapy (ART)(Wang et al., 2016). Early 

forms of anti-retroviral drugs such as zidovudine were first approved for use in the late 

1980s; however, these early drugs were used as monotherapy and were quickly 
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overcome with HIV evolving drug resistance. However, the era of anti-retroviral 

therapies progressed rapidly. The current standard for HIV treatment referred to 

throughout the thesis as ART involves a combination of anti-retroviral drugs that inhibit 

at least two stages in the viral infection cycle, effectively suppressing viral activity and 

transmission through lifelong adherence(Palmer, 2003, Cohen  et al., 2011).  

As a testament to the effectiveness of ART as both a treatment and prevention, and, to 

the global commitment to ending HIV, in 2014, the Joint United Nations Programme on 

HIV/AIDS (UNAIDS) unveiled ‘90-90-90: An ambitious treatment target to help end the 

AIDS epidemic’, intending to increase testing and treatment rates such that 90% of all 

people living with HIV are aware of their status, 90% of people diagnosed with HIV are 

receiving treatment, and 90% viral suppression of treated individuals(Joint United 

Nations Programme on HIV/AIDS (UNAIDS), 2014). 

While ART plays a prominent role in HIV prevention efforts, there is a range of other 

effective tools for HIV prevention that cannot be overlooked. Findings from three gold 

standard efficacy trials indicate that voluntary medical male circumcision (VMMC) 

reduced the risk of HIV acquisition by 44-70%(World Health Organisation (WHO), 

2020b). As a result, the World Health Organisation (WHO) has recommended VMMC 

for HIV prevention, with updated policy recommendations published in 2020(World 

Health Organisation (WHO), 2020b). In practice, ART for treatment and prevention and 

VMMC work in conjunction with a slew of other behavioural and social interventions 

targeted towards increasing HIV testing rates, increasing safe sexual practices such as 

monogamy and condom use, and decreasing the need for young women to engage in 

transactional or commercial sex through social security enterprise. More recently, 

particularly in high-income settings, pre-exposure prophylaxis (PrEP) has emerged and 

is an effective way for HIV negative individuals to protect themselves against HIV 

infection(Centers for Disease Control and Prevention, 2018b, World Health 

Organisation 2018b). PrEP involves administering an anti-viral drug, either orally or as 

a topical gel, before HIV exposure(World Health Organisation 2018b). Taken orally 

every day, PrEP is highly effective at reducing the risk of HIV acquisition by 

>90%(Grulich et al., 2018, Centers for Disease Control and Prevention, 2018b). Due to 

this efficacy, the WHO recommends that individuals who are considered high-risk of 

HIV infection receive PrEP(World Health Organisation 2018b). Therefore, PrEP may be 

appropriate for commercial sex workers and men who have sex with men.  

HIV acquisition risk is significantly affected by geographical, social, and economic 

factors. The majority of all people living with HIV reside in low- and middle-income 
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countries (LMICs), and marginalised members of society, such as sex workers, 

injection-drug users and men who have sex with men (MSM), are at disproportionate 

risk. Sub-Saharan African countries carry the highest global burden of HIV, with 75.4% 

(71.7-75.4) of all new HIV infections in 2015 occurring in this region(Wang et al., 2016).   

The landscape of global HIV epidemiology has changed substantially over time and will 

continue to change. As the scientific community continues to discover and refine 

effective HIV treatment and prevention technologies, some studies report increased 

levels of complacency and potential occurrences of risk compensation following the 

successful implementation of HIV control interventions such as male medical 

circumcision, treatment with ART, and pre-exposure prophylaxis. However, there is 

conflicting evidence surrounding the magnitude or directionality of community-wide 

behavioural changes(Kalichman et al., 2018, MacKellar et al., 2011, Crepaz et al., 

2004, Lal et al., 2017). The current global focus has shifted towards achieving equity of 

access to these technologies to eliminate transmission in low-income (and all) 

countries. Notably, even once HIV transmission is eliminated, if viral suppression in 

people living with HIV is not staunchly maintained throughout their lifetime, there is a 

risk of resurgence of their disease and throughout the community.  

Biology and epidemiology of human papillomavirus (HPV) 

Human papillomavirus (HPV) is a double-stranded DNA virus, which infects human 

stratified epithelial cells(Doorbar, 2006, McMurray et al., 2001). Over 150 HPV 

genotypes have been discovered, with some resulting in the development of either 

non-genital or genital warts. Most HPV infections are asymptomatic and cleared 

naturally(Loo and Tang, 2014, Ljubojevic and Skerlev, 2014, Doorbar et al., 2015, 

World Health Organisation 2018a). Persistent infection with a class of HPV genotypes 

known as the “high-risk” types can cause oropharyngeal and anogenital lesions and 

cancers, particularly cervical cancer(Ljubojevic and Skerlev, 2014, Doorbar et al., 

2015). There are 15 high-risk oncogenic HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 

56, 58, 59, 68, 73, and 82); types 16 and 18 are generally considered to be the highest 

risk and are responsible for around 70% of all cervical cancer cases(Winer et al., 2006, 

Division of STD prevention (Department of health and human services), 1999, Munoz 

et al., 2003). Even so, the majority of high-risk HPV infections do not result in any 

clinical disease and are cleared by the immune system(Ault, 2006). However, 

persistent infection within the cervix can induce neoplastic cell changes within the 

epithelium, resulting in the development of a cervical lesion(Ault, 2006). Cervical 

lesions are identified as cervical intraepithelial neoplasia (CIN) and are graded by 

severity (i.e., low-grade CIN1 to high-grade CIN3). The majority of cervical lesions 
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regress and are eventually cleared; however, some lesions eventually progress to 

invasive cervical carcinoma(Ault, 2006).  

HPV is one of the most common sexually transmitted infections. In the United States, 

the Centres for Disease Control (CDC) estimates that 80% of women become infected 

with HPV by the time they are 50 years old(Centers for Disease Control and 

Prevention, 2018a). Globally, the World Health Organisation estimates that in 2016 

more than 290 million women were living with a current HPV infection, and estimates 

that HPV infection causes 528,000 cervical cancer cases and 266,000 cervical cancer 

deaths each year(World Health Organisation 2016). Low human development index 

(HDI) countries shoulder the greatest burden of cervical cancer, with 2018 age-

standardised rates (ASR) of cervical cancer incidence and mortality rates being 29.8 

per 100,000 women and 23.0 per 100,000 women(International Agency for Research 

on Cancer (IARC), 2018a, International Agency for Research on Cancer (IARC)), which 

are 2.3 and 3.3 times higher, respectively, than the global average(International 

Agency for Research on Cancer (IARC), 2018b, International Agency for Research on 

Cancer (IARC), 2018c). 

HPV and cervical cancer control interventions 

Fortunately, health departments and policymakers have access to two safe and highly 

effective tools for preventing cervical cancer: HPV vaccination and cervical screening. 

HPV vaccination is a first-line primary prevention method, as vaccinated females are 

protected against oncogenic HPV infection and subsequent cervical cancer. As of 

2020, there are three commercially available HPV vaccines: the bivalent vaccine, which 

protects against HPV types 16 and 18; the quad-valent vaccine, which protects against 

HPV types 16, 18, 6 and 11; and a 9-valent vaccine which protects against HPV types 

16, 18, 6, 11, 31, 33, 45, 52 and 58 (responsible for >90% of all cervical cancer, 

globally)(The Royal Australian and New Zealand College of Obstetricians and 

Gynaecologists (RANZCOG), 2018). The 9-valent vaccine (Gardasil® 9) has the 

highest coverage of protection against cervical cancer, in that the vaccine-included 

types are responsible for >90% of cervical cancers worldwide, and is highly safe and 

effective, preventing infection in >95% of vaccinated individuals(The Royal Australian 

and New Zealand College of Obstetricians and Gynaecologists (RANZCOG), 2018, 

Joura et al., 2015). 

Cervical screening is a safe and effective method for detecting HPV-related cervical 

disease among HPV positive women. Early detection of pre-cancerous cell changes 

allows for preventative treatment against the development of cervical cancer(World 
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Health Organisation 2018c). The most used (and oldest) test, the Papanicolaou (Pap) 

smear is a cytology test involving the staining and visual inspection of cervical cells by 

a pathologist to check for cellular changes; this test is used for the detection of cervical 

pre-cancer (that is, CIN) and cancer and has been highly successful(Michael, 1999, 

Tambouret, 2013). However, cytology is not sufficient to perfectly determine the 

severity or degree of cellular changes. Women with cytologically detected 

abnormalities would receive one of two possible results depending on what was 

visualised on the slide: low-grade squamous intraepithelial lesion (LSIL) or high-grade 

squamous intraepithelial lesion (HSIL). In general, women with CIN1 may receive an 

LSIL diagnosis, and women with CIN2+ may receive an HSIL result, noting substantial 

variability in the classification of CIN1/2 lesions in practice. Once a pre-cancerous 

cervical lesion is detected, women may be offered either an ablative or excisional 

treatment option, depending on the severity of their lesion, whose goal is to remove the 

lesion and prevent further progression to cervical cancer. 

More recently, many countries have been moving towards implementing HPV DNA 

testing instead of cytology- or visual inspection with acetic acid (VIA) based screening 

programs in response to evidence from large scale international clinical trials(Ronco et 

al., 2014). The HPV test is more sensitive and capable of detecting HPV infection 

before cell changes start to occur; this allows women with potentially oncogenic HPV 

types to be managed more cautiously and for earlier treatment of pre-cancer. It is 

possible that through a combination of HPV vaccination and cervical screening with 

appropriate treatment for pre-cancerous lesions, the burden of cervical cancer can be 

drastically reduced(Brisson et al., 2020, Simms et al., 2019). 

HIV and cervical cancer: the link 

Emerging studies are reporting links between HIV and HPV acquisition and 

progression. Women living with HIV, particularly those who are not receiving ART and 

at later stages of HIV disease, are at an elevated risk of new HPV detection  (pooled 

relative risk, RRpooled 2.64), reduced clearance rates (pooled hazard ratio, HRpooled 0.72), 

and increased incidence of LSIL (RRpooled 3.73), HSIL (HRpooled 1.32) and cervical 

cancer (RR 6.01)(Liu et al., 2018, Stelzle et al., 2021). Recent WHO estimates of the 

global burden of cervical cancer associated with HIV report that globally, 5.8% of 

women diagnosed with cervical cancer are living with HIV(Stelzle et al., 2021). In 

regions with a substantially higher burden of HIV, such as the WHO African region, 

more than a quarter (25.1%) of cervical cancers diagnosed are among HIV-positive 

women(Stelzle et al., 2021). Furthermore, women with HIV and cervical cancer are 40-

95% more likely to die from cervical cancer than women without HIV(Dryden-Peterson 
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et al., 2016, Coghill et al., 2015). Adherence to ART is understood to lower the risk of 

HPV acquisition and progression; however, effects are contingent on other factors such 

as HPV genotype, duration of ART use and CD4+ T cell count, where CD4 count is 

inversely associated with risk(Liu et al., 2018). Nevertheless, the specific impact of 

ART on HPV incidence and progression risk is difficult to quantify. As authors Liu et al. 

concluded, more studies are needed to investigate the effect of objective levels of ART 

adherence, such as viral suppression, on HPV-related cervical disease(Liu et al., 

2018).  

Emerging evidence also suggests that the relationship between HIV and HPV may not 

be one-sided. An analysis of clinical trial data, published by Liu et al. in 2021, has 

reported that the presence of a high-risk HPV infection increases HIV acquisition risk 

(adjusted odds ratio of 1.5-4.6) in females. Furthermore, females infected with multiple 

HPV types simultaneously are at even greater risk of HIV acquisition, with a 20% 

increase in HIV acquisition risk for each additional HPV type present(Liu et al., 2021). 

Sub-Saharan Africa stands out as a region with high disease burdens of both HIV and 

cervical cancer(Bray et al., 2018). Women living in sub-Saharan Africa may be more 

subject to social inequities, such as reduced access to essential health care, 

incomplete educational attainment and financial distress. Such equity disparities 

increase cervical cancer and HIV risk, with 20.6 million of the 37.9 million people living 

with HIV (PLHIV) living in Eastern or Southern Africa(UNAIDS, 2020b, UNAIDS, 2019). 

The WHO African region's cervical cancer incidence and mortality rates were 30.9 and 

21.5 cases and deaths per 100,000 women in 2020, which dwarf the global averages 

of 13.3 and 7.3 cervical cancer cases and deaths, respectively(International Agency for 

Research on Cancer, 2020). 

Despite these high rates of both HIV and cervical cancer, for women living in sub-

Saharan Africa, in fact in many low- and middle-income countries (LMIC), there is 

limited access to essential cervical cancer prevention, with only nine countries in Africa 

having implemented national HPV immunisation programmes as of 2018 and an 

average cervical screening uptake of 13% across sub-Saharan Africa(World Health 

Organisation 2019b, Yimer et al., 2021). Further, for women diagnosed with cervical 

cancer, there may be limited access to appropriate cancer treatment services such as 

radiotherapy, chemotherapy and palliative care(Canfell et al., 2020, Lott et al., 2020, 

Bruni et al., 2016).  



7 
 

Existing modelling literature 

From the initial phase of the global HIV epidemic, mathematicians, policymakers, and 

epidemiologists looked to modelling to increase our depth of understanding of the 

transmission dynamics and epidemiology of HIV. The earliest models of HIV, published 

by Anderson and May in the 1980s, utilised Kermack-McKendrick SIR (susceptible, 

infectious, recovered/removed) modelling to study the transmission dynamics of HIV 

and largely popularised the field of mathematical epidemiology(Anderson et al., 1986, 

Anderson and May, 1992). In the following years, many models of HIV, both continuous 

and discrete, were developed and published, with varying levels of complexity, to 

quantify the effects of behaviours, demographic factors and preventative interventions 

on HIV transmission, natural history and mortality(Blower et al., 2003, Smith and 

Blower, 2004, Van der Ploeg et al., 1998, Vissers et al., 2011, Andersson et al., 2007, 

Kaldor and Wilson, 2010, Herbeck et al., 2014, Anderson et al., 2009, Edward et al., 

1998, Freedberg  et al., 2001, Hontelez et al., 2016, Long and Owens, 2011, Weinstein 

et al., 2001, Mishra et al., 2012). Despite the expanse of HIV models published in 

scientific literature, there were no modelling studies simulating the transmission of HIV 

in Tanzania specifically at the time of writing this thesis. However, the Spectrum/AIM 

model is a platform used by UNAIDS and country-level HIV monitoring programs to 

supplement observed data in estimating HIV epidemic metrics in 170 countries, 

including Tanzania(Stover et al., 2019). 

Many other communicable diseases have been modelled to better understand 

epidemics and the effects of various interventions, whose effectiveness may be driven 

by a range of biological, economic, and behavioural factors(Velentzis et al., 2017, 

Schmidt-Ott et al., 2016, Lang, 2011). HPV and cervical cancer modelling are no 

different, and many international research groups have established well-supported and 

extensively validated HPV and cervical cancer modelling programmes. The first 

published analyses of epidemiological modelling of cervical cancer with HPV as a 

causative agent emerged in the late 1980s from the ‘MISCAN’ group based at Erasmus 

University in Rotterdam, The Netherlands(Canfell and Berkhof, 2019, Koopmanschap 

et al., 1990, Habbema et al., 1985). These analyses simulated the Dutch cervical 

cancer screening programme and economic aspects of screening. The second group 

to enter the HPV/cervical cancer modelling space was a team from the University 

College London (UCL). The UCL team developed a detailed and widely parameterised 

model of HPV natural history, assessing not only cytology-based (Pap) cervical 

screening programmes but also identifying the potential for HPV-based programmes to 
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improve cervical cancer outcomes in a range of countries(Canfell and Berkhof, 2019, 

Sherlaw-Johnson et al., 1994, Jenkins et al., 1996). 

Following the detailed characterisation of HPV infection and natural history in an 

influential paper published by Shiffman and Castle in 2007(Schiffman et al., 2007), and 

successful HPV vaccine trials(Koutsky et al., 2002), the field of HPV and cervical 

cancer epidemiological modelling took off(Canfell and Berkhof, 2019). Building on the 

work of SIR modellers in the HIV epidemic space, many models of HPV and cervical 

cancer incorporated transmission dynamics to model the impacts of vaccination and 

changing risk factors over time(Brisson et al., 2016).  

Many of these programmes of work have centred around predicting future cervical 

cancer incidence and mortality rates among a multitude of populations and quantifying 

the impacts of interventions such as cervical screening and precancer treatment, 

cervical cancer treatment and HPV vaccination. In recognition of these research groups 

and their established model platforms, international collaborative groups were formed 

to undertake a series of comparative modelling exercises. These groups, such as the 

Cervical Cancer Elimination Modelling Consortium (CCEMC)(Brisson et al., 2020) and 

the National Cancer Institute (NCI) funded Cancer Intervention and Surveillance 

Modelling Network (CISNET)(National Cancer Institute (NCI), 2015), produce reliable 

estimates of intervention impacts by utilising platforms which differ in structure, 

parametrisation, or modelling paradigm, to assess the same research question.   

At the time of writing, all HPV transmission and infection-dynamic models which are 

deterministic compartment models in nature, operate on discrete time-steps. This 

approach simulates the mean force of infection without the need to simulate individuals 

and their partnerships explicitly. The benefit of this is that it is computationally 

inexpensive and can be minimally parameterised. In systems with large populations 

and established epidemics, or where detailed information about the system is limited, 

deterministic models are often preferred as they are reliable and straightforward to 

execute. However, the consequence of their computational inexpensiveness is reduced 

design flexibility and a combinatorially increasing number of compartments for each 

desired stratification. Stochastic variation is increasingly being incorporated into 

previously entirely deterministic compartment models, strengthening confidence in the 

ranges of outcomes produced while maintaining a degree of the original model 

simplicity and computational inexpensiveness. As we gain access to increased 

computing power, the use of agent-based stochastic modelling is growing in popularity, 

as it allows a more nuanced investigation of the impact of individual variability and 
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provides the modeller greater control over input parameters and the tracking of 

individual agents over their lifetime.  

The HPV and cervical cancer modelling community are increasingly looking towards 

the incorporation of HIV to facilitate greater accuracy of predictions of HPV acquisition 

and progression to cervical cancer and the efficacy of cervical screening and HPV 

vaccination in regions with moderate to high levels of endemic HIV. In 2011, authors 

from the University of Buea in Cameroon published a cohort-model analysis assessing 

the potential for ART and cervical screening to reduce cervical cancer mortality rates in 

sub-Saharan Africa(Atashili et al., 2011). The authors found that, for a cohort of women 

infected with HIV at age 25, antiretroviral therapy initiation and sustained treatment 

effectively doubled the cumulative lifetime risk of cervical cancer mortality(Atashili et 

al., 2011). Other cohort-based analyses, such as Vanni et al. (2012) and Campos et al. 

(2018), have assessed the effectiveness and cost-effectiveness of cervical cancer 

screening programmes in a cohort of HIV positive women in low/middle-income 

countries(Vanni et al., 2012, Campos et al., 2018). These models, however, are cohort 

models that assume all simulated women are HIV positive. These do not account for 

HIV and HPV transmission dynamics, variable ART uptake, or preventative 

interventions over time.  

Currently, two model platforms have been published in recent literature with 

characteristics comparable to the platforms developed for this thesis. The first platform, 

published in 2018 by authors from the University of Washington presented a detailed 

dynamic model of HIV and HPV infection and natural history, which assessed the 

effectiveness of HPV vaccination among HIV-negative and HIV-positive women in 

South Africa(Tan et al., 2018). Their model platform is detailed and thorough, but their 

analysis did not incorporate changing uptake of HIV prevention interventions and 

excluded the direct effect of current and future cervical screening. The second platform 

is more recent and was published just prior to the submission of this thesis in June 

2021. In their analysis, authors from Stellenbosch University in South Africa 

comprehensively assess the long-term impacts of HPV vaccination and cervical 

screening on cervical cancer incidence in South Africa, accounting for the South 

African HIV epidemic(van Schalkwyk et al., 2021). The Stellenbosch University 

platform is individual-based and has been carefully parametrised to incorporate South 

Africa’s existing cytology-based cervical screening programme and HPV immunisation 

schedule involving the bivalent HPV vaccine. 
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Thesis aims and outline 

The overarching goal of this programme of work was to build upon the limited body of 

modelling evidence in support of expanding and sustaining HIV and cervical cancer 

control interventions in low-income countries, particularly in the context of sub-Saharan 

Africa. More specifically, the aim was to develop and parametrise a detailed 

transmission-dynamic model of HIV and HPV transmission and natural history, which 

accounts for over-time changes in behavioural characteristics and uptake of control 

interventions for HIV and cervical cancer. This model was utilised to perform three 

evaluations, set in the example context of the United Republic of Tanzania. Tanzania 

was chosen as an example country within this region due to the availability of data for 

HIV diagnosis, prevalence, and treatment and data informing genotype-specific HPV 

and CIN prevalence, stratified by HIV positivity status - empiric data which is relatively 

difficult to source. While parameterised to fit the epidemic metrics observed in 

Tanzania, these analyses are broadly representative of sub-Saharan Africa in general, 

as the region is generally low- to middle-income and subject to a moderately high 

prevalence of HIV and elevated cervical cancer incidence and mortality rates. 

The first analysis, presented in Chapter 2, quantified the historical, current, and 

potential ongoing benefits of maintaining and expanding specific HIV control 

interventions, including ART, VMMC and PrEP with respect to both HIV and cervical 

cancer. This chapter provides background information essential to the 

conceptualisation of the potential future impacts of cervical cancer interventions, such 

as HPV vaccination and cervical screening.  

Building upon this work, Chapter 3 explicitly addressed the impact of HPV vaccination 

and cervical screening, independently and combined, on cervical cancer incidence and 

mortality rates in Tanzania. This analysis is contextualised in the World Health 

Organisation’s timely call to action, mobilising countries to implement cervical cancer 

elimination strategies worldwide. This chapter aimed to assess the achievability of 

cervical cancer elimination in Tanzania for all women and highlight the need to plan 

specifically for women living with HIV when defining and implementing national cervical 

screening programmes.  

Recognising the high effectiveness and cost-effectiveness of HPV vaccination, in 

addition to the HPV vaccination programme currently being scaled up in Tanzania, 

Chapter 4 quantified the cost-effectiveness of routine cervical screening in Tanzania. 

Here, detailed estimates were reported for resource utilisation, programme costs, and 

harms versus benefits of potential cervical screening regimes. This analysis solidifies 
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the argument for implementing comprehensive cervical screening regimes, including 

specifically accounting for increased screening in women living with HIV. Prior to the 

finalisation of this chapter, the World Health Organisation released updated cervical 

screening and treatment guidelines for the prevention of cervical cancer; therefore, 

model assumptions for cervical screening were updated to reflect these new 

recommendations. 

Finally, Chapter 5 presented a calibrated stochastic agent-based HIV and HPV co-

infection model parameterised to the Tanzanian setting. The modelled impact of HIV 

control interventions, including VMMC and ART, on HIV prevalence and cervical 

cancer incidence are reported and compared to outcomes generated by the 

compartment-based model presented in Chapter 2. Additionally, this chapter extends 

our understanding of the dynamic impact of ART on cervical cancer incidence by 

quantitatively reporting on the time to cervical cancer detection for HIV infected women 

who are untreated versus treated with ART.  
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Chapter 2: The impact of HIV and HIV control on cervical cancer in Tanzania: an 

example country in sub-Saharan Africa 

This chapter aimed to quantify the historical, current, and potential ongoing benefits of 

maintaining and expanding specific HIV control interventions, including ART, VMMC 

and PrEP with respect to both HIV and cervical cancer. In doing so, the analysis 

provides essential background for understanding the potential impacts of specific 

cervical cancer interventions, such as HPV vaccination and cervical screening.  

This chapter contains original research published in the following paper:  

Hall MT, Smith MA, Simms KT, Barnabas RV, Canfell K, Murray JM. The past, present 

and future impact of HIV prevention and control on HPV and cervical disease in 

Tanzania: a modelling study. PLoS One. 2020;15(5): e0231388. 

The published study was conceptualised for this thesis by the candidate (Michaela 

Hall) and supervisors Professors John Murray and Karen Canfell. The candidate’s 

estimated contribution to this analysis is approximately 80%, involving 

conceptualisation, study design and methodology, formal analysis, interpretation of 

results and visualisation, and development of original and revised manuscript drafts. 

The accepted author version of this publication has been included with minor 

modifications to improve clarity, and contains additional material sourced from the 

published supplementary appendix. Figures, tables, associated captions, and 

references have been reformatted to be consistent throughout the thesis.  

Work from this chapter was presented at the International Papillomavirus Conference 

2020 as a poster and was awarded ‘Best E-Poster for outstanding research work’.   
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Abstract 

Background 

Women with HIV have an elevated risk of HPV infection, and eventually, cervical 

cancer. Tanzania has a high burden of both HIV and cervical cancer, with an HIV 

prevalence of 5.5% in women in 2018 and a cervical cancer incidence rate among the 

highest globally, at 59.1 per 100,000 per year and an estimated 9,772 cervical cancers 

diagnosed in 2018. We aim to quantify the impact that interventions aimed at 

controlling HIV have had and will have on cervical cancer in Tanzania over a period 

from 1995 to 2070. 

Methods 

A deterministic transmission-dynamic compartment model of HIV and HPV infection 

and natural history was used to simulate the impact of voluntary medical male 

circumcision (VMMC), anti-retroviral therapy (ART), and targeted pre-exposure 

prophylaxis (PrEP) on cervical cancer incidence and mortality from 1995-2070.  

Findings 

From 1995 to 2020, we estimate that VMMC has prevented 2,843 cervical cancer 

cases and 1,039 cervical cancer deaths; by 2070, we predict that VMMC will have 

lowered cervical cancer incidence and mortality rates by 28% (55.11 cases per 

100,000 women in 2070 without VMMC, compared to 39.93 with VMMC) and 26% 

(37.31 deaths per 100,000 women in 2070 without VMMC compared to 27.72 with 

VMMC). We predict that ART temporarily increases cervical cancer diagnoses and 

deaths due to the removal of HIV death as a competing risk but will ultimately lower 

cervical cancer incidence and mortality rates by an additional 7% (to 37.31 cases per 

100,000 women in 2070) and 5% (to 26.44 deaths per 100,000 women in 2070), 

respectively, relative to a scenario with VMMC but no ART. 

Conclusions 

HIV treatment and control measures in Tanzania will result in long-term reductions in 

cervical cancer incidence and mortality. Although, in the near term, the life-extending 

capability of ART has resulted in the opportunity for additional cervical cancer cases 

and deaths, continued efforts towards HIV prevention will reduce cervical cancer 

incidence and mortality. To achieve further reductions and to eliminate cervical cancer, 

the implementation of HPV vaccination and cervical screening and scale-up of cervical 

pre-cancer and cancer treatment services will be required.   
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Background 

For many years human immunodeficiency virus (HIV) has been one of the most heavily 

researched infectious diseases, and now, controlling HIV is beginning to look 

achievable(endinghiv.org, 2019). Improved methods of HIV prevention and control 

such as pre-exposure prophylaxis (PrEP), anti-retroviral therapy (ART) and even 

voluntary medical male circumcision (VMMC) are at the forefront of health policy 

recommendations(Joint United Nations Programme on HIV/AIDS (UNAIDS), 2014, 

endinghiv.org, 2019, Joint United Nations Programme on HIV/AIDS (UNAIDS), 2009, 

PrEP Watch, 2019). If these interventions are effectively implemented at the population 

level, they may substantially reduce HIV transmission and eventually end the HIV 

epidemic. Many modelling studies have attempted to quantify the impact of these 

interventions on HIV prevalence and related mortality in a range of settings(Mishra et 

al., 2012, Blower et al., 2003, Van der Ploeg et al., 1998, Vissers et al., 2011, Kaldor 

and Wilson, 2010, Herbeck et al., 2016).  

HIV positivity has been linked to higher rates of human papillomavirus (HPV) 

acquisition, and, among those infected with HPV, the presence of HIV co-infection is 

known to reduce the likelihood of HPV clearance, regression of pre-cancerous lesions, 

and increase the risk of carcinogenesis(Liu et al., 2018). For this reason, modelling 

studies evaluating cervical cancer prevention policies are increasingly considering, 

either directly or indirectly, the impacts of endemic HIV in relevant settings(Campos et 

al., 2018, Tan et al., 2018, Van der Ploeg et al., 1998).  

Methods of HIV control may have a substantial impact on prevalence and deaths due 

to HIV and HPV prevalence and, subsequently, cervical cancer incidence and mortality 

rates(Liu et al., 2018, Yuan et al., 2019). As the inner mucosal surface of the foreskin is 

highly susceptible to HIV infection, the removal of this vulnerable surface via 

circumcision reduces the risk of HIV acquisition(Szabo and Short, 2000). In particular, 

male circumcision has been shown to reduce the risk of HIV-1 acquisition in 

heterosexual men over a time period of 18-24 months by at least 60%, and reduce 

HPV prevalence among heterosexual men by 63%(Prodger and Kaul, 2017, 

Castellsague et al., 2002, Gray et al., 2007, Bailey et al., 2007, Auvert et al., 2005). 

Reduction in male HIV and HPV prevalence then results in women also experiencing 

less HIV and oncogenic HPV infection, and subsequently, less cervical 

cancer(Castellsague et al., 2002, Grund et al., 2017). A global ecological analysis 

classifying VMMC into high (>80%), intermediate (20-80%) and low (<20%) prevalence 

has reported that for each categorical shift in VMMC prevalence, cervical cancer 
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incidence was reduced by 3.65 (0.54-6.76) cases per 100,000 women per year(Drain 

et al., 2006). 

The United Republic of Tanzania has a high burden of both HIV and cervical cancer. It 

is estimated that in 2018, 5.5% of Tanzanian women aged 15-49 years were living with 

HIV(UNAIDS, 2018b), while the incidence of cervical cancer was among the highest 

globally, at 59.1 cases diagnosed per 100,000 women (9,771 cervical cancers 

detected) in 2018(Bray et al., 2018). The 2018 incidence rates of cervical cancer in 

Southern Africa and Eastern Africa were 43.1 cases per 100,000 women per year, and 

40.1 cases per 100,000 women per year, respectively(Bray et al., 2018). Tanzania is 

within the East and Southern African region, which in 2018 contained 53% of all people 

living with HIV globally and had an estimated HIV prevalence among adults aged 15-49 

years of 7%(UNAIDS Joint United Nations Programme on HIV/AIDS, AVERT, 2019). 

The two main interventions against HIV currently in place in Tanzania are ART for HIV 

positive individuals and VMMC, which are both being actively scaled up(Ministry of 

Health et al., 2017); while the Tanzanian Ministry of Health recommends PrEP use for 

those at significant risk of HIV acquisition, scale-up of access to PrEP has been 

minimal(Ministry of Health, 2019). Considering Tanzania’s high burden of cervical 

cancer and the known impact of HIV, it is important to assess the effect of HIV control 

interventions that are currently being scaled up (ART and VMMC) or considered (PrEP) 

on not only HIV incidence and prevalence, but also rates of cervical cancer incidence 

and mortality. While there exists significant variation in national laws pertaining to 

sexual identity and orientation, sex-work and access to contraception across the 

African continent affecting rates of sexually transmitted diseases(UNAIDS Joint United 

Nations Programme on HIV/AIDS), the relative impact of HIV interventions on cervical 

cancer incidence rates in Tanzania is likely to be broadly representative of the region.  

Therefore, the aim of this analysis was to quantify the effect of HIV control actions to 

date on cervical cancer incidence and mortality in terms of cancer diagnoses and lives 

saved and to predict future cervical cancer incidence and mortality rates in Tanzania, in 

the context of scaled-up HIV control interventions.  

Methods 

Model overview and parameterisation 

A detailed deterministic transmission-dynamic compartment model was developed to 

concurrently simulate the transmission and natural history of HIV, HPV 16/18, HPV 

31/33/45/52/58 (referred to as HPV H5) and other oncogenic high-risk HPV (referred to 

as HPV OHR) in the United Republic of Tanzania. While there are a range of 
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transmission modalities for HIV and HPV, this platform simulates heterosexual 

transmission only (a simplifying assumption) as this is the dominant mode of 

transmission for both HIV and HPV in sub-Saharan Africa(Kharsany and Karim, 2016, 

Mbulawa et al., 2018). The platform can simulate dual HIV and HPV infections and 

infections with multiple HPV types, with and without ART. The model incorporates 

comprehensive demographic, sexual behaviour and natural history assumptions, and 

accounts for VMMC, ART and PrEP. The simulated population includes males, 

females, and a separate subgroup of female commercial sex workers (which females 

may be hired into or retire from), ages 5 to 79 years, stratified by sex, five-year age 

group, sexual activity level, HIV and HPV infection, and treatment status. This model is 

comprised of 9,644,670 compartments, where simulated populations move between 

the states described in Table 1. Note that some combination of attributes categorises 

all persons in the simulated population: sex/career, age, risk, HIV infection status and 

natural history, HIV treatment status (note that no HIV negative individuals are treated 

with the exception of PrEP which may be provided prophylactically for HIV prevention 

in HIV negative individuals only), HPV 16/18 infection status and natural history, HPV 

H5 infection status and natural history, HPV OHR infection status and natural history 

and cervical cancer detection status and treatment (note that only women can progress 

from HPV infections to cervical pre-cancer, and only women with cervical cancer may 

have cancer detected). It is essential here to note that the Tanzanian population size in 

2018 was estimated to be 56,310,000(THE WORLD BANK, 2018); that this population 

is not evenly distributed throughout model compartments, with some compartments 

being functionally impossible to enter (e.g., cervical precancer and cancer in males) 

and others being highly populated (e.g., pre-sexual-debut males and females who are 

both HIV and HPV negative). The existence of functionally impossible compartments 

impacts computational efficiency by unnecessarily accounting for a proportion of 

available memory, however, contributes minimally to the CPU load as the model code 

was designed to avoid performing matrix operations on such compartments.  

The entire simulated population, and defined compartments, was simulated using a 

multi-dimensional matrix representing the cartesian product of sets defined in Table 1. 

Movement between model compartments was simulated using a system of difference 

equations, defined bespoke for this model platform and implemented in MATLAB 

R2018b. The model was run on a four-core personal computer with a 3.40 GHz 

processor and 16GB of installed RAM. The current model implementation utilises a 

quarterly timestep (13 weeks). The majority of data informing HIV and HPV prevalence 

is, at best, annual and therefore, any reductions in step size could not provide any finer 
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degree of data fitting. In this case, the quarterly step-size was determined in 

consideration of the smallest necessary time increments driven by observed and 

estimated time-in-state for HIV and HPV disease stages, while balancing the 

requirement for run-time efficiency. This approach was validated by close model 

agreement with a range of observed data and compares well with similarly described 

models in the field (Tan et. al. 2018, van Schalkwyk et. al. 2021, chapter 5). Finally, we 

performed extensive sensitivity analysis on influential model parameters; with the net 

effect of varying state transition probabilities at this timescale is equivalent to 

investigating the impact of investigating the possible model sensitivity to step-size. The 

model was instantiated to the year 1960, and takes on average, 45 seconds to simulate 

one calendar year.  
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Table 1 Model compartments exist for the cartesian product of sets (A) to (I).  

SEX/CAREER 

(A) 

AGE 

(YEARS) 

(B) 

RISK (C) HIV 

NATURAL 

HISTORY 

(D) 

HIV ART 

STATUS (E) 

HPV 16/18 

NATURAL 

HISTORY 

(F) 

HPV H5 

NATURAL 

HISTORY 

(G) 

HPV OHR 

NATURAL 

HISTORY 

(H) 

CERVICAL 

CANCER 

DETECTION 

AND 

TREATMENT (I) 

Male 5-9 General 

population 

sexual 

activity 

Immune 

(PrEP) 

Untreated Immune 

(HPV 

vaccine) 

Immune 

(HPV 

vaccine) 

Immune 

(HPV 

vaccine) 

No cervical 

cancer detected 

Female 10-14 Elevated 

sexual 

activity 

Susceptible ART (no viral 

suppression) 

Susceptible Susceptible Susceptible Symptomatically 

detected localised 

cervical cancer 

Female sex-

worker 

15-19 
 

Acute 

infection 

ART (viral 

suppression) 

HPV 16/18 

infection 

HPV 16/18 

infection 

HPV 16/18 

infection 

Symptomatically 

detected regional 

cervical cancer 
 

20-24 Stage 1 

(WHO 

clinical) 

 CIN 1 CIN 1 CIN 1 Symptomatically 

detected distant 

cervical cancer 

… Stage 2 

(WHO 

clinical) 

CIN 2 CIN 2 CIN 2 Screen detected 

localised cervical 

cancer 
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60-64 Stage 3 

(WHO 

clinical) 

CIN 3 CIN 3 CIN 3 Screen detected 

regional cervical 

cancer 

65-69 Stage 4 / 

AIDS (WHO 

clinical) 

Undetected 

localised 

cervical 

cancer 

Undetected 

localised 

cervical 

cancer 

Undetected 

localised 

cervical 

cancer 

Screen detected 

distant cervical 

cancer 

70-74  Undetected 

regional 

cervical 

cancer 

Undetected 

regional 

cervical 

cancer 

Undetected 

regional 

cervical 

cancer 

 

75-79 Undetected 

distant 

cervical 

cancer 

Undetected 

distant 

cervical 

cancer 

Undetected 

distant 

cervical 

cancer 
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There are two classes of parameters used in the model: static parameters which were 

held constant over the entire simulated time horizon, and time-dependent parameters. 

The term ‘parameter set’ is used to define a parameter which varies over age and/or 

time. There are a total of 21 sets of parameters, which are described in detail in the 

upcoming subsections. Briefly, there are three parameter sets specified in the 

demography module, two of which are time-dependent reflecting year-on-year variation 

in fertility (annual) and mortality (age-specific and annual) rates and the other (sex ratio 

at birth) is static. There are ten parameter sets specifying sexual behaviour 

characteristics, with a mixture of static and time-dependent parameters. These are 

described at length in Table 2. Parameter sets informing stage-specific HIV 

transmission and type-specific HPV transmission (Tables 3 and 4) are static and based 

on scientific literature. Disease natural history is governed by three static parameter 

sets, namely, HIV progression and mortality (Table 5), HPV-type-specific 

progression/regression (Tables 13 and 14) and the impact of HIV on HPV natural 

history (Table 7). Finally, there are three time-dependent parameter sets which govern 

interventions of interest in this analysis: VMMC uptake, ART initiation and adherence, 

and PrEP uptake, which are described in Table 8. This constitutes a total 21 sets of 

parameters, which are described and justified in detail in the subsequent sections.  

The input parameters are specified primarily using empirical data; however, some 

parameters, particularly those which are either unobservable or informed by survey 

data, were found through calibration using MATLAB’s inbuilt non-linear least-squares 

solver for data fitting called ‘lsqnonlin’ (trust-region reflective algorithm option). This 

algorithm was selected to leverage MATLAB’s pre-existing functionality, with the 

options readily amenable to the optimisation problem of minimising an objective 

function (weighted sum of squared differences between calibration targets and model 

output) in the context of biologically acceptable parameter upper and lower bounds. 

The parameter inputs found through calibration were sex-, age- and activity-group 

specific volumes of high-risk sexual contacts per timestep, the degree of age-

assortative sexual mixing, annual fluctuations in population-level risk aversive 

behaviour, and the relative per-sex-act probability of HIV acquisition for females 

compared to males. These inputs were calibrated to estimated HIV prevalence over 

time and stratified sex and annual rates of new HIV infections obtained from 

UNAIDS(UNAIDS, 2018c, UNAIDS, 2018b, UNAIDS, 2018a). Note that different 

groupings in the age range of calibration/validation results are due to variation in 

reported age ranges in the observed data.  
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Demography 

Population demography encompasses compartments for sex/career (male, female, 

commercial sex-worker), age (five-year age-groups from 5-9 to 75-79 years) and risk 

index (specify age- and sex-specific rates of propensity towards sexual risk-taking), 

and, the demography module simulates population ageing, recruitment, natural 

mortality and assigns risk groups. The youngest simulated age group is 5-9 years; 

therefore, recruitment represents the number of children born who survive to age five 

and accounts for the age- and year-specific fertility rates of the simulated female 

population, as well as infant mortality. The probability in each timestep of any individual 

ageing to the next five-year age group is calculated using the number of single-year 

ages, the age group, and the number of model iterations per year. For example, we 

assume that 
1

5
 of individuals in the 10–14-year age group turn 15 in any given year, and 

since there are four timesteps simulated per year, the probability of ageing from the 

10–14-year group to the 15–19-year group is 
1

5
×

1

4
= 0.05. In calculating recruitment 

rates, annual fertility rates (which follow changing fertility rates over time) were sourced 

from the World Bank using the median fertility variant(The World Bank, 2017a), 

whereas data on maternal age at birth was sourced from the United Republic of 

Tanzania Ministry of Finance and is based on the 2012 census(National Bureau of 

Statistics, 2015). The simulated population is then subject to an age-specific probability 

of death resulting from any cause other than HIV or cervical cancer (other cause 

mortality). Age-and-year-specific mortality rates (which vary by both age and year) are 

specified using the projected year-on-year life tables reported by the United Nations 

Population Division(United Nations Department of Economic and Social Affairs 

Population Division, 2019). Finally, the demography module redistributes the simulated 

population into two sex- and age-specific sexual activity groups (high-activity and 

general-activity) and simulates the recruitment of women into a career of commercial 

sex work and their eventual retirement. The initial age distribution is based on the 1960 

Tanzanian population(United Nations DESA / Population Division, 2017), with a sex 

ratio of 1 male to 1.03 females based on data from the World Bank(The World Bank, 

2017b). 

Force of infection 

The model simulates HIV and HPV transmission between sexual partners, including 

interactions between commercial sex workers (CSWs) and their male clients. The 

population is compartmentalised into ‘high activity’ and ‘general activity’ sexual activity 

groups which differ in their assumed number of sexual contacts per timestep; notably, 
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‘high activity’ and ‘general activity’ risk groups are assumed to mix freely (non-

assortative). The number of sexual interactions per time-step implicitly accounts for 

new partners, the per-partner frequency of sex and relationship type (casual or 

monogamous). An age-dependent proportion of the female population is assumed to 

be CSWs, with an age-specific probability of seeking commercial sex defined for 

males. Furthermore, CSWs are assumed to engage in both personal and commercial 

sexual interactions, with a pre-defined age-specific client volume per timestep.  

The sex- and age-specific per-timestep force of infection is calculated using age-

specific partnership preferences, sexual activity group, HIV/HPV prevalence among 

sex partners, the per-sex-act probability of pathogen transmission (stratified by disease 

stage where applicable) and uptake of preventative interventions such as condom use 

(specified separately for commercial sex and general partnerships), voluntary medical 

male circumcision (VMMC) and anti-retroviral therapy (ART) use. For example, the 

force of infection for HIV for a male aged 𝑎 in sexual activity group 𝑟 at time 𝑡 is 

calculated using equation (1). 

Λ𝑀
HIV(𝑎, 𝑟, 𝑡) = 𝑐𝑀(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝐼𝑉(𝑡))(1 − 𝜐𝐻𝐼𝑉(𝑡)) ×

∑ (∑ 𝜌𝑀(𝑎) ∙ 𝑇𝐹𝑀
𝐻𝐼𝑉(𝑇𝑥)(𝑖)𝛪𝐹

𝐻𝐼𝑉(𝑇𝑥)(𝑖, 𝑡)

𝑇𝑥

)

𝑖

+ λ𝑀
HIV(𝑎, 𝑡) (1)

 

𝑐𝑀(𝑎, 𝑟, 𝑡) denotes the average number of sexual contacts assumed for a male aged 𝑎, 

in sexual-activity group 𝑟, at time 𝑡, 𝜅𝐻𝐼𝑉(𝑡) denotes the per-sex-act probability that a 

condom is worn and prevents HIV acquisition, 𝜐𝐻𝐼𝑉(𝑡) denotes the probability that the 

male has undergone VMMC and the per-sex act-probability that this prevents HIV 

acquisition; 𝑖 is the stage of HIV disease among potential female sex-partners; 

𝑇𝐹𝑀
𝐻𝐼𝑉(𝑇𝑥)

(𝑖) is the HIV-stage-specific per sex-act female-to-male transmission probability 

for females with treatment status 𝑇𝑥; 𝜌𝑀(𝑎) is a vector of the distribution of preferences 

for female partners of each age-group for males aged a (vector over all ages summing 

to unity); 𝛪𝐹
𝐻𝐼𝑉(𝑇𝑥)(𝑖, 𝑡) is a vector specifying the age-specific probability of a female 

being HIV positive (simulated), stage 𝑖, and with treatment status 𝑇𝑥; λ𝑀
HIV(𝑎, 𝑟, 𝑡) is the 

probability of acquiring a HIV infection from a commercial sex worker. Note that  

λ𝑀
HIV(𝑎, 𝑟, 𝑡) = 𝜍𝑀(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝐼𝑉(𝑡))(1 − 𝜐𝐻𝐼𝑉(𝑡)) ×

∑ (∑ 𝜌𝑀(𝑎) ∙ 𝑇𝐹𝑀
𝐻𝐼𝑉(𝑇𝑥)(𝑖)𝛪𝐶𝑆𝑊

𝐻𝐼𝑉(𝑇𝑥)(𝑖, 𝑡)

𝑇𝑥

)

𝑖

 (2)
 

where 𝜍𝑀(𝑎, 𝑟, 𝑡) denotes the average number of commercial sexual contacts assumed 

for a male aged 𝑎, in sexual risk group 𝑟, at time 𝑡; 𝜐𝐻𝑃𝑉(𝑡) denotes the probability that 
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the male has undergone VMMC and the per-sex act-probability that this prevents HIV 

acquisition;  𝛪𝐶𝑆𝑊
𝐻𝐼𝑉(𝑇𝑥)(𝑖, 𝑡) is a vector specifying the age-specific probability of a 

commercial sex worker is HIV positive, stage 𝑖 and with treatment status 𝑇𝑥. 

The HPV 16/18 force of infection for a high activity male aged 𝑎 at time 𝑡 is calculated 

in a similar way but simplified by the assumption that the probability of HPV 

transmission is fixed irrespective of HPV disease stage. That is,  

Λ𝑀
𝐻𝑃𝑉1618(𝑎, 𝑟, 𝑡) = 𝑐𝑀(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝑃𝑉(𝑡))(1 − 𝜐𝐻𝑃𝑉(𝑡)) ×

𝑇𝐹𝑀
𝐻𝑃𝑉1618 (𝜌𝑀(𝑎) ∙ ΙF

HPV1618(𝑡)) + 𝜆𝑀
𝐻𝑃𝑉1618(𝑎, 𝑟, 𝑡) (3)

 

where 𝜅𝐻𝑃𝑉(𝑡) denotes the per-sex-act probability that a condom is worn and prevents 

HPV acquisition; 𝑇𝐹𝑀
𝐻𝑃𝑉1618 is the per sex-act female-to-male HPV16/18 transmission 

probability; 𝛪𝐹
𝐻𝑃𝑉1618(𝑡) is a vector specifying the age-specific probability of a female 

being HPV 16/18 positive; and  λ𝑀
𝐻𝑃𝑉1618(𝑎, 𝑟, 𝑡) is given by: 

λ𝑀
𝐻𝑃𝑉1618(𝑎, 𝑟, 𝑡) = 𝜍𝑀(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝑃𝑉(𝑡))(1 − 𝜐𝐻𝑃𝑉(𝑡))  ×

𝑇𝐹𝑀
𝐻𝑃𝑉1618 (𝜌𝑀(𝑎) ∙ ΙCSW

HPV1618(𝑡)) . (4)
 

  

Following on from the calculation of the force of infection for HIV and HPV 16/18, the 

HPV H5 and HPV OHR forces of infection for high activity males age 𝑎 and time 𝑡 are 

calculated using equations (5) to (8). Recall that HPV H5 refers to HPV types 31, 33, 

45, 52 and 58, whereas HPV OHR refers to all oncogenic HPV types excluding HPV 

16/18 and HPV H5. Therefore, 

Λ𝑀
𝐻𝑃𝑉𝐻5(𝑎, 𝑟, 𝑡) = 𝑐𝑀(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝑃𝑉(𝑡))(1 − 𝜐𝐻𝑃𝑉(𝑡)) ×

𝑇𝐹𝑀
𝐻𝑃𝑉𝐻5 (𝜌𝑀(𝑎) ∙ ΙF

HPV𝐻5(𝑡)) + 𝜆𝑀
𝐻𝑃𝑉𝐻5(𝑎, 𝑟, 𝑡) (5)

 

where

λ𝑀
𝐻𝑃𝑉𝐻5(𝑎, 𝑟, 𝑡) = 𝜍𝑀(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝑃𝑉(𝑡))(1 − 𝜐𝐻𝑃𝑉(𝑡)) ×

𝑇𝐹𝑀
𝐻𝑃𝑉𝐻5 (𝜌𝑀(𝑎) ∙ ΙCSW

HPVH5(𝑡)) (6)
 

and 

Λ𝑀
𝐻𝑃𝑉𝑂𝐻𝑅(𝑎, 𝑟, 𝑡) = 𝑐𝑀(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝑃𝑉(𝑡))(1 − 𝜐𝐻𝑃𝑉(𝑡)) ×

𝑇𝐹𝑀
𝐻𝑃𝑉𝑂𝐻𝑅 (𝜌𝑀(𝑎) ∙ ΙF

HPV𝑂𝐻𝑅(𝑡) + 𝜆𝑀
𝐻𝑃𝑉𝑂𝐻𝑅(𝑎, 𝑟, 𝑡)) (7)

 

where 
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λ𝑀
𝐻𝑃𝑉𝑂𝐻𝑅 (𝑎, 𝑟, 𝑡) = 𝜍𝑀(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝑃𝑉(𝑡))(1 − 𝜐𝐻𝑃𝑉(𝑡)) ×

𝑇𝐹𝑀
𝐻𝑃𝑉𝑂𝐻𝑅 (𝜌𝑀(𝑎) ∙ ΙCSW

HPVOHR(𝑡)) . (8)
 

  

Here,  𝑇𝐹𝑀
𝐻𝑃𝑉𝐻5  and 𝑇𝐹𝑀

𝐻𝑃𝑉𝑂𝐻𝑅 are per sex-act female-to-male HPV H5 and HPV OHR 

transmission probabilities, and  𝛪𝐹
𝐻𝑃𝑉𝐻5(𝑡) and 𝛪𝐹

𝐻𝑃𝑉𝑂𝐻𝑅(𝑡) are vectors specifying the 

age-specific probability of a female being HPV H5 and HPV OHR positive, respectively.  

We can define the force of infection for females similarly for males, except that we have 

no need to account for the protective effects of VMMC, and we instead consider HIV 

acquisition among commercial sex workers from their male clients. Therefore, we 

define the force of HIV, HPV16/18 and HPV OHR infection in females as follows:  

Λ𝐹
HIV(𝑎, 𝑟, 𝑡) = 𝑐𝐹(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝐼𝑉(𝑡)) ×

∑ (∑ 𝜌𝐹(𝑎) ∙ 𝑇𝑀𝐹
𝐻𝐼𝑉(𝑇𝑥)(𝑖)𝛪𝑀

𝐻𝐼𝑉(𝑇𝑥)(𝑖, 𝑡)𝑇𝑥 )𝑖 + λ𝐹
HIV(𝑎, 𝑡) (9)

   

where 

λ𝐹
HIV(𝑎, 𝑟, 𝑡) = 𝜍𝐹(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝐼𝑉(𝑡)) ×

∑ (∑ 𝜌𝐹(𝑎) ∙ 𝑇𝑀𝐹
𝐻𝐼𝑉(𝑇𝑥)

(𝑖)𝛪𝐶𝑙𝑖𝑒𝑛𝑡
𝐻𝐼𝑉(𝑇𝑥)

(𝑖, 𝑡)

𝑇𝑥

)

𝑖

, (10)
 

 

Λ𝐹
𝐻𝑃𝑉1618(𝑎, 𝑟, 𝑡) = 𝑐𝐹(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝑃𝑉(𝑡)) ×

𝑇𝑀𝐹
𝐻𝑃𝑉1618 (𝜌𝐹(𝑎) ∙ Ι𝑀

HPV1618(𝑡)) + 𝜆𝐹
𝐻𝑃𝑉1618(𝑎, 𝑟, 𝑡) (11)

 

 where 

λ𝐹
𝐻𝑃𝑉1618(𝑎, 𝑟, 𝑡) = 𝜍𝐹(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝑃𝑉(𝑡)) ×

𝑇𝑀𝐹
𝐻𝑃𝑉1618 (𝜌𝐹(𝑎) ∙ Ι𝐶𝑙𝑖𝑒𝑛𝑡

HPV1618(𝑡)) , (12)
 

 

Λ𝐹
𝐻𝑃𝑉𝐻5(𝑎, 𝑟, 𝑡) = 𝑐𝐹(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝑃𝑉(𝑡)) ×

𝑇𝑀𝐹
𝐻𝑃𝑉𝐻5 (𝜌𝐹(𝑎) ∙ Ι𝑀

HPV𝐻5(𝑡)) + 𝜆𝐹
𝐻𝑃𝑉𝐻5(𝑎, 𝑟, 𝑡) (13)

 

 where 

λ𝐹
𝐻𝑃𝑉𝐻5(𝑎, 𝑟, 𝑡) = 𝜍𝐹(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝑃𝑉(𝑡)) ×

𝑇𝑀𝐹
𝐻𝑃𝑉𝐻5 (𝜌𝐹(𝑎) ∙ Ι𝐶𝑙𝑖𝑒𝑛𝑡

HPVH5(𝑡)) , (14)
 

and finally,  
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Λ𝐹
𝐻𝑃𝑉𝑂𝐻𝑅(𝑎, 𝑟, 𝑡) = 𝑐𝐹(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝑃𝑉(𝑡)) ×

𝑇𝑀𝐹
𝐻𝑃𝑉𝑂𝐻𝑅 (𝜌𝐹(𝑎) ∙ Ι𝑀

HPV𝑂𝐻𝑅(𝑡) + 𝜆𝐹
𝐻𝑃𝑉𝑂𝐻𝑅(𝑎, 𝑟, 𝑡)) (15)

 

 where 

λ𝐹
𝐻𝑃𝑉𝑂𝐻𝑅 (𝑎, 𝑟, 𝑡) = 𝜍𝐹(𝑎, 𝑟, 𝑡)(1 − 𝜅𝐻𝑃𝑉(𝑡)) ×

𝑇𝑀𝐹
𝐻𝑃𝑉𝑂𝐻𝑅 (𝜌𝐹(𝑎) ∙ Ι𝐶𝑙𝑖𝑒𝑛𝑡

HPVOHR(𝑡)) . (16)
 

  

Model input parameter assumptions specific to sexual behaviour and force of infection 

are summarised in Table 2. We additionally define the following equations, which are 

referred to in Table 2:  

𝑦 = 𝜆𝑒
−(

𝑥−𝜇
𝜎

)
2

, (17) 

𝑦 =
𝑎1𝑥 − 𝑎2

𝑏1𝑥2 − 𝑏2𝑥 + 𝑏3
. (18) 

Table 2 Model parameters relating to sexual behaviour in Tanzania. 

Parameter 

Description 

Parameter Value Data Source and/or Rationale 

Commercial sex 

worker population 

size and distribution. 

Used to calculate 

𝜍𝑀(𝑎, 𝑟, 𝑡).  

1% of females aged 

15-54 are sex 

workers. These 1% 

are broken down into 

the following age-

groups: 36% of CSW 

are aged 15-24 

years, 40% are 25-34 

years, 22% are 35-49 

years and 2% are 50-

54 years.  

The total CSW population size is 

based on UNAIDS 2018 update 

(UNAIDS estimate of 155,450 

CSWs in 2014)(UNAIDS, 2018e). 

The age distribution of CSW’s is 

based on the NACP report on 

Female Sex Workers in Dar es 

Salaam (2010)(United Republic of 

Tanzania Ministry of Health and 

Social Welfare National AIDS 

Control Programme (NACP), 2012). 

Age-specific per 

timestep CSW client 

volume. Used to 

calculate 𝜍𝑀(𝑎, 𝑟, 𝑡). 

Normally distributed 

around a mean age 

of 39 for female sex 

workers aged 15-49 

years. Defined by 

equation (17) where 

This is based on the age-

distributions provided in the NACP 

report on FSW in Dar es Salaam, in 

addition to qualitative data which 

indicates that on average, 

Tanzanian FSWs have 26 clients 
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Parameter 

Description 

Parameter Value Data Source and/or Rationale 

𝑥 is equal to the 

youngest age in each 

specified age group. 

Here, 𝜆𝐶𝑆𝑊 = 20, 

𝜇𝐶𝑆𝑊 = 39 and 

𝜎𝐶𝑆𝑊 = 42. 

per month, as reported in qualitative 

data(United Republic of Tanzania 

Ministry of Health and Social 

Welfare National AIDS Control 

Programme (NACP), 2012, 

Research International (on behalf of 

T-MARC), 2009).  

Age-specific per-

timestep probability 

of a male paying for 

commercial sex 

Specified by equation 

(18) for males aged 

15 years and over 

where 𝑥 is equal to 

the youngest age in 

the specified age 

group, and 𝑎1 =

0.5294, 𝑎2 = 7.608, 

𝑏1 = 1, 𝑏2 = 23.34 

and 𝑏3 = 153.6.  

This was based on fitting the age-

specific probability of a male having 

paid for sex in the last 12 months, 

as published in the 2007-08 

HIV/AIDS and Malaria indicator 

survey(Tanzania Commission for 

AIDS (TACAIDS) et al., 2008).  

Probability of condom 

usage for commercial 

sex interactions 

Specified by equation 

(18) where 𝑥 is equal 

to the calendar year 

(for 1993 onwards), 

and 𝑎1 = 1.01, 𝑎2 =

2016, 𝑏1 = 0, 𝑏2 = 1 

and 𝑏3 = 1987. 

 

Parameter equation specified to fit 

survey data on condom use among 

commercial sex 

interactions(Tanzania Commission 

for AIDS (TACAIDS) et al., 2008, 

Tanzania Commission for AIDS 

(TACAIDS) et al., 2013, Ministry of 

Health et al., 2016).  

Age-specific 

probability of males 

being in the high-

activity sexual activity 

group 

The age-specific 

probability of a male 

being in the high-

activity groups are as 

follows: 

15-19 years: 0.05 

20-24 years: 0.13 

25-44 years: 0.12 

45+ years: 0.03 

Specified for consistency with the 

observed data(Munguti et al., 1997). 

The ‘high-activity’ group is 

equivalent to having 5+ sexual 

partners in a 12-month period as 

published in Munguti et al.  
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Parameter 

Description 

Parameter Value Data Source and/or Rationale 

 

Age-specific 

probability of females 

being in the high-

activity sexual activity 

group (excludes 

commercial sex 

workers).  

The age-specific 

probability of a 

female being in the 

high-activity groups 

are as follows: 

15-24 years: 0.03 

25+ years: 0.01 

Specified for consistency with the 

observed data(Munguti et al., 1997). 

Note that the probability of being in 

the high-risk sexual activity group for 

females aged 25 years and over 

was modified from zero to one 

percent. The ‘high-activity’ group is 

equivalent to having 5+ sexual 

partners in a 12-month period as 

published in Munguti et al. 

Volume of sexual 

interactions possibly 

resulting in HIV 

transmission per 

timestep for high-

activity males and 

females 𝑐𝑀(𝑎, 1, 𝑡) 

and 𝑐𝐹(𝑎, 1, 𝑡). NB 

𝑟 = 1 for high-activity 

individuals.  

Normally distributed 

around a mean age 

of 30 for males and 

17 for females. 

Defined by equation 

(17) where 𝑥 is equal 

to the youngest age 

in each specified age 

group.   

For males: 𝜆𝐻𝐴𝑀 =

162, 𝜇𝐻𝐴𝑀 = 30 and 

𝜎𝐻𝐴𝑀 = 19. And for 

females: 𝜆𝐻𝐴𝐹 = 294, 

𝜇𝐻𝐴𝐹 = 17 and 

𝜎𝐻𝐴𝐹 = 6. 

Note that 𝜆𝐻𝐴𝑀 and 

𝜆𝐻𝐴𝐹 are varied in 

sensitivity analysis.  

Determined via calibration algorithm. 

Volume of sexual 

interactions possibly 

resulting in HIV 

transmission per 

timestep for general-

Normally distributed 

with mean age of 30 

for males and 28 for 

females. Defined by 

equation (17) where 

Determined via calibration algorithm. 
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Parameter 

Description 

Parameter Value Data Source and/or Rationale 

activity males and 

females 𝑐𝑀(𝑎, 0, 𝑡) 

and 𝑐𝐹(𝑎, 0, 𝑡). NB 

𝑟 = 1 for general-

activity individuals. 

𝑥 is equal to the 

youngest age in each 

specified age group.   

For males: 𝜆𝐺𝐴𝑀 =

9.45, 𝜇𝐺𝐴𝑀 = 30 and 

𝜎𝐺𝐴𝑀 = 12. And for 

females: 𝜆𝐺𝐴𝐹 = 9.50, 

𝜇𝐺𝐴𝐹 = 28 and 𝜎𝐺𝐴𝐹 =

6.8. 

Note that 𝜆𝐺𝐴𝑀 and 

𝜆𝐺𝐴𝐹 are varied in 

sensitivity analysis. 

 

Probability of condom 

use for non-

commercial sex 

interactions and 

condom efficacy.   

Specified by a 

smoothed piece-wise 

linear interpolant from 

0 in 1993, to 0.55 in 

2011, to 0.37 in 2016 

and constant 

thereafter. Therefore 

𝜅𝐻𝐼𝑉  (𝑡) = 𝑝𝐶𝑈𝑠𝑒 and 

𝜅𝐻𝑃𝑉(𝑡) = 𝑝𝐶𝑈𝑠𝑒 ×

0.46 for males and 

𝜅𝐻𝑃𝑉(𝑡) = 𝑝𝐶𝑈𝑠𝑒 × 0.3 

for females.  

Specified to fit survey data on 

condom use among non-commercial 

sex interactions(Kapiga and Lugalla, 

2003, Adair, 2008, Tanzania 

Commission for AIDS (TACAIDS) et 

al., 2008, Tanzania Commission for 

AIDS (TACAIDS) et al., 2013, 

Ministry of Health et al., 2016, 

Reynolds et al., 2012). 

Year-specific 

reduction in the 

number of high-risk 

sexual interactions 

among both sexes 

and all activity 

groups. Parameter 

reflects nationwide 

behavioural change 

Specified by equation 

s13 where 𝑥 is equal 

to the calendar year 

between 1995 and 

2010, and 𝜆𝑆𝐵 = 0.5, 

𝜇𝑆𝐵 = 2002, 𝜎𝑆𝐵 = 8. 

From 2010 onwards, 

this function is set to 

Determined via calibration algorithm. 

This parameter reflects the 

behavioural change in Tanzania in 

response to public fear of HIV 

infection at the peak of the AIDS 

epidemic.  
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Parameter 

Description 

Parameter Value Data Source and/or Rationale 

in response to the 

HIV epidemic.  

a constant value of 

0.05.  

 

For each female age group, the age distribution of male partners is determined by the 

probability density function of the Poisson distribution over a maximum of five age 

groups (her current age group and the four groups above her, if possible), with a 

Poisson parameter decreasing linearly with age from a maximum of 1.5 (i.e., this is an 

average of 7.5 years older than the female age) to 0. This assumption was based on 

observed data indicating that males tend to have sex with females younger than 

themselves, and determines 𝜌𝑀(𝑎) and 𝜌𝐹(𝑎) used to calculate force of 

infection(Munguti et al., 1997).  

Model input parameters for the per-sex-act HIV transmission probability is given in 

Table 3. These parameters reflect the variability in the probability of transmission 

among HIV discordant couples, depending on the stage of disease of the HIV positive 

partner. The stage-specific per-contact transmission probabilities were based on 

observed data(Quinn et al., 2000). 

Table 3 Stage-specific per-contact probability of HIV transmission.  

 Acute 

infection 

WHO 

clinical 

stage 1 

WHO 

clinical 

stage 2 

WHO 

clinical 

stage 3 

WHO 

clinical 

stage 4 

(AIDS) 

Transmission 

multipliers which 

operate on base 

HIV transmission 

probability 

(0.0006)+  

𝑇𝐹𝑀
𝐻𝐼𝑉(0)(1)

= 0.0006

× 7 

 

𝑇𝐹𝑀
𝐻𝐼𝑉(0)(2)

= 0.0006 

 

𝑇𝐹𝑀
𝐻𝐼𝑉(0)(3)

= 0.0006

× 5.8 

 

𝑇𝐹𝑀
𝐻𝐼𝑉(0)(4)

= 0.0006

× 6.8 

 

𝑇𝐹𝑀
𝐻𝐼𝑉(0)(5)

= 0.0006

× 11.8 

 

+Note that these probabilities are for female to male transmission; for male to female 

transmission, we note that 𝑇𝑀𝐹
𝐻𝐼𝑉(𝑇𝑥)

= 2.5 𝑇𝐹𝑀
𝐻𝐼𝑉(𝑇𝑥)

; the probabilities assume no ART treatment 

(𝑇𝑥 = 0). For contacts with treated individuals (𝑇𝑥 = 1) we assume that the transmission 

probability is reduced by 96%. 
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HPV type-specific per sex-act transmission probabilities are given in Table 4. These 

values were found through calibration and are consistent with estimates that the 

probability of HPV transmission among discordant general partnerships is 20% over a 

six-month period(Burchell et al., 2011).  

Table 4 Transmission probabilities per sex-act for HPV 16/18, HPV H5 and HPV OHR 

Parameter*  Value Probability of transmission over 

a six-month period+ 

HPV 16/18 transmission probability 

per high-risk-sex-act 𝑇𝐹𝑀
𝐻𝑃𝑉1618 

0.0560 46% - 76% 

HPV H5 transmission probability per 

high-risk-sex-act  𝑇𝐹𝑀
𝐻𝑃𝑉𝐻5  

0.0123 14% - 47% 

HPV OHR transmission probability per 

high-risk sex-act  𝑇𝐹𝑀
𝐻𝑃𝑉𝑂𝐻𝑅  

0.0179 19% - 57% 

* Note that 𝑇𝐹𝑀
𝐻𝑃𝑉 = 𝑇𝑀𝐹

𝐻𝑃𝑉 for all HPV types. +Calculated for males and females in the general 

activity group assuming condom use and efficacy (46% for males and 30% for females) as 

observed in 2011; ranges provided reflect variation in sexual frequency due to age; number 

included for comparison with Burchell et al 2011 (Burchell et al., 2011).  

 

Disease natural history 

Disease progression for HIV infection is governed by the following state diagram 

(Figure 1), where specific progression rates are dependent on the current stage of 

disease and treatment status.  

 

Figure 1 State-space diagram for HIV disease progression. Note that we assume viral 

suppression halts disease progression and that all states are subject to other cause 

mortality. 

The natural history of HIV infection is assumed to progress from acute HIV infection 

through four clinical disease stages. These stages align with the World Health 
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Organisation (WHO) ‘Clinical Staging of HIV/AIDS for Adults and Adolescents’ and are 

defined in terms of patient symptoms(Weinberg and Kovarik, 2010). Input parameters 

specifying HIV progression rates in the model are described in Table 5. 

Table 5 Average length of time spent in each disease stage, and the probability of HIV-

death for each HIV disease stage. 

 Acute 

infection 

WHO 

clinical 

stage 1 

WHO 

clinical 

stage 2 

WHO 

clinical 

stage 3 

WHO 

clinical 

stage 4 

(AIDS) 

Average length of time 

spent in HIV disease 

stage(Palk et al., 2018). 

< 3 

months 

1 year 6 

months 

1 year 3 

months 

6 years 

6 

months 

1 year 3 

months 

Per-timestep probability of 

HIV-death while in each 

disease stage for ages 15-

49 years and ages 50+, 

respectively+(Tan et al., 

2018).  

3%, 5% 

 
 

0.2%, 

0.5% 

 
 

0.4%, 

0.4% 

 
 

1%, 2% 

 
 

14%, 

27% 

 
 

+The per-timestep probability of HIV death was derived from absolute stage-specific 

HIV mortality rates and necessarily accounts for the average time-in-state for clinical 

HIV disease stages and other competing risks. 

The model platform accounts for the detailed and well-understood natural history of 

HPV. Disease progression and regression for HPV infection is governed as per Figure 

2, where specific progression rates are dependent on HPV type, age, disease stage, 

HIV positivity and ART treatment status. HPV types 16 and 18 are more aggressive 

than other oncogenic HPV types, with elevated disease progression rates and 

suppressed regression rates. Women with an HIV co-infection also experience more 

aggressive HPV infections; however, viral suppression through ART can help mitigate 

this(Liu et al., 2018). The model contains interacting compartments for all of HPV 

susceptibility, infection, and natural history states. These stages are described in Table 

6, and their interactions are summarised in Figure 2, which describes the state 

transitions possible from each state at the start of a new timestep, including the case 

where no state transition is made.  
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Table 6 List and description of HPV transmission and natural history compartments. 

Compartment 

name 

Description 

Vaccinated Vaccinated individuals are unable to become infected with HPV.  

Susceptible Individuals are recruited into this compartment and are 

susceptible to HPV infection.  

Naturally immune Once clearing an HPV infection, some individuals retain 

temporary natural immunity.  

HPV infected Susceptible individuals may become infected with HPV. Initial 

model conditions specify a small number of HPV infected 

individuals to start the simulation.  

CIN 1 Cervical intraepithelial neoplasia (abbreviated as CIN) stage 1 

is a low-grade pre-cancerous lesion.  

CIN 2 CIN stage 2 is a high-grade pre-cancerous lesion.  

CIN 3 CIN stage 3 is a high-grade pre-cancerous lesion.  

Localised cervical 

cancer 

(undetected) 

Localised cervical cancer (undetected) is the early-stage 

cervical cancer state.  

Localised cervical 

cancer (detected) 

Women with detected cancer (any stage) are not explicitly 

subject to disease progression or regression. Women with 

detected cancer (any stage) are subjected to a probability of 

cervical cancer mortality, which increases with stage, and which 

removes them from the model; alternatively, they may survive 

their disease.  

Regional cervical 

cancer 

(undetected) 

Regional cervical cancer (undetected) is the mid-stage cervical 

cancer state.  

Regional cervical 

cancer (detected) 

See localised cervical cancer (detected).  

Distant cervical 

cancer 

(undetected) 

Distant cervical cancer (undetected) is the late-stage cervical 

cancer state (cancer has metastasised and has a low survival 

probability).  

Distant cervical 

cancer (detected) 

See localised cervical cancer (detected). 
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Figure 2 State-space diagram for the natural history of HPV and cervical cancer 

carcinogenesis; note that all compartments are subject to natural mortality and 

detected cancer (grey) compartments are subject to stage-specific cervical cancer 

mortality or survival; CIN = cervical intraepithelial neoplasia; cervical cancer = cervical 

cancer. 

The natural history of human papillomavirus infection is explicitly simulated for HPV 

types 16, 18, the HPV types included in the 9-valent vaccine (31/33/45/52/58 

abbreviated as HPV H5) and other oncogenic HPV types (abbreviated as HPV OHR). 

The stage-, age- and HPV type-specific progression and regression rates have been 

adapted from previous analyses and reproduced in the section titled ‘Additional tables’ 

(Table 13, Table 14)(Tan et al., 2018). HIV positivity status and viral suppression 

through ART are both assumed to affect HPV acquisition and natural history; 
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assumptions regarding the impact of HIV positivity on HPV natural history are 

summarised in Table 7.  

Table 7 HPV-type specific multipliers for eventual risk of acquisition, progression and 

regression of HPV associated disease for HIV positive individuals(Liu et al., 2018)*. 

Parameter description Parameter value+ 

Multiplier increasing HPV acquisition for 

HIV positive individuals  

2.75 (1.17-2.75) 

Clearance of an HPV infection (no CIN)  0.6 

Progression from HPV infection to CIN1  3.73 (2.62-3.73) 

Progression from HPV infection to CIN2  1.3 (1.1-1.33) 

Regression from CIN1 to clearance or 

HPV infected  

0.7 (0.56-0.7) for HIV 16/18 

0.67 (0.56-0.67) for all other HPV types.  

Regression from CIN2/3 to clearance, 

HPV infection or CIN1  

0.57 (0.26-0.57) 

Progression from CIN3 to invasive 

cervical cancer  

2.5 (2.3-2.5) 

*Ranges specified are those considered in the sensitivity analysis. For more information is 

contained in the section titled ‘Sensitivity analysis’. +Note that these parameters are the same 

for all HPV types except where otherwise stated.  

Interventions 

The model accounts for the impact of a range of HIV control interventions, including 

uptake of ART, PrEP, VMMC, and behavioural factors, including the use of condoms. 

Effective use of ART in an individual infected with HIV not only acts to reduce disease 

progression and HIV death but also significantly reduces the infectivity of virally 

suppressed patients. Further, PrEP, VMMC and condoms all lower the probability of 

acquisition to varying degrees. VMMC is specified by year, with rates reported in the 

literature and Tanzanian DHS reports and explicitly described in the footnote to Table 

8(The United Republic of Tanzania Ministry of Health and Social Welfare, 2013, Forbes 

et al., 2012, Ministry of Health et al., 2016). The circumcision rate is applied to males of 

all ages and reduces female to male transmission by 63%, consistent with the available 

evidence(World Health Organisation (WHO), 2020b). 

ART is considered in two categories: those receiving ART, and those receiving ART 

who are ‘virally suppressed’. The model assumes some mortality benefit for all 

individuals receiving ART; however, viral suppression is assumed to halt disease 

progression and/or HIV death completely and reduces infectivity by 96%(Tan et al., 
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2018). The percentage of people living with HIV in Tanzania who are virally suppressed 

is assumed to match rates published in 2018 by UNAIDS(UNAIDS, 2018d).  

Scenarios and outcomes 

A range of counterfactual and potential future HIV epidemic control scenarios were 

simulated, as described in Table 8. For each scenario, we estimate cervical cancer 

incidence and cervical cancer mortality (stratified by HIV positivity) from 1995-2020 and 

project these outcomes from 2020 to 2070. The absolute numbers of cervical cancer 

cases and deaths prevented by interventions to 2020 are presented, in addition to an 

age-standardised rates. Here, the age-standardised rate (ASR) is a weighted mean of 

the age-specific rates where weights (summing to one) are derived from the estimated 

world female population(United Nations DESA / Population Division, 2017), and is 

presented per 100,000 women.  

Table 8 Modelled scenarios of HIV control. 

Scenario name 

and description 

VMMC 

assumptions 

𝝊(𝒕)1 

ART assumptions2 PrEP 

assumptions 

No interventions. 

This is an 

exploratory worst-

case 

counterfactual 

scenario. 

No VMMCs 

carried out.  

 

No ART uptake.  

 

No PrEP offered.  

 

VMMC only. This 

is an exploratory 

pessimistic 

counterfactual 

scenario. 

VMMC is as 

historically 

observed and is 

maintained at 

80% from 2018 

onwards. 

No ART uptake. No PrEP offered.  

VMMC and ART 

(baseline). This 

scenario is the 

baseline scenario 

and reflects the 

current situation in 

Tanzania. 

VMMC is as 

historically 

observed and is 

maintained at 

80% from 2018 

onwards. 

The proportion of 

people living with HIV 

who are receiving ART 

and virally suppressed 

is as historically 

observed and is 

No PrEP offered.  
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Scenario name 

and description 

VMMC 

assumptions 

𝝊(𝒕)1 

ART assumptions2 PrEP 

assumptions 

maintained at 47% 

from 2018 onwards. 

VMMC and target 

ART. This is an 

exploratory 

optimistic 

scenario. 

VMMC is as 

historically 

observed and is 

maintained at 

80% from 2018 

onwards. 

The proportion of 

people living with HIV 

who are receiving ART, 

and virally suppressed, 

is as historically 

observed but assumes 

this is scaled up from 

47% in 2018 to meet 

WHO ’90-90-90’ 

targets3 in 2020 and 

onwards. 

No PrEP offered.  

VMMC, target 

ART and PrEP. 

This is an 

exploratory best-

case scenario. 

VMMC is as 

historically 

observed and is 

maintained at 

80% from 2018 

onwards. 

The proportion of 

people living with HIV 

who are receiving ART 

and virally suppressed 

is as historically 

observed and is scaled 

up from 47% in 2018 to 

meet WHO ’90-90-90’ 

targets in 2020 

(onwards).  

Daily PrEP use for 

offered to women 

engaging in 

commercial or 

transactional sex 

and their clients 

(90% uptake, 99% 

efficacy) from 

2020.  

1VMMC, as historically observed, assumes 8% VMMC (or traditional circumcision where 

applicable) until 1995, after which it increased to 23% in 1998 and then increases quadratically 

to 80% in 2015 as observed(The United Republic of Tanzania Ministry of Health and Social 

Welfare, 2013, Ministry of Health et al., 2016). 2ART, as historically observed, assumes the 

introduction of ART in 2005, with a linear scale-up to 47% virally suppressed in 2017(UNAIDS, 

2018d). 3 The 90-90-90 targets refer to the global goal of achieving the following: 90% of all 

people living with HIV know their HIV status, 90% of all people diagnosed with HIV receive 

sustained ART, and 90% of all people receiving HIV achieve viral suppression(UNAIDS, 2017). 
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Sensitivity analysis (methods) 

A multivariate sensitivity analysis was carried out to assess the robustness of model 

outcomes with variation in a range of parameters. The parameters selected for 

sensitivity analysis are those which are difficult to observe/report on, those to which the 

model is suspected to be sensitive, and parameters directly affecting the interventions 

assessed in the scenario analysis. The modelled effect of HIV control interventions is 

dependent on assumptions about the magnitude of their effectiveness. The literature 

indicates uncertainty surrounding the effect of VMMC, ART and PrEP(Castellsague et 

al., 2002, Tobian et al., 2014, Minkoff et al., 2010, Liu et al., 2018, Anderson et al., 

2012). Furthermore, any population- or individual-level behavioural change driven by 

implementing these interventions is challenging to quantify as perceptions of risk are 

constantly changing; however, evidence suggests that the availability and uptake of 

HIV control interventions may facilitate an increase in risky sexual practices to the 

order of up to 20%(Ramchandani and Golden, 2019, Hoornenborg et al., 2019, Chen et 

al., 2002, Dukers et al., 2001, Katz et al., 2002, Scheer et al., 2001). A Latin hypercube 

sampling (LHS) analysis of 6,000 possible parameter sets was utilised (200 simulations 

for each of 30 varied parameters), the values of which are described in Table 9. 

Table 9 Parameter values considered in Latin hypercube sampling analysis and the 

rationale for selecting these parameters/ranges. Parameters are described in Table 2.  

Parameter Value ranges in the 

sensitivity analysis 

Rationale 

Volume of sexual 

interactions possibly 

resulting in HIV 

transmission per timestep 

for high- and general 

activity males and 

females. The parameters 

varied are 𝑐𝑀(𝑎, 𝑟, 𝑡) and 

𝑐𝐹(𝑎, 𝑟, 𝑡).  

The age-specific volumes 

are each varied by ±5% of 

the baseline value. The 

baseline value for these 

parameters is specified in 

Table 2.  

The selected variation is 

sufficient to assess the 

model’s sensitivity to these 

parameters while not 

producing excessive 

variation in simulation 

outcomes.  

Age-assortative mixing. 

The parameter varied is 

𝜆𝑚𝑎𝑥.  

The maximum Poisson 

parameter 𝜆𝑚𝑎𝑥 is varied 

over a range 

𝜆𝑚𝑎𝑥 = 1.5 (1.4, 1.6).  

This is based on observed 

data indicating that males 

tend to mate with females 

younger than 
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Parameter Value ranges in the 

sensitivity analysis 

Rationale 

themselves(Munguti et al., 

1997). 

The relative risk of HIV 

acquisition per sexual 

contact for females 

compared to males. The 

parameter varied is 𝑝𝑓.  

The multiplier 𝑝𝑓 was 

found to be 2.5 through 

calibration and is varied 

between 2.2 and 2.8 for 

the sensitivity analysis.  

Based on observed 

data(Quinn et al., 2000). 

Stage-specific per-

contact probability of HIV 

transmission 

Multipliers against the 

base HIV transmission 

probability: 

Multiplier for ‘WHO clinical 

stage 2’ (𝑝2)= 4.3 (2.25, 

17.91) 

Multiplier for ‘WHO clinical 

stage 3’ (𝑝3)= 6.5 (2.93, 

19.97) 

Multiplier for ‘WHO clinical 

stage 4’ (𝑝4)= 8.7 (5.28, 

36.99) 

Ranges are derived from 

confidence intervals given 

in Quinn et al. (Quinn et al., 

2000). 

HPV-type specific 

multipliers for acquisition, 

progression and 

regression of HPV 

associated disease for 

HIV positive individuals. 

The ranges considered 

here are as described in 

Table 7.  

Ranges are considered in 

sensitivity analysis are as 

published(Liu et al., 2018).  

Type-specific HPV 

transmission probabilities 

per sex act.  

𝑇𝐹𝑀
𝐻𝑃𝑉1618 = 0.056 −  0.078  

𝑇𝐹𝑀
𝐻𝑃𝑉𝐻5 = 0.0134 −  0.0448  

𝑇𝐹𝑀
𝐻𝑃𝑉𝑂𝐻𝑅 = 0.0202 −  0.056  

Where 𝑇𝐹𝑀
𝐻𝑃𝑉 = 𝑇𝑀𝐹

𝐻𝑃𝑉 for all 

HPV types. 

The selected variation is 

sufficient to assess the 

model’s sensitivity to these 

parameters while not 

producing excessive 

variation in simulation 

outcomes.  

Per sex-act reduction in 

HPV acquisition risk for 

Relative risk reduction 

assumed in sensitivity 

Based on the result of a 

pooled study which 
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Parameter Value ranges in the 

sensitivity analysis 

Rationale 

circumcised males 

(compared to 

uncircumcised males). 

analysis:  0.16 – 0.85 

(0.63 assumed at 

baseline).  

indicated circumcised men 

are 37% (95% CI: 16%-

85%) less likely to have an 

HPV infection than 

uncircumcised 

men(Castellsague et al., 

2002). 

Per sex-act reduction in 

HIV acquisition risk for 

circumcised males 

(compared to 

uncircumcised males). 

Relative risk reduction 

assumed in sensitivity 

analysis:  0.53 – 0.6 (0.6 

assumed at baseline). 

Based on the result of a 

study which indicated that 

circumcised men are 60% 

(53%-60%) less likely to 

acquire an HIV infection 

than uncircumcised 

men.(Tobian et al., 2014) 

Impact of viral 

suppression through ART 

on HPV persistence and 

natural history among 

HIV infected women.   

Baseline scenario: ART 

reduces additional risk of 

HPV/pre-cancer 

progression due to HIV 

positivity by 50%. 

Sensitivity analysis: ART 

reduces additional risk of 

HIV/pre-cancer 

progression by 0-100%.  

The specific values of 

multipliers specifying 

progression/regression of 

HPV related disease in 

HIV positive women 

compared to HIV negative 

women are outlined in 

Table 7.  

A study comparing relative 

risk of HPV acquisition 

among virally suppressed 

women with those not 

receiving ART found that 

ART decreased HPV 

incidence (OR 0.64; 95% 

CI 0.46-0.88), but that this 

was not the case for high-

risk HPV (OR 0.62; 95% CI 

0.38-1.02)(Minkoff et al., 

2010).  Another study 

found that women receiving 

ART are at lower LSIL risk 

(RR 0.67; 95% CI 0.45-1), 

and were 2.29 times more 

likely to regress from LSIL 

(95% CI 1.56-3.37)(Liu et 

al., 2018). Overall, a 

systematic review and 
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Parameter Value ranges in the 

sensitivity analysis 

Rationale 

meta-analysis by Liu et al 

reported that the impact of 

ART on HPV-related 

disease is unclear(Liu et 

al., 2018).  

Per sex-act reduction in 

HIV acquisition for daily 

PrEP users compared to 

non-PrEP users. 

Baseline relative risk 

reduction: 0.99. Range 

assumed in sensitivity 

analysis:  0.92 – 0.99. 

 The iPrEx study found that 

PrEP can reduce HIV risk 

by 92%-99% for daily use 

among HIV-negative 

individuals(Anderson et al., 

2012). 

Population-level 

behavioural change (i.e., 

disinhibition) resulting 

from uptake/availability of 

HIV control.  

Condom usage from 1990 

to 2016 is as reported in 

Table 2 and reflects 

observed usage in 

Tanzania, with the 

assumption that a condom 

was used in 37% of all 

high-risk interactions from 

2016 onwards. In 

sensitivity analysis we 

consider variation in 

condom use from 2020 

onwards, and the 

percentage of all high-risk 

interactions where a 

condom is used varies 

uniformly in the interval 

32-42%.   

A range of studies have 

found that availability of 

HIV control interventions 

ART and PrEP can 

facilitate behavioural 

disinhibition where risk 

behaviour is increased in a 

population(Ramchandani 

and Golden, 2019, 

Hoornenborg et al., 2019, 

Chen et al., 2002, Dukers 

et al., 2001, Katz et al., 

2002, Scheer et al., 2001). 

 

Results 

Calibration and validation 

Simulations from the calibrated model were consistent with observed HIV-specific 

outcomes, including male and female HIV prevalence, total HIV incidence and number 
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of HIV deaths (Figure 3), in addition to age-specific 2018 cervical cancer incidence and 

age-specific 2018 cervical cancer mortality rates (Figure 4). 

 

Figure 3 Calibrated HIV outcomes. (A) and (B): male and female HIV prevalence from 

1995 to 2015; (C) HIV incidence from 1995 to 2015; (D) the number of HIV deaths from 

2015 to 1995. Error bars are 95% CI of observed data. Training data sourced from 

UNAIDS(UNAIDS, 2018c, UNAIDS, 2018b) (UNAIDS, 2018a) (UNAIDS, 2018e). 
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Figure 4 (A) Calibrated age-specific cervical cancer incidence and (B) mortality for the 

year 2018 compared to estimated data sourced from the International Agency for 

Research on Cancer IARC(Bray et al., 2018).  

Following the model calibration procedure, where parameters were chosen such that 

the model was a good fit to UNAIDS and Globocan (IARC) data(UNAIDS, 2018c, 

UNAIDS, 2018b, UNAIDS, 2018a, Bray et al., 2018), the model was validated against 

independent datasets. These include sex- and age-specific HIV prevalence (Figure 5 

A-B) and the sex-specific age distribution of age at AIDS diagnosis (Figure 5 C-D), and 

age-specific HPV prevalence (Figure 6) and the prevalence of HSIL (high-grade 

squamous intra-epithelial lesion; considered equivalent to a diagnosed CIN 2/3) 

prevalence among HIV negative versus positive women (Figure 7) from the PROTECT 

study(Dartell et al., 2012).  
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Figure 5 (A) and (B): age-specific HIV prevalence for males and females in 2016 

compared to observed data; Figure 5 (C) and (D): Age distribution of AIDS diagnoses 

for males and females in 2011 compared to observed data. Observed data from the 

Tanzanian Ministry of Finance (no confidence intervals available)(Ministry of Health et 

al., 2017, Tanzania Commission for AIDS (TACAIDS) et al., 2013). 

 

Figure 6  age-specific HPV prevalence in cervical cytology (all cytological results) of (A) 

HPV 16/18, (B) HPV H5 and (C) HPV OHR compared to observed data. Observed data 

from Dartell et al. 2012 (no confidence intervals available)(Dartell et al., 2012).  
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Figure 7 Age-specific rates of HSIL (detected high-grade squamous intraepithelial 

lesion consistent with CIN2/3) prevalence for (A) HIV positive and (B) HIV negative 

women. Observed data from Dartell et al. 2012 (no confidence intervals 

available)(Dartell et al., 2012). 

Scenario analysis 

It is estimated that there will be 2,843 (and 1,039) fewer cervical cancer cases (and 

deaths), and 33,648 fewer total deaths (HIV and cervical cancer combined) from 1995 

to 2020 because of the introduction and scale-up of VMMC. Assuming VMMC is 

maintained at 2018 levels, by 2070, VMMC is expected to have averted 330,400 (and 

186,260) cervical cancer cases (and deaths) and save 3.47 million lives (HIV and 

cervical cancer combined) (Table 10; Figure 8 B and D). ART use to date is predicted 

to lead to an additional 1,573 (and 1,222) cervical cancer cases (and deaths) from 

1995-2020; this is due to ART reducing the competing risk of mortality due to HIV. The 

cumulative number of deaths averted by ART is predicted to reach 2,253,700 by 2070 

and prevent 52,430 (and 16,390) additional cervical cancer cases (and deaths) by 

2070 (Table 10; Figure 8 B and D). 
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Table 10 Number of prevented cervical cancer cases (and deaths) due to VMMC and 

ART (incremental benefit of each intervention). Negative values denote additional 

cases/deaths.  

 
Prevented by VMMC Prevented by ART 

Cervical cancer cases (deaths) 

prevented cumulatively from 1995 to 

2020 

2,843 (1,039) -1,573 (-1,221) 

Deaths due to HIV or cervical cancer 

prevented cumulatively from 1995 to 

2020 

33,648 147,262 

Cervical cancer cases (deaths) 

prevented cumulatively from 1995 to 

2070 

330,400 (186,260) 52,430 (16,390) 

Deaths due to HIV or cervical cancer 

prevented cumulatively from 1995 to 

2070 

3,469,800 2,253,700 

 

 

Figure 8 A: annual cervical cancer cases averted due to VMMC and ART (negative 

values under ART denote additional cases rather than cases averted). B: cumulative 

cervical cancer cases averted due to VMMC and ART. C: annual cervical cancer 
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deaths averted due to VMMC and ART. D: cumulative cervical cancer deaths averted 

due to VMMC and ART.   

VMMC is predicted to substantially reduce both HPV and HIV prevalence in Tanzanian 

men and women (Table 11).  By 2070, VMMC is predicted to reduce HPV prevalence 

in men and women by 28% (44.71% under ‘No interventions’ to 32.13% under ‘VMMC 

only’ in 2070) and 17% (46.39% under ‘No interventions’ to 38.59% under ‘VMMC 

only’), respectively. Similarly, the estimated reduction in HIV prevalence due to VMMC 

is 75% (7.59% under ‘No interventions’ to 1.86% under ‘VMMC only’) and 71% (8.47% 

under ‘No interventions’ to 2.46% under ‘VMMC only’), respectively, for men and 

women. Compared to the ‘No intervention’ scenario, the introduction and scale-up of 

ART and PrEP are estimated to reduce HIV prevalence in men and women by ~99% 

(to 0.05% in males and 0.11% in females in 2070.  

Table 11 Simulated HPV and HIV prevalence for males and females in 2070 (and 

2020) under five scenarios. Note that intervention start-year occurs pre-2020 for 

simulated interventions.   

 
HPV prevalence in 2070 (2020 

value) 

HIV prevalence in 2070 (2020 

value) 

Males Females Males Females 

No 

interventions 

44.71% 

(47.43%) 

46.39% 

(49.42%) 
7.59% (5.22%) 8.47% (6.07%) 

VMMC only 32.13% 

(34.43%) 

38.56% 

(42.45%) 
1.86% (3.19%) 2.46% (4.89%) 

VMMC and 

ART 

(baseline) 

31.9% 

(34.38%) 

38.28% 

(42.3%) 
0.41% (2.57%) 0.59% (4.24%) 

VMMC and 

target ART 

31.85% 

(34.38%) 

38.22% 

(42.3%) 
0.12% (2.57%) 0.19% (4.24%) 

VMMC, 

target ART 

and PrEP 

31.83% 

(34.38%) 
38.2% (42.3%) 0.05% (2.57%) 0.11% (4.24%) 
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Figure 9 A: Male HPV prevalence; B: male HIV prevalence; C: female HPV prevalence; 

D: female HIV prevalence from 1995 to 2070 under five intervention scenarios. 

The introduction and scale-up of HIV preventions are predicted to reduce the age-

standardised rates of cervical cancer incidence and mortality over time. VMMC is 

expected to reduce cervical cancer incidence and mortality rates by 36-40% in 2070 

compared to 2020 rates (under ‘VMMC and ART (baseline)’ scenario), whereas the 

provision and scale-up of ART to meet World Health Organisation 90-90-90 targets 

reduce cervical cancer incidence and mortality rates by 41-45% in 2070 compared to 

the current rates in 2020. Absolute rates of cervical cancer incidence and mortality are 

presented in Table 12. Here, we note that the reductions in cervical cancer incidence 

and mortality due to ART among all women are driven by reductions among HIV 

positive women.  

Table 12 Simulated cervical cancer incidence and mortality rates per 100,000 women 

per year for all women (and stratified by HIV positivity) in 2070 (and 2020) under five 

scenarios. Rates are standardised to the WFP2015 population(United Nations DESA / 

Population Division, 2017). 

 
Cervical cancer incidence in 

2070 (2020 value) 

Cervical cancer mortality in 

2070 (2020 value) 

All 

women 

HIV 

negative 

women 

HIV 

positive 

women 

All 

women 

HIV 

negative 

women 

HIV 

positive 

women 
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No 

interventions 

55.11 

(64.39) 

40.52 

(44.69) 

269.89 

(291.46) 

37.31 

(41.99) 

28.43 

(29.7) 

182.27 

(198.01) 

VMMC only 39.93 

(63) 

35.04 

(42.99) 

256.25 

(286.92) 

27.72 

(41.47) 

24.61 

(28.91) 

176.04 

(197.85) 

VMMC and 

ART 

(baseline) 

37.31 

(65.42) 

35.17 

(42.99) 

220.23 

(288.57) 

26.44 

(43.27) 

24.68 

(28.88) 

168.01 

(204.14) 

VMMC and 

target ART 

36.28 

(65.42) 

35.19 

(42.99) 

208.82 

(288.57) 

25.72 

(43.27) 

24.7 

(28.88) 

166.81 

(204.14) 

VMMC, target 

ART and 

PrEP 

35.82 

(65.42) 

35.2 

(42.99) 

192.9 

(288.57) 

25.35 

(43.27) 

24.71 

(28.88) 

158.74 

(204.14) 

 

 

Figure 10 A Age-standardised cervical cancer incidence and B: mortality rates among 

all women aged 0-99 years. C: cervical cancer incidence and D: mortality rates among 

HIV negative women aged 0-99 years. E: cervical cancer incidence and F: mortality 

rates among HIV positive women aged 0-99 years. Age-standardised rates are 

calculated using the 2015 World Female Population(United Nations DESA / Population 

Division, 2017).  
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Sensitivity analysis (results) 

The multivariate sensitivity analysis indicates that the findings of this analysis are highly 

sensitive to variation in the following parameters specifying sexual behaviour, disease 

transmission and natural history, and intervention effectiveness. Figure 11 summarises 

the baseline and total variation in endpoint predictions for all simulated outcomes over 

the five intervention scenarios.  

 

Figure 11 (A) and (B): male and female HPV prevalence; (C) and (D) male and female 

HIV prevalence; (E) and (F) cervical cancer incidence and mortality among all women; 

(G) and (H) cervical cancer incidence and mortality among HIV negative women; (I) 

and (J) cervical cancer incidence and mortality among HIV positive women, simulated 

in the year 2070 (error bars correspond to the total variation generated by the 

sensitivity analysis).  

An analysis of partial rank correlation coefficients indicates that cervical cancer 

incidence is most strongly correlated with VMMC efficacy for HPV prevention 
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(correlation coefficient: 0.25; Figure 12), followed by VMMC efficacy for HIV prevention 

(correlation coefficient:  0.13).    

 

Figure 12 Correlation strength of selected outputs (HPV and HPV prevalence for males 

and females, and cervical cancer incidence and mortality) and parameters varied in the 

multivariate sensitivity analysis. Partial rank correlation analysis was performed on the 

‘VMMC, target ART and PrEP’ scenario, as it is the only scenario to assessing all 

modelled interventions.  

Discussion 

This novel analysis is the first to estimate the impact over time of changing VMMC 

prevalence, ART utilisation and PrEP uptake on cervical cancer in any setting; and 

findings from this analysis are likely to be broadly applicable to other low-income 

settings with high HIV prevalence and cervical cancer incidence rates, particularly in 

sub-Saharan Africa. These HIV control interventions were found to substantially impact 

cervical cancer incidence and mortality in Tanzania. Using a simulation model of HIV 

and HPV transmission to estimate cervical cancer cases, cervical cancer deaths and 

total deaths (including HIV deaths) in Tanzania from 1995 to 2070 in the context of 

currently implemented HIV control measures, we estimated that VMMC has prevented 

2,843 cervical cancer cases and 1,039 cervical cancer deaths from 1995 to 2020. 

Perhaps a less intuitive finding is that, while the addition and scale-up of ART in HIV-

positive women reduce both overall HIV and HPV prevalence (women effectively 

treated with ART are less likely to acquire HPV and more likely to clear an HPV 
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infection than their untreated counterparts), ART is expected to result in some 1,573 

additional cervical cancer diagnoses and 1,221 additional cervical cancer deaths, 

cumulatively, from 1995 to 2020. These additional cases and deaths are among HIV 

infected women and are caused by the removal of HIV-related death as a competing 

risk, as some women who would have otherwise died from HIV-related causes develop 

cervical cancer and subsequently die from it in the absence of scaled-up cervical 

cancer prevention. In the longer-term, the protective effect of ART prevails, as scale-up 

to meet World Health Organisation 90-90-90 targets would result in cervical cancer 

incidence and mortality rates that are 43% (37.31 c.f. 65.42 cases per 100,000 women 

per year) and 39% (26.44 c.f. 43.27 deaths per 100,000 women per year) lower, 

respectively, in 2070 compared to the current rates in 2020.  

The model prediction for HIV prevalence over time is consistent with empirical data for 

Tanzania(UNAIDS, 2018b, UNAIDS, 2018c), and future predictions are broadly 

consistent with the findings from HIV modelling studies specific to sub-Saharan 

Africa(Hontelez et al., 2013). A comparative modelling study utilising predictions from 

four independent models predicts that under a scenario assuming universal HIV testing 

and treatment (up to 90% coverage), HIV prevalence will be reduced to 0-3% in sub-

Saharan Africa in 2050. The current analysis predicts that HIV prevalence in Tanzania 

in 2050 will be 0.12% in males and 0.19% in females aged 15-49 years in the ‘VMMC 

and target ART’ scenario. In addition to this, predicted HPV prevalence in males 

(35.4% in 2017) under the ‘VMMC and ART (baseline)’ scenario showed relatively 

consistent agreement with an observed HPV prevalence in South Africa in 2017 of 

40%(Mbulawa et al., 2017), and, predictions published by another modelling group(Tan 

et al., 2018). Similarly, Tan et al. predict that the cervical cancer incidence rates in 

KwaZulu Natal women will be ~31 cases per 100,000 among HIV negative women in 

2070 and ~145 cases per 100,000 among HIV positive women(Tan et al., 2018). For 

Tanzania, this analysis predicts 35.17 cases per 100,000 women among HIV negative 

women and 220.23 cases per 100,000 among HIV positive women under the ‘VMMC 

and ART (baseline)’ scenario in 2070. For both analyses, the cervical cancer incidence 

rate in HIV positive women is approximately five times higher than the rate among HIV 

negative women.  

The dynamic and highly detailed nature of the HIV and HPV co-infection model is a 

strength of this study. The model is stratified by sex, age, sexual activity (including 

women engaging in transactional or commercial sex), HIV positivity (including disease 

stage and treatment status) and HPV positivity (including disease stage/detection 

status) for multiple HPV types; which allows exploration of disease transmission and 
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progression dynamics in detail, accounting for herd protective effects and the protective 

effects of ART. This platform was extensively calibrated to high quality data including 

HIV incidence, prevalence and mortality data prepared and published by UNAIDS, and 

informed by routine data collected by the Tanzanian Ministry of Health(UNAIDS, 

2018e), and, cervical cancer incidence and mortality rates published by the 

International Agency for Research on Cancer (IARC) which are informed by patient 

data from the Ocean Road Cancer Institute, a tertiary hospital in Tanzania specialising 

in cancer care(Bray et al., 2018). By performing a separate comparison to external 

data, including AIDS diagnoses from DHS reports, and HPV and precancer prevalence 

from cross-sectional studies, not only is the model validated, but the perceived quality 

of the combined data is increased(Tanzania Commission for AIDS (TACAIDS) et al., 

2013, Dartell et al., 2012). 

This analysis was limited by the inherent uncertainty surrounding input parameter 

assumptions, particularly sexual behaviour assumptions, including condom usage, 

which has been the focus of widespread public campaigns throughout sub-Saharan 

Africa. Due to the uncertainty surrounding underlying consistent condom use, the 

standalone impact of this intervention is difficult to quantify. Additionally, in many 

settings which have implemented specific HIV control, a reduction in safe sex practices 

and an increase in other sexually transmitted infections is often 

observed(Ramchandani and Golden, 2019, Hoornenborg et al., 2019, Chen et al., 

2002, Dukers et al., 2001, Katz et al., 2002, Scheer et al., 2001). A recent study into 

the sexual behaviour of PrEP users in Amsterdam found that daily PrEP use among 

HIV negative men who have sex with men (MSM) was associated with a 2-9% increase 

in condomless sex acts(Hoornenborg et al., 2019). Another study has reported a 21% 

increase in risky sexual practice, and an increase in HIV incidence, among the San 

Franciscan MSM population since the advent of ART(Katz et al., 2002). Sensitivity 

analysis findings indicate that HPV and HIV prevalence and cervical cancer incidence 

and mortality are highly sensitive to variations in condom usage; therefore, if condom 

usage trends over time vary, model predictions could substantially under-estimate or 

over-estimate disease burden. The model used for this analysis simulates disease at 

the national scale, averaging sub-national variation in attitudes towards risk and access 

to HIV control interventions. Tanzanian HIV prevalence and access to health services 

varies considerably by province(Runge et al., 2019, Kim et al., 2019). As infection rates 

for HIV and HPV are driven down, this geographical heterogeneity may substantially 

impact real-world disease transmission dynamics.  
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A number of simplifying assumptions were also made regarding the effect of ART on 

HPV natural history in HIV positive women; we assume that ART affects all HPV types 

to the same degree and that commencing ART has the same effect on HPV natural 

history regardless of CD4+ count or HIV disease stage. Furthermore, the HIV 

transmission component of this model accounts for heterosexual transmission only, 

which is based on the assumption that the impact of HIV transmitted via sexual contact 

between men, and injection drug use, has negligible impacts on cervical cancer in 

women. Cervical cancer is an AIDS-defining disease; therefore, there is a degree of 

uncertainty surrounding the true cervical cancer mortality rates in Tanzania, that is, 

whether a cervical cancer death in an HIV positive woman was attributed to cervical 

cancer or HIV(World Health Organization, 2013). The grouping of many individual HPV 

genotypes in the model, for example, HPV 16/19, HPV 31/33/45/52/58 (HPV H5) and a 

category for “other high-risk HPV types”, may impact the overall simulated HPV 

prevalence in addition to the overall transmission dynamics of the model. For example, 

in this model, it is impossible to discern whether individuals are infected with only one 

or any combination of the HPV genotypes in each simulated HPV subgroup, which may 

result in an overestimation of the effectiveness of interventions targeted at HPV 

reduction. Finally, the findings of this study must be interpreted in the context of the 

lengthening life expectancy in Tanzania. Due to reductions in HIV mortality in addition 

to other-cause mortality (e.g. driven by improvements in sanitation and health care), 

the life expectancy at birth is expected to rise to 75 years in 2065-2070 (compared to 

54 years in 1995-2000)(United Nations Department of Economic and Social Affairs 

Population Division, 2019); this necessarily results in an increased opportunity to 

develop cervical cancer (and other diseases), irrespective of additional effects due to 

HIV treatment.  

In November 2020, the World Health Organisation released their global strategy for the 

elimination of cervical cancer as a public health problem, which defines that cervical 

cancer is eliminated as a public health problem when all countries achieve an 

incidence rate of fewer than four cases per 100 000 women per year.(World Health 

Organisation, 2020) To achieve this target, the WHO recommends that each country 

implement HPV vaccination programmes whereby 90% of girls are vaccinated by the 

age of 15, organised cervical screening programmes whereby 70% of women are 

screened at least twice per lifetime, and effective management of 90% of women 

diagnosed with invasive cervical cancer(World Health Organisation (WHO), 2020a). 

While VMMC and ART can reduce the burden of cervical cancer in Tanzania in the 

long term, they are not sufficient to bring cervical cancer incidence beneath the 
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threshold (ASR <4 per 100,000 women) proposed by the WHO for cervical cancer 

elimination. Our finding that even under the best-case scenario, the rate of cervical 

cancer incidence in all Tanzanian women is not reduced below 35 cases per 100,000 

women per year (more than eightfold higher than the elimination threshold). This 

persistently high cervical cancer incidence rate demonstrates the importance and 

urgency of scaling up cervical cancer prevention programs, such as HPV vaccination 

and cervical screening, as well as HIV control, in order to avoid the situation that lives 

saved from HIV-related death are instead lost to cervical cancer. The WHO call for 

global action to eliminate cervical cancer as a public health problem is an important 

opportunity to galvanise and unite efforts to prevent cervical cancer in Tanzania and 

globally.  
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Additional tables 

The natural history transition probabilities for HPV infection are adapted from previously published models (see Tan et al 2018 

supplementary appendix Table S25 a)(Tan et al., 2018). 

Table 13 Per-timestep disease transition probabilities for HPV 16/18 infections and associated disease, by age, in HIV negative women. 

Age From HPV infected to: From CIN 1 to: From CIN 2 infected to: From CIN 3 to: 

Well

+ 

HPV CIN 

1 

CIN 

2 

CIN 

3 

Well

+ 

HPV CIN 

1 

CIN 

2 

CIN 

3 

Well

+ 

HPV CIN 

1 

CIN 

2 

CIN 

3 

We

ll+ 

HP

V 

CIN 

1 

CIN 

2 

CIN 

3 

Undet 

ICC 

10-

14 

0.20

13 

0.03

5 

0.05

69 

0.01

71 

0 0.06

84 

0.00

56 

0.28

44 

0.00

88 

0.00

88 

0.06

79 

0.00

66 

0.02

38 

0.16

13 

0.03

69 

0 0 0.01

34 

0.00

97 

0.5 0 

15-

19 

0.20

13 

0.03

5 

0.05

69 

0.01

71 

0 0.06

84 

0.00

56 

0.28

44 

0.00

88 

0.00

88 

0.06

79 

0.00

66 

0.02

38 

0.16

13 

0.03

69 

0 0 0.01

34 

0.00

97 

0.5 0 

20-

24 

0.20

13 

0.03

49 

0.05

69 

0.01

71 

0 0.06

84 

0.00

56 

0.28

43 

0.00

88 

0.00

88 

0.06

79 

0.00

66 

0.02

38 

0.16

13 

0.03

69 

0 0 0.01

34 

0.00

97 

0.5 0.001 

25-

29 

0.13

81 

0.12

22 

0.03

12 

0.00

68 

0 0.06

84 

0.00

56 

0.27

67 

0.01

02 

0.01

02 

0.06

79 

0.00

66 

0.02

38 

0.13

52 

0.05

32 

0 0 0.01

34 

0.00

97 

0.5 0.0014 

30-

34 

0.13

81 

0.12

14 

0.03

12 

0.00

68 

0 0.06

84 

0.00

56 

0.27

51 

0.01

02 

0.01

02 

0.06

79 

0.00

66 

0.02

38 

0.13

43 

0.05

32 

0 0 0.01

34 

0.00

97 

0.5 0.0033 

35-

39 

0.13

81 

0.12

46 

0.03

12 

0.00

34 

0 0.06

84 

0.00

56 

0.27

19 

0.01

02 

0.01

02 

0.06

79 

0.00

66 

0.02

38 

0.11

83 

0.06

46 

0 0 0.00

56 

0.00

97 

0.5 0.0033 

40-

44 

0.12

1 

0.14

03 

0.03

12 

0.00

34 

0 0.06

84 

0.00

56 

0.26

63 

0.01

02 

0.01

13 

0.06

79 

0.00

66 

0.02

38 

0.11

67 

0.06

46 

0 0 0.00

56 

0.00

38 

0.5 0.0063 

45-

49 

0.10

52 

0.16

89 

0.02

41 

0.00

17 

0 0.06

84 

0.00

56 

0.25

27 

0.01

36 

0.01

13 

0.06

79 

0.00

66 

0.02

38 

0.10

5 

0.07

23 

0 0 0.00

56 

0.00

38 

0.5 0.0063 

50-

54 

0.09

06 

0.18

97 

0.03

62 

0.00

25 

0 0.06

84 

0.00

56 

0.25

44 

0.02

04 

0.01

69 

0.06

79 

0.00

66 

0.02

38 

0.10

6 

0.10

85 

0 0 0.00

56 

0.00

28 

0.5 0.0095 
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55-

59 

0.07

7 

0.21

14 

0.04

1 

0.00

29 

0 0.06

84 

0.00

56 

0.25

54 

0.02

32 

0.01

91 

0.06

79 

0.00

66 

0.02

38 

0.09

8 

0.13

63 

0 0 0.00

56 

0.00

28 

0.5 0.015 

60-

64 

0.06

42 

0.23

44 

0.04

58 

0.00

32 

0 0.06

84 

0.00

56 

0.25

61 

0.02

59 

0.02

14 

0.06

79 

0.00

66 

0.02

38 

0.09

83 

0.15

23 

0 0 0.00

19 

0.00

19 

0.5 0.0168 

65-

69 

0.06

42 

0.23

58 

0.05

06 

0.00

35 

0 0.06

84 

0.00

56 

0.25

76 

0.02

86 

0.02

36 

0.06

79 

0.00

66 

0.02

38 

0.09

09 

0.18

52 

0 0 0.00

19 

0.00

19 

0.5 0.0186 

70-

74 

0.06

42 

0.23

41 

0.05

54 

0.00

39 

0 0.06

84 

0.00

56 

0.25

57 

0.03

14 

0.02

59 

0.06

79 

0.00

66 

0.02

38 

0.08

99 

0.20

28 

0 0 0.00

19 

0.00

19 

0.5 0.0203 

75-

79 

0.06

42 

0.22

79 

0.06

03 

0.00

42 

0 0.06

84 

0.00

56 

0.26

99 

0.03

41 

0.02

81 

0.06

79 

0.00

66 

0.02

38 

0.07

83 

0.24

08 

0 0 0.00

19 

0.00

09 

0.5 0.0253 

80-

84 

0.06

42 

0.21

53 

0.02

41 

0.00

17 

0 0.06

84 

0.00

56 

0.23

52 

0.01

36 

0.01

13 

0.06

79 

0.00

66 

0.02

38 

0.07

1 

0.09

63 

0 0 0.00

19 

0.00

09 

0.5 0.0101 

+ Well refers to the per-timestep probability of clearance of HPV infection or CIN. 

Table 14 Per-timestep disease transition probabilities for high-risk HPV not 16/18 infections and associated disease, by age, in HIV 

negative women. 

Age From HPV infected to: From CIN 1 to: From CIN 2 infected to: From CIN 3 to: 

Well

+ 

HPV CIN 

1 

CIN 

2 

CIN 

3 

Well

+ 

HPV CIN 

1 

CIN 

2 

CIN 

3 

Well

+ 

HPV CIN 

1 

CIN 

2 

CIN 

3 

We

ll+ 

HP

V 

CIN 

1 

CIN 

2 

CIN 

3 

Undet 

ICC 

10-

14 

0.32

98 

0.01

2 

0.03

34 

0.01 0 0.08

04 

0.00

97 

0.22

68 

0.00

51 

0.00

51 

0.11

43 

0.01

14 

0.04

07 

0.09

84 

0.02

03 

0 0 0.02

3 

0.01

63 

0.40

44 

0 

15-

19 

0.32

98 

0.01

2 

0.03

34 

0.01 0 0.08

04 

0.00

97 

0.22

68 

0.00

51 

0.00

51 

0.11

43 

0.01

14 

0.04

07 

0.09

83 

0.02

03 

0 0 0.02

3 

0.01

63 

0.40

42 

0 

20-

24 

0.32

98 

0.01

19 

0.03

34 

0.01 0 0.08

04 

0.00

97 

0.22

67 

0.00

51 

0.00

51 

0.11

43 

0.01

14 

0.04

07 

0.09

83 

0.02

03 

0 0 0.02

3 

0.01

63 

0.40

02 

0.0006 

25-

29 

0.22

73 

0.07

64 

0.01

82 

0.00

39 

0 0.08

04 

0.00

97 

0.22

12 

0.00

59 

0.00

59 

0.11

43 

0.01

14 

0.04

07 

0.08

7 

0.03

12 

0 0 0.02

3 

0.01

63 

0.39

89 

0.0008 
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30-

34 

0.22

73 

0.07

57 

0.01

82 

0.00

39 

0 0.08

04 

0.00

97 

0.22 0.00

59 

0.00

59 

0.11

43 

0.01

14 

0.04

07 

0.08

41 

0.03

12 

0 0 0.02

3 

0.01

63 

0.38

87 

0.0019 

35-

39 

0.22

73 

0.07

67 

0.01

82 

0.00

2 

0 0.08

04 

0.00

97 

0.21

75 

0.00

59 

0.00

59 

0.11

43 

0.01

14 

0.04

07 

0.07

69 

0.03

8 

0 0 0.00

97 

0.01

63 

0.5 0.0019 

40-

44 

0.2 0.09

23 

0.01

82 

0.00

2 

0 0.08

04 

0.00

97 

0.21

4 

0.00

59 

0.00

65 

0.11

43 

0.01

14 

0.04

07 

0.07

35 

0.03

8 

0 0 0.00

97 

0.00

65 

0.5 0.0036 

45-

49 

0.17

69 

0.11

5 

0.01

41 

0.00

1 

0 0.08

04 

0.00

97 

0.20

59 

0.00

79 

0.00

65 

0.11

43 

0.01

14 

0.04

07 

0.06

6 

0.04

26 

0 0 0.00

97 

0.00

65 

0.5 0.0036 

50-

54 

0.15

12 

0.13

66 

0.02

11 

0.00

15 

0 0.08

04 

0.00

97 

0.20

72 

0.01

19 

0.00

98 

0.11

43 

0.01

14 

0.04

07 

0.06

68 

0.06

39 

0 0 0.00

97 

0.00

69 

0.5 0.0053 

55-

59 

0.12

91 

0.16

01 

0.02

39 

0.00

17 

0 0.08

04 

0.00

97 

0.20

81 

0.01

35 

0.01

11 

0.11

43 

0.01

14 

0.04

07 

0.06

23 

0.11

61 

0 0 0.00

97 

0.00

69 

0.5 0.0085 

60-

64 

0.10

81 

0.18

62 

0.02

67 

0.00

19 

0 0.08

04 

0.00

97 

0.20

86 

0.01

51 

0.01

24 

0.11

43 

0.01

14 

0.04

07 

0.06

26 

0.12

98 

0 0 0.00

32 

0.00

32 

0.5 0.0095 

65-

69 

0.10

81 

0.18

73 

0.02

95 

0.00

21 

0 0.08

04 

0.00

97 

0.20

99 

0.01

67 

0.01

37 

0.11

43 

0.01

14 

0.04

07 

0.05

84 

0.10

94 

0 0 0.00

32 

0.00

32 

0.5 0.0105 

70-

74 

0.10

81 

0.18

59 

0.03

23 

0.00

22 

0 0.08

04 

0.00

97 

0.20

83 

0.01

82 

0.01

5 

0.11

43 

0.01

14 

0.04

07 

0.05

77 

0.11

99 

0 0 0.00

32 

0.00

32 

0.5 0.0115 

75-

79 

0.10

81 

0.18

08 

0.03

51 

0.00

24 

0 0.08

04 

0.00

97 

0.20

27 

0.01

98 

0.01

64 

0.11

43 

0.01

14 

0.04

07 

0.04

93 

0.14

26 

0 0 0.00

32 

0.00

16 

0.5 0.0143 

80-

84 

0.10

81 

0.17

04 

0.01

41 

0.00

1 

0 0.08

04 

0.00

97 

0.19

14 

0.00

79 

0.00

65 

0.11

43 

0.01

14 

0.04

07 

0.04

27 

0.05

7 

0 0 0.00

32 

0.00

16 

0.5 0.0057 

+ Well refers to the per-timestep probability of clearance of HPV infection or CIN.  
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Chapter 3: Elimination of cervical cancer as a public health problem 

The previous chapter describes a detailed HIV and HPV infection dynamics and natural 

history model, accounting for over-time changes in sexual behaviour and advancement 

in HIV control interventions such as VMMC, ART, and PrEP. Chapter 2 reported that 

the implementation and scale-up of VMMC and ART can reduce the burden of cervical 

cancer in Tanzania, although, are not enough to eliminate cervical cancer below a 

threshold of four cases per 100,000 women. As a natural continuation of this, and in 

response to the cervical cancer elimination strategy outlined by the World Health 

Organisation, Chapter 3 presents a modelled assessment of the predicted impact of 

implementing the WHO cervical cancer elimination strategy in the United Republic of 

Tanzania. The fundamental aim of this chapter was to assess the achievability of 

cervical cancer elimination in Tanzania for all women, including those with HIV, and 

with a focus on explicitly planning for these women when instituting national 

programmes for cervical screening and HPV vaccination.  

This chapter contains original research published in the following paper:  

Hall MT, Simms KT, Smith MA, Barnabas RV, Murray JM, Canfell K. Elimination of 

cervical cancer in Tanzania: Modelled analysis of elimination in the context of endemic 

HIV infection and active HIV control. International Journal of Cancer. 2021. DOI: 

10.1002/ijc.33533 

The published study was conceptualised for this thesis by the candidate (Michaela 

Hall) and supervisors Professors John Murray and Karen Canfell. The candidate’s 

estimated contribution to this analysis is approximately 80%, involving 

conceptualisation, study design and methodology, formal analysis, interpretation of 

results and visualisation, and development of original and revised manuscript drafts. 

The accepted author version of this publication has been included with minor 

modifications to improve clarity, and contains additional material sourced from the 

published supplementary appendix. Figures, tables, associated captions, and 

references have been reformatted to be consistent throughout the thesis.  

Work from this chapter was additionally presented at the International Papillomavirus 

Conference 2020 as an oral presentation.  
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Elimination of cervical cancer in Tanzania: Modelled analysis of elimination in the context 

of endemic HIV infection and active HIV control  

 

Michaela T. Hall1,2*, Megan A. Smith2,3 , Kate T. Simms2,3 , Ruanne Barnabas4,  

John M. Murray1 and Karen Canfell2,3  

 

1. School of Mathematics and Statistics, UNSW Sydney, Australia 

2. Cancer Research Division, Cancer Council NSW, Australia 

3. School of Public Health, University of Sydney, Australia 

4. University of Washington, Seattle, WA, USA 

 

Novelty and Impact Statement 

This is the first modelled analysis to directly assess the impact and feasibility of 

implementing the World Health Organisation’s cervical cancer elimination strategy in 

the context of HIV and ongoing HIV control. This analysis shows that high coverage 

cervical screening and HPV vaccination could eliminate cervical cancer for all 

Tanzanian women, including those living with HIV, by the end of the century and 

provides elimination projections specifically for women living with HIV. 
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Abstract  

The World Health Organisation (WHO) has launched a strategic initiative for cervical 

cancer elimination, which involves scaling up three interventions: human papillomavirus 

(HPV) vaccination, twice-lifetime HPV-screening screening, and precancer/cancer 

treatment by 2030. Cervical cancer is challenging to control in countries with endemic 

human immunodeficiency virus (HIV), as women living with HIV (WLHIV) are at 

elevated risk of HPV infection, persistence, and progression. This analysis estimated 

the impact of the elimination interventions on cervical cancer incidence and mortality 

but considering more intensive screening for WLHIV, using Tanzania as an example. A 

dynamic HIV/HPV model was used to simulate the elimination strategy for vaccination, 

screening, and precancer/cancer treatment, with three-yearly HPV screening in 

WLHIV, in the context of sustained HIV control in Tanzania over 2020-2119. Without 

vaccination or HPV screening, cervical cancer incidence rates per 100,000 women are 

predicted to fall from 58.03 in 2020 to 41.60 (range:39.14-44.68) in 2119 due to 

existing HIV control. HPV vaccination and twice-lifetime HPV-screening would reduce 

cervical cancer incidence to 1.30 (range:1.30-2.47) by 2119, with elimination 

(<4/100,000) in 2076 (range:2076-2092). cervical cancer mortality rates per 100,000 

women are predicted to reach 1.15 (range:1.15-2.12) with further reductions contingent 

on increased cervical cancer treatment access. Vaccination and three-yearly HPV 

screening for WLHIV are predicted to achieve elimination in WLHIV by 2061 

(range:2061-2078), with a 2119 cervical cancer incidence rate of 1.66 (range:1.66-

3.28). Scaling-up vaccination and HPV screening to meet WHO targets will 

substantially reduce cervical cancer incidence in Tanzania, with elimination predicted 

within a century. Three-yearly HPV screening and HPV vaccination at high coverage 

rates may also facilitate cervical cancer elimination among WLHIV. 
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Introduction 

Despite the preventability of cervical cancer, it remains the most frequent cause of 

cancer death in women in 42 countries(Bray et al., 2018). Vaccination against human 

papillomavirus (HPV), the agent responsible for cervical cancer, is safe and effective at 

preventing infection in females and males. While the GAVI vaccine alliance heavily 

subsidises the cost of many vaccines, including the HPV vaccine in eligible low-income 

countries, many countries do not have established population-wide HPV vaccination 

programmes(Brisson et al., 2020, Gavi the vaccine alliance, 2020, World Health 

Organisation (WHO), 2020a). The detection and treatment of cervical pre-cancer 

through routine cervical screening programmes effectively prevent cervical cancer and 

provide a means of downstaging cervical cancer through early detection; however, 

routine screening is not universally available in many low and middle-income countries 

(LMICs). The World Health Organisation (WHO), in November 2020, launched a 

cervical cancer elimination strategy which recommends national implementation of 

HPV vaccination programmes achieving coverage levels of 90% of nine-year-old girls 

and twice-lifetime HPV-screening programmes at 70% participation to achieve cervical 

cancer elimination at a threshold of <4/100,000 cases per annum. In practice, this 

threshold represents a ‘stretch-goal’ to mobilise substantial action and investment in 

cervical cancer prevention, while being functionally achievable in the majority of 

countries(Simms et al., 2019). Additionally,  the WHO recommends that 90% of women 

diagnosed with either cervical pre-cancer or cervical cancer have access to appropriate 

treatment(World Health Organisation (WHO), 2020a). Women with human 

immunodeficiency virus (HIV) are at higher risk of persistent HPV infection, cervical 

pre-cancer and cervical cancer compared to HIV negative women(Liu et al., 2018). In 

July 2021, the WHO released their revised guidelines for cervical screening, which 

recommend that HIV positive women are screened with HPV-DNA-testing at a 

frequency of every three to five years(World Health Organisation 2021).  

In the global context, the United Republic of Tanzania has high rates of cervical cancer 

incidence and mortality, with 59.1 cases and 42.7 deaths (per 100,000 women) in 

Tanzania versus the global average of 13.1 cases and 6.9 deaths in 2018, and a 

moderate HIV prevalence of 5.5% among women aged 15-49 years(UNAIDS, 2018b, 

Bray et al., 2018). Recent estimates suggest that, on average, only 9.5% of women in 

sub-Saharan Africa diagnosed with cervical cancer have access to treatment(Canfell et 

al., 2020). In 2018, Tanzania commenced the roll-out of a pilot HPV vaccination 

programme, offering a quadrivalent HPV vaccine to girls aged 9-15 years, although an 

organised cervical screening programme is yet to be financed(Runge et al., 2019). 



63 
 

While VIA-based cervical screening clinics are available in some northern provinces of 

Tanzania, these are relatively sparse, with few women having ever received a 

screening test(Bakiewicz et al., 2020, Runge et al., 2019, Cunningham et al., 2015). 

A modelled analysis published by the WHO Cervical Cancer Elimination Modelling 

Consortium (CCEMC) predicts that HPV vaccination combined with cervical screening 

at high coverage can achieve the elimination of cervical cancer in LMICs, with cervical 

screening expediting the timeline and also the primary means of achieving 

intermediate-term reductions in cervical cancer cases and deaths(Brisson et al., 2020, 

World Health Organisation (WHO), 2020a, Canfell et al., 2020). This analysis used 

comparative modelling to simulate the draft WHO elimination strategy, including 2030 

scale-up targets for HPV vaccination (90% coverage) and cervical screening (70% 

twice-lifetime coverage) in 78 LMICs. Due to the scale of the analysis, the authors 

necessarily made a range of simplifying assumptions; for example, two out of the three 

models assumed static rates of cervical cancer incidence in the absence of intervention 

going forward, and the models did not explicitly account for the known effects of HIV 

infection on HPV progression and cervical cancer natural history, and the differential 

efficacy of treatment for precancer in WLHIV. The CCEMC models implemented a 

simplified screening algorithm and assumed that as part of elimination implementation, 

90% of all women, including HIV positive women, received effective pre-cancer 

treatment, which is not necessarily currently the case(De Vuyst et al., 2014). Therefore, 

there is value in performing detailed country-level analyses as a complementary 

exercise, which explicitly incorporates sexual behaviour, the transmission of both HPV 

and HIV, and HPV natural history as influenced by HIV co-infection and anti-retroviral 

therapy (ART) uptake. By incorporating this level of detail, combined with a screening 

algorithm that allows for specific management and treatment success for HIV positive 

women, it is possible to provide greater specificity for the country-specific cervical 

cancer elimination predictions. It is also possible to explicitly address the question of 

whether it is possible to achieve cervical cancer elimination, at a threshold of 4/100,000 

women, for the subgroup of HIV positive women by implementing more frequent 

screening strategies.  

Using Tanzania as an example country, this analysis provides detailed country-level 

modelling of cervical screening with HPV, accounting for HIV prevalence and ART, 

considering different screening recommendations and pre-cancer treatment success 

rates for women who are HIV positive. We have previously reported a model of cervical 

cancer in Tanzania, finding that in the absence of HPV vaccination and cervical 

screening, HIV interventions would lower cervical cancer incidence and mortality rates 
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by 43% and 39%, respectively, in 2070 compared to rates in 2020(Hall et al., 2020). 

Building on this work, our primary aims in the current analysis were to 1) estimate the 

expected year of cervical cancer elimination in Tanzania at the WHO threshold of 

<4/100,000 cases per annum, 2) examine the impact of more intensive screening in 

HIV positive women and determine whether elimination is feasible in this subgroup 

and, 3) quantify the mortality benefits of achieving elimination in Tanzania, with scaled-

up access to cervical cancer treatment for women with screen-detected cervical 

cancer.  

Methods 

Model description and parameterisation overview 

A dynamic compartment model of the heterosexual transmission and natural history of 

HIV, HPV16/18, HPV31/33/45/52/58, and other oncogenic HPV types, calibrated to the 

Tanzanian setting, was utilised to simulate cervical cancer prevention and control in 

Tanzania. This model simulates transmission, co-infection and natural history of HIV 

and multiple HPV types, stratified by sex, age and HIV treatment status, and was 

extensively calibrated and validated against data local to the United Republic of 

Tanzania. Disease transmission probabilities are informed by a force of infection, which 

accounts for detailed sexual behaviour and intervention parameters, including the 

number of sexual partners, condom usage, circumcision rates and HIV treatment. 

Cervical carcinogenesis is followed by stage-specific assumptions about cancer 

progression, symptom onset and detection, treatment, and survival. This analysis 

focused on the impact of HIV and HIV/HPV interventions on cervical cancer incidence 

and mortality; therefore, other modes of transmission, such as injection drug use (HIV 

only) and via men who have sex with men (HIV and HPV), were not included. This 

model was implemented in Matlab version R2018b. Table 15 provides a detailed 

overview of model compartments and is an extension of the previously reported Table 

1. Input parameter values are reported in Chapter 2(Hall et al., 2020). 
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Table 15 Description of all possible model compartments, as defined by the cartesian product of columns (all logical combinations of a 

single box from each column are possible).  

Population 

sub-group 

Age Sexual 

activity 

level 

HIV 

disease 

status 

HIV 

treatment 

status 

HPV 16/18 

disease 

status 

HPV 31/33/ 

54/52/58 

disease 

status 

HPV OHR 

disease 

status 

Cervical 

cancer 

detection, 

treatment, 

and survival 

Screening 

behaviour 

and 

history 

Male 5-9 General 

populatio

n sexual 

activity 

Immune 

(PrEP) 

No treatment Immune 

(HPV 

vaccination) 

Immune 

(HPV 

vaccination) 

Immune 

(HPV 

vaccination) 

No cervical 

cancer 

Never-

screeners 

Female 

(general 

population) 

10-

14 

Elevated 

sexual 

activity 

Susceptible ART (partial 

treatment) 

Immune 

(natural) 

Immune 

(natural) 

Immune 

(natural) 

Undetected 

cervical 

cancer 

(localised) 

Routine-

screeners 

Female 

(commercia

l sex 

worker) 

15-

19 

 Infected 

(acute) 

ART (viral 

suppression) 

Susceptible Susceptible Susceptible Undetected 

cervical 

cancer 

(regional) 

Post-

ablation 

follow-up 

 20-

24 

Stage 1 

(WHO 

clinical) 

 HPV 

infection 

HPV 

infection 

HPV 

infection 

Undetected 

cervical 

Post-

excision 

follow-up 



66 
 

cancer 

(distant) 

 

 

 

 

… 

Stage 2 

(WHO 

clinical) 

CIN 1 CIN 1 CIN 1 Symptomatic

ally detected 

cervical 

cancer 

(localised) 

 

Stage 3 

(WHO 

clinical) 

CIN 2 CIN 2 CIN 2 Symptomatic

ally detected 

cervical 

cancer 

(regional) 

AIDS+ CIN 3 CIN 3 CIN 3 Symptomatic

ally detected 

cervical 

cancer 

(distant) 

60-

64 

 Invasive 

cervical 

cancer* 

Invasive 

cervical 

cancer* 

Invasive 

cervical 

cancer* 

Screen-

detected 

cervical 

cancer 

(localised) 
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65-

69 

   Screen-

detected 

cervical 

cancer 

(regional) 

70-

74 

Screen-

detected 

cervical 

cancer 

(distant) 

75-

79 

Cancer 

survivor 

+Acquired immunodeficiency syndrome. *Once a woman develops invasive cervical cancer attributable to any HPV genotype, their HPV disease status 

for all genotypes ceases to change, and their disease is tracked through ‘cervical cancer detected, treatment and survival’ compartments. Cervical 

cancer survivors are assumed to be at no further risk of acquiring an HPV infection (cervical) and developing subsequent disease.  
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To simulate cervical screening, an additional function was created to examine the 

health states of women who are eligible for screening in any given year with eligibility 

influenced by age, HIV status, and screening behaviour and history. For each screen-

eligible compartment of women, a proportion receive precancer treatment (𝑝𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 =

[𝑠𝑐𝑟𝑒𝑒𝑛𝑖𝑛𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑡𝑖𝑜𝑛] × [𝑡𝑒𝑠𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦] × [𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒]) which either 

completely removes the cervical disease (women become HPV negative), partially 

removes the cervical disease (lesions are removed, but women remain HPV positive), 

fails completely (women remain in their health state), or detects an underlying case of 

cervical cancer.  Further details describing screening parameters, including screening 

compliance, test positivity, precancer treatment compliance and precancer treatment 

efficacy are provided in a subsequent subsection titled ‘Cervical screening and 

treatment’. 

HIV control assumptions 

The prevalence of male circumcision, which lowers a male’s risk of both HIV and HPV 

acquisition, is assumed to be 23% in 1998 and to increase to 80% in 2015, in line with 

observational data obtained from the Tanzanian Ministry of Health and Social Welfare 

(The United Republic of Tanzania Ministry of Health and Social Welfare, 2013, Ministry 

of Health et al., 2016). The World Health Organisation currently recommends voluntary 

medical male circumcision (VMMC) to control the spread of HIV(World Health 

Organisation (WHO), 2020b). Male circumcision is assumed to reduce HIV acquisition 

in males by 60% and HPV acquisition by 63%(Prodger and Kaul, 2017, Castellsague et 

al., 2002). As reported in a previous analysis, VMMC is predicted to lower the 

prevalence of HIV and HPV infection in Tanzanian males and females, as protecting 

men against infection secondarily protects all subsequent sexual partners(Hall et al., 

2020). 

ART is explicitly simulated for HIV positive individuals. Here, we assume two tiers of 

HIV treated individuals: virally-suppressed, and incomplete suppression, which 

accounts for individuals who have commenced treatment but have experienced either 

treatment failure or discontinuation of treatment. However, we do not directly model 

switching to second/third-line therapies following treatment failure. Rates of ART 

uptake and viral suppression are assumed to be as reported in Tanzania and 

maintained at the current rate of 62% of people living with HIV knowing their status and 

are receiving treatment such that 47% of people with HIV are virally 

suppressed(UNAIDS, 2018d). 
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HPV vaccination assumptions 

In HPV vaccination scenarios, it is assumed that a completed course of the broad-

spectrum HPV vaccine is administered to females at the age of nine years, that the 

vaccine is 100% effective against vaccine-included HPV types (with lower vaccine 

efficacies considered in sensitivity analysis), and that it confers lifelong immunity. HPV 

vaccination is assumed to be introduced for nine-year-old females in 2020, with 

modelled full-dose vaccine uptake rates increasing linearly from 0-90% over 2020-

2030. Catch-up HPV vaccination was not offered to older cohorts.  

Cervical screening and treatment 

In all cervical screening scenarios, twice lifetime HPV screening for women (at ages 35 

and 45) is assumed for HIV negative women and women of unknown HIV status, with 

three-yearly testing for WLHIV. In practice we assume that only WLHIV who are aware 

of their HIV status (79% of all WLHIV, UNAIDS 2018 data) receive more frequent 

screening(UNAIDS, 2021b). We assumed that an HPV DNA test was used, with 

sensitivity and specificity as stated in Table 16. Cervical screening participation rates 

were assumed to increase linearly from 0% in 2019 to 70% in 2030, and for all years, 

we assume 90% of women with a positive HPV test receive either ablative or excisional 

treatment, following a treatment eligibility test with VIA (visual inspection with acetic 

acid). Women who have received either treatment type are assumed to be re-screened 

in 12 months (modelled participation for follow-up is 90%) to determine treatment 

success and re-treated with excisional treatment if this test is positive. Scenarios 

involving scaled-up access to treatment for cervical cancer assumed that cervical 

cancer treatment access rates increased from the sub-Saharan African average of 

9.5% to 90%, as specified by the WHO draft elimination strategy(Canfell et al., 2020). 

Cervical cancer survival is modelled by cervical cancer stage at detection, with current 

ten-year survival rates ranging between 8.3% for early-stage to 0.9% for end-stage 

cervical cancer. Increasing cervical cancer treatment access to 90% is assumed to 

increase these ten-year survival rates to 78.3% and 8.1%, respectively. These rates 

were chosen for consistency with the CCEMC modelling study(Canfell et al., 2020).  

Table 16 Description of input parameters considered for baseline and sensitivity 

analysis 

Parameter 

description 

Parameter values 

Screening test and pre-cancer treatment 
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HPV test 

characteristics 

(screening test 

positivity by underlying 

health-states 

irrespective of HIV 

positivity status)  

Wella: 0.014 (0.014 – 0.042) (Sandri et al., 2006, Venturoli 

et al., 2002, Riethmuller et al., 1999, Kulmala et al., 2004, 

Safaeian et al., 2007) 

HPV positive: 0.56 (0.497 – 0.667) (Wahlstrom et al., 2007, 

Yamazaki et al., 2001) 

CIN1b: 0.8415 (0.694 – 0.989) (Zuna et al., 2005, 

Soderlund-Strand et al., 2005) 

CIN2: 0.93 (0.901 – 0.989) (Soderlund-Strand et al., 2005) 

CIN3+c: 0.984 (0.928 – 1) (Soderlund-Strand et al., 2005) 

Although HPV test sensitivity and specificity are consistent 

given a particular underlying health state, the composite 

summary values of effect HPV test sensitivity and 

specificity depend on the composition of underlying health 

states seen in the population of women screened, which 

vary by year, age, and age and HIV positivity status. In the 

year 2020, at a CIN2+ threshold, the following cross-

sectional values are obtained: 

Sensitivity: 95-98% (HIV negative) and 96-95% (HIV 

positive) 

Specificity: 70-97% (HIV negative) and 54-97% (HIV 

positive) 

Cryotherapy treatment 

efficacy (assumes 

clearance of lesion 

and infection) 

HIV negative women: 0.842 – 0.91 

HIV positive women: 0.595 – 0.77 

Cancer treatment and survival 

Ten-year cervical 

cancer survival by 

stage at diagnoses 

without scaled-up 

treatment access 

(versus with scaled-up 

treatment access)d 

Localised: 8.3% (and 78.3%) 

Regional: 5.5-7.3% (and 52.2-69.3%) 

Distant: 0.9% (and 8.1%) 

Variation for sensitivity analysis 
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Sexual behaviour The per-timestep volume of sexual partnership formations, 

for high and general-activity males and females, was varied 

by ± 5%, as similarly explored in (Hall et al., 2020). 

Protective effect of 

male circumcision 

against HIV and HPV 

acquisition 

RR reduction of HIV (and HPV) acquisition for males was 

varied over 0.53-0.6 (and 0.16-0.85). Values at baseline 

were 0.6 and 0.63, respectively, as reported in (Hall et al., 

2020).  

HPV natural history on 

ARTe 

Modelled relative risk (RR) of HPV acquisition and natural 

history for WLHIV virally suppressed through ART, 

compared to untreated WLHIV. 

Acquisition: 1.17 – 2.75 

HPV to CIN1 progression: 2.62 – 3.73 

HPV to CIN2 progression: 1.1 – 1.33 

CIN1 clearance: 0.56 – 0.7 (HPV 16/18), 0.56-0.67 (HPV 

not 16/18) 

CIN2/3 clearance: 0.26-0.57 

CIN3 to cancer: 2.3-2.5 

HPV vaccine efficacy 90– 100% 

a. Well = no current HPV infection or cervical disease; b. CIN = cervical intraepithelial 

neoplasia; c. CIN3+ = CIN 3 or cervical cancer; d. Access to cervical cancer treatment for 

diagnosed women is assumed to increase from 9.5% in 2020 to 90% in 2030 under scaled-up 

treatment access scenarios(Canfell et al., 2020). e As consistent with HPV natural history 

parameters reported in Chapter 2 (Hall et al., 2020).     

Sensitivity analysis 

A multivariate sensitivity analysis was carried out on transmission, HPV vaccination 

and screening parameters (Table 16) to account for parameter uncertainty. For each 

scenario, we considered variation in a range of HIV/HPV transmission and prevention 

parameters, including sexual behaviour, the protective effect of voluntary medical male 

circumcision against HIV and HPV acquisition, the impact of anti-retroviral therapy 

(ART) on the natural history of HPV, HPV vaccine efficacy, HPV test sensitivity and 

pre-cancer treatment efficacy with lower- and upper-bounds for each as described in 

Table 16. For each scenario, we simulated possible parameter variations sampled over 

a randomly generated Latin hypercube, with 480 parameter combinations per scenario. 

The total variation in simulated outcomes because of this sensitivity analysis are 

presented as ranges with the primary results. An additional sensitivity analysis was 

later performed on cervical cancer prevention parameters only in the ‘WHO 90-70-90’ 
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scenario, where HPV test sensitivity, pre-cancer treatment efficacy and HPV vaccine 

efficacy were each varied between 90-100% of their values assumed at baseline, with 

the interval split uniformly into five parts.  For each parameter, every possible 

combination of these variations in sensitivity/efficacy was simulated to determine the 

individual and combined impact of variation in these parameters, which of the three is 

more influential over the final simulated outcome.  The result of this additional analysis 

is presented separately.  

Scenarios and outcomes 

Four scenarios were considered to assess cervical cancer incidence rates over time 

and were simulated over a 100-year time horizon from 2020 to 2119: 1) a status-quo 

scenario assuming no HPV vaccination and no cervical screening called ‘status quo’; 2) 

a vaccination only scenario assuming that a broad spectrum HPV vaccination 

programme is introduced in 2020 for females aged nine, with vaccine coverage linearly 

scaled from 0% in 2020 to 90% in 2030 called ‘HPV vaccination only’; 3) a screening 

only scenario assuming that a twice-lifetime HPV-screening (at ages 35 and 45) 

programme was introduced, where three-yearly HPV-screening is available to HIV 

positive women over the age of 20 years, with participation increasing from 0% in 2020 

to 70% in 2030 called ‘cervical screening only’; 4) a WHO elimination strategy scenario 

assuming a combination of HPV vaccination (as per scenario 2) and HPV-screening 

(as per scenario 3) called ‘WHO 90-70-90’. Cervical cancer mortality rates over time 

were estimated for eight scenarios, which are scenarios 1-4, as described above, both 

with and without scaled-up cervical cancer treatment access. Cervical cancer incidence 

and mortality rates were estimated per 100,000 women, standardised to the WHO 

2015 standard female population over ages 0-99 years.   

Results 

CC elimination at a threshold of <4/100,000 women among all Tanzanian women was 

achieved under both the ‘HPV vaccination only’ and ‘WHO 90-70-90’ scenarios (Table 

17). Under the WHO 90-70-90 scenario, cervical cancer elimination is predicted to 

occur as early as 2076 (range: 2076 - 2092) and was predicted for all parameter sets 

included in sensitivity analysis, which included variations in sexual behaviour, HIV/HPV 

acquisition parameters, the impact of HIV on HPV natural history and vaccination and 

screening parameters. In the HPV vaccination only scenario, cervical cancer 

elimination was not predicted to occur for all parameter sets, with the elimination year 

delayed until 2106 (range: 2103-2119) for sets that did achieve elimination in the 

simulated timeframe. Cervical cancer elimination in WLHIV, at a threshold of 4/100,000 

women, is also predicted to occur for all parameter sets in 2061 (range:2061-2078), for 
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the ‘WHO 90-70-90’ scenario, which notably assumes that WLHIV are screened more 

frequently, at three-yearly intervals from diagnosis with HIV. Cervical cancer elimination 

is achieved sooner among WLHIV than the general population; this is due to the 

compounding effectiveness of multiple rounds of three-yearly HPV screening detecting 

and removing prevalent cervical disease among WLHIV, as compared to the twice-

lifetime testing strategy assumed for women without HIV. An additional sub-analysis 

was performed to assess the magnitude to which cervical cancer elimination may be 

delayed by failing to meet the WHO 90-70-90 targets for HPV vaccination and cervical 

screening, the methodology and results of which are written up in detail in the 

supplementary material. Broadly, we note that if screening participation of only 40% 

were achieved by 2050, cervical cancer elimination among the general population and 

WLHIV would each be delayed by eight years. If vaccination coverage of only 70% 

could only be achieved by 2050, cervical cancer elimination would be delayed by 24 

and 30 years for the general population and WLHIV, respectively. It is important to note 

that it is not only elimination per se, but lives saved on the path to elimination, which is 

critical, given that elimination is a long-term goal. Delays or impacts to screening 

coverage will have a profound effect on the number of lives that can be saved over the 

next half-century, as pointed out by colleagues(Simms et al., 2019). 

Over the simulated time-horizon, we predict that age-standardised cervical cancer 

incidence rates among all Tanzanian women will fall from 58.03 per 100,000 to 41.60 

(range: 39.14-44.68) under status quo assumptions, 3.50 (range: 3.31-5.95) in the 

scenario assuming HPV vaccination only; 15.98 (range: 15.50-18.01) in the cervical 

screening only scenario (whereby cervical screening aims to detect and treat cervical 

pre-cancer, thereby preventing progression to cervical cancer); and 1.30 (range: 1.30-

2.42) in the WHO 90-70-90 scenario (Table 17). These long-term predictions largely 

reflect the HIV negative sub-population, as a diminishing proportion of the female 

population is predicted to be HIV positive (0.11-0.12%)(Hall et al., 2020). Under WHO 

90-70-90 HPV vaccination and screening assumptions, assuming three-yearly HPV 

screening for HIV positive women, cervical cancer incidence rates among HIV positive 

women are predicted to fall to 1.66 (range: 1.66-3.28) per 100,000 women by 2119. For 

all women and WLHIV, we predict a temporary increase in cervical cancer detection 

following the implementation of cervical screening. Screening brings forward the 

diagnosis of cervical cancer, which would have otherwise been detected later, and 

therefore the temporary increase in detection should be seen as an indicator of 

programme success rather than program failure. We have previously discussed this 

phenomenon in detail(Hall et al., 2018).   
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Similarly, for cervical cancer mortality, we predict that age-standardised cervical cancer 

mortality rates among all Tanzanian women will fall to 30.27 (range: 29.29-32.01) per 

100,000 women under status quo assumptions; 2.54 (range: 2.48-4.41) in the scenario 

assuming HPV vaccination only; 13.82 (range: 13.43-15.4) in the cervical screening 

only scenario; and 1.15 (range: 1.15-2.12) in the WHO 90-70-90 scenario (Table 17). 

However, scaling-up access to appropriate treatment for women diagnosed with 

cervical cancer, such that 90% of women with cervical cancer receive disease-stage-

appropriate treatment, is expected to substantially reduce mortality rates over all 

scenarios. Here, we predict the ASR of cervical cancer mortality can be reduced to 

0.79 (range:0.71 – 1.29) per 100,000 women by 2119 if scaled-up cervical cancer 

treatment is combined with WHO 90-70-90 prevention interventions (Table 17). 

Reductions in cervical cancer mortality due to cervical screening are associated with 

the prevention of cervical cancer cases and downstaging due to early detection. 

Table 17 Predicted age-standardised rates of cervical cancer incidence and mortality 

per 100,000 women in 2119, under a range of modelled scenarios. 

 

Simulated scenario in the year 2119 (range generated by 

sensitivity analysis) 

Status quo 

HPV 

vaccination 

only 

Cervical 

screening 

only 

WHO 90-70-

90 

C
e

rv
ic

a
l 
c
a

n
c
e

r 

in
c
id

e
n

c
e
 

All women 41.6 (39.15-

44.71) 

3.5 (3.31-

5.95) 

15.98 (15.5-

18.01) 1.3 (1.3-2.42) 

HIV positive 

women 

239.77 

(235.59-

244.91) 

29.05 (28.81-

45.2) 

13.78 (13.73-

18.48) 

1.66 (1.66-

3.28) 

C
e

rv
ic

a
l 
c
a

n
c
e

r 

m
o

rt
a

lit
y
  

All women 30.27 (28.96-

31.64) 

2.54 (2.44-

4.36) 

13.82 (13.43-

15.4) 

1.15 (1.15-

2.12) 

HIV positive 

women 

218.47 

(214.72-

223.08) 

26.61 (26.39-

41.25) 

11.34 (11.32-

15.81) 

1.44 (1.44-

2.87) 

C
e

rv
ic

a
l 
c
a

n
c
e

r 

m
o

rt
a

lit
y
+

 

All women 21.77 (15.15-

16.56) 

1.83 (1.27-

2.27) 

9.57 (8.04-

9.22) 

0.79 (0.71-

1.29) 

HIV positive 

women 

153.71 

(137.65-

143.01) 

19.05 (17.3-

27.05) 

7.28 (5.98-

8.35) 

0.92 (0.84-

1.59) 
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+ Cervical cancer mortality rate if access to cervical cancer treatment were scaled up from the 

current observed rate of 9.5% to 90% for all women diagnosed with cervical cancer(Canfell et 

al., 2020).  

HPV vaccination and cervical screening, independently of each other, are predicted to 

substantially reduce cervical cancer incidence in Tanzania over the long term (Figure 

13). For the general population, the long-term impact of screening only is less 

pronounced than HPV vaccination only, despite outperforming the vaccination only 

scenario over the next 50 years as vaccinated cohorts slowly realise the benefit of their 

protection. This is not the case for WLHIV, where three-yearly screening (assumed for 

WLHIV under the ‘WHO 90-70-90’ scenario) outperforms HPV vaccination in the long 

term (Figure 13). Gradual reductions in cervical cancer incidence and mortality 

reductions are predicted in all scenarios, including ‘status quo’, due to changes in 

sexual behaviour and uptake in condom use, voluntary medical male circumcision 

(which prevents both HIV and HPV acquisition) and uptake in ART (which lowers HIV 

transmission, and protects against HPV acquisition and progression in WLHIV); Figure 

13, (Hall et al., 2020).   
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Figure 13 Age-standardised cervical cancer incidence in (A) all women and (B) HIV 

positive women, over time, for the status quo scenario, compared to intervention 

scenarios. CC = cervical cancer. 

Dynamically, cervical cancer mortality rates are expected to behave in much the same 

way as cervical cancer incidence rates, such that the introduction and scale-up (by 

2030) of cervical screening is predicted to have a substantial effect on reducing the 

cervical cancer mortality rate as cervical cancer cases are prevented (Figure 14). This 

impact is highly pronounced in the WLHIV population subgroup, which experiences 

more frequent screening. Scaling up access to cervical cancer treatment for women 

diagnosed with cancer rapidly and significantly reduces cervical cancer mortality in all 

scenarios (Figure 14).  



 
 

77 
 

 

Figure 14 Age-standardised cervical cancer mortality in (A-B) all women, and (C-D) 

HIV positive women, over time, for the status quo scenario compared to intervention 

scenarios without (A, C) and with (B, D) scale-up of access to cervical cancer treatment 

for women diagnosed with cervical cancer. CC = cervical cancer. 

The introduction of HPV vaccination is expected to avert 2.35 million cervical cancer 

cases and 1.83 million cervical cancer deaths, cumulatively, between 2021 and 2119 

(Figure 15). Cervical screening is anticipated to avert over 496,500 and 368,200 

additional cervical cancer cases and deaths cumulatively over 2021-2119.  If access to 

cervical cancer treatment is scaled up to 90% by 2030, it is predicted to prevent 

735,100 cumulatively over 2021-2119.  



 
 

78 
 

 

Figure 15 Cumulative (A) cervical cancer diagnoses and (B) cervical cancer deaths 

prevented by the incremental addition of first HPV vaccination, then cervical screening, 

and lastly increased cervical cancer treatment access (mortality only). 

Results of the additional sensitivity analysis, performed for the WHO 90-70-90 scenario 

only, indicate that HPV vaccination is the most influential parameter when it comes to 

the elimination of cervical cancer, as analysis of the Pearson coefficients of the 

predictor and outcome variables determined that HPV vaccine efficacy has a partial 

correlation co-efficient < -0.99 (increased vaccine efficacy decreased cervical cancer 

incidence). Cervical cancer elimination was achieved for all scenarios combining 

vaccination with cervical screening, decreasing pre-cancer treatment efficacy and HPV 

test sensitivity delay elimination by up to seven years (Figure 16).  
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Figure 16 Heatmap of the predicted year of cervical cancer elimination under the’ WHO 

90-70-90’ scenario, for parameter sets with variation in pre-cancer treatment and 

vaccination efficacy, and HPV test sensitivity. 

Discussion 

The primary finding of this work is that through combined HPV vaccination and HPV-

screening, including three-yearly HPV-screening for WLHIV, at high levels of coverage, 

cervical cancer may be eliminated in Tanzania by 2076 (range: 2076-2092), with 

cervical cancer incidence and mortality rates of 1.30 and 1.15 cases and deaths, 

respectively per 100,000 women, achieved in 2119. Combining HPV vaccination with a 

more intensive cervical screening programme, involving three-yearly HPV screening 

from HIV diagnosis, is predicted to eliminate cervical cancer among WLHIV by 2061 

(2061 – 2078). In the short term, we predict that rapid scale-up of three-yearly HPV-

screening can immediately and substantially reduce cervical cancer incidence in 

WLHIV, from an age-standardised incidence rate of 291 per 100,000 in 2020 to <20 by 

the year 2040, providing strong arguments for the prioritisation of directing screening 
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efforts for WLHIV in particular. However, this group is only expected to form 0.11-

0.12% of women aged 15-49 years in Tanzania in 2119 due to continued efforts to end 

HIV transmission. The scale-up of access to cervical cancer treatment, such that 90% 

of women diagnosed with cervical cancer receive appropriate treatment, is predicted to 

reduce cervical cancer mortality rates by 28-36% (range over all scenarios and 

population subgroups).  

This analysis predicts the elimination of cervical cancer in Tanzania (<4 per 100,000 

women threshold) by 2076-2092, which is broadly consistent with findings published by 

the CCEMC, where two out of three models predicted the elimination of cervical cancer 

in Tanzania, with the elimination year of 2085-2086(Brisson et al., 2020). Additionally, 

the CCEMC predicted that cervical cancer incidence and mortality rates in 2120 would 

be 1.95-7.63 and 0.7-1.02 per 100,000, under the WHO 90-70-90 triple intervention 

strategy (HPV vaccination at 90% coverage, twice-lifetime HPV-screening at 70% 

participation, treatment of 90% of cervical pre-cancer and cancer) with cancer 

treatment scale-up. In comparison, the current analysis predicts cervical cancer 

incidence and mortality rates of 1.30-2.42 and 1.15-2.12 per 100,000 women, 

respectively, under comparable assumptions but without cervical cancer treatment 

scale-up. Unlike the CCEMC’s analysis, the current analysis explicitly accounts for the 

impact of HIV infection, treatment and prevention, and simulates more frequent 

screening (with lower pre-cancer treatment efficacy) among HIV positive women who 

know their HIV positivity status.  

The strength of this analysis lies in the level of detail incorporated in this transmission-

dynamic model, which was not incorporated into the modelled analyses referenced 

above. By explicitly accounting for HIV transmission, disease progression, treatments 

and prevention, we captured the intermediate-term impacts of the changing landscape 

of HIV prevalence, prevention and treatment in Tanzania. For example, a previous 

analysis using the same model platform which explores the implications of scaled-up 

HIV treatment (ART) and prevention (male circumcision, ART and pre-exposure 

prophylaxis) found that, in the short term, the life-extending capabilities of ART will 

result in an approximate 4% increase in cervical cancer diagnoses in 2020. However, 

the preventative and protective effects of ART and male circumcision will ultimately 

reduce cervical cancer incidence and mortality rates by 39-43% over a fifty-year time 

horizon, compared to 2020 rates; an artefact which is additionally reported in the 

current study(Hall et al., 2020). The present analysis incorporates this critical 

background to the analysis of cervical cancer prevention and can also simulate 
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differential management and treatment success of HIV positive women compared to 

HIV negative women and women with unknown HIV status.  

As for all modelled projections of this kind, long term findings of this analysis are limited 

by the need to make assumptions regarding birth and natural mortality rates, sexual 

behaviour and uptake of HPV and HPV prevention strategies, in addition to the 

assumption of no further development in vaccine and screening technologies. In 

addition, a number of simplifying assumptions were made, including (1) simulating five-

year age groupings instead of single-year ages, (2) grouping HPV types into HPV 

16/18, HPV 31/33/45/52/58, and other oncogenic HPV, and (3) simplifying the 

modelled transmission modalities to accommodate heterosexual transmission of HIV 

and HPV only. These simplifications are widely considered to be acceptable for 

modelling studies of this nature, as they reflect data availability, are not expected to 

influence the results of this analysis, mainly since the groupings of HPV genotypes 

reflect very similar levels of risk of progression to cervical cancer and vaccine 

coverage. Finally, this analysis utilises conservative estimates for progress towards the 

WHO 90-90-90 targets for HIV intervention and PrEP utilisation, whereby we assume 

lower rates of viral suppression among all WLHIV (47%) than the target of 73%, and no 

pre-exposure prophylaxis (PrEP) utilisation. This is because we have aimed to produce 

conservative estimates for what may be achieved by way of future HIV prevention, 

detection and treatment, especially given that very few Tanzanians (<0.05%) currently 

utilise PrEP, as it has only just become available through demonstration and 

implementation projects with no nationally available roll-out (PrEP Watch, 2020, Harling 

et al., 2019). Our previous analysis has reported that meeting the WHO 90-90-90 

intervention targets for HIV prevention, combined with targeted PrEP uptake, could 

reduce cervical cancer incidence rates by a further 4% on top of current HIV control 

interventions(Hall et al., 2020). 

Low and middle-income countries looking to implement and scale-up interventions 

targeted to eliminating cervical cancer may face a range of financial, logistical and 

acceptability-based challenges. Multiple studies in LMIC, and high-income, settings 

report that the HPV vaccine is safe, effective and highly acceptable on both individual 

and national levels(Brotherton and Bloem, 2018, Brisson et al., 2020). Tanzania has 

the capacity to draw on the knowledge and past experiences from over 82 

countries(Brotherton and Bloem, 2018), and the potential for Gavi funding(Gavi the 

vaccine alliance, 2020). Achieving high coverage rates as quickly as possible is an 

essential component for achieving timely cervical cancer elimination in Tanzania, with 

delays in vaccine and screening scale-up predicted to impact the timing of elimination 
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and lives saved on the path to elimination. Traditional cervical screening programmes 

are costly and resource-intensive to implement, as accessible clinics must be set up 

and funded with equipment and trained staff. This shortage in screening services, in 

combination with added costs, travel and time-lost for individual women, has resulted in 

a small number of women in Tanzania (and sub-Saharan Africa in general) having ever 

received a cervical screening test(Anaman-Torgbor et al., 2020, Runge et al., 2019). 

However, a range of possibilities exists for minimizing the challenges involved in the 

roll-out of national organised cervical screening programmes, such as the 

implementation of “screen-and-treat” models, which aim to reduce the number of clinic 

visits offering pre-cancer treatment in the same visit as a women’s initial screening 

test(Poli and Petignat, 2020), and implementation of self-collection based HPV-

screening, which may increase programme participation without sacrificing 

effectiveness(Mezei et al., 2017, Sultana et al., 2016, Arbyn et al., 2018). Furthermore, 

there exist additional options for opportunistic screening of women in these settings, for 

example, during antenatal care or at sexual health clinics, and for WLHIV, there is the 

potential to incorporate regular cervical screening within the infrastructure of HIV 

testing and treatment clinics(Coleman et al., 2016, Fitzpatrick et al., 2019). While 

opportunistic screening may help to increase screening participation or accessibility for 

certain groups of women, this analysis intended to estimate the impact of a national 

routine screening programme, whereby asymptomatic women attend clinics for routine 

screening. Cervical screening is predicted to rapidly and substantially reduce cervical 

cancer incidence and mortality rates in the near term for all women, including WLHIV, 

and cannot be overlooked as an essential component of health care.  

In this study, we present a modelled analysis of the impact of adopting the WHO 90-70-

90 triple-intervention targets to eliminate cervical cancer, which incorporates 

recommendations for more intensive screening in HIV-positive women and reducing 

preventable cervical cancer deaths. The findings from this analysis support the 

achievability of cervical cancer elimination at a threshold of four cases per 100,000 

women in Tanzania within the coming century. Additionally, we find that cervical cancer 

elimination may be achieved earlier for the subgroup of women who are HIV positive 

due to sustained high coverage of HPV vaccination and frequent HPV screening. 

These findings indicate the necessity to plan for WLHIV when defining cervical cancer 

elimination thresholds and implementing intervention strategies, and in particular, 

respond to the World Health Organisation’s revision of screening guidelines specifically 

for WLHIV, which were released in July 2021(World Health Organisation 2021). HIV 

positive women experience higher rates of persistent HPV infection, including non-
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vaccine-included subtypes, and are subject to lower rates of precancer treatment 

success; therefore, WLHIV may require more frequent screening with more sensitive 

test technologies and precancer treatment with a higher chance of success. The results 

for WLHIV need to be interpreted in the context of the changing cervical cancer risk 

among WLHIV and the greater opportunity for cervical screening among WLHIV. As 

WLHIV are more likely to attend sexual health clinics and receive anti-retroviral therapy 

treatment for their HIV, this presents a greater opportunity for cervical screening and 

increases the likelihood that women attend at least some of their cervical screening 

tests. The effectiveness of HPV vaccination, cervical screening, and cervical cancer 

treatment scale-up among the general and HIV-positive populations highlights the 

urgent and ongoing need to engage relevant stakeholders in implementing the triple-

intervention targets and setting interim and achievable goals.    

Supplementary Material 

Impact of delays in meeting HPV vaccination and screening participation targets 

The ‘WHO 90-70-90’ scenario, as described in the main text, considers the impact of 

HPV vaccination and cervical screening scale-up to target participation rates by the 

year 2030 (90% vaccination coverage of pre-adolescent girls, and 70% screening 

participation where 90% of detected pre-cancerous lesions are treated). These targets, 

set by the World Health Organisation, and modelled in a range of predictive analyses, 

are aspirational targets designed to motivate the systematic scale-up of cervical cancer 

prevention interventions. However, it is generally recognised that some countries, 

especially low-and-middle-income countries including Tanzania, may not necessarily 

reach these targets within the next ten years. While the Gavi vaccine alliance 

subsidises HPV vaccine doses for low-income countries, there are still costs and 

logistical considerations associated with vaccine storage, transportation, and delivery in 

addition to reaching young females in rural communities or those who have 

discontinued formal education. In addition, cervical screening in Tanzania is not 

widespread and predominately VIA-based. As such, implementation of a national far-

reaching HPV-based cervical screening program is likely to require significant time and 

resource investment. This additional sub-analysis aims to quantify the impact that 

reduction and/or delays in achieving target HPV vaccination and cervical screening 

rates would have on the predicted timeline to cervical cancer elimination in Tanzania. 

For both HPV vaccination coverage and cervical screening participation, we consider 

reductions in achieved rates by up to 30 percentage points and delays in scale-up of up 

to 20 years. HPV vaccination coverage and screening participation rates were varied 
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independently of each other. Here, we report the numbers of years that cervical cancer 

elimination, at a threshold of four cases per 100,000 women per year, is delayed.  

Screening participation and vaccine coverage implementation and variation 

Screening participation is implemented in the model such that if 70% participation in 

screening is assumed, 70% of women receive each screening test, and this 70% is 

randomly selected over the population. Therefore, for HIV negative women who are 

managed under twice-lifetime HPV testing for their entire lifetime, 9% (0.32) will not 

receive any screening tests, 42% (2 × 0.3 × 0.7) are screened once in their lifetime, and 

49% (0.72) receive both their screening tests. However, for women living with HIV, who 

are managed under three-yearly HPV testing from the time of their diagnosis, the 

proportion of women who are never screened approaches zero as HIV positive women 

are eligible for many screens over their lifetime, that is 𝑃(𝑛𝑒𝑣𝑒𝑟 𝑠𝑐𝑟𝑒𝑒𝑛𝑒𝑑) = 0.3𝑛 

where n is the maximum possible number of screening events for that woman. For 

women diagnosed with HIV at the age of 25, 𝑛 could be as high as 17 as screening is 

offered at three-yearly intervals from 25 to 74 years. In this exploratory analysis, we 

consider eight variations in screening participation over time, which includes a 

“baseline” assumption of 70% participation achieved by 2030. These variations (Figure 

17A) account for participation scaling up to a maximum level of 40%, 50%, 60% or 

70%, achieved by 2030, as well as “slow” uptake assumptions, in which the maximum 

participation is achieved by 2050.  
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Figure 17 A: annual screening participation, and B: vaccination coverage for baseline 

and additional scenarios 

Vaccination is implemented in the model such that a vaccine coverage of 90% means 

that, in the specified year, 90% of girls turning ten in that year receive the full HPV 

vaccine schedule. Here, we do not assume there are opportunities for catch-up 

vaccination after this time. In a similar vein to the screening participation exploration, 

we consider vaccination coverage which varies between a maximum of 60-90% 

achieved by 2030, with slow uptake scenarios that are achieved by 2050. Here, the 

“baseline” assumption is 90% vaccine coverage achieved by 2030.  

The two sets of scenarios, with variations to screening participation and vaccination 

coverage, are completely independent. That is, where screening participation is varied 

from 40-70%, we always assume that vaccination coverage is as per the WHO 90-70-

90 scenario (90% achieved by 2030). Similarly, where vaccination coverage is varied 

from 60-90%, screening participation of 70% by 2030 is always assumed.  
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Modelled impact on the achievement and timing of cervical cancer elimination  

Assuming an HPV vaccination coverage of 90% achieved by 2030, if the WHO target 

for screening participation of 70% is achieved in 2050 rather than in 2030, we predict 

that the elimination of cervical cancer will be delayed by approximately two years, for 

all women and for women living with HIV (WLHIV) (Supplementary Figure 18). In the 

worst-case scenario, where cervical screening participation rates of 40% are achieved 

by 2050, cervical cancer elimination is delayed by seven years and nine months for all 

women and eight years and three months for WLHIV.  

 

Supplementary Figure 18 Predicted delay (in years) of cervical cancer elimination 

compared to the WHO-90-70-90 scenario (90% vaccine coverage and 70% screening 

participation by 2030) for scenarios assuming (A) screening participation of 40-70% 

and (B) HPV vaccine coverage of 60-90%. Note that ‘baseline’ assumptions refer to 

scenarios where coverage and participation rates hit their maximum by 2030, and 

‘slow’ scenarios achieve these rates 20 years later in 2050.  

HPV vaccination coverage and scale-up timing had a substantial impact on cervical 

cancer elimination timing. Here, assuming screening participation rates of 70% are 
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achieved by 2030, achieving the 90% vaccine coverage by 2050 rather than 2030 

delayed cervical cancer elimination by over ten years for all women, including WLHIV. 

Achieving an HPV vaccine coverage of 70% by 2030 delayed cervical cancer 

elimination by over 11 years for all women and 16 years for WLHIV; the impact of 

delaying achievement of this coverage to 2050 delayed elimination by a further 12 and 

14 years, respectively, for all women and WLHIV.  Notably, cervical cancer elimination 

is not predicted to occur in the simulated time horizon (up to the years 2119) for 

scenarios assuming vaccine coverage of 60% (or lower).  

Impression 

These results support the findings of the main analysis, which indicate that for the 

general Tanzanian population, rapid scale-up of HPV vaccination and cervical 

screening plays an important role in the achievement of cervical cancer elimination. 

Furthermore, it highlights the necessity to scale up HPV vaccination coverage as 

quickly as possible, as on average, cervical cancer elimination is delayed by at least six 

months for every year of delay in maximum HPV vaccination coverage. In addition, 

WLHIV were more affected than the general population by reductions in the maximum 

achieved cervical screening participation. Finally, the findings of this sub-analysis must 

be interpreted in the greater context of reducing cervical cancer incidence and mortality 

for all women. While the elimination of cervical cancer is an important goal and 

milestone, saving lives is most important, and any delays to the achievement of 

cervical cancer elimination necessitate substantial reductions to the number of lives 

saved along the way.     
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Chapter 4: The cost-effectiveness of elimination 

The previous chapter simulates the WHO triple-pronged intervention strategy for the 

elimination of cervical cancer in the context of Tanzania, with more frequent screening 

for women living with HIV. The analysis unpicks the independent and combined impact 

of high coverage HPV vaccination and cervical screening for all Tanzanian women, 

including WLHIV, and ultimately concludes that elimination at a threshold of four cases 

per 100,000 women per year is feasible over the next century. Further, the analysis 

highlights that while HPV vaccination is a better predictor for eventual cervical cancer 

elimination, the implementation and rapid scale-up of high-quality cervical screening 

programmes will be essential for saving lives on the path to cervical cancer elimination.  

In July 2021, the WHO released their revised guidelines for cervical screening, which 

includes specific recommendations for WLHIV. As part of an evaluation of various 

screening technologies and schedules, the WHO Guidelines Development Group 

(GDG) performed a detailed assessment of benefits and harms over a range of 

different screening algorithms/technologies and schedules. These were simulated for 

all women and WLHIV in the context of an unvaccinated Tanzanian cohort of 100,000 

women born in 2005. The model utilised for the GDG’s analysis in WLHIV is the same 

platform developed for this thesis as described in Chapter 2 and Chapter 3; however, 

that work will not form part of this thesis and is being drafted as a separate body of 

work.  

This chapter, prepared independently of the WHO GDG process, is a detailed harms, 

benefits and cost-effectiveness analysis of primary HPV testing at various screening 

intervals and age ranges in a Tanzanian population vaccinated against HPV at 90% 

coverage from 2030. Two screening algorithms, primary HPV testing with VIA to 

determine treatment eligibility, and, primary screening with VIA, are simulated for a 

swathe of possible screening schedules commencing at ages 25, 30 and 35 years with 

sequentially increasing numbers of lifetime screens. The aim of this chapter is to inform 

policy surrounding cervical screening schedules in women, including WLHIV, who have 

been vaccinated against HPV, while recognising that over the short to medium term, 

where the benefit of HPV vaccination is yet to be realised, more frequent screening is 

be the most appropriate option.  

This study has been submitted for publication, and was conceptualised for this thesis 

by the candidate (Michaela Hall) and supervisors Professors John Murray and Karen 

Canfell. The candidate’s estimated contribution to this analysis is approximately 80%, 

involving conceptualisation, study design and methodology, formal analysis, 
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interpretation of results and visualisation, and development of original and revised 

manuscript drafts.   
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Abstract 

Background 

HPV vaccination, cervical screening and pre-cancer/cancer treatment underpin the 

WHO cervical cancer elimination strategy, with target coverage rates by 2030 of 90%, 

70% and 90%, respectively. As vaccinated cohorts become eligible for screening in 

decades to come, they may eventually require fewer screens, with the optimal 

approach not yet determined. We assessed screening approaches for women offered 

HPV vaccination in Tanzania, including women living with HIV (WLHIV). 

Methods 

We used a detailed model of HIV and HPV in Tanzania to estimate the benefits, harms, 

and cost-effectiveness of screen-and-treat approaches to cervical screening in a cohort 

born in 2020, assuming 90% vaccine uptake (‘vaccinated cohort’), 70% cervical 

screening participation and 90% treatment of detected cervical pre-cancer/cancer. We 

evaluated 3-, 5- and 10-yearly primary HPV and VIA screening approaches, starting 

from ages 25, 30 and 35 years.  

Findings 

For the general vaccinated population, HPV testing at ages 35 and 45 was the most 

cost-effective approach while reducing screening harms, with an incremental cost-

effectiveness ratio (ICER) of $975.05 at a willingness to pay threshold of $1,061 (2018 

GDP per-capita in USD) and a number needed to treat (NNT) of 15.58. In WLHIV, 

three-yearly HPV testing from age 30 (eight lifetime tests) was cost-effective 

(ICER=$1015.57, NNT=9.89), although HPV testing at ages 35 and 45 was also on the 

cost-effectiveness frontier and had a more favourable NNT (ICER=$88.13, NNT=5.33). 

Population-level implementation of these cost-effective approaches is predicted to 

achieve cervical cancer elimination longitudinally by 2057 nationally and 2083 for 

WLHIV in Tanzania.  

Conclusion 

For younger cohorts of women in HIV-endemic settings, if high (90%) HPV vaccination 

coverage is achieved, twice-lifetime HPV testing (ages 35, 45) with 3-yearly screening 

for WLHIV from age 30 (no more than eight lifetime tests) could maximise benefits and 

cost-effectiveness without compromising the feasibility of cervical cancer elimination.  
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Background 

In November 2020, the World Health Organisation launched a cervical cancer 

elimination strategy that outlines a three-pronged approach to eliminate cervical cancer 

as a public health problem(World Health Organisation, 2020). To achieve this, the 

WHO has set 2030 targets for each country of 90% female HPV vaccination coverage, 

70% of women screened with an HPV test at least twice in a lifetime, and 90% 

treatment of all detected cervical pre-cancer and cancer, referred to as the 90-70-90 

targets(World Health Organisation, 2020). Many countries are have already started 

implementing publicly-funded national HPV vaccination programmes(Bruni et al., 

2016). Despite these concerted efforts and the support of charitable organisations such 

as the GAVI Vaccine Alliance, only 12% of girls in low- and middle-income countries 

(LMICs) are fully vaccinated, and 70% of girls globally live in countries that have not yet 

been introduced vaccination(Bruni et al., 2021). There is potential to reduce the 

disproportionately high burden of cervical cancer in LMICs, as countries find ways to 

overcome the financial and logistical barriers to vaccinating girls against HPV and 

delivering cervical screening to women. As of 2015, only five countries in the WHO 

African region had implemented HPV vaccination in females; however, by 2018, this 

number had more than doubled, reaching 31% of African countries by June 

2020(World Health Organisation 2019b, Bruni et al., 2021). Of these countries, the 

United Republic of Tanzania is well placed to expand their HPV vaccination 

programme, which, as of 2019, has achieved 49% HPV vaccination coverage (final 

dose) of girls aged 9-14 years(Bruni et al., 2021). 

An analysis of the impact of HPV vaccination and cervical screening in 78 LMICs, 

undertaken by the WHO Cervical Cancer Elimination Modelling Consortium (CCEMC), 

demonstrated that achieving the 90-70-90 targets in LMICs will reduce the median 

cervical cancer incidence rate by 42% and 97%, by 2045 and the end of 2119, 

respectively, averting over 73 million cervical cancer cases over the period 2020-

2119(Brisson et al., 2020). Assessments of the cost-effectiveness of HPV vaccination 

reported that HPV vaccination is likely to be cost-effective, possibly even cost-saving, 

in LMICs(Fesenfeld et al., 2013, Jit et al., 2014). Cervical screening in Tanzania has 

been opportunistic and has generally used visual inspection with acetic acid (VIA) 

rather than HPV testing, which is the approach called for in the WHO elimination 

strategy and other cervical screening guidelines encompassing LMICs(Runge et al., 

2019, World Health Organisation, 2020, World Health Organisation 2013b). A cross-

sectional study of 478 women in rural and urban Tanzania in 2012 reported that only 

6.8% of women have ever received a screening test. Many women were unaware that 
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screening was available (66.5%), unable to afford the test (49.3%), unable to take time 

off work to receive a test (25.6%) or were not able to travel the distance required to 

receive the test (20.0%). Only 4.13% reported that they would not accept cervical 

screening if available to them(Cunningham et al., 2015). HPV self-collection offers an 

avenue to increase uptake of cervical screening, and a recent study into the 

acceptability and feasibility of HPV self-collection in Tanzania found that the women 

involved preferred self-sampling rather than clinician-collected sampling for HPV 

testing(Bakiewicz et al., 2020). 

In July 2021, the WHO released revised cervical screening guidelines, recommending 

screening with HPV for women aged 30-50 years at five- or ten-yearly intervals. 

Women living with HIV (WLHIV) are recommended to screen more frequently at three- 

or five-year intervals, from age 25 to 50(World Health Organisation 2021). These 

recommendations are based on accumulated evidence from systematic reviews, meta-

analyses and modelling studies, which assessed a range of cervical screening 

algorithms for all women and for WLHIV, which were generally conducted in the 

absence of HPV vaccination. The rationale for grounding these cervical screening 

recommendations in the assumption that women in LMIC are unvaccinated is that it is 

essential to ensure that maximum cervical cancer cases are prevented through 

screening while countries implement and scale-up HPV vaccination to meet 90-70-90 

targets and because it takes decades for the benefit of HPV vaccination against 

cervical cancer to be realised. However, taking a long term view, the benefits, harms 

and cost-effectiveness of cervical screening will likely change over time, with active 

HPV vaccination scale-up underway and sustained HIV prevention and control further 

driving down HIV and cervical cancer incidence rates. An analysis that accounts for 

changing cervical cancer risk over time, driven by HPV vaccination and reducing HIV 

prevalence, will be necessary for countries to assess the long-term health and budget 

implications of cervical screening. 

This analysis aimed to address this need for a detailed resource, cost, and benefit 

estimates of implementing cervical screening in all women and women living with HIV, 

taking into account scaled up pre-adolescent HPV vaccination in the United Republic of 

Tanzania. We additionally considered whether implementing cost-effective screening 

strategies would cervical cancer elimination timing in Tanzania, which we had 

previously estimated could be achieved by 2076-2092 if the 90-70-90 elimination 

targets were met by 2030(Hall et al., 2021). 
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Methods 

Model description and parameterisation 

A dynamic model platform of HIV and HPV transmission, natural history, prevention, 

and treatment was used to simulate cervical cancer prevention strategies over all ages 

in Tanzania over 2020 to 2119 inclusive. This platform (first described in Chapter 2 and 

expanded in Chapter 3) was used to directly support the development of the WHO 

2021 cervical screening guidelines specific to WLHIV and has been extensively 

calibrated and validated using Tanzanian data, accounting for the impact of HIV on the 

natural history of HPV, in addition to the HIV control interventions currently in place in 

Tanzania(Hall et al., 2020). Figure 19 is a simplified flowchart depicting the natural 

histories of HIV and HPV independently, noting that these processes are linked since 

HPV natural history parameters vary depending on HIV positivity and treatment status. 

The model reflects the HIV epidemic in Tanzania, utilising observed uptake of HIV 

control interventions, including voluntary medical male circumcision (VMMC), 

antiretroviral therapy (ART), and condom usage. Over the HIV-positive population (that 

is, across all birth cohorts), the proportion who are virally suppressed through ART is 

assumed to be 47%, where WLHIV have their infection detected and treated 

throughout their life. A detailed description of the model and parameters, including 

sexual behaviour, the impact of HIV positivity and ART on HPV natural history, 

calibration and validation outcomes including HIV epidemic metrics, HPV and CIN 

prevalence and cervical cancer incidence and mortality, has been described in 

Chapters 2 and 3(Hall et al., 2020). The current analysis adheres to consensus 

guidelines for reporting modelled evaluations of HPV-related cancer control (HPV-

FRAME), with relevent information appearing in the supplementary material to this 

chapter(Canfell et al., 2019). 
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Figure 19 Interacting HIV and HPV model natural history compartments. 

Modelled screening approaches 

This analysis assumes use of a broad-spectrum vaccine protecting against 

approximately 90% of invasive cervical cancer, as might be achieved via either direct 

protection (e.g. with 9-valent vaccine) or cross-protection (e.g. with bivalent 

vaccine)(Kavanagh et al., 2017). It considers a cohort of women born in 2020, who are 

the first cohort to receive HPV vaccination at 90% coverage in their tenth year, and 

receive cervical screening at 70% participation. We assumed that in 2020 9.5% of 

women diagnosed with cervical cancer would receive appropriate cervical cancer 

treatment, as is currently the case in Tanzania, but that cervical cancer treatment 

access will increase to 90% from 2030 to meet WHO 90-70-90 targets(Canfell et al., 

2020, World Health Organisation, 2020). To estimate cost-effectiveness and the 

number of pre-cancer treatments needed to avert one cervical cancer case (NNT), we 

simulated a baseline status quo comparator scenario of no screening, in addition to the 

potential screen-and-treat cervical screening intervention approaches. A screening 

approach is a combination of screening technology/algorithm (HPV testing versus 

primary screening with VIA), screening interval (three-, five-, or ten-yearly), screening 

age-range (starting from ages 25, 30 and 35, and ending no later than age 54), and a 

maximum number of cervical screens offered per lifetime (from one to eight lifetime). 

Each possible screening approach listed in Table 18 was considered for primary HPV 

testing and primary screening with VIA (86 scenarios in total, with 'no screening' the 

87th).  

In this evaluation, for simplicity of comparisons of the number of screening events in a 

lifetime, we focused on screen-and-treat rather than screen-triage-and-treat strategies - 

although noting that new WHO guidelines specifically recommend that WLHIV are 
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always triaged after an HPV positive screen. Therefore, the current evaluation and our 

findings should not be considered directly relevant to current ‘real world’ screening 

algorithm decision-making; instead, this provides a high-level analysis of the future 

effects of screening at different ages for different numbers of lifetime screening events 

in vaccinated cohorts. In future, the role of triaging in WLHIV and the general 

population will likely require detailed re-examination in the context of vaccination. 

Under a screen-and-treat framework, primary HPV testing involves immediate pre-

cancer treatment directly following a positive test, with treatment eligibility (excisional or 

ablative) determined by VIA, and primary screening with VIA involves immediate pre-

cancer treatment following an abnormal test, with the type of treatment directly 

informed by the initial test. In all simulated screening approaches, women who have 

received pre-cancer treatment are assumed to return at 12 months (90% participation 

in follow-up testing) for surveillance to confirm treatment success. 

Table 18 Screening approaches simulated for both HPV testing and primary screening 

with VIA strategies. 

 Number of lifetime screens 

3-yearly screening 

starting at age 25 years 

1 (screen at age 25) 

2 (screen at age 25, 28) 

3 (screen at age 25, 28, 31) 

4 (screen at age 25, 28, 31, 34) 

5 (screen at age 25, 28, 31, 34, 37) 

6 (screen at age 25, 28, 31, 34, 37, 40) 

7 (screen at age 25, 28, 31, 34, 37, 40, 43) 

8 (screen at age 25, 28, 31, 34, 37, 40, 43, 46) 

9 (screen at age 25, 28, 31, 34, 37, 40, 43, 46, 49) 

10 (screen at age 25, 28, 31, 34, 37, 40, 43, 46, 49, 52) 

5-yearly screening 

starting at age 25 years 

2 (screen at age 25, 30) 

3 (screen at age 25, 30, 35) 

4 (screen at age 25, 30, 35, 40) 

5 (screen at age 25, 30, 35, 40 45) 

6 (screen at age 25, 30, 35, 40, 45, 50) 

10-yearly screening 

starting at age 25 years 

2 (screen at age 25, 35) 

3 (screen at age 25, 35, 45) 

1 (screen at age 30) 
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3-yearly screening 

starting at age 30 years 

2 (screen at age 30, 33) 

3 (screen at age 30, 33, 36) 

4 (screen at age 30, 33, 36, 39) 

5 (screen at age 30, 33, 36, 39, 42) 

6 (screen at age 30, 33, 36, 39, 42, 45) 

7 (screen at age 30, 33, 36, 39, 42, 45, 48) 

8 (screen at age 30, 33, 36, 39, 42, 45, 48, 51) 

9 (screen at age 30, 33, 36, 39, 42, 45, 48, 51, 54) 

5-yearly screening 

starting at age 30 years 

2 (screen at age 30, 35) 

3 (screen at age 30, 35, 40) 

4 (screen at age 30, 35, 40, 45) 

5 (screen at age 30, 35, 40, 45, 50) 

10-yearly screening 

starting at age 30 years 

2 (screen at age 30, 40) 

3 (screen at age 30, 40, 45) 

3-yearly screening 

starting at age 35 years 

1 (screen at age 35) 

2 (screen at age 35, 38) 

3 (screen at age 35, 38, 41) 

4 (screen at age 35, 38, 41, 44) 

5 (screen at age 35, 38, 41, 44, 47) 

6 (screen at age 35, 38, 41, 44, 47, 50) 

7 (screen at age 35, 38, 41, 44, 47, 50, 53) 

5-yearly screening 

starting at age 35 years 

2 (screen at age 35, 40) 

3 (screen at age 35, 40, 45) 

4 (screen at age 35, 40, 45, 50) 

10-yearly screening 

starting at age 35 years 

2 (screen at age 35, 45) 

 

Note that strategies involving 3-yearly screening for all women (not HIV positive) were 

simulated for explorative purposes and are not compatible with the current  WHO 

cervical screening guidelines (2021). These revised guidelines recommend five- to ten-

yearly HPV testing for women in the general population aged 30-50 years, and three- 

to five-yearly HPV testing for WLHIV aged 25-50 years(World Health Organisation 

2021). For this single-cohort cost-effectiveness analysis, when comparing cervical 

screening approaches for the general female population and WLHIV, we have 

assumed that all women, including WLHIV, are managed under the same cervical 
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screening schedule. While this does not reflect the reality of the recommendations, this 

assumption ensures continuity of screening schedule regardless of age at HIV 

acquisition and ensures a fair comparison between screening approaches at the single-

cohort level. Furthermore, this assumption was necessary considering the 

combinatorially large number of possible simulations that would arise from assuming 

independent approaches based on HIV positivity. For all screening approaches 

considered for Tanzanian women born in 2020, screening participation was assumed 

to be 70% throughout their lifetime. Screening test parameters (HPV and VIA test 

sensitivity and specificity), pre-cancer treatment rates, and pre-cancer treatment 

success rates are as reported in Chapter 3(Hall et al., 2021).   

All simulations assume that vaccination of Tanzanian females occurs at age 10 with 

two doses of a high valency HPV vaccine (100% lifelong protection against HPV types 

16, 18, 31, 33, 45, 52 and 58 was assumed, which could conceptually be conveyed 

either by direct or cross-protection) with coverage scaling-up linearly from 0% in 2020 

to 90% in 2030. Due to the linear scale-up of HPV vaccination coverage and cervical 

screening participation to reach target rates of 90% and 70%, respectively, in 2030, the 

cohort born in 2020 will be the first simulated cohort to receive both HPV vaccination 

and screening at target rates.  

Benefits, harms, and cost-effectiveness 

For a cohort of Tanzanian females born in 2020, we estimated age-specific cervical 

cancer cases and deaths, screening events including pre-cancer treatments and costs 

incurred through screening and treatment for cervical pre-cancer/cancer. Utilising these 

outcomes, we report life-years (LYs) saved in relation to lifetime costs to determine an 

efficiency frontier of screening approaches which is determined by starting with the 

lowest cost screening approach and iteratively including screening approaches that 

reflect the greatest increase in LYs relative to incremental cost (i.e. the lowest possible 

gradient between points)(Drummond et al., 1987). Screening approaches above the 

efficiency frontier are not considered cost-effective, and we report incremental cost-

effectiveness ratios (ICERs) for screening approaches on the efficiency frontier. We 

additionally report cervical cancer cases prevented as a function of treatments for 

cervical pre-cancer and calculate the number of treatments needed (NNT) to prevent 

one cervical cancer case as a measure of the ratio of screening benefits (cervical 

cancer prevented) versus screening harms (pre-cancer treatments). 

Aggregate item costs were obtained via a review of published data (Table 19). All costs 

are reported from a health-services perspective and incorporate the cost of cervical 
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cancer treatment and cervical screening programme costs, which include test kits, 

supplies, equipment, and personnel time. All costs have been inflated to 2018 USD and 

are discounted annually at 3% from age 25, the youngest age of cervical screening 

initiation for any of the simulated screening approaches. Decisions regarding cost-

effectiveness analysis methodology, including the discounting of costs, and the 

decision to utilise undiscounted as opposed to discounted life-years, were based on 

2019 WHO recommendations for the standardisation of economic analyses, and are 

consistent with a separate cost-effectiveness analyses being undertaken by the WHO 

to inform the updated cervical screening guidelines(World Health Organisation 2021, 

World Health Organisation 2019a).  

Table 19 Description of direct medical costs excluding overheads (costs inflated to 

2018 USD)  

Item Assumption (base-case 

analysis) 

Assumptions (sensitivity 

analysis) 

HPV DNA test cost 

without genotyping.* 

$16.43.  

Assuming a base HPV test cost 

of $9(The Economist 

Intelligence Unit Limited, 2021), 

with personnel ($2.55), supply 

($1.23) and equipment ($3.65) 

costs relevant to South 

Africa(Lince-Deroche et al., 

2015). 

Lower bound primary HPV 

test cost: $11.11 ($9.00, 

$1.12, $0.62, and $0.37 for 

an HPV test, personnel, 

supply, and equipment 

costs, respectively). 

Upper bound primary HPV 

test cost: $18.29 ($9.00, 

$3.19, $1.53, and $4.57 for 

an HPV test, personnel, 

supply, and equipment 

costs, respectively). 

Primary VIA 

screening cost.* 

$9.12  

Accounting for supplies, 

equipment and personnel 

time(Lince-Deroche et al., 

2015). 

Lower bound VIA test cost: 

$2.98 ($1.26, $1.00, and 

$0.71 for personnel, 

supply, and equipment 

costs, respectively). 

Upper bound VIA test cost: 

$12.31 ($2.83, $2.31, and 

$7.17 for personnel, 
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Item Assumption (base-case 

analysis) 

Assumptions (sensitivity 

analysis) 

supply, and equipment 

costs, respectively). 

Pre-cancer 

treatment cost for 

women testing HPV 

or VIA positive. 

$30.31  

Accounting for supplies, 

equipment and personnel 

time(Nelson et al., 2016). 

Not considered in 

sensitivity analysis. 

Treatment cost for 

women diagnosed 

with cervical cancer 

who receive 

appropriate 

treatment.+ 

Localised cancer per treated 

case: $3,138  

Regional cancer per treated 

case: $1,825  

Distant cancer per treated case: 

$1,822 (Nelson et al., 2016)  

Not considered in 

sensitivity analysis. 

*All costs are in 2018 USD and (except for the HPV test cost) have been adapted from ranges published 

in Lince-Deroche et al. (2015)(Lince-Deroche et al., 2015). The HPV test cost remained as published in the 

report for the global action on financing cervical cancer elimination(The Economist Intelligence Unit 

Limited, 2021). +A cohort of females born in 2020 is assumed to receive treatment access at rates of 90% 

over their lifetime with stage-specific survival as reported in Canfell et al. 2020.(Canfell et al., 2020) Note 

that before 2020, we assume 9.5% of women diagnosed with cervical cancer receive appropriate 

treatment (as observed); from 2020 to 2030, this is linearly scaled up to 90% (elimination strategy 

target) and maintained at 90% thereafter irrespective of treatment modality (screen- versus 

symptomatic-detection)(Canfell et al., 2020, World Health Organisation, 2020). 

We performed multiple one-way sensitivity analyses on test costs, the discount rate for 

effects (Lys), and screening approaches offered to WLHIV before HIV diagnosis to 

determine cost-effective screening approaches under different assumptions. Here, we 

repeated the initial cost-effectiveness analysis six times, each with a single variation in 

either HPV or VIA test cost or method of health-benefit calculation. Cost assumptions 

relating to sensitivity analyses are reported in Table 19. For the sensitivity analysis 

assessing the impact of undiscounted LYs, we instead calculated ICERs using LYs 

discounted at 3% from age 25. Finally, we considered a scenario for WLHIV only, 

where no screening is offered before diagnosis with HIV.  

Population-level analysis 

To illustrate the real-world expected impact of a transition to lower frequency screening 

for cohorts receiving HPV vaccination at high (90%) coverage, we simulated the 

following scenarios at population (i.e. not cohort) level from 2020 to 2119: (i) women 
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born in 2020 or later receive twice-lifetime HPV testing at ages 35 and 45, and WLHIV 

are screened at 3-yearly intervals from ages 30-54 years (8 lifetime tests), and (ii) 

women born in 2020 or later receive twice-lifetime HPV testing at ages 35 and 45, 

regardless of HIV status. In both scenarios, women born before 2020 are screened 

with HPV 5-yearly from ages 30-50, or 3-yearly screening from ages 25-50 for WLHIV, 

per the WHO 2021 cervical screening guidelines(World Health Organisation 2021). 

Screening approaches simulated for vaccinated cohorts were chosen a priori based on 

the outcome of the cost-effectiveness analysis for Tanzanian women born in 2020. The 

chosen screening approaches were either most cost-effective or had the most 

favourable ratio of benefits to harms (for the general population, this was the same 

strategy). 

Screening participation rates increase linearly from 0-70% over 2020-2030 (remaining 

stable thereafter), and vaccination coverage rates of pre-adolescent females increase 

linearly from 0-90% over 2020-2030. Screening approaches for women born in 2020 or 

later for all women and WLHIV were selected based on being the most cost-effective 

screening approach or having the most favourable balance of benefits to harms as 

found in the single-cohort analysis. This population-level analysis differs from the 

single-cohort benefits, harms and cost-effectiveness analysis by assuming specific, 

differential screening recommendations for WLHIV from the general population; 

therefore, it presents a more accurate and detailed prediction for how these screening 

approaches, if implemented, would affect the population.  

Results 

Analysis outcomes 

Results for the 2020 birth cohort were extracted from a simulation of the entire 

Tanzanian population over 2020-2119, ensuring women in the cohort were subject to 

appropriate year-specific risks of HPV and HIV incidence and control interventions. For 

the general population of Tanzanian women born in 2020, primary HPV testing was 

more effective and more expensive than primary screening with VIA. For WLHIV, 

primary testing with HPV was more effective and less costly than primary screening 

with VIA (Figure 20). Screening approaches involving the same number of lifetime 

screens cluster together, with a broadly linear increase in both effects (LYs) and costs 

as the number of lifetime screens increases. The increase in costs was smaller in 

relation to the incremental benefits for schedules involving primary HPV testing (bolder 

markers) than for primary screening with VIA (fainter markers). Screening approaches 

above the efficiency frontier in Figure 20 are not cost-effective, and approaches on the 
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efficiency frontier are summarised in Table 20 10-yearly HPV testing from age 35 (2x 

lifetime) is cost-effective for the general vaccinated population (ICER=$975.05, 

WTP=$1,061) with screening no more than eight times per lifetime (3-yearly HPV 

testing from age 30) being cost-effective for vaccinated WLHIV (ICER=$1,015.57). 

Generally, the costs are higher for WLHIV than for women in the general population 

due to their increased (5-6x) rates of cervical cancer and subsequent treatment (even 

in the context of vaccination); however, for the same reason, the expected benefit of 

cervical screening is also higher for WLHIV.   
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Figure 20 Screening programme costs (3% annual discounting from age 25) versus 

undiscounted life-years (LYs) for HPV-testing and primary VIA screening approaches 

per (A) Tanzanian woman and (B) Tanzanian WLHIV, born in 2020 (90% vaccine 

uptake). Note that panels (A) and (B) appear on different scales. 
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Table 20 Screening approaches identified on the efficiency frontier. Note that all 

approaches assume primary HPV testing and that strategies with an ICER < $1,061/LY 

(Tanzania 2018 per-capita GDP in USD) are considered cost-effective. 

Population 

group 

Primary HPV screening schedules falling along the efficiency 

frontier 

Average 

population 

(irrespective 

of HIV 

status) 

• No screening 

• 10-yearly from 35 years (2 lifetime screens, 

ICER=$975.05/LY)  

• 5-yearly from 35 years (3 lifetime screens, 

ICER=$1,938.49/LY)  

• 5-yearly from 35 years (4 lifetime screens, 

ICER=$2,094.16/LY)  

• 5-yearly from 30 years (5 lifetime screens, 

ICER=$5,045.03/LY)  

• 3-yearly from 30 years (8 lifetime screens, 

ICER=$9,225.95/LY) 

• 3-yearly from 30 years (9 lifetime screens, 

ICER=$9,495.74/LY) 

• 3-yearly from 25 years (10 lifetime screens, 

ICER=$17,076.33/LY) 

Women living 

with HIV 

• No screening  

• 10-yearly from 35 years (2 lifetime screens, ICER=$88.13/LY)  

• 5-yearly from 35 years (3 lifetime screens, ICER=$196.76/LY)  

• 5-yearly from 35 years (4 lifetime screens, ICER=$251.01/LY)  

• 5-yearly from 30 years (5 lifetime screens, ICER=$601.15/LY)  

• 3-yearly from 30 years (8 lifetime screens, 

ICER=$1,015.57/LY) 

• 3-yearly from 30 years (9 lifetime screens, 

ICER=$1,093.00/LY) 

• 3-yearly from 25 years (10 lifetime screens, 

ICER=$2,778.52/LY) 

 

Primary HPV testing was associated with a greater number of cervical cancer cases 

prevented and required fewer pre-cancer treatments than primary screening with VIA 

with the same number of lifetime screens (Figure 21). In Figure 21, schedules involving 
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the same number of lifetime screens cluster together, with a linear increase in both the 

number of treatments and cancers prevented as the number of lifetime screens 

increases. The gradient of this increase was lower for schedules involving primary HPV 

testing (bolder markers) than for primary screening with VIA (fainter markers), 

indicating that fewer additional pre-cancer treatments are required for the incremental 

gain in the number of cervical cancer cases prevented. The only exception is 3-yearly 

screening from age 25 (1-2 lifetime tests), where primary HPV testing resulted in more 

pre-cancer treatments for the general population and WLHIV compared to VIA.
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Figure 21 Average lifetime number of pre-cancer treatments versus cases of cervical 

cancer prevented for HPV-testing and primary VIA screening schedules per (A) 

Tanzanian woman and (B) Tanzanian WLHIV, born in 2020. Schedules in the lower-

right quadrant have a favourable balance of benefits to harms. 
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We calculated the number of cervical pre-cancer treatments (ablative/excisional) 

required to prevent one cervical cancer case (NNT) (Figure 22). NNTs are stratified by 

HIV positivity and screening technology and colour coded from most efficient (lowest 

NNT = blue) to least efficient (highest NNT = red). The schedule with the lowest NNT 

for all women, including WLHIV, is 10-yearly HPV testing from age 35 (2 lifetime tests), 

with an NNT=15.58 for the general population and NNT=5.33 for WLHIV. The next best 

was 5-yearly HPV testing from age 35 (4x lifetime tests), with NNT=16.41 and 

NNT=5.42 for the general population and WLHIV. For each screening schedule, 

primary HPV screening was associated with a lower NNT than the corresponding 

primary VIA strategy. Similarly, for each screening approach, the NNT was lower for 

WLHIV than for the general population due to WLHIV with cervical pre-cancer being at 

greater risk of cervical cancer than HIV-negative women, and therefore a higher 

probability that a pre-cancer treatment will prevent cervical cancer in WLHIV. 
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Figure 22 Number needed to treat (NNT) of cervical pre-cancer treatments (either 

ablative or excisional) required to prevent one case of cervical cancer for a vaccinated 

cohort of Tanzanian women born in 2020, stratified by HIV positivity status. Screening 

approaches where the calculated NNT appears as "N/A" were not simulated. 

 

Sensitivity analysis outcomes 

In one-way sensitivity analysis, we re-estimated the cost, life-years and incremental 

cost-effectiveness ratios for each strategy for each parameter variation, presented in 
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the supplementary material (Figure 25 to Figure 28). In summary (Table 21), the 

parameter ranges considered in sensitivity analysis impacted which cervical screening 

approaches were on the efficiency frontier and which were cost-effective at a WTP of 

$1,061 (2018 USD). In particular, cost-effectiveness was sensitive to reductions in VIA 

test costs (lower assumed cost of $2.98 per visit) and utilisation of annually discounted 

(3% from age 25) LYs (instead of undiscounted LYs as per the base-case assumption). 

Assuming lower-bound VIA cost assumptions, primary screening approaches using VIA 

were on the efficiency frontier for the cheapest screening approaches; however primary 

HPV testing was on the frontier for screening approaches assuming more than 4 

lifetime screens. For each screening approach, the ICER calculated using discounted  

life-years (3% annually from age 25) was less favourable (higher) than when ICERs 

used undiscounted LYs. For the general population of women, it was not cost-effective 

under this discounting assumption to offer any screening to cohorts of women receiving 

high-valency HPV vaccination at 90% coverage (ICER ≥ $2,588); however, it was still 

cost-effective to screen cohorts of WLHIV vaccinated with HPV9, with the most cost-

effective strategy being 5-yearly HPV from age 35 (4 lifetime tests, ICER=$876.87). 

Table 21 Screening approaches on the efficiency frontier and cost-effective screening 

approach for a cohort of general female population and WLHIV born in 2020 in 

scenarios considered in the sensitivity analysis. 

Sensitivity 

analysis 

scenario 

Screening 

approaches on 

the efficiency 

frontier (all 

women) 

Screening 

approaches on 

the efficiency 

frontier 

(WLHIV) 

Cost-effective screening 

approach (WTP $1,061) 

HPV test costs 

(lower-bound) 

Same as 

baseline 

scenario, that is:  

No screening,  

10-yearly from 

35 years (2 

lifetime tests),  

5-yearly from 35 

years (3 lifetime 

tests),  

Same as the 

baseline 

scenario, that is:  

No screening,  

10-yearly from 

35 years (2 

lifetime tests),  

5-yearly from 35 

years (3 lifetime 

tests),  

General population: 10-

yearly HPV testing from age 

35 (2 lifetime tests, 

ICER=$644.317) 

 

WLHIV: 3-yearly HPV testing 

from age 30 (9 lifetime tests, 

ICER=$725.16).  
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5-yearly from 35 

years (4 lifetime 

tests),  

5-yearly from 30 

years (5 lifetime 

tests),  

3-yearly from 30 

years (8 lifetime 

tests),  

3-yearly from 30 

years (9 lifetime 

tests),  

3-yearly from 25 

years (10 lifetime 

tests) 

5-yearly from 35 

years (4 lifetime 

tests),  

5-yearly from 30 

years (5 lifetime 

tests),  

3-yearly from 30 

years (8 lifetime 

tests),  

3-yearly from 30 

years (9 lifetime 

tests),   

3-yearly from 25 

years (10 

lifetime tests) 

HPV test costs 

(upper-bound) 

Same as the 

baseline 

scenario (see 

above). 

Same as the 

baseline 

scenario (see 

above). 

General population: No 

screening (ICER for 10-

yearly HPV from age 35 (2 

lifetime tests) = $1,091.47)  

 

WLHIV: 5-yearly HPV testing 

from age 30 (9x lifetime 

tests, ICER=$749.54).  

VIA test costs 

(lower-bound) 

No screening,  

10-yearly VIA 

from age 35 (2 

lifetime tests),  

5-yearly VIA 

from age 35 (4 

lifetime tests),  

3-yearly VIA 

from 35 years (7 

lifetime tests),  

5-yearly HPV 

from age 35 (4 

lifetime tests),  

No screening,  

5-yearly VIA 

from age 35 (3 

lifetime tests),  

3-yearly VIA 

from age 35 (6-7 

lifetime tests),  

5-yearly HPV 

testing from 35 

(4 lifetime tests),  

5-yearly HPV 

from age 30 (5 

lifetime tests),  

General population: 5-yearly 

VIA from age 35 (4 lifetime 

tests, ICER=$1,002.05). 

 

WLHIV: 3-yearly HPV from 

30 (8 lifetime tests, 

ICER=$1,027.92). 
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5-yearly HPV 

from age 30 (5 

lifetime tests),  

3-yearly HPV 

from age 30 (8-9 

lifetime tests), 

3-yearly HPV 

from age 25 (10 

lifetime tests). 

3-yearly HPV 

from 30 (8-9 

lifetime tests), 

3-yearly HPV 

from 25 (10 

lifetime tests). 

VIA test costs 

(upper-bound) 

Same as the 

baseline 

scenario (see 

above). 

Same as the 

baseline 

scenario (see 

above). 

Same as the baseline 

scenario (see above). 

Life-years (3% 

annual 

discounting) 

No screening,  

10-yearly HPV 

from age 35 (2 

lifetime tests),  

5-yearly HPV 

from 35 (3-4 

lifetime tests),  

5-yearly HPV 

from age 25 (5 

lifetime tests),  

3-yearly HPV 

from age 25 (10 

lifetime tests) 

No screening,  

3-yearly HPV 

from age 35 (1 

lifetime test),  

10-yearly HPV 

from age 35 (2 

lifetime tests),  

5-yearly HPV 

from age 35 (3-4 

lifetime tests),  

5-yearly HPV 

from age 30 (5 

lifetime tests),  

3-yearly HPV 

from age 30 (8-9 

lifetime tests),  

3-yearly HPV 

from age 25 (10 

lifetime tests). 

General population: No 

screening  

 

WLHIV: 5-yearly HPV from 

age 35 (4 lifetime tests, 

ICER=$876.87) 

 

Population-level outcomes 

For the population-level analysis, we simulated two scenarios that were chosen based 

on cost-effectiveness and harms versus benefits outcomes in the single-cohort 
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analysis. These screening approaches are: (i) women born in 2020 or later receive 

twice-lifetime HPV testing at ages 35 and 45, and WLHIV are screened at 3-yearly 

intervals from age 30 (8 lifetime tests), and (ii) women born in 2020 or later receive 

twice-lifetime HPV testing at ages 35 and 45, regardless of HIV status. In both 

scenarios, women born before 2020 were screened with HPV at 5-yearly intervals from 

ages 30-54. WLHIV received 3-yearly HPV screening from ages 25-54 according to the 

current WHO recommendations.  

Table 22 summarises cervical cancer cases averted cumulatively by 2069 (and 2119) 

and age-standardised cervical cancer incidence rates in 2069 (and 2119) among the 

Tanzanian population (cross-sectional, all birth cohorts), assuming screening 

approaches simulated for the general female Tanzanian population and the 

subpopulation of WLHIV. Compared to a no screening comparator, we predict that 

under scenario (i) assumptions 318,925, and 602,561 cervical cancer cases would be 

averted by 2069 and 2119, respectively. Among these averted cervical cancer cases, 

53,291(17%) and 96,977 (16%) are attributable to the population subgroup of WLHIV. 

Compared to scenario (i), scenario (ii) assumptions, that is, 10-yearly HPV testing at 

ages 35 and 45 for all women, including WLHIV, would result in 13,797 fewer cervical 

cancers averted in WLHIV, over the period 2020-2119 inclusive. For both scenarios (i) 

and (ii), cervical cancer elimination (age-standardised rate [ASR] <4/100,000 per year) 

is predicted to occur for all women, including WLHIV, within the simulated timeframe 

(2057 for the whole population; 2083 or 2111 for the subgroup WLHIV depending on 

screening approach for WLHIV). 

Table 22 Cervical cancer cases averted compared to no screening and age-

standardised rates (ASR) of cervical cancer incidence per 100,000 women for the 

general population of Tanzanian women and WLHIV.+ 

 
Simulation outcomes across 

the general Tanzanian 

female population (includes 

HIV-negative and WLHIV) 

Simulation outcomes 

specific to WLHIV only in 

Tanzania 

Scenario (i): 

WLHIV born 

in 2020 or 

later are 

screened 3-

Scenario (ii): 

WLHIV born 

in 2020 or 

later are 

screened at 

Scenario (i): 

WLHIV born 

in 2020 or 

later are 

screened 3-

Scenario (ii): 

WLHIV born 

in 2020 or 

later are 

screened at 
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yearly from 

30-54 years  

ages 35 and 

45 years 

yearly from 

30-54 years  

ages 35 and 

45 years 

Total cervical 

cancer cases 

averted over 2020-

2069 inclusive (and 

over 2020-2119 

inclusive), 

compared to no 

screening 

316,449 

(591,622) 

316,734 

(583,054) 

52,232 

(91,747) 

52,516 

(83,179) 

Age-standardised 

rate (ASR) of 

cervical cancer per 

100,000 women in 

2069 (and 2119) 

1.74 (0.34) 1.95 (0.44) 7.87 (1.17) 11.97 (3.16) 

Predicted year of 

cervical cancer 

elimination 

(ASR<4/100,000)  

2057 2057 2083 2111 

+ ASRs are calculated using the United Nations 2019 World Female Population for ages 0-99 

years(United Nations DESA / Population Division, 2017). 

For the general Tanzanian female population, the number of primary tests (routine HPV 

tests) is predicted to increase over time in line with population growth until 

approximately 2050, when vaccinated cohorts born in 2020 or later begin to enter the 

cervical screening program and are therefore screened only twice per lifetime at ages 

35 and 45, rather than 5-yearly from ages 30-50. There is a slight, steady decrease in 

primary test numbers as women born before 2020 slowly age out of the target age for 

cervical screening, before they steadily increase again from 2080 onwards, again 

reflecting population growth. Eventually, in the decade of 2110-2119, we predict 

approximately 134,775,000 HPV tests across the population, assuming WLHIV born in 

2020 or later are screened 3-yearly from age 30 (8x lifetime tests). If WLHIV born in 

2020 or later are screened twice per lifetime, at ages 35 and 45, we predict that in the 

decade spanning 2110-2119, there will be approximately 3,646,000 fewer primary HPV 

tests, compared to scenario (ii) (Figure 23, right axis). Pre-cancer treatment numbers 

(ablative and excisional) will follow a broadly similar pattern to that predicted for 

primary screening tests. Under scenario (i) assumptions, we expect a total of 186,000 
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pre-cancer treatments performed over 2110-2119, with only 107,000 performed under 

scenario (ii) assumptions (Figure 23, left-axis). 

 

Figure 23 Number of cervical pre-cancer treatments (left axis) compared to the number 

of primary tests with HPV (right axis) in vaccinated cohorts of (A) all women and (B) 

WLHIV : (i) women born in 2020 or later receive twice-lifetime HPV testing at ages 35 

and 45, and WLHIV are screened at 3-yearly intervals from age 30 (8 lifetime tests)(left 

bar in paired series), and (ii) women born in 2020 or later receive twice-lifetime HPV 

testing at ages 35 and 45, regardless of HIV status. Women born before 2020 are 

assumed to have been screened with HPV 5-yearly from ages 30-54, with 3-yearly 

screening from ages 25-54 for WLHIV (right bar in paired series).  

Once 70% participation in cervical screening is reached in 2030, we predict near-linear 

increases in annual screening programme costs until the gradual phase-in of less 

frequent screening, by birth year, occurs in 2050 for the general Tanzanian female 
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population and WLHIV (Figure 24, bold lines). However, this analysis assumes that 

90% of cervical cancers are appropriately treated, per the WHO 90-70-90 targets. 

Therefore, these increasing screening programme costs are offset by expected savings 

in cancer treatment costs due to cervical cancer cases being prevented (Figure 24, 

dashed lines). This cost offset brings the overall cost due to cervical screening, from a 

healthcare perspective, to approximately $209,653,000 annually by 2119, assuming 3-

yearly HPV testing from age 30 (8 lifetime tests) for WLHIV (i.e. scenario (i) 

assumptions). This annual cost would be reduced by $3,927,000 under scenario (ii) 

assumptions where WLHIV born in 2020 or later are screened twice-lifetime at ages 35 

and 45. Assuming increasing cervical screening program costs (excluding overheads) 

are offset by expected savings in cancer treatment costs due to prevented cases, 

screening in WLHIV is predicted to be cost-saving from 2046 to 2066 under scenario (i) 

assumptions and from 2046 to 2081 under scenario (ii) assumptions. 

 

Figure 24 Annual cervical screening programme costs for (A) the general population of 

Tanzanian women and (B) WLHIV for simulated screening approaches: (i) women born 

in 2020 or later receive twice-lifetime HPV testing at ages 35 and 45, and WLHIV are 

screened at 3-yearly intervals from age 30 (8x lifetime tests) years, and (ii) women born 
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in 2020 or later receive twice-lifetime HPV testing at ages 35 and 45, regardless of HIV 

status. Women born before 2020 are screened with HPV 5-yearly from ages 30-54, 

with 3-yearly screening from ages 25-54 for WLHIV. 

Discussion 

In this study, we analysed the high-level benefits, harms, and cost-effectiveness of a 

range of potential screening regimes in the context of HPV vaccination, focussing on 

the relative impacts and harms of alternative approaches to the number of lifetime 

screes, age at screening and primary screening test. We considered both the general 

(overall) population of Tanzanian women and the subgroup of  WLHIV in Tanzania, 

assuming that cohorts born in 2020 would be offered HPV vaccination with high 

uptake. For the general population (i.e. not WLHIV specifically), the most cost-effective 

screening approach (at a WTP of $1,061) was 10-yearly HPV testing at ages 35 and 45 

(2 lifetime tests; ICER=$975.05). For the population subgroup of WLHIV, the most 

cost-effective screening approach was 3-yearly HPV testing from age 30 (8 lifetime 

tests; ICER=$1,015.57). Regarding minimising harms compared to screening benefits, 

10-yearly HPV from age 35 (2 lifetime tests) was the most favourable strategy for the 

general Tanzanian female population and for WLHIV, with NNTs of 15.58 5.33, 

respectively. However, the most cost-effective screening strategy for WLHIV, despite 

not minimising harms versus benefits for this population subgroup (NNT=9.89), had a 

lower NNT than the most favourable screening approach for the general population 

(NNT=15.58). Across all screening intervals and age ranges, primary HPV testing was 

more cost-effective and resulted in a lower NNT than primary screening with VIA. For 

both HPV and VIA-based screening schedules, it was more favourable to delay the 

start age for cervical screening until age 35, with substantially lower cost-effectiveness 

and greater harms predicted for schedules starting at age 25 years.  

We focused on screen-and-treat rather than screen-triage-and-treat approaches for 

simplicity of comparisons of the number of screening events in a lifetime. However, the 

revised WHO guidelines specifically recommend triage after an HPV positive 

screen(World Health Organisation 2021). Therefore, the current evaluation and our 

findings should not be considered directly relevant to current ‘real world’ screening 

algorithm decision-making; but instead provides a high-level analysis of the future 

effects of screening at different ages for different numbers of lifetime screening events 

in vaccinated cohorts. In future, the role of triaging, which will impact the ratio of 

benefits to screening harms, in WLHIV and the general population will likely require 

detailed re-examination in the context of vaccination. Additionally, many screening 
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approaches, for example, 3-yearly screening in the general population, were simulated 

for completeness and illustrative purposes; screening in these women need be more 

frequent than 5-yearly from age 30, as recommended by the revised WHO screening 

guidelines(World Health Organisation 2021). From a programmatic standpoint, 

implementation of tailored screening programmes which account for HPV vaccination 

status may be complicated, therefore, it is not necessarily realistic to assume two 

concurrent screening programs will be in operation while unvaccinated cohorts are 

phased out of cervical screening. Furthermore, current cervical screening initiatives in 

Tanzania are predominately limited to VIA-based screening in the Northern Provinces, 

and significant investment will be required to achieve WHO screening 

recommendations(Runge et al., 2019). This analysis extends on the existing literature 

assessing the cost and effectiveness of various cervical screening programs in sub-

Saharan African countries, as these do not consider cost-effectiveness over time, HPV 

vaccination scale-up, and the transmission, prevalence and treatment of human 

immunodeficiency virus (HIV)(Mezei et al., 2018, Zimmermann et al., 2017, Campos et 

al., 2017, Ralaidovy et al., 2018). Despite the protection against cervical cancer 

afforded by high-coverage HPV vaccination, the most cost-effective screening 

approach for vaccinated WLHIV was found to involve relatively frequent screening (3-

yearly HPV testing from age 30; 8 per lifetime), which is considerably more intensive 

than the optimal approach for the general population (twice lifetime at ages 35 and 45). 

Nonetheless, this finding is not inconsistent with a cost-effectiveness analysis 

assessing cervical screening approaches in unvaccinated WLHIV in South Africa, 

which reported 2-yearly HPV testing starting at age 25 was cost-effective, despite 

assuming HPV test costs of up to $45.35 (in 2011 USD)(Campos et al., 2018). An 

analysis of the cost-effectiveness of HPV testing in Uganda reported that in the 

absence of HPV vaccination, provider-collected HPV testing once per lifetime could 

achieve cervical cancer incidence reductions of 21.6%, and an ICER ($/life-years 

saved) of $190 (reported in 2011 USD as $170)(Campos et al., 2017). The Uganda 

analysis also investigates the potential for HPV self-collection campaigns to reduce 

cost and increase screening participation, which has already been piloted in 

Tanzania(Bakiewicz et al., 2020). Based on the ASPIRE trial in Uganda, a 

retrospective cost analysis simulated HPV screen-and-treat screening schedules for 

once, twice, and five-times lifetime cervical screening, compared to primary VIA 

screening(Mezei et al., 2018). The authors found that HPV screen-and-treat schedules 

dominated VIA-based screening strategies and could achieve ICERs of $138 ( reported 

in 2014 USD as $130), $255 (reported in 2014 USD as $240) and $499 (reported in 
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2014 USD as $470)(Mezei et al., 2018). While the current study found that for all 

women, including WLHIV, and most screening schedules, primary HPV testing 

dominated primary screening with VIA, additional analysis may need to be performed 

to determine whether this would still be the case should an additional clinic visit be 

required following testing.  

A WHO-CHOICE analysis assessed the cost-effectiveness of combined HPV 

vaccination and cervical screening and found that HPV vaccination with VIA screening 

for women aged 30-49 years was more cost-effective than HPV vaccination with five-

yearly HPV testing for women aged 30-49 years(Ralaidovy et al., 2018). These findings 

(presented in International Monetary Units ‘I’ which are equivalent to the US dollar), 

which are inconsistent with ours, were based on an assumption of higher costs 

associated with primary HPV testing (I$31.37 overall assuming an I$21.03 recall cost) 

compared to primary screening with VIA (I$2.79) and may not have utilised more 

recent data syntheses on VIA’s relative (in)effectiveness for cervical cancer 

prevention(Shastri et al., 2014, International Agency for Research on Cancer (IARC), 

2021). This difference highlights the uncertainty of intervention assumptions without 

future knowledge of technological advancements and changes in supply and demand 

and the importance of updating analyses as evidence on interventions and data on 

screening and treatment costs change. In the present study, the costs utilised were 

based entirely on recently published literature for regions representative of Tanzania. 

Nonetheless, these may not reflect the true cost of cervical screening and omit the cost 

of infrastructure scale-up, although such infrastructure investment may be considered 

as part of universal healthcare and have uses extending beyond that of cervical cancer 

prevention and treatment. In addition to cost uncertainty, the findings of this analysis 

may be limited by an incomplete understanding of the long-term efficacy of HPV 

vaccines in women living with HIV. While studies report good immunogenicity following 

HPV vaccination, there is insufficient published data on CIN and cervical cancer in 

WLHIV vaccinated against HPV(Zizza et al., 2021). Our findings that it is safe to reduce 

cervical screening (to some degree) in vaccinated WLHIV are based on the assumption 

that HPV vaccination is as protective for WLHIV as it is for HIV negative; should this be 

found not to be the case, the safety of reduced screening for this subgroup would need 

to be revised.  

Our previous analysis (in Chapter 3) assessing the feasibility and timing of cervical 

cancer elimination in Tanzania for all women and WLHIV estimated cervical cancer 

elimination could be achieved for all women by 2076-2092 and for WLHIV by 2061-

2078(Hall et al., 2021). The population-level predictions provided in this current 
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analysis estimate that cervical cancer elimination for the general Tanzanian population 

will occur in 2057 and no sooner than 2083 for WLHIV. This inconsistency in the 

estimated elimination year is attributed to differences in screening frequency and age-

range assumptions for the general population and WLHIV, which were informed by the 

release of the updated WHO cervical screening guidelines(World Health Organisation 

2021). In short, the current analysis assumes that the general population are screened 

more (5-yearly from age 30 versus 10-yearly from age 35), WLHIV are screened less 

(screening cessation before age 55, versus no screening cessation), and that 

screening is reduced for HPV vaccinated cohorts. This study additionally differs from 

other published WHO elimination analyses, which do not assume gradual scale-up of 

participation and coverage rates but rather assume a step-wise increase in coverage of 

cervical screening and treatment to meet the 90-70-90 targets, and further scale-up 

beyond 2030(Canfell et al., 2020, Brisson et al., 2020).  

The cost-effectiveness component of this analysis is based on calculations over a 

single birth cohort of Tanzanian women (born in 2020) rather than the population-level 

simulated outcomes. Utilising this cohort allowed a fair comparison between screening 

programmes offered over the course of a woman's life while directly accounting for the 

anticipated ongoing reduction in cervical cancer risk among cohorts vaccinated against 

HPV at 90% coverage. Future analyses of this nature may incorporate quality of life or 

health-adjusted life-year estimates if appropriate utility weights become available for 

women living with HIV. Finally, the overall conclusions of this analysis were found to be 

sensitive to discount rates applied to effects; namely, for a scenario assuming life-years 

were discounted at 3%, cervical screening was found to be not cost-effective in the 

general population of vaccinated Tanzanian women at a threshold of $1,061, a finding 

which must be interpreted in the context of the low (relative to global standards) 

willingness-to-pay threshold. In order to provide illustrative cost estimates and cervical 

cancer predictions over time, we present population-level outcomes in Figure 23 and 

Figure 24. The primary finding of this analysis is that for cohorts of women vaccinated 

against HPV, it is cost-effective to delay the commencement of cervical screening to 

age 30 for WLHIV and age 35 for all other women. These findings indicate that it is 

safe and cost-effective to reduce the lifetime number of screening events in women 

who have received broad-spectrum HPV vaccination, with optimal screening 

dependent on HIV status. While there is an ongoing need to protect unvaccinated 

women against cervical cancer, future screening programmes may be designed to 

account for the changing underlying cervical cancer risk due to HPV vaccination.  This 
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work provides guidance as to when it may be appropriate to consider disinvestment in 

cervical screening programmes and what degree of disinvestment may be acceptable.  

Supplementary material 

Additional charts: sensitivity analysis 

 

Figure 25 Discounted costs versus undiscounted LYs for all women and WLHIV, for 

sensitivity analysis scenarios assuming lower- and upper-bound HPV test costs. 
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Figure 26 Discounted costs versus undiscounted LYs for all women and WLHIV, for 

sensitivity analysis scenarios assuming lower- and upper-bound VIA test costs. 
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Figure 27 Discounted costs versus discounted life-years for all women and WLHIV, 

assuming baseline costs. 

 

 

Figure 28 Discounted costs versus undiscounted life-years for WLHIV, assuming 

baseline costs, assuming that women are not offered screening prior to HIV diagnosis. 
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HPV-FRAME  

Table 23 HPV-FRAME analysis domain descriptions. 

Domain Description 

CRS Core reporting standards 

1 Vaccination in adolescents 

2 Vaccination in adults 

3 Vaccination in MSM 

4 Models of HPV-associated cancers among individuals living with HIV (ILWH). 

5 HPV prevention in LMIC 

6 Cervical screening (including integrated vaccination and screening) 

7 Alternative vaccine types or reduced-dose schedules 

6* screening should be included for countries where significant screening exists 

 

Table 24 Reportable model input and output descriptions for this analysis. 

Domain Inputs Reported 

by age? 

(Y/N) 

Report by 

sex 

(F/M/Both)? 

Comments  

CRS Target population for intervention Y F Reported in methods sub-section titled 'Modelled 

screening approaches'. 

CRS Sexual behaviour  Y Both Reported in the methods sub-section titled ‘Model 

description and parameterisation’ and a previous 
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publication (Hall et. al. PLoS ONE 2020)(Hall et 

al., 2020). 

CRS Cohort examined for evaluation/ time horizon Y F Reported in methods sub-section titled 'Benefits, 

harms and cost-effectiveness', and in 'Population-

level analysis'.  

CRS Quality of life assumptions  N/A N/A Not applicable. 

CRS Calibration Y Both Reported in the methods sub-section titled ‘Model 

description and parameterisation’ and a previous 

publication (Hall et. al. PLoS ONE 2020)(Hall et 

al., 2020). 

CRS Validation (where possible) Y Both Reported in the methods sub-section titled ‘Model 

description and parameterisation’ and a previous 

publication (Hall et. al. PLoS ONE 2020)(Hall et 

al., 2020). 

CRS Costs N/A F Costs are reported in Table 19. 

2 Vaccine coverage at older ages N/A N/A Not applicable.  

1 Vaccine uptake Y F Reported in methods sub-section titled 'Modelled 

screening approaches'. 

1 Vaccine efficacy N/A F Reported in methods sub-section titled 'Modelled 

screening approaches'. 

1 Vaccine cross-protection  N/A F Reported in methods sub-section titled 'Modelled 

screening approaches'. 
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1 Duration vaccine protection and waning Reported 

but not 

by age 

F Reported in methods sub-section titled 'Modelled 

screening approaches'. 

1 Vaccine and delivery costs N/A N/A Not applicable. 

1 Pre-vaccination disease burden (including 

population attributable fractions for HPV) 

Y F Identified in the methods sub-section titled ‘Model 

description and parameterisation’ and fully 

reported in a previous publication (Hall et. al. 

PLoS ONE 2020)(Hall et al., 2020). 

1 Heterogeneity in sexual behaviour Y Both Identified in the methods sub-section titled ‘Model 

description and parameterisation’ and fully 

reported in a previous publication (Hall et. al. 

PLoS ONE 2020)(Hall et al., 2020). 

1 Duration of natural immunity N/A Both Identified in the methods sub-section titled ‘Model 

description and parameterisation’ and fully 

reported in a previous publication (Hall et. al. 

PLoS ONE 2020)(Hall et al., 2020). 

2 Natural history parameters, specifically for 

older individuals: structure; rate of infection 

clearance; loss of natural immunity; simulation 

of latency 

N/A N/A Not applicable. 

3 MSM-specific disease burden N/A N/A Not applicable. 

3 Interaction between HIV and HPV N/A N/A Not applicable. 

3 Prior exposure N/A N/A Not applicable. 
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4 HPV prevalence, CIN prevalence and cervical 

cancer incidence by HIV status 

Y F Identified in the methods sub-section titled ‘Model 

description and parameterisation’ and fully 

reported in a previous publication (Hall et. al. 

PLoS ONE 2020)(Hall et al., 2020). 

4 HPV disease multipliers on HPV acquisition, 

progression from HPV infection to cancer (or 

relevant precursors, if 

modelled) for HIV-infected women/men 

N/A F Identified in the methods sub-section titled ‘Model 

description and parameterisation’ and fully 

reported in a previous publication (Hall et. al. 

PLoS ONE 2020)(Hall et al., 2020). 

4 HPV-associated cancer mortality by HIV 

status (and CD4 count if modelled) 

Y F Identified in the methods sub-section titled ‘Model 

description and parameterisation’ and fully 

reported in a previous publication (Hall et. al. 

PLoS ONE 2020)(Hall et al., 2020). 

4 Relevant co-morbidities N/A N/A Not applicable. 

4 HPV-associated screening 

sensitivity/specificity by HIV status 

N/A F Identified in the methods sub-section titled 

‘Modelled screening approaches’ and fully 

reported in a previous publication (Hall et. Al. IJC 

2021)(Hall et al., 2021). 

5 HIV prevalence rates if endemic in country Y Both Identified in the methods sub-section titled ‘Model 

description and parameterisation’ and fully 

reported in a previous publication (Hall et. al. 

PLoS ONE 2020)(Hall et al., 2020). 
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5 Description of any opportunistic or 

pilot/demonstration 

screening projects ongoing 

Y F Reported in the introduction. 

6 Routine screening behaviour (routine and 

follow- 

up and test-of-cure) 

Y F Reported in methods sub-section titled 'Modelled 

screening approaches' and in previous 

publication (Hall et. Al. IJC 2021)(Hall et al., 

2021). 

6 Screening test(s) and colposcopy accuracies N/A F Identified in the methods sub-section titled 

‘Modelled screening approaches’ and fully 

reported in a previous publication (Hall et. Al. IJC 

2021)(Hall et al., 2021). 

6 Abnormal test management (primary and 

triage) 

N/A F Identified in the methods sub-section titled 

‘Modelled screening approaches’ and fully 

reported in a previous publication (Hall et. Al. IJC 

2021)(Hall et al., 2021). 

6 Diagnostic follow-up of abnormal tests N/A F Identified in the methods sub-section titled 

‘Modelled screening approaches’ and fully 

reported in a previous publication (Hall et. Al. IJC 

2021)(Hall et al., 2021). 

6 Management by disease grade (confirmed 

disease) 

N/A F Identified in the methods sub-section titled 

‘Modelled screening approaches’ and fully 

reported in a previous publication (Hall et. Al. IJC 

2021)(Hall et al., 2021). 
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6 Sources of information for screening structure 

and parameterisation 

N/A F Simplified screen-and-treat screening algorithm 

based off un-revised 2013 WHO cervical 

screening guidelines, and as previously published 

(Hall et. Al. IJC 2021)(Hall et al., 2021, World 

Health Organisation 2013a). 

6 Herd effect N/A F Model is transmission dynamic, so inclusion of 

herd effects is intrinsic to the model structure.  

6 Association between vaccination and 

screening uptake 

N/A N/A Not applicable.  

6 Fixed – variable costs N/A F Fixed costs. 

7 Timing between doses (for 2-dose) N/A N/A Not applicable. 
 

 
Outputs Reported 

by age? 

(Y/N) 

Report by 

sex 

(F/M/Both)? 

Comments 

CRS Cancer incidence, mortality, life years, 

QALYs/DALYs (as appropriate) 

Reported 

but not 

by age 

F Reported in the results sub-sections 'Analysis 

outcomes' and 'Population-level outcomes'. 

CRS HPV prevalence, pre-intervention Y F Reported in previous publication (Hall et. al. 

PLoS ONE 2020)(Hall et al., 2020). 

CRS CIN2/3 detected Reported 

but not 

by age 

F Pre-cancer treatments are reported (in leu of 

CIN2/3 detection) in results subsections 'Analysis 

outcomes' and 'Population-level outcomes'. 



 
 

129 
 

CRS Sensitivity analysis on key inputs Reported 

but not 

by age 

F Reported in results subsection 'Sensitivity 

analysis outcomes'. 

CRS Incremental cost-effectiveness ratios and 

costs saved 

Reported 

but not 

by age 

F Reported in results subsection 'Analysis 

outcomes'. 

1 Absolute reductions in HPV infections, and/or 

warts, post-vaccination 

N/A N/A Outcome not reported. 

1 Absolute reductions in CIN2+ post-

vaccination 

N/A N/A Outcome not reported. 

1 Absolute reductions in invasive cancer 

(cervical and other HPV cancers, as relevant) 

post-vaccination 

N/A N/A Outcome not reported. 

4 Reduction in cervical cancer incidence over 

time by HIV status (and CD4 count and ART 

status if modelled) 

Y F Reported in results sub-section 'Population-level 

outcomes'. Not reported by age or ART treatment 

status.  

7 Threshold cost per vaccine dose N/A N/A Not applicable. 
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Chapter 5: Impact of model paradigm and structure on transmission- dynamic 

models of HIV and HPV: development of an agent-based model  

The model platform developed and utilised in Chapters 2, 3 and 4 is a highly detailed 

and well-calibrated and validated deterministic compartment model. Models of this 

paradigm tend to be Markovian (or semi-Markovian) and often face two fundamental 

limitations: it is impossible to determine which individuals are contained within each 

compartment, and, how long they have been there or from where they might have 

come. Agent-based models are increasing in popularity because, due to their structure, 

they are not limited by Markovian constraints and are relatively flexible. In the field of 

HIV and HPV epidemiological modelling, an advantage of the agent-based paradigm is 

that influential time-dependent factors, such as duration of ART adherence and the 

relationship between HPV infection persistence and cervical cancer, can be more 

comprehensively included. In addition, the role of heterogeneity of control intervention 

uptake (for example, circumcised males and partnership-specific condom use) and 

behaviours (commercial sex-workers and men who have sex with men) is readily 

assessable. This chapter aimed to develop an agent-based model that could improve 

upon some of the aspects built into the deterministic compartment model, noting that 

the extensive foundations of development, calibration, and testing undertaken for the 

compartment model could not feasibly be undertaken a second time during one thesis. 

Nonetheless, this chapter describes the development of the best possible agent-based 

model of HIV and HPV infection and natural history in Tanzania, which simulates the 

impact of HIV control interventions, VMMC and ART, on HIV prevalence and cervical 

cancer incidence both historically and into the future. Findings from the agent-based 

model are compared to those presented in Chapter 2, alongside some new results 

which could not be generated using the compartment model framework. 
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Introduction 

Mathematical modelling is frequently used to further our understanding of pathogen 

transmission and epidemic dynamics, and the HIV and HPV viruses are particularly 

amenable to this. The majority of HIV and HPV epidemic models are deterministic 

compartment models that simulate movement between these compartments and often 

operate on a discrete time-step(Canfell and Berkhof, 2019). This type of modelling, or 

model paradigm, simulates the mean of a population which is assumed to be 

homogeneous. Here, factors such as the force of infection or uptake of disease 

prevention interventions are the same for everyone in a particular compartment and are 

based on population averages(Brauer, 2008, Lin, 2008, Vynnycky and White, 2010, 

Diekmann and Heesterbeek, 2000, Kermack and McKendrick, 1927, Anderson and 

May, 1992). In the classic example of the Kermack-McKendrick S-I-R epidemic model, 

we would define compartments for susceptible (S), infected (I) and recovered (R) 

(Kermack and McKendrick, 1927). However, many modern implementations are 

adapted to contain substantially more states and detail. The movement of individuals 

between compartments may be modelled using difference equations or ordinary or 

partial differential equations, depending on the model complexity and computational 

resources available. In HIV and HPV epidemiology, it is common to see difference 

equation-based models operating on a time-step of weeks to months with millions of 

possible states. In systems with large populations and established epidemics, or where 

detailed information about the system is limited, deterministic compartment models are 

often preferred as they are reliable, straightforward to execute, and appropriate for 

modelling large populations by representing the average population or expected 

outcome(Giesecke, 2017).  

The cost of compartment models' ease and computational inexpensiveness is a lack of 

design flexibility and a combinatorially increasing number of compartments. 

Deterministic models also exclude random chance or stochasticity, which may be 

influential when modelling small populations or the early epidemic growth phase(Lin, 

2008, Vynnycky and White, 2010, Giesecke, 2017, Roberts et al., 2015). As we gain 

access to increased computing power, the use of computationally-demanding agent-

based modelling is growing in popularity since it allows a more nuanced investigation of 

the impact of heterogeneity in individual attributes and behaviours, provides the 

modeller greater control over input parameters and allows the tracking of agents over 

their lifetime(Rocha and Masuda, 2016, Vynnycky and White, 2010). To increase 

computational efficiency in individual-based models, many have fully (or partially) 

adopted an event-driven framework, which means that models are based on an event 
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queue rather than a discrete time-step. In this case, stochasticity may describe the 

amount of time between events and the next event to occur, which means that the 

model does not waste resources simulating time when nothing happens(Kiss et al., 

2017, Lin, 2008, Vynnycky and White, 2010).  

In the fields of both HIV and HPV epidemiological modelling, there is discussion 

surrounding the choice of one model paradigm over the other(Roberts et al., 2015, 

Britton et al., 2015). Scientific literature contains many examples of deterministic and 

stochastic compartment models, and agent-based models on a discrete time-step or an 

event-driven framework. Due to these differences, research teams with separate 

independent models of HIV or HPV and cervical cancer are increasingly forming larger 

groups or consortiums to undertake exercises in comparative modelling(Hontelez et al., 

2013, Kim et al., Brisson et al., 2020, de Kok et al., 2020). Comparative modelling aims 

to utilise models with different structures and model paradigms to answer the same 

research question and ultimately increase our understanding of the dynamic system 

itself and the impact that model structure has on simulated outcomes.  

Previous chapters in this thesis have described analyses of the impact of various 

control interventions for HIV and cervical cancer on HIV prevalence and cervical cancer 

incidence in the United Republic of Tanzania, a country with high rates of cervical 

cancer and endemic HIV with active HIV control(Hall et al., 2020, Hall et al., 2021). The 

model utilised for these analyses was a deterministic compartment model, simulating 

the transmission dynamics and natural history of HIV and numerous HPV genotypes. 

This deterministic model platform was extensively parameterised and validated against 

empiric data local to, or representative of, Tanzania and was used to inform the WHO 

2021 guidelines development for the screening and treatment of cervical pre-cancer in 

women living with HIV(World Health Organisation 2021). That platform, while as 

detailed and comprehensive as practical, faces limitations in terms of the number of 

compartments required to simulate HIV and HPV properly; in fact, the latest 

development of the compartment model used in this thesis required over 42,577,000 

compartments (Chapter 3), which given Tanzania’s current population (58,000,000 in 

2019), means that on average each compartment contains less than 1.5 people.  

Therefore, an agent-based model is likely to be more efficient in simulating individual 

attributes and potentially decreases the computational cost of differentiating between 

disease and intervention categories. Additionally, the mechanism of action of many of 

the simulated control interventions, especially where the duration of the intervention for 

an individual is important, may benefit from being modelled in the agent-based 

framework. For example, anti-retroviral therapy has greater efficacy for individuals 
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adhering to treatment for more than two years(Ali and Yirtaw, 2019), and qualitative 

data suggest that condom use is more likely to be partnership-specific than applied as 

an average across all sexual interactions in a population(Outwater et al., 2000). 

Therefore, this chapter aims to lay the groundwork for improving upon the previously 

described deterministic compartment model by developing and parameterising a 

detailed agent-based model of HIV and HPV co-infection and cervical cancer. Finally, 

this model will be used to validate the findings reported in Chapter 2, which presents 

the impact of HIV control interventions, VMMC and ART, on cervical cancer incidence 

rates in Tanzania from 2020 to 2070.  
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Methods: model design and parameterisation 

Development of an agent-based model 

A stochastic agent-based HIV and multi-type HPV co-infection model has been 

developed to simulate the transmission and natural history of HIV, HPV16/18, HPV 

31/33/45/52/58, and other oncogenic HPV types. In keeping with the previous model 

iteration, this model has been parametrised to simulate the United Republic of 

Tanzania (Chapter 2-4). Broadly, this platform contains programmed modules 

governing population demography, sexual partnership formation and dissolution, HIV 

and HPV transmission among heterosexual couples and men who have sex with men 

(MSM), vertical (mother-to-child) HIV transmission, disease natural-history (progression 

and regression of HIV and HPV disease stages) and the uptake of prevention 

interventions such as voluntary medical male circumcision (VMMC), antiretroviral 

therapy (ART) and condom use over time.  

Each simulated agent is instantiated into the model with a series of personal attributes, 

some of which change over time. While the model operates on a monthly time-step, 

computational performance is enhanced as some processes are simulated via an 

event-driven or 'time-in-state' mechanism rather than via per-timestep state-transition 

probabilities. The following sections provide in-depth descriptions of each module. The 

model was developed using Matlab version R2018b and is represented as an 𝑁 × 𝐴 

array of 𝑁 individuals with 𝐴 individual attributes, and these attributes (of which there 

are 14) are described in Table 25. The model was run on a four-core personal 

computer with a 3.40 GHz processor and 16GB of installed RAM. Due to the constantly 

increasing number of individuals to simulate, each successive year takes longer. 

However, on average the model takes 0.04 milliseconds to simulate a single individual 

over the course of a year, or approximately 140 minutes to simulate 500,000 

individuals starting in 1955 and ending in 2070. 

Table 25 Attributes ascribed to each simulated agent or individual. 

Attribute Description 

Unique identifier Each simulated agent/individual is provided with a unique 

identifying number. This is assigned at birth and does not 

change. 

Age The age of simulated individuals (in years) from birth 

(zero) to 99 years. This is updated annually. 
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Natural mortality The year that an individual will die from natural causes 

(i.e., not HIV or cervical cancer) is assigned at birth and 

may be interrupted by HIV or cervical cancer death. 

Partnership status The partnership status of simulated individuals, who may 

be: unpartnered and unavailable, unpartnered and 

available, or partnered. Relationship formation/dissolution 

may occur as frequently as every simulated month, with 

the probability of relationship formation and the average 

length of a relationship dependent on male age and the 

relationship status of both individuals. 

Partnership attitude 

towards monogamy 

Partnership attitude refers to the attitude towards 

monogamy for each simulated individual, which is either: 

'monogamous' (does not form other relationships while 

partnered) or 'flexible' (forms concurrent partnerships). 

This attribute is age-specific and applied to a proportion 

of individuals as they enter a specified age range and is 

also used to account for the possibility of an individual 

having multiple short relationships (< one-month 

duration) over the simulated time step, which implicitly 

includes transactional and sex-worker activity. 

Men who have sex with 

men (MSM) 

A binary value specifying whether a male is available for 

sexual partnerships with other males. 

Circumcision status 

(males only) 

A binary value referring to whether a specific male has 

undergone voluntary medial male circumcision (VMMC).  

HIV status The HIV status of simulated individuals encompasses 

both HIV positivity status and disease stage. Acquisition 

of HIV is simulated monthly via heterosexual and MSM 

partnership interactions or applied at birth via vertical 

transmission. 

HIV progression (time to 

event) 

For HIV positive individuals, 'HIV progression (time to 

event)' specifies the date that this individual is due to 

progress to the next stage of HIV disease. This is 

decided based on their age, current disease stage, and 

ART treatment status. This parameter is modelling using 

a 'time-in-state' or event-driven mechanism, although, it 

may occur as frequently as every month. 
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ART status For HIV positive individuals, ART treatment status 

governs treatment uptake and success. Individuals may 

be untreated, partially/ineffectually treated, or virally 

suppressed. The simulated proportion of PLHIV receiving 

ART is updated monthly to reflect observed ART 

utilisation in Tanzania. This model does not currently 

account for ART discontinuation.  

HPV type The HPV type parameter specifies whether a simulated 

individual is HPV negative or HPV positive with a single 

or multi-type HPV infection and the genotypes of any 

present HPV infections. Acquisition of HPV is simulated 

via heterosexual partnership interactions only. 

HPV stage For HPV positive individuals, this attribute specifies the 

stage of their infection, which may be an infection only 

(males and females) or cervical pre-cancer or cervical 

cancer (females only). 

HPV stage evolution 

(next 

regression/progression) 

For HPV positive individuals, this attribute specifies the 

next (pre-determined) disease stage to which they will 

progress or regress. This is decided based on their age, 

current disease stage, and HPV type.   

HPV stage evolution 

(time to event) 

For HPV positive individuals, this attribute specifies the 

date at which they will progress or regress to their next 

disease stage (HPV stage evolution). This parameter is 

modelled using an event-driven mechanism, although it 

may occur as frequently as every month. 

 

Demographic processes 

The demography module is executed at the start of every simulated year and governs 

ageing (0-99 years), fertility (including vertical transmission where appropriate) and 

other-cause mortality (i.e., year of death due to any reason other than HIV or cervical 

cancer). The starting population used for model initialisation directly reflects the 

Tanzanian population structure (by age and sex) in 1955(United Nations DESA / 

Population Division, 2017, The World Bank, 2017b). Notably, this model is instantiated 

five years earlier than the deterministic compartment model instantiated in 1960, due to 

the longer time required for sexual partnership formation and dissolution to stabilise. 
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Table 26 Model characteristics governing population demography for the agent-based 

stochastic model compared to the previously described deterministic compartment 

model. 

Structural or 

parameterisation 

element description 

Stochastic agent model Deterministic 

compartment model 

(Chapters 2-4) 

Age groups (structure) Single year ages from birth 

to 99 years. 

Five-year age groups from 

5-9 to 75-79 years. 

Sex-based population 

subgroups (structure) 

Males and females. Unlike 

the compartment model, 

sex work is governed by 

sexual behavioural 

characteristics. 

Males, females, and 

commercial sex workers. 

Recruitment rate 

(parameter) 

The number of recruits 𝑅 is 

calculated using the fertility 

and maternal age data, 

combined with the female 

population structure and the 

early childhood mortality 

(ages 0-4) rate. The sex is 

chosen such that if 𝑥 ≤
1

2.03
 

for 𝑥 ∈ 𝑈(0,1), the individual 

is male. Otherwise, the 

individual is female. 

The number of new recruits 

𝑅 is calculated using the 

fertility and maternal age 

data, combined with the 

female population structure 

and overlayed with a 

probability of survival to age 

five years. The ratio of 

recruited males to females 

is 1:1.03.  

All-cause mortality rate 

(parameter) 

A year to die naturally is 

drawn from a random 

normal distribution at birth 

(at model instantiation in 

the starting population). 

Note that since only 

individuals who survive 

infancy are modelled, infant 

mortality rates are not 

considered. 

Per time-step age- and sex-

specific probabilities of 

natural mortality, 

𝑚(𝑠𝑒𝑥, 𝑎𝑔𝑒), are derived 

from year-specific life tables 

and applied directly to the 

simulated population.  
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The annual number of live births is calculated for each year using the estimated (up to 

2019) and projected (to 2100) fertility rates per 1,000 population; it is not assumed to 

depend on the simulated partnership status of women of childbearing age. The World 

Bank (median fertility variant) published estimated and projected fertility rates, 

indicating a decrease in birth rate from 48.49 per 1,000 capita in 1950 to 16.95 in 

2100(The World Bank, 2017a, National Bureau of Statistics, 2015). Simulated births 

are corrected for infant mortality (as reported in life tables), and therefore simulated 

births more accurately reflect the number of babies born who will survive to age 5.   

The year of natural mortality for each individual is based on the individual's year of birth 

and is drawn from a normal distribution 𝑁(𝑚,
1

4
𝑚). Here, 𝑚 is equal to the mean 

expected years of life for males and females in each birth cohort, and the data 

underpinning this was sourced from life tables estimated and projected by the United 

Nations Population Division(United Nations Department of Economic and Social Affairs 

Population Division, 2019).  

 

Figure 29 Probability density function for expected years of life for males and females 

born in 1950 (earliest simulated cohort) and in/after 2095 (latest simulated cohorts). 

Note that infant mortality is captured in the birth rate(United Nations Department of 

Economic and Social Affairs Population Division, 2019). 
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Partnership formation and dissolution 

The model explicitly simulates the formation and dissolution of sexual partnerships 

between individuals. All individuals are recruited into the model with a partnership 

status of 'unpartnered and unavailable', which changes to 'unpartnered and available' 

at age 15 for females and 18 years for males. Individuals who are either 'unpartnered 

and available' or 'partnered' but with a 'flexible' attitude towards monogamy at the start 

of each monthly time-step are pooled for potential partnering. The category specifying 

a flexible attitude towards monogamy is designed to encompass females who engage 

in commercial sex work. Based on data collected in 2016, the assumed prevalence of 

commercial sex workers in the female population aged 15-49 years is 5.6%(Wambura 

et al., 2020). In general, there is limited data that specifies behavioural attitudes to 

sexual preferences, partnership longevity and turnover rates among different 

subgroups of individuals. Therefore, the age-specific probability of having a flexible 

attitude towards monogamy, including commercial and transactional sex for females, 

was based on calibration findings, ensuring a reasonable fit to observed age-, sex- and 

year-specific HIV incidence and prevalence in Tanzania (Figure 30). 

 

Figure 30 Age-specific probability (obtained via model fitting) that a male or female is 

assigned as having a flexible attitude towards monogamy upon entry to each age 

group. 

From here, partnership formation is driven entirely by parameters acting on the male 

population. In the first instance, males are removed from the pool of individuals 

available for partnering by an age-specific function 𝑟(𝑎), where 𝑎 is male age. The 

purpose of removing these males from the pool of men available for partnering is to 

account for lack of opportunity or unwillingness to form a partnership; it is possible 

(albeit unlikely) that some simulated individuals never form partnerships. Males are 
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randomly removed from the pool of available males such that a mean age-specific per-

timestep probability of partnership formation 𝑟(𝑎) is maintained as per Figure 31.  

 

Figure 31 Monthly probability (obtained via model fitting) of partnership formation 

availability/opportunity for simulated males by age. 

For the formation of general partnerships, males and females are split into ten-year age 

groups, offset by three years. For example, the male partnering group aged 18-27 will 

be able to select from females aged 15-24 years, and males aged 23-32 years will 

partner with women aged 20-29 years. Male partners are randomly selected within 

each partnering group for each female in order of ascending (female) age. Females 

aged 15–30 years with flexible attitudes towards monogamy, therefore incorporating 

commercial sex workers and those who engage in transactional sex, are partnered with 

available males aged 18-59. Once again, males are randomly selected from the 

available pool, with younger females partnered first. Partnership formation was 

simulated in this way in order to optimise computational efficiency while still broadly 

conforming to the observed phenomenon of males partnering with females who are 

younger than them(Munguti et al., 1997). The per-partnership frequency of simulated 

age differences (in years) is presented in Figure 32. In general, male partners are four 

years and one month (or 18%) older than their female partners, a lower age difference 

than the 5-10 year age gap reported for marriages in Tanzania in the 1990s (Munguti et 

al., 1997).  
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Figure 32 Simulated frequency (probability out of 1) of the age difference (in years) 

between male and female sexual partnerships. *A positive age difference indicates an 

older male; a negative age difference indicates a younger male. 

Due to the small simulated MSM population, which is 1.3% of males aged 15-49 

years(Wambura et al., 2020), MSM partnerships are simulated with sexual mixing 

assumed to be completely age-assortative short partnership durations of 1-6 months. A 

cross-sectional survey of MSM in southern Africa found that of men having ever 

reported anal sex with another man, 53% reported both male and female sexual 

partners in the past six months(Beyrer et al., 2010); therefore, the proportion of MSM 

assumed to also engage in heterosexual partnership formation is 0.53. 

Once a suitable partner is selected, a partnership is formed, and each individual's 

partnership status is updated to 'partnered'. A separate array keeps track of each 

partnership that has been formed, storing the following information: unique identifiers 

for the male and female, HIV status, HPV type, and the age of each partner at 

partnership formation, a binary parameter for condom use, and the date 𝑑 that the 

partnership is scheduled to end. Here 𝑑 = 𝑙 + 𝐷 where 𝐷 is the current date and 𝑙 is the 

length of the relationship which is drawn from a uniform distribution where 𝑙 ∈

𝑈(𝑓(𝑎) − 5, 𝑓(𝑎) + 5) and 𝑓(𝑎) is a function specifying the mean relationship length for 

men aged 𝑎; the mean partnership duration by male age is represented in Figure 33. 

Comprehensive data informing the duration of steady relationships in Tanzania is not 

available, and therefore the decision to use a uniform distribution is an assumption 

based on model calibration findings and to explore the impact of parameter uncertainty. 

The sexual partnership will end when either 𝑑 ≥ 𝐷, or either party dies. The model 

does not assume that HIV acquisition or positivity affects partnership formation or 

duration. The mean duration of relationships is a function of male age at formation, 

assuming that both parties are not already in another partnership. 
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Figure 33 Mean relationship duration as a function of male age at formation. Assumes 

that neither party is currently in another partnership. 

Partnerships formed where one or both parties are already partnered, or formed in the 

context of commercial sex work, are assumed to have a much shorter mean duration of 

1 month. A limitation of this approach is that it does not reflect the reality of sex worker 

interactions, which are likely to occur as a single interaction where sex workers have 

multiple clients per month(United Republic of Tanzania Ministry of Health and Social 

Welfare National AIDS Control Programme (NACP), 2012). 

Table 27 Model characteristics governing sexual behaviour for the agent-based 

stochastic model compared to the previously described deterministic compartment 

model. 

Structural or 

parameterisation 

element 

description 

Stochastic agent model Deterministic compartment 

model (chapters 2-4) 

Sexual 

partnerships. 

Individual sexual partnerships 

are explicitly simulated, 

accounting for variation in 

sexual debut and individual-

specific rates of becoming 

available for partnerships. 

Opportunity for partnership 

formation and relationship 

Partnerships are not explicitly 

simulated. The force of 

infection 𝜆 for HIV and HPV 

transmission accounts for: sex- 

age- and sexual activity level-

specific per time-step 

probabilities of forming sexual 

partnerships and the frequency 
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length is specified for each 

male where a new partnership 

is formed. 

of sexual interactions within 

partnerships by male age. This 

is weighted by the probability 

of forming partners in each 

possible age group, and the 

proportion of that age group 

with either HIV or HPV.a 

Partnership 

concurrency. 

Partnership concurrency is 

explicitly simulated. An age- 

and sex-specific probability of 

being either 'monogamous' or 

'flexible' specifies whether an 

individual will remain available 

despite forming a new 

partnership. In each simulated 

timestep, individuals can form 

a maximum of one general 

partnership and one additional 

high-risk (concurrent, 

transactional, or commercial) 

partnership. 

Partnership concurrency is not 

accounted for among general 

partnerships. However, 

commercial sex workers are 

assumed to have both 

personal and professional 

sexual partnerships. 

Sexual 

activity/risk 

groups. 

Individuals with higher rates of 

partner turnover (flexible 

attitudes towards monogamy, 

commercial/transactional sex 

and MSM) may be considered 

‘high-risk’ individuals. Mixing 

between sexual activity groups 

is assumed to be non-

assortative. 

Males and females are split 

into general sexual activity and 

high sexual activity groups. 

This reflects increased sexual 

partnership turnover and 

elevated risk among a smaller 

proportion of the population. 

Commercial sex workers are 

assumed to be in the high 

sexual activity group for 

females, although not all high 

activity females are 

commercial sex workers. 
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Non-assortative 

mixing (age-

based).b 

Males and females are 

assumed to potentially mix 

with partners of all ages, 

depending on partnership type. 

On average, across all 

partnerships, males are four 

years older than their female 

partners. The mixing of MSM 

is assumed to be completely 

assortative. 

Males and females are 

assumed to mix with partners 

of all ages, with strong 

preferences for partnerships 

where the male is 

approximately five years older 

than the female.  

Condom use.c Condom use (Y/N) is added as 

an attribute for each 

partnership when formed. 

Couples are assumed to either 

always or never use condoms 

in that partnership. Condom 

use in partnerships is decided 

by a biased coin toss, with the 

mean ‘Y’ specified by empirical 

data for condom use among 

males by year. 

The probability of condom use, 

combined with condom 

efficacy, is applied as a 

multiplier reducing the force of 

infection of HIV and HPV 

acquisition for high- and 

general-activity males and 

females. 

aMore details regarding the calculation of force of infection for the deterministic compartment 

model are provided in subsequent sections. bInput assumptions regarding age-assortative 

mixing were based on Munguti et al. (Munguti et al., 1997). cInput assumptions for both models 

are specified to fit survey data on condom use among non-commercial sex interactions(Kapiga 

and Lugalla, 2003, Adair, 2008, Tanzania Commission for AIDS (TACAIDS) et al., 2008, 

Tanzania Commission for AIDS (TACAIDS) et al., 2013, Ministry of Health et al., 2016, 

Reynolds et al., 2012). The assumption that condom use is specified per partnership rather than 

per interaction is broadly based on observation(Outwater et al., 2000), but may not represent all 

relationships in reality, particularly where family planning needs change throughout a 

partnership. 

HIV transmission and natural history 

The HIV transmission and natural history modules are executed every monthly time-

step. HIV transmission is simulated to occur between members of an HIV discordant 

partnership. For each such partnership, a per time-step probability of HIV transmission 

𝑃(𝑇𝐻𝐼𝑉) is calculated using: stage-specific per-sex-act HIV transmission probabilities, 

the sex of the HIV-negative partner (and circumcision status if male), the ART 
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treatment status of the HIV-positive partner, the mean frequency of sexual interactions 

per partnership (calculated based on male age) and the probability of condom use; all 

are described in Table 28 and have been parametrised in agreement with the 

deterministic compartment model (Chapter 2-4). For each HIV discordant partnership, 

HIV transmission in each timestep is simulated using a biased coin toss, where the 

mean probability of transmission is dependent on HIV stage, ART status, condom use 

and circumcision status (female to male transmission only).   

Table 28 Factors influencing the HIV transmission probability 𝑃(𝑇𝐻𝐼𝑉) and their value.  

Factor influencing 

HIV transmission 

Value/description 

Stage-specific per-

sex-act HIV 

transmission 

probabilities. 

A base per-sex-act HIV transmission probability of 0.0006 

is assumed. For each HIV stage, this probability is subject 

to the following multipliers: 7 for acute infection, 1 for WHO 

clinical stage 2, 5.8 for WHO clinical stage 2, 6.8 for WHO 

clinical stage 3, and 11.8 for WHO clinical stage 4 

(AIDS)(Quinn et al., 2000). 

Sex of the HIV 

negative partner. 

An additional multiplier of 2.5 is used to increase the 

transmission probability for male to female transmission. 

Circumcision status 

(male). 

An additional multiplier of 0.40 is used to decrease the 

transmission probability for female to male transmission 

where the male has been circumcised(Tobian et al., 2014). 

Circumcision rates are assumed to be stable at 8% until 

1995, where they increase quadratically to 80% in 2015, 

where they remain. This assumption is comparable with 

observed data and consistent with previous analyses(The 

United Republic of Tanzania Ministry of Health and Social 

Welfare, 2013, Ministry of Health et al., 2016). At the start 

of each year, the number of circumcisions needed to 

maintain observed circumcision prevalence is calculated, 

which informs the number of randomly selected simulated 

males to be circumcised in that year. 

ART treatment status 

(viral suppression). 

For HIV discordant partnerships where HIV-positive 

individuals are virally suppressed through ART, a multiplier 

of 0.04 is utilised to reduce transmission probability by 

96%.  
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Frequency of sexual 

intercourse per 

partnership.  

The frequency of sexual interactions per partnership was 

found to be 12 acts per month via calibration. It is assumed 

to apply to both general and sex-worker interactions and is 

broadly consistent with self-reported data(Dasgupta et al., 

2018).  

Probability of condom 

use.  

In partnerships with a condom-use value of 'Y', the HIV 

transmission probability is reduced by 46% for males and 

30% for females. 

 

When an individual becomes infected with HIV, their infection status changes from 

'uninfected' to 'acute infection'; the date that this individual is scheduled to progress to 

'WHO stage 1' is chosen, in addition to the date of HIV mortality. This date is drawn 

from a random normal distribution, calculated using the initial infection date and the 

mean length of time for an individual to remain in the acute infection stage. The mean 

time for individuals to remain in each HIV disease stage and stage-specific HIV 

mortality rates are provided in Table 29. 

Table 29 Average length of time spent in each disease stage and the probability of 

HIV-death for each HIV disease stage. 

 Time in 

acute 

infection 

Time in 

WHO 

clinical 

stage 1 

Time in 

WHO 

clinical 

stage 2 

Time in 

WHO 

clinical 

stage 3 

Time in 

WHO 

clinical 

stage 4 

(AIDS) 

Time from 

acute 

infection to 

HIV 

mortality 

Mean 2 months1 
1 year 6 

months1 

1 year 3 

months1 

6 years 6 

months1 

1 year 3 

months1 

Males: 11 

years, 

Females: 10 

years2 

Standard 

deviation 
- 4 months 3 months 

16 

months 
3 months 

Sex-specific 

distribution 

as 

published.2 

1.As published in Palk et al. 2018 (Sci Rep)(Palk et al., 2018). 2Assuming no ART uptake, as 

published by the CASCADE collaboration in 2000 (Lancet)(CASCADE, 2000). 

Individuals are randomly selected from the pool of stages 3 and 4 HIV-positive people 

to commence ART; if there no untreated stage 3 or 4 HIV positive individuals available, 
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treatment uptake is assumed to occur for individuals in stages 1 and 2. Year-specific 

ART uptake rates are assumed to mirror those reported in the UNAIDS 2020 update 

report for the United Republic of Tanzania, reaching a viral suppression rate of 63% of 

all people living with HIV by 2019(UNAIDS, 2021b). In addition, it is assumed that 55% 

of individuals commencing ART are female; a figure which was found through the 

calibration procedure and is broadly consistent with evidence that ART uptake and 

adherence is higher among females than males(Sharma et al., 2017).  

HPV transmission and natural history 

The transmission of multiple HPV types is simulated similarly to HIV transmission, with 

slightly fewer factors influencing the transmission probability. The 'HPV type' attribute 

specifies whether an individual is either: (1) HPV negative, (2) HPV16/18 positive only, 

(3) HPV 31/33/45/52/58 (HPV H5) positive only, (3) other HPV positive only, (4) HPV 

18/19 and H5 positive, (5) HPV 16/18 and other positive, (6) HPV H5 and other 

positive, or (7) positive for HPV 16/18, H5 and other. Here, a per-timestep probability 

for HPV transmission 𝑃(𝑇𝐻𝑃𝑉) is calculated for couples with differing HPV type 

attributes and accounts for HPV type-specific per-sex-act transmission probabilities, 

circumcision status of the male partner and the mean frequency of sexual interactions 

per partnership (calculated based on male age). HPV types are ranked in order of 

severity/transmissibility (HPV 16/18 > HPV H5 > HPV other). If both partners are HPV 

positive, both partners can become infected with additional HPV types. Sexual 

behaviour parameters, including circumcision status, ART treatment status, and per-

partnership frequency of intercourse related to HPV transmission (and HIV 

transmission), have already been reported in Table 28. All other factors relating to HPV 

transmission are reported in Table 30. 

Table 30 Factors influencing the HPV transmission probability 𝑃(𝑇𝐻𝑃𝑉) and their value.  

Factor influencing 

HIV transmission 

Value/description 

HPV type-specific per-

sex-act transmission 

probabilities.+ 

HPV transmission probabilities, per sex act, were found via 

calibration. The transmission probability 𝑃(𝑇𝐻𝑃𝑉) is 0.018 

for HIV negative individuals and virally suppressed HIV 

positive individuals, and 0.045 for HIV positive individuals.  

Circumcision status 

(male). 

For female to male transmission where the male has been 

circumcised, an additional multiplier of 0.53 is used to 
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decrease the transmission probability(Castellsague et al., 

2002). 

Probability of condom 

use.  

Condom use is not predicted to have any bearing on HPV 

transmission probabilities. 

+Note that we assume an average of 12 sex acts per monthly timestep per partnership and that 

HPV transmission occurs at the end of each month. 

When individuals become infected with HPV, their 'HPV stage' attribute is updated to 

'HPV positive'. At this point, the time-to-event, that is, the length of time that this 

individual will remain in the 'HPV positive' stage, and the HPV stage that the individual 

will be progressing or regressing to, is decided based on an unfair coin toss, and is 

dependent on that individual's sex, disease stage, and HPV type. Men are assumed to 

move between two possible states: HPV negative and HPV positive, and the mean 

probability of HPV clearance is 0.0184.  

Female natural history is substantially more complex, as HPV disease in women may 

progress and regress through multiple pre-cancer states before eventually becoming 

invasive cervical cancer. Progression and regression pathways through multiple pre-

cancer states, and possibly to cervical cancer, is governed by Figure 34. 

[𝐻𝑃𝑉 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒]  ↔ [𝐻𝑃𝑉 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒] ↔ [𝐶𝐼𝑁1] ↔ [𝐶𝐼𝑁2] ↔ [𝐶𝐼𝑁3] → [𝐶𝑒𝑟𝑣𝑖𝑐𝑎𝑙 𝑐𝑎𝑛𝑐𝑒𝑟]  

Figure 34 HPV natural history states and possible transitions. 

Once females develop invasive cervical cancer, they are no longer able to regress and 

are governed by a different cervical cancer natural history, which includes progression 

through multiple cancer stages, which are broadly defined to reflect FIGO staging for 

carcinoma of the cervix uteri(Bhatla et al., 2019). Once cancer is detected, stage-

specific mortality and, if relevant, time to cervical cancer death is decided. While the 

implication is that women diagnosed with early-stage cervical cancer will progress 

through all stages before cervical cancer death, this is not explicitly simulated (Figure 

35). 

 

 

 



 
 

149 
 

FIGO 1  

(undetected) 

 

 

FIGO 2  

(undetected)  

 

FIGO 3-4A 

 (undetected) 
 

FIGO 4B  

(undetected) 
 

FIGO 1 

(detected) 

 

 

FIGO 2  

(detected) 
 

FIGO 3A  

(detected) 

 

FIGO 4B  

(detected) 

 

 

Cervical cancer survival 

 

 

Cervical cancer mortality 

Figure 35 Cervical cancer natural history and detection profile. 

The length of time that a female remains in a pre-cancer state is randomly drawn upon 

entry into that state from a normal distribution with mean 𝜇𝑡 and standard deviation 
1

3
𝜇𝑡. 

Human ethics excludes the possibility of designing studies that measure the time to 

cervical cancer progression; as such limited empiric data is available to inform the time 

spent in each pre-cancer state; therefore, a large standard deviation is assumed to 

reflect the uncertainty in this parameter. The mean time in state is dependent on 

female age, disease state, and the most dominant HPV type present, and these are 

presented in Table 31. The values for time in state were found through model 

calibration to HPV prevalence and cervical cancer incidence and are broadly consistent 

with other modelling studies that simulate a time from HPV acquisition to cervical 

cancer of 17.5-26.0 years(Burger et al., 2020). 

Table 31 Mean years in state for health states attributable to HPV types 16/18 and 

other high-risk HPV types. If an individual is infected with multiple HPV types, HPV 

16/18 natural history is assumed if present. 

 
Cervical pre-cancer time in state (years) 

with HPV 16/18 

Cervical pre-cancer time in state (years) 

with HPV not 16/18 

Age HPV  CIN1 CIN2 CIN3 HPV  CIN1 CIN2 CIN3 

< 30 1.4 7.5 5.2 1.4 0.4 4.8 2.6 1.3 

30-39 4.2 7.4 4.5 1.4 2.1 4.8 2.3 1.3 

40-44 4.2 7.3 4.0 1.4 2.1 4.7 2.0 1.3 

45-49 4.6 7.2 4.0 1.4 2.4 4.7 2.0 1.4 

50-54 5.3 7.0 3.7 1.4 2.9 4.6 1.8 1.4 
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55-59 5.8 7.0 3.7 1.4 3.4 4.6 1.8 1.4 

60-64 6.3 7.0 3.5 1.4 3.8 4.6 1.7 1.4 

65+ 6.7 7.1 3.5 1.4 4.3 4.6 1.7 1.4 

 

The assumed time in state for undetected cervical cancer states (Figo stages 1, 2, 3-

4A and 4B) are described in Table 32. Women leaving each cervical cancer state 

(undetected) progress to the next cervical cancer state or have their disease 

symptomatically detected. 

Table 32 Time in state (years) for undetected cervical cancer stages.  

Age Time in state 

(years) for 

women in 

cervical cancer 

FIGO stage 1 

Time in state 

(years) for 

women in 

cervical cancer 

FIGO stage 2 

Time in state 

(years) for 

women in 

cervical cancer 

FIGO stage 3-

4A 

Time in state 

(years) for 

women in 

cervical cancer 

FIGO stage 4B 

<49 2.1 0.9 0.9 0.4 

50-64 1.8 0.9 0.9 0.3 

65-74 1.2 0.9 0.9 0.3 

75+ 0.45 0.45 0.9 0.3 

 

When the time in state is drawn, the next stage is also decided using an unfair coin 

toss, with the probability of progressing to the next pre-cancer (or cancer) state based 

on the state transition probabilities reported in Chapter 2 for the deterministic 

compartment model and reported in Table 33. These probabilities of progression are 

relatively consistent with retrospective observations that 50.3% (37.3-64.9%) of women 

with persistent CIN3 will develop cervical cancer(McCredie et al., 2008).  

Table 33 Probability of progression for health states attributable to HPV types 16/18 

and other high-risk HPV types. If an individual is infected with multiple HPV types, HPV 

16/18 natural history is assumed. 

 Probability of cervical pre-

cancer progression (HPV 

16/18)* 

Probability of cervical pre-

cancer progression (HPV not 

16/18)* 

Probability of cervical 

cancer progression 

(any HPV)+ 

Age HPV CIN1 CIN2 CIN3 HPV  CIN1 CIN2 CIN3 FIGO1-2 FIGO3-4A 
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< 30 0.42 0.37 0.38 0.15 0.19 0.13 0.14 0.02 0.33 0.70 

30-34 0.36 0.40 0.45 0.20 0.14 0.15 0.19 0.04 0.33 0.70 

35-39 0.36 0.40 0.45 0.28 0.14 0.15 0.19 0.08 0.32 0.69 

40-44 0.35 0.41 0.49 0.37 0.14 0.16 0.22 0.14 0.32 0.69 

45-49 0.37 0.43 0.49 0.57 0.15 0.17 0.23 0.30 0.31 0.69 

50-54 0.36 0.47 0.52 0.61 0.15 0.21 0.25 0.36 0.51 0.68 

55-59 0.38 0.46 0.52 0.62 0.15 0.20 0.25 0.36 0.51 0.68 

60-64 0.40 0.46 0.53 0.66 0.17 0.20 0.26 0.39 0.51 0.68 

65-69 0.43 0.45 0.53 0.80 0.18 0.19 0.26 0.57 0.75 0.68 

70-74 0.43 0.45 0.55 0.80 0.18 0.19 0.28 0.57 0.75 0.68 

75-79 0.42 0.45 0.55 0.79 0.17 0.19 0.27 0.55 0.93 0.69 

80+ 0.46 0.48 0.58 0.89 0.21 0.23 0.31 0.74 0.91 0.67 

*All females who do not progress to the next highest pre-cancer stage are assumed to regress 

to the next lowest pre-cancer stage (or HPV negative if appropriate)—individuals in CIN3 

progress to FIGO1. +All females who do not progress to the next highest cancer stage are 

assumed to have their cancer detected. FIGO stage 4B is not assumed to progress; therefore, 

the probability of cancer detection is 1. 

Once cervical cancer has been detected, a woman's next state, either cancer survival 

or cancer mortality, is stochastically decided using survival probabilities of 0.083, 

0.073, 0.055 and 0.009 for FIGO stages 1, 2, 3-4A and 4B, respectively. These survival 

probabilities are based on 10-year survival probabilities estimated for Tanzania(Canfell 

et al., 2020). For females with terminal cervical cancer, the time to death is drawn from 

a normal distribution with mean 4 years and standard deviation 3 years; females who 

survive cervical cancer are assumed to enter a cancer survivor state after 7 years in 

remission. 

Results: model calibration and validation outcomes  

For calibration, the model was instantiated with 500,000 individuals in the year 1955 

and run until 2020, by which time the simulated population had grown to approximately 

3.4 million individuals; on average a single simulation run completed in 48 minutes. The 

starting population size (>5% of the actual 1955 population size in Tanzania) was 

chosen for computational efficiency; noting that the model would need to cope with the 

2.3-3.4% growth rate that Tanzania has maintained since that time. The year 1955 was 

chosen as the start year because it allowed sufficient time for partnership formation 

and dissolution rates to stabilise and HPV infection and cervical pre-cancer rates to 

mature. The model was parametrised to match observed demographic, behavioural, 

and natural history data. Where empirical data were not available, model parameters 

were chosen to obtain a reasonable fit to observational data. This calibration procedure 
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was performed entirely independently of the calibration of the deterministic 

compartment model to prevent the artificial convergence of model outcomes. During 

this calibration process, the seed for the random number generator was set to 1. 

Following parametrisation, the model was run 1,000 times to determine the stochastic 

range for modelled outcomes, and confidence intervals (CI) reflect the total variation in 

simulated outcomes.  

Sexually active population structure 

The validity of assumed demographic parameters, expected years of life and fertility 

rates was confirmed by comparing the simulated population age structure to 

observational data(United Nations Department of Economic and Social Affairs 

Population Division, 2019). This comparison is presented in Figure 36. 

 

Figure 36 Observed 2019 female population structure in Tanzania compared to the 

simulated range (mean and CI over 1,000 simulations). 

HIV epidemiological outcomes 

HIV epidemic outcomes were calibrated to HIV incidence and mortality, age- and sex-

specific HIV prevalence (for years 2007 and 2016), and annual sex-specific HIV 

prevalence. Observed data for HIV incidence, mortality and year-on-year prevalence is 

as reported by UNAIDS in 2018 (UNAIDS, 2018c, UNAIDS, 2018b, UNAIDS, 2018e), 

and age-specific HIV prevalence was sourced from Tanzania’s HIV Impact Survey 

(THIS) reports(Ministry of Health et al., 2017). 
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Figure 37 Estimated HIV incidence and mortality rates (UNAIDS, 2018a) compared to 

the simulated range (mean and CI over 1,000 simulations). 

 

 

Figure 38 Observed age-specific HIV prevalence compared to simulated ranges (mean 

and CI over 1,000 simulations) for females and males in 2005-7(Tanzania Commission 

for AIDS (TACAIDS) et al., 2008).  
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Figure 39 Observed age-specific HIV prevalence compared to simulated ranges (mean 

and CI over 1,000 simulations) for females and males in 2016(Ministry of Health et al., 

2017). 

 

 

 

Figure 40 Observed HIV prevalence for adults aged 15-49 years compared to the 

simulated range (mean and CI over 1,000 simulations) for males and females from 

1990 to 2016(UNAIDS, 2018c, UNAIDS, 2018b). 

HPV and cervical cancer outcomes 

The model was additionally calibrated to age-specific cervical cancer incidence and 

mortality rates, as reported by GLOBOCAN for the year 2016, in addition to age-

specific high-risk HPV prevalence in 2012, as reported in the PROTECT study(Dartell 

et al., 2012, International Agency for Research on Cancer, 2018). Notably, this model 

is not calibrated to match the observed distribution of HPV types, or HSIL prevalence in 
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HIV negative versus HIV positive women in Tanzania, which are both significant 

limitations. For HPV and cervical cancer outcomes, model-generated confidence 

intervals (total variation) were wide and asymmetric; in order to better understand this 

occurrence, further investigations, including a univariate sensitivity analysis (where 

non-target parameters are defined probabilistically), must be performed. Additionally, 

as cervical cancer is still not a common occurrence, with a 2018 incidence rate of 

59.1/100,000(<0.06 per 100 women), the initial starting population size of 500,000 

individuals (or approximately 250,000 women) may need to be increased. Therefore, 

future model developments will focus on calibrating the model with a larger starting 

population size and to a broader, more comprehensive range of outcomes, which will 

increase confidence in the predicted outcomes and allow parameter inputs to be 

refined with smaller allowable variance.  

 

Figure 41 Observed age-specific cervical cancer incidence and mortality rates per 

100,000 women compared to simulated ranges (mean and CI over 1,000 simulations) 

in 2016(International Agency for Research on Cancer, 2018). 

 

 



 
 

156 
 

 

Figure 42 Observed age-specific high-risk HPV prevalence compared to simulated 

ranges (mean and CI over 1,000 simulations) in 2012(Dartell et al., 2012). 

Validation to the deterministic compartment model 

Using the parameterised agent-based model, we simulated cervical cancer incidence 

and mortality rates from 1995 to 2070, assuming incrementally added VMMC and ART, 

to estimate the impact of current HIV control interventions on HIV prevalence in 

females aged 15-49 years and the age-standardised (2015 world female population) 

rate of cervical cancer incidence for HIV-negative and HIV-positive women(United 

Nations DESA / Population Division, 2017). The outcomes of these simulations were 

directly compared to the results presented in Chapter 2. Because the agent model will 

be further developed for future applications, it was parametrised with the most recent 

data available, including updated estimates for viral suppression in Tanzania (63% in 

2019)(UNAIDS, 2020a). Since agent model viral suppression assumptions fall between 

the baseline (47% from 2018) and 90-90-90 (73% from 2020) viral suppression 

assumptions presented in Chapter 2, the agent model was compared to the range 

generated by these two scenarios. Additionally, because the purpose of this exercise 

was to determine differences in model impact of HIV control interventions on HIV and 

cervical cancer outcomes in a broad sense, a scenario involving scale-up to meeting 

WHO 90-90-90 targets for HIV testing and control was not explicitly simulated. In 

addition, this exercise does not consider the modelled impact of PrEP use among high-

risk individuals, as this has not yet been incorporated into the agent-based model. 

Scenario assumptions considered for the current analysis are presented in Table 34. 
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Table 34 HIV control intervention assumptions for modelled scenarios. 

Scenario name 

and description 

VMMC 

assumptions1 

ART 

assumptions2 

Deterministic model 

comparison (Chapter 2) 

VMMC and ART. 

This scenario is 

the baseline 

scenario and 

reflects the 

current situation 

in Tanzania. 

VMMC is as 

historically 

observed and is 

maintained at 

80% prevalence 

in men aged 15-

49 years from 

2018 onwards. 

The proportion of 

people living with 

HIV who are 

receiving ART 

and virally 

suppressed is as 

historically 

observed and is 

maintained at 

63% from 2019 

onwards. 

VMMC and ART (baseline) and 

VMMC and ART (90-90-90) 

scenario. Assumed VMMC 

prevalence is the same for the 

agent-based and compartment 

models. Agent-model 

assumptions for viral 

suppression (63%) are higher 

than baseline ART assumptions 

for the deterministic model 

(47%) and lower than the target 

viral suppression (73%) under 

90-90-90 assumptions.  

VMMC only. This 

is an exploratory 

pessimistic 

counterfactual 

scenario. 

VMMC is as 

historically 

observed and is 

maintained at 

80% prevalence 

in men aged 15-

49 years from 

2018 onwards. 

No ART uptake. VMMC only, with no ART. 

Assumed VMMC prevalence is 

the same for the agent-based 

and compartment models. 

No interventions. 

This is an 

exploratory 

worst-case 

counterfactual 

scenario. 

No VMMCs 

carried out.  

 

No ART uptake.  

 

No interventions (including 

VMMC or ART). 

1VMMC, as historically observed, assumes 8% VMMC (or traditional circumcision where applicable) 

prevalence until 1995, increasing to 23% in 1998 and then increases quadratically to 80% in 2015 as 

observed(The United Republic of Tanzania Ministry of Health and Social Welfare, 2013, Ministry of 

Health et al., 2016). 2ART, as historically observed, assumes the introduction of ART in 2005, with a linear 

scale-up to 47% virally suppressed in 2017(UNAIDS, 2018d). 

For all simulated scenarios, the agent-based and deterministic-compartment models 

predicted similar female HIV prevalence from 1995 to 2070 (Figure 43). For the realistic 

VMMC and ART scenario, the agent-based model predicts a 2070 female HIV 
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prevalence of 0.86-1.15%, compared to the deterministic compartment model 

prediction of 0.19-0.56% depending on viral suppression rate. For the scenario which 

assumes VMMC only and no ART, the agent-based and deterministic compartment 

models predict that HPV prevalence in 2070 would be 2.00-5.45% and 2.46%, 

respectively. Without any intervention, the agent-based and compartment models 

respectively predict 2070 HIV incidence rates of 9.00-9.91% and 8.47%, respectively. 

Across all three scenarios, simulated HIV prevalence was generally higher for the 

agent model compared to the deterministic compartment model; this may be due to 

differences in the way that preventative interventions are simulated (i.e., at the 

individual level compared to an average across the population), or, due to the 

additional simulated modes of HIV transmission in the agent-based model. However, 

both additional transmission modalities are suppressed by ART uptake. 
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Figure 43 Simulated female HIV prevalence (ages 15-49 years) from 1995-2070 for 

scenarios assuming A: VMMC and ART, B: VMMC only, and C: no interventions for the 

agent-based model (CI range over 1,000 simulations) compared to the deterministic 

compartment model. 

For HIV negative women, the agent-based model predicts a lower cervical cancer 

incidence rate in 2070 than the compartment model (ASR of 38.09 c.f. 40.52 per 

100,000 women). VMMC is predicted to decrease the rate of cervical cancer incidence 

by 16.54% in 2070, compared to the deterministic compartment model prediction of a 

13.52% reduction (Table 35). Both models predict a slight increase in cervical cancer 

incidence rate in HIV negative women of less than 1 ASR point, due to ART for WLHIV 

extending their life expectancy and therefore increasing their contribution to the spread 

of HPV. For HIV positive women, the agent model predicted, across all simulated 
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scenarios, a lower cervical cancer incidence rate than the deterministic model, noting 

some overlap due to large confidence bounds in the ‘VMMC and ART (baseline)’ and 

‘No interventions’ scenarios. As with HIV negative women, the impact of VMMC (in 

terms of percentage decrease) was larger in the agent-based model (13.97% reduction 

compared to the 5.05% reduction predicted by the deterministic compartment model) . 

Table 35 Agent-based (mean and CI over 1,000 simulations) versus deterministic 

compartment model estimates of age-standardised cervical cancer incidence rates 

(ASR) per 100,000 women in 2070 for HIV negative and HIV positive women.  

 ASR of cervical cancer incidence 

in 2070 per 100,000 HIV negative 

women 

ASR of cervical cancer 

incidence in 2070 per 100,000 

HIV positive women 

Scenario Agent-based 

model (mean 

and CIa) 

Deterministic 

compartment 

modelb 

Agent-based 

model (mean 

and CIa) 

Deterministic 

compartment 

modelb 

VMMC and ART  32.43 (30.99-

43.50) 

35.17-35.19 189.55 

(156.17-

210.91) 

208.82-220.23 

VMMC only 31.79 (30.38-

53.74) 

35.04 224.97                         

(204.22-

239.82) 

256.25 

No interventions 38.09 (32.68-

54.81) 

40.52 261.51 

(241.36-

281.65) 

269.89 

aConfidence interval (CI) refers to the total range of outcomes generated by stochastic variation. 

b All quoted findings relevant to the deterministic compartment model are reported in Chapter 2; 

the VMMC and ART scenario range reflects variation in ongoing viral suppression rates 

between 47-73%. 

The magnitude of the differences between the agent-based and compartment model 

predictions for cervical cancer incidence among HIV positive women may be due to 

model paradigm or limitations in the parametrisation of sexual behaviour, such as lower 

sex-worker client volume and smaller assumed difference in age between partnered 

males and females than what was assumed for the deterministic compartment model. 

Additionally, relative risk of HPV acquisition and progression to cervical pre-

cancer/cancer for HIV positive compared to HIV negative women has been well defined 

and is easily translatable into multipliers for pre-cancer state transition probabilities in a 

deterministic setting. The same multipliers were utilised similarly in the agent model; 
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however, given the event-driven mechanism for time-in-state, it may also be necessary 

to translate these multipliers into quickened progression rates.  

 

Additional findings 

By capitalising on the flexible agent-based model structure, it is possible to further 

nuance our understanding of HIV positivity and viral suppression's impact on 

progression to cervical cancer. Women with HIV have an increased risk of HPV 

acquisition and disease progression across all states in the cervical pre-cancer 

pathway; however, viral suppression is known to substantially offset this increase in 

risk. As demonstrated above, ART can prevent cervical cancer incidence in some 

WLHIV; however, the capacity of ART to delay cervical cancer onset has not yet been 

quantified. Not only would delaying cervical cancer onset give back valuable years of 

life to WLHIV, but it would also expand the window of opportunity to detect and treat 

cervical precancer through screening, therefore preventing cervical cancer. Under the 

‘VMMC and ART’ scenario assumptions described above, the time between HPV 

acquisition and onset of cancer was tracked for all women diagnosed with cervical 

cancer. HPV infections were counted only if that specific infection eventually resulted in 

cervical cancer; therefore, infections that cleared or were acquired on top of existing 

HPV infections were excluded. Results were stratified by HIV positivity and ART 

treatment status. Additionally, HPV infections acquired before 2019, the year that viral 

suppression rates reach 63%, were excluded to ensure a fair comparison between 

untreated and virally suppressed WLHIV. 

The most common predicted time between HPV acquisition and cervical cancer 

incidence for women who developed cervical cancer was 22 years for HIV negative 

women, 20 years for virally suppressed women living with HIV, and 16 years for 

untreated women living with HIV (Figure 44). Therefore, on average, viral suppression 

through ART delays cervical cancer onset by four years. 
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Figure 44 Years (mean over all simulated women in 1,000 simulations) between HPV 

acquisition and incidence of cervical cancer for all cervical cancer diagnoses in women 

who acquired their HPV infection in 2020 or later. 

Discussion 

This chapter describes the development and parametrisation of an agent-based model 

of HIV and HPV transmission, (co-)infection, natural history, and prevention. The model 

platform was developed to complement and expand upon the deterministic 

compartment model presented in Chapters 2-4, as the agent-based structure enables 

the incorporation of greater detail and the generation of more nuanced results. While 

still in preliminary form, this achieves a reasonable fit to training data for HIV incidence, 

prevalence, and mortality, as well as HPV prevalence and cervical cancer incidence 

and mortality rates. Furthermore, predicted HIV and cervical cancer outcomes under a 

range of HIV control scenarios were reasonably comparable to predictions made by the 

deterministic compartment model. Finally, the model estimated the time from HPV 

infection to cervical cancer incidence for HIV negative compared to HIV positive 

women, depending on ART treatment status. On average, the estimated time from 

HPV infection to cervical cancer incidence was 22 years for HIV negative women, 20 

years for HIV positive women, and 16 years for HIV positive women on ART. 

By directly comparing predictions for the agent-based model to the deterministic 

compartment model, we have found that, in general, the agent model produced similar 

end-point estimates for HIV prevalence and cervical cancer incidence over a range of 

intervention scenarios. Incrementally, VMMC and ART were predicted to reduce HIV 

prevalence by up to 80% and 84% (assuming viral suppression of 63%) considering 

confidence intervals, whereas the compartment-based model reported reductions of up 

to 71% and 92% (assuming viral suppression of 73%) for VMMC and ART, 

respectively. For cervical cancer incidence rates among HIV negative and HIV positive 
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women, VMMC reduced cervical cancer incidence rates by 17% (2-45%) and 14% (1-

27%) respectively, which are larger than the reported reductions for the deterministic 

model, of 14% and 5%. These differences substantiate the argument that comparative 

modelling has an important place in epidemiology, as it can verify or contradict the 

overall conclusions of an analysis. A comparative study undertaken by the Cancer 

Intervention and Surveillance Modelling Network (CISNET) assessed the impact of 

introducing cervical screening in an unscreened setting and reported the percentage 

reduction in cervical cancer incidence rate. The author’s compared findings from three 

separate model platforms (two deterministic compartment models and one stochastic 

agent-based model) and reported that cervical cancer incidence reductions ranged 

from 55-74% across the models(de Kok et al., 2020). While a total difference of 19 

percentage points may seem substantial, it highlights the inherent uncertainty of 

modelling and contextualises the findings from the comparative exercise presented in 

this chapter.  

The agent model outlined in this chapter is an effective proof of concept; however, it 

should be further developed to address a range of limitations. Firstly, this model was 

calibrated to a smaller number of observed targets than the deterministic compartment 

model described in Chapters 2-4, and due to significant uncertainty in HPV natural 

history parameters, the simulations produced large confidence bounds. This model has 

not yet been calibrated to match Tanzanian HPV-type specific prevalence or HSIL (i.e., 

cytologically detected CIN2/3) prevalence among HIV-negative versus HIV positive 

women. Ensuring an acceptable fit to these targets will be essential to guarantee the 

validity of future model applications, which may assess the impact of HPV vaccination 

or specific interventions targeted to WLHIV, such as more intensive cervical screening 

and adult HPV vaccination. Another limitation of this analysis is that individuals who 

clear their HPV infections are not conferred any natural immunity to reinfection, which 

may ultimately result in an overestimation of HPV re-infection and cervical cancer 

incidence. While this was not found to substantially impact the calibration result, it will 

be addressed in future model developments. Finally, simplifications in the simulation of 

sexual behaviour may impact modelled HIV infection dynamics. In particular, the 

assumption that commercial sex workers form a maximum of two new sexual 

partnerships per month, chosen largely for computational efficiency, is significantly 

lower than the monthly client volume of 26, reported in a qualitative analysis of sex 

worker behaviour in Dar es Salaam(Research International (on behalf of T-MARC), 

2009); however, this reported monthly client volume is low-quality data, and gives no 

information confirming the ratio of new clients to recurring clients. The impact of 
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underestimating sex-worker client volumes is likely to have impacted the early HIV 

epidemic growth phase; however, as the HIV epidemic matures and the role of general 

partnerships increases, this is expected to have less of an impact. Despite this 

limitation, the model fit to observed HIV prevalence data was not severely impacted.  

Due to their inherent individualised structure, this exercise highlights that agent-based 

models can be more challenging to parametrise than their compartment-based 

counterparts and require a greater number of parameters specifying sexual partnership 

interactions. In addition, to provide meaningful estimates for the incidence of relatively 

uncommon diseases, including cervical cancer, which is usually reported in units of 

100,000 women, agent models must necessarily simulate many individuals at a great 

computational cost. Future development of this platform, which is expected to take 

place during my post-doctoral research, will address these specific limitations in 

addition to a range of other improvements.  

The agent model developed for this chapter has several strengths, including its detailed 

simulation of multimodal HIV transmission, event-driven natural history, and individual-

level incorporation of behavioural and control interventions, such as per-partnership 

condom use, VMMC and ART uptake and viral suppression. Furthermore, compared to 

deterministic compartment models, which tend to be (semi-)Markovian in nature, the 

agent-based paradigm facilitates the output of time-dependent results that would be 

impractical to generate from a compartment-based model; for example, estimating the 

time between disease acquisition and various milestones, and quantifying the potential 

for prevention interventions to delay acquisition. Time-dependent results are 

impractical to generate using Markovian models, as, by definition, it is not possible to 

track time in state. The finding that, for HIV positive women, viral suppression due to 

ART delays the onset of cervical cancer is an important result. This finding implies that 

virally suppressed women may experience an even greater benefit from cervical 

screening, as the delay in onset of cervical cancer provides an expanded window for 

pre-cancer detection and treatment. 

Additionally, the individualised nature of this model ensures its suitability for simulating 

next generation cervical screening technologies that utilise early-stage biomarkers, and 

for nuancing ART treatment impacts, which are highly dependent on the length of time 

that an individual has been receiving treatment. Further strengths of this model include 

its capacity to capture heterogeneity without the need to exponentially increase model 

size, for example, in this model, circumcision is applied to individual males, and 

condom use is applied to partnerships, rather than being protective factors 
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homogeneously applied across the entire population. Finally, this model iteration 

operates at a finer granularity than the compartment-based model, as it simulates 

individuals in single-year age groups (0-99 years) compared to five-year age groups (5-

9 to 75-79 years), and on a monthly rather than quarterly time-step. When cervical 

screening is implemented in subsequent versions of this model, single year age-groups 

will enable screening frequency and events to be more accurately captured. Further, 

the shorter time-step facilitates a more precise representation of short sexual 

relationships and allows HPV natural history progression and regression to be 

simulated linearly, without needing to assume that individuals' jump' states (for 

example, transitioning from HPV infection to CIN2 in a single time-step). The choice of 

such a small timestep was balanced against the need for computational efficiency and 

is unlikely to impact the findings of this analysis. Most processes performed by this 

model are event-driven and directly informed by data and are therefore not influenced 

by any choice of time-step. Processes which may be influenced by choice of discrete 

time-step are limited to the formation of new sexual partnerships, HIV/HPV acquisition 

per existing partnership and uptake of interventions. Since uptake of interventions is 

specified based on annual observed data, the only potential time-step-sensitive 

processes are new partnership formation and the per-timestep probability of HIV/HPV 

transmission among discordant couples (a result of ‘coital acts per timestep’). Because 

new partnership formation rates and the number of coital acts per timestep were found 

via model calibration to observed data, and are additionally subject to stochastic 

variation, it is unlikely that a reduced timestep could improve model findings. 

Nonetheless, future model iterations will investigate the use of a reduced timestep, 

which will come at substantial computational cost. 

Deterministic compartment modelling is a useful and valid modelling approach for 

simulating complex epidemic interactions, such as HIV and HPV; however, there is a 

practical limit to what can be achieved with that model paradigm. As it becomes 

necessary to include more detail, a compartment-based model’s Markovian and size 

limitations necessitate a transition to agent-based approaches. Modelling studies 

utilising multiple independent model platforms to make predictions, known as 

comparative modelling, is quickly becoming the gold standard for model generated 

evidence. By defining, parametrising, and comparing two separate models of HIV and 

HPV infection and natural history, with substantial variation in underlying structure, this 

thesis can provide, through comparative modelling, validated estimates of the 

quantitative impact of HIV control interventions on cervical cancer outcomes in 

Tanzania.  
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Chapter 6: Discussion and Conclusion 

This body of work was constructed to comprehensively assess the impact of endemic 

human immunodeficiency virus, and ongoing HIV control, on HPV transmission 

dynamics, natural history, and cervical cancer control. For this work, a deterministic 

model platform was developed to dynamically simulate the transmission, natural 

history, and potential for control of HIV and multiple HPV genotypes. This model 

platform was extensively calibrated and validated against data specific to the United 

Republic of Tanzania, a country with endemic HIV (4.6% in 2020) and ongoing scale-

up of HIV control interventions such as voluntary medical male circumcision (up to 80% 

from 2018), antiretroviral therapy (up to 47% viral suppression in 2018) and 

programmes targeted at increasing safe sex practices and condom use(UNAIDS, 

2018e, Kim et al., 2019). Tanzania was the chosen setting for parametrisation of the 

model as it is broadly representative of the sub-Saharan African region in terms of 

human development index, income, endemic HIV, and cervical cancer incidence, and, 

due to the availability of detailed empiric data describing national HIV diagnoses, 

prevalence, and treatment, in addition to data informing HPV and CIN prevalence by 

HPV genotype and HIV positivity status.  

Summary of findings 

The historical, present, and future impact of Tanzania's implemented and sustained 

HIV control interventions on HIV and HPV prevalence and cervical cancer incidence 

and mortality were quantified. These interventions included voluntary medical male 

circumcision (VMMC) scale-up to cover 80% of Tanzanian males by 2018, progress 

towards the WHO 90-90-90 HIV testing and treatment targets, and access to pre-

exposure prophylaxis for at-risk females and males. The modelling estimated that, to 

2020, VMMC had prevented 2,843 cervical cancer cases and 1,039 cervical cancer 

deaths. The expansion of Tanzania's antiretroviral treatment coverage, while ultimately 

lowering cervical cancer incidence and mortality rates over the next fifty years, is 

estimated to have indirectly resulted in 1,573 additional cervical cancer cases and 

1,221 additional cervical cancer deaths. This temporary increase in cancer burden is 

not a failure of antiretroviral utilisation but rather should be seen as a success, as the 

life-extending capability of antiretroviral therapy has, for many women, removed HIV-

related mortality as a competing risk to cervical cancer incidence. The scale-up of 

antiretroviral coverage and viral suppression rates to meet the WHO's 90-90-90 targets 

in combination with VMMC was predicted to lower cervical cancer incidence and 

mortality rates by 43% and 39%, respectively, in 2070 compared to the 2020 rates. 

Unfortunately, even the best-case assumptions for HIV control were not predicted to 
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drive the incidence rate of cervical cancer below 35 cases per 100,000 women, which 

is substantially higher than the elimination threshold of four cases per 100,000 women. 

It is therefore important to scale up dedicated cervical cancer prevention programmes, 

in addition to sustained HIV control, such that lives saved through HIV prevention are 

not instead lost to cervical cancer.  

Therefore, the subsequent analysis examined the impact of scaling up HPV 

vaccination, screening, and treatment in Tanzania to meet the WHO 90-70-90 

elimination targets (independently and combined), considering variation in HPV and 

cervical cancer risk for all women, and specifically for WLHIV. This work assumed 

twice-lifetime HPV testing, with intensive three-yearly HPV testing for women living with 

HIV as per the original (now superseded) 2013 WHO cervical screening guidelines. 

The principal finding was that cervical cancer elimination, at the four per 100,000 

threshold, was predicted to occur in 2076 for the general population of Tanzanian 

women and in 2061 for WLHIV. Cervical cancer elimination aside, the scale-up of 

cervical screening on its own was projected to rapidly reduce cervical cancer incidence 

among all Tanzanian women by more than 50% in 10-20 years, with even greater 

reductions predicted for WLHIV. Additionally, increasing access to cervical cancer 

treatment from 9.5% to 90% reduced the predicted cervical cancer mortality rate by 28-

35% for all women and WLHIV. These findings strengthen the case for implementing 

the WHO cervical cancer elimination strategy with increased screening available for 

women living with HIV and highlight the urgency for delivering high-quality screening to 

populations with endemic HIV. 

In the intermediate term, while the protective benefits of pre-adolescent HPV 

vaccination are yet to be realised, there is a substantial benefit in terms of lives saved 

by rolling out cervical screening quickly and at high coverage rates. However, as HPV 

vaccination combined with HIV control drives down the risk of cervical cancer, the 

optimal cervical screening regimen for women in Tanzania, or any country, is likely to 

change. Therefore, Chapter 4 aimed to take a closer look at possible cervical screening 

approaches (a combination of technology, frequency, and age range) tailored for 

cohorts of women vaccinated at high (≥90%) coverage against HPV. Detailed cost-

effectiveness and harms-versus-benefits analyses identified that, for the general 

population of Tanzanian women, primary HPV testing at age 35 and 45 was the most 

cost-effective approach (ICER=$957.05/LY, WTP=$1,061) and minimised harms 

associated with cervical screening relative to cervical cancer cases prevented 

(NNT=15.58).  In the subgroup of WLHIV, three-yearly HPV testing from age 30 (8 

lifetime tests) was the most cost-effective approach (ICER=$1,015.57, NNT=9.89); 
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however, HPV testing at age 35 and 45 was also cost-effective and further minimised 

screening harms (NNT=5.33). Longitudinally, transitioning from revised (2021) WHO 

screening recommendations to cost-effective screening approaches for vaccinated 

cohorts is still predicted to achieve cervical cancer elimination, despite less frequent 

screening in WLHIV. 

The final piece of work, presented in Chapter 5, outlines the preliminary development 

of an agent-based model of HIV and HPV (co-)infection, natural history, and HIV 

control. The purpose of this additional model is to complement and expand on the 

capabilities of the deterministic compartment model, and in the process, address 

several identified limitations. This chapter presents a description of model structure and 

parametrisation, validation against compartment model findings (Chapter 2) and 

additional model outcomes to further our understanding of the impact of ART on 

cervical cancer onset in WLHIV. The model achieved an acceptable fit to limited 

observed data targets, with large, simulated confidence intervals produced by 

stochasticity for cervical cancer outcomes. The agent-based model validated 

reasonably against findings from the deterministic compartment model. Under current 

HIV control assumptions, the agent and deterministic compartment models predict that 

the 2070 prevalence of HIV among females will be 2.00-5.45% and 2.46%, 

respectively, and that the age-standardised rate of cervical cancer incidence will be 

32.43 and 35.17 per 100,000 women, respectively. The agent-based model also 

predicts that, on average, women who are diagnosed with cervical cancer have carried 

their high-risk HPV infection for 22 years if they are HIV negative and 16 years if they 

are HIV positive and untreated. In WLHIV, viral suppression was predicted to delay the 

onset of cervical cancer by approximately four years, increasing the opportunity to 

detect and treat cervical precancer before it progresses to cancer. 

Strengths and comparison to the literature 

The overarching strengths of this thesis are the novelty of the research, which 

addresses an important public health problem in sub-Saharan Africa, and, the detail 

incorporated into the model platform supporting this research. This doctoral research 

was the first to directly explore the dynamic relationship between HIV control 

interventions and cervical cancer incidence and mortality, report on the feasibility and 

timing of cervical cancer elimination using an integrated dynamic HIV/HPV model and 

assess the cost-effectiveness of continued cervical screening among vaccinated 

women with and without HIV. Findings from this thesis contribute to evidence for public 

health interventions that can minimise unnecessary morbidity and mortality to African 

women. Furthermore, this model platform was used to perform detailed analyses 
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(separate to this thesis) of cervical screening algorithms, including variation in primary 

and triage test technology, screening interval and age-range in unvaccinated cohorts of 

WLHIV; an analysis which directly informed the World Health Organisation 2021 

guidelines for cervical screening in women living with HIV(World Health Organisation 

2021). 

The model is highly detailed, capable of simulating HIV and multi-type HPV 

transmission dynamics, accounting for age-, sex-, and risk-profile-specific sexual 

behaviour over time, in addition to VMMC, PrEP, condom-use, HIV-stage-specific ART 

uptake rates, including partial and complete viral suppression, and cervical cancer 

control interventions such as HPV vaccination and cervical screening. This platform 

has been carefully calibrated and validated against a wealth of empiric data sourced 

primarily from Tanzania and supplemented by South African or Ugandan data when 

Tanzanian data was unavailable. From a pragmatic standpoint, this platform has 

pushed its computational and size limits; therefore, the development of an agent-based 

platform has commenced to support it. This additional agent model, which will be the 

focus of further development and improvement, can incorporate greater detail and has 

already produced estimates that were not possible for the compartment model to 

determine, such as the length of time between initial HPV infection and the onset of 

cervical cancer.   

Prior to the commencement of this doctoral research, the existing modelling literature 

was largely cohort-based in strictly HIV positive populations, not accounting for age- 

and year-specific dynamics in HIV and HPV acquisition risk, or changing access to 

control interventions(Atashili et al., 2011, Vanni et al., 2012, Campos et al., 2018). In 

more recent years, while this thesis was being prepared, two relevant model platforms 

have also featured in the literature: a dynamic compartment model developed by 

authors at the University of Washington, and a stochastic individual-based model 

developed at Stellenbosch University in South Africa(Tan et al., 2018, van Schalkwyk 

et al., 2021). The University of Washington model was published in a 2018 analysis 

assessing the long-term impact of HPV vaccination programmes in HIV-negative and 

HIV-positive women in Kwa-Zulu Natal, South Africa(Tan et al., 2018). The authors 

found that increasing HPV vaccination coverage in South Africa from 50% (with a 

bivalent vaccine) to 90% (with a 9-valent vaccine) may reduce cervical cancer 

incidence rates by 74%, in the context of existing cytology-based cervical screening, 

over a 70-year time horizon; Chapter 3 reports greater reductions of 91% in cervical 

cancer incidence due to 9-valent HPV vaccination. Potential causes of this difference in 

cervical cancers preventable through HPV vaccination may be caused by differences in 
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underlying assumptions about HPV type distribution in cervical cancer. While this 2018 

study incorporated essential HIV transmission dynamics and HIV control, it did not 

explicitly explore the direct and indirect effects of HIV and HIV control on HPV 

prevalence, cervical precancer and cervical cancer rates over time in HIV-positive and 

HIV-negative women.  

The Stellenbosch University model, published online in June 2021, utilised an 

individual-based HIV and HPV infection model to assess the historical and potential 

future impact of HPV vaccination and cervical screening in South Africa(van Schalkwyk 

et al., 2021). Their analysis is very comparable to Chapter 3 of this thesis, except for 

differences in model paradigm (individual versus compartment), setting (South Africa 

versus Tanzania), and screening algorithm/s (screening with triage versus screen-and-

treat without triage). The authors predict that under current observed HIV control (ART 

and condom-use), HPV vaccination (bivalent HPV vaccine) and cervical screening 

(cytology) in South Africa, cervical cancer incidence will fall by 76% over the next 

century, from an age-standardised rate of 49.4 in 2020 to 12.0 per 100,000 women in 

2120. Cervical cancer incidence rates may be further reduced to 4.7/100,000 women if 

the HPV vaccination programme switches to a 9-valent HPV vaccine, combined with a 

screening programme transition to primary HPV testing with 16/18 genotyping and 

cytology triage for women with high-risk HPV not 16/18. An additional reduction to 

4.0/100,000 is predicted for a scenario assuming three-yearly screening (ages 25-50) 

for women living with HIV. These findings for South Africa are highly comparable to 

other published estimates that do not explicitly account for HIV, which similarly 

estimate that screening and HPV vaccination will reduce cervical cancer incidence 

(ASR) to 4.9/100,000 women in 2099(Simms et al., 2019). Such a reduction in cervical 

cancer is not as substantial as those reported under similar assumptions for Tanzania 

in Chapter 3, which predicts that over the same 100-year timeframe, cervical cancer 

incidence may be reduced from 58.0 to 1.3-2.5 cases per 100,000 women 

annually(Hall et al., 2021). This disagreement in the magnitude of cervical cancer 

incidence reduction may be attributed to differences in local HPV type distribution and 

setting-specific variation in voluntary medical male circumcision prevalence, which is 

assumed to reduce male HPV acquisition risk by 63%, and is significantly higher in 

Tanzania (80%) than in South Africa (53%)(Cork et al., 2020). Additionally, Tanzania 

has a higher starting cervical cancer incidence rate (58.0 compared to 49.4/100,000 in 

South Africa), and this may reflect the current availability of screening, as women in 

Tanzania are for the most part unscreened, whereas women living in South Africa have 

access to cytology-based cervical screening.  
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To date, there are no published studies that assess optimal cervical screening 

frequency in the context of endemic HIV and HPV vaccination as presented in Chapter 

4, or which report on delay in cervical cancer onset due to viral suppression in HIV 

positive women as presented in Chapter 5. While this research fills a current literature 

gap, this field is rapidly maturing, and there will ideally be similar analyses to compare 

these findings to in the future.  

Limitations and avenues for future research 

Considering the findings and the limitations of this thesis, there are extensive 

opportunities for future work, as described below. 

Improved and updated parameter information 
As with all modelled analyses of this nature, the best one can do is use the 

observational data available at the time; however, future analyses must be updated to 

incorporate new data as it emerges. While this thesis was being prepared, updated 

data has emerged which will inform future model assumptions. In particular, priority 

areas for data updates include ART uptake and viral suppression (up to 69% viral 

suppression among all people living with HIV in 2019), progress towards target HPV 

vaccination rates (49% full-dose coverage of 9-14-year-old females by the end of 

2019), and if/when data becomes available, updates reflecting changes in behaviour, 

uptake of interventions and all-cause mortality attributable to the COVID-19 

pandemic(UNAIDS, 2020a, Mphuru et al., 2021).  

Increased model detail and complexity 
Due to practical and computational limitations imposed by a compartment-based 

structure, it may not be feasible to incorporate additional detail into the compartmental 

model utilised in Chapters 2, 3 and 4. However, in leveraging the flexibility inherent in 

agent-based models, the model described in Chapter 5 represents an excellent 

opportunity to include this detail. Many limitations that were previously noted for the 

compartmental model have been, or will be, addressed in the agent-based model 

structure, including simulating single-year age groups and individual HPV genotypes, 

the impact of HIV stage on HPV natural history, and alternate HIV transmission 

modalities. Furthermore, by modelling individuals rather than groups of people with 

similar characteristics, it is feasible to integrate individual variability in CD4 counts, ART 

failure and uptake of second-line therapies, the length of time on ART and 

discontinuation, HIV-stage reversion and HIV anti-viral resistance in ART users.  

While heterosexual transmission is the modality most applicable to HPV transmission 

in relation to cervical cancer, HIV transmission is known to be elevated among high-risk 
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population subgroups such as men who have sex with men (MSM) and injection drug 

users (IDU), and can be transmitted from mother to child in utero; with MSM estimated 

to make up 1.3% of the Tanzanian (male) population, and over 10,000 infant HIV 

infections in 2019 due to mother-to-child transmission(UNAIDS, 2021a, Wambura et 

al., 2020). The agent model presented in Chapter 5 specifically incorporates additional 

HIV transmission modalities, including transmission among MSM and mother to child 

transmission; however, it is subject to substantial limitations in simulating sexual mixing 

patterns and behaviour for commercial sex workers and their clients, which will need to 

be addressed. Future model iterations will additionally incorporate within-country 

geographic heterogeneity for parameters such as sexual mixing, sexual behaviour and 

access to prevention interventions, as observational data demonstrate that severe 

inequities exist across geographic regions in Tanzania(Runge et al., 2019). In many 

sub-Saharan African countries, national averages for HIV prevalence and cervical 

cancer incidence reflect elevated disease transmission in regional hot spots(Dwyer-

Lindgren et al., 2019). A clear example of this is the case of South Africa, where a 

study reported that geospatially across the greater Durban region, HIV incidence rates 

ranged from 3 to 12 new cases per 100 woman-years(Ramjee et al., 2019). 

The simplified screen-and-treat screening approaches modelled in Chapters 3-4 are 

unlikely to reflect real-world cervical screening pathways, with the WHO recommending 

in their revised guidelines that national screening programmes follow a 'screen, triage 

and treat' approach for WLHIV(World Health Organisation 2021). Under a screen, 

triage and treat screening algorithm, women who screen positive at their primary 

screening test then receive a second 'triage test', which determines whether they are at 

high risk of CIN 3 or cervical cancer (to receive immediate precancer treatment), or, 

whether they are at intermediate risk (to receive surveillance testing). The WHO 

recommends HPV DNA testing as the primary screening test, with either partial 

genotyping (for HPV 16/18), colposcopy, VIA or cytology to triage women. Detailed 

screening algorithms, including screen, triage, and treat approaches, have been 

implemented in the compartment model to perform evaluations informing these WHO 

recommendations, although they have not been utilised for analyses in this thesis.  

Finally, the cervical screening analyses presented in Chapters 3 and 4 assume that a 

screening participation rate of 70% is uniformly applied across the entire female 

Tanzanian population for each independent screening test. In reality, we know that 

there are a range of barriers and facilitators to cervical screening, and that it is likely a 

population would be divided into never-screeners, inconsistent screeners, and those 

who consistently screen when they are due(Pedersen et al., 2017). By ignoring these 
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individual behaviours as assuming that a random 70% of women participate in each 

recommended screening event, scenarios assuming frequent screening invariably also 

assume that all women are screened at least once, an assumption which maximises 

potential simulated cervical cancer incidence reductions and is unlikely to reflect the 

reality of implemented screening programmes. Individual screening behaviours can be 

incorporated into the agent-based model structure to account for heterogeneity in 

screening behaviour to overcome this limitation. 

Optimal scale-up strategies 
Future studies assessing the optimal introduction of cervical cancer prevention 

strategies may consider temporary 'catch-up' vaccination or screening for women older 

than the usual target age range but still at risk of cervical cancer(Bosch et al., 2016). 

This approach may help reduce cervical cancer incidence in women outside of the 

intervention age range and may be targeted towards WLHIV, noting that the 

effectiveness of HPV vaccination in this population subgroup is still disputed and under 

active investigation(Zizza et al., 2021). In the case of catch-up screening, this may be 

offered to women older than the screening cut-off as an 'exit-test' to reduce their 

cervical cancer risk, as they have not benefited from a lifetime of cervical screening 

under recommended management.  

New screening strategies 
As more data on the safety and efficacy of new cervical screening test technologies 

emerges, it will be prudent to model their potential incorporation into new and existing 

cervical screening programmes. This includes emerging evidence for primary 

screening with an mRNA test and triaging with dual-stained cytology for women with 

screen-detected HPV. Unlike HPV DNA testing, which utilises PCR to detect HPV DNA 

present in a cervical sample, mRNA testing aims to detect only HPV infections where 

there is over-expression of the viral oncogenes E6 and E7. While slightly reducing test 

sensitivity to CIN2+ detection by approximately 2%, this approach has been shown to 

increase specificity by 4%, which will reduce costs and harms associated with 

unnecessary follow-ups and precancer treatments by up to 23%(Iftner, 2018). Dual-

stained cytology can be used as a triage test to determine the severity of disease or 

urgency of follow-up for women who screen positive with either an HPV DNA or mRNA 

test and refers to the detection through staining of the biomarkers p16 and Ki-67. 

Recent studies from Kaiser Permanente and the National Institutes of Health have 

reported that dual-stained cytology is superior to cytology testing alone for stratifying 

screen-positive women by risk and may be an effective triage test by reducing overall 

screening-associated harms(Wentzensen et al., 2019).  
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Impact of coronavirus pandemic 
Finally, a timely and relevant analysis assessing the impact of the 2019 novel 

coronavirus pandemic (SARS-COV-2) on HIV epidemic outcomes and uptake of 

cervical cancer control interventions could be performed. Data from many countries 

indicate that uptake and availability of the usual health services have been reduced 

during the pandemic for a range of reasons, including supply, workforce closures, and 

patient fear to attend clinics(Dorward et al., 2021, Waterfield et al., 2021, Smith et al., 

2021). This has the potential to reduce rates of viral suppression through ART in 

countries with endemic HIV and stall the scale-up of HPV vaccination and cervical 

screening services in many countries.   

Open-source code sharing 
At the time of writing this thesis, the executable model code for both the deterministic 

compartment model and the agent-based model has not been made publicly-

accessible. 

Policy implications of findings 

Synthesis of model findings presented throughout this thesis, combined with existing 

evidence-based guidelines, yields seven key policy recommendations specific to HIV 

and cervical cancer control in Tanzania. For each recommendation, the rationale or 

evidence is described, in addition to an assessment of Tanzania's current status in that 

specific domain as well as potential barriers and challenges. Tanzania's progress in 

each domain is defined as one of three possible categories: 

Achieved The policy recommendation has been implemented in Tanzania, and 

utilisation is at target levels. 

On-track The policy recommendation has been implemented in Tanzania, and 

utilisation is moderately high or close to target levels. 

Urgent The policy recommendation has not been implemented in Tanzania, or 

the policy recommendation has been implemented in Tanzania, and 

utilisation is low. 

 

 Policy recommendation 1: voluntary medical male circumcision 

 

Evidence from randomised controlled trials, cohort studies and modelling informed the 

2020 WHO recommendation that VMMC should be utilised as an effective means of 

Policy: Maintain high (≥80%) prevalence of VMMC among the sexually active 

male population. 

Status: Achieved. 
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HIV prevention in males aged 15 and over in settings with endemic HIV. The risk of 

HIV infection is 44-56% lower for circumcised men and 41% lower for their female 

partners(World Health Organisation (WHO), 2020b). Model findings from this thesis 

(Chapter 2) indicate that compared to a scenario with no VMMC or ART, VMMC at 

80% prevalence would reduce HIV prevalence by more than 70%, with an additional 

benefit of reducing cervical cancer incidence by 28%.  

Acceptability and uptake of VMMC in Tanzania have been high, with the latest 

estimates reporting 80% prevalence of VMMC among adult (ages 15+) Tanzanian 

males in 2019(Cork et al., 2020). Nevertheless, there are still potential barriers to 

maintaining this programmatic success, particularly when the perceived threat of HIV 

incidence subsides. When performed beyond infancy, circumcision comes with 

associated harms, including pain\discomfort, interruption to sexual function, and risk of 

infection as associated with any surgical procedure(World Health Organisation (WHO), 

2020b).  To reduce these risks, infant circumcision may be considered; however, 

circumcision of infants is not voluntary and removes choice and bodily autonomy.  

Policy recommendation 2: HIV testing and treatment 

Policy: Meet UNAIDS 90-90-90 targets (and 95-95-95 targets if possible) for HIV 

testing, treatment and viral suppression. 

Status: On track. 
 

Strong accumulated evidence on the benefit of viral suppression through ART, on both 

the individual (normalised survival) and community (96% reduction in transmission), 

has resulted in the 2014 Joint United Nations Programme on HIV/AIDS (UNAIDS) 

setting the' 90-90-90' targets for HIV testing and treatment(UNAIDS, 2017). These 

UNAIDS targets specified a 2020 deadline to achieve these targets and defined 

additional 'Fast-Track Targets', increasing the initial targets to 95-95-95 by 

2030(UNAIDS, 2015). Model findings presented for Tanzania in Chapter 2 indicate that 

scale-up to meet the UNAIDS 90-90-90 targets, compared to the maintenance of rates 

observed in 2018, will reduce HIV prevalence by 68-71% by 2070, with the added 

benefit of reducing cervical cancer incidence by 3%. Furthermore, agent-model findings 

presented in Chapter 5 indicate that for WLHIV who develop cervical cancer, viral 

suppression can delay onset of this disease by approximately four years. 

Data published up to 2019 indicate that Tanzania is on track to achieve the UNAIDS 

90-90-90 targets, with an estimated 85% of PLHIV aware of their status, 90% of people 

diagnosed with HIV receiving ART, and 92% of these people virally 

suppressed(UNAIDS, 2020a). HIV diagnosis among PLHIV is the only domain currently 
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falling short of the 90-90-90 targets, and in order to achieve this, personal barriers (fear 

of positive test, stigmatisation), health system barriers (proximity to clinics and long 

wait times), and interpersonal barriers (disclosure to sexual partners) must be 

overcome(Alfred Meremo et al., 2016, Mohlabane et al., 2016). 

Policy recommendation 3: broad-spectrum HPV vaccination 
 

Policy: Vaccinate 90% of females aged 9-14 with a broad-spectrum HPV vaccine 

by 2030 per the WHO cervical cancer elimination strategy. 

Status: On track. 
 

There is a wealth of evidence in support of widespread use of the safe and highly 

efficacious HPV vaccine; as such, the WHO has recommended that, by 2020, countries 

fully vaccinate 90% of girls by the age of 15(World Health Organisation, 2020). The 

WHO Cervical Cancer Elimination Modelling Consortium (CCEMC) results indicate that 

over the 100 years from 2020-2120, 9-valent HPV vaccination at 90% will reduce 

cervical cancer incidence rates by 89%(Brisson et al., 2020). Modelled results from this 

thesis specific to Tanzania and accounting for HIV prevalence and control indicate that 

(in the absence of screening), implementation of 9-valent HPV vaccination at 90% will 

reduce cervical cancer incidence rates in Tanzania by 92% for the general female 

population, and 87% in WLHIV.  

Recent HPV vaccine coverage data indicate that Tanzania is on the way to achieving 

the target HPV vaccine coverage rate by 2030, with 49% of girls aged 14 in 2019 

having completed their HPV vaccine course(Mphuru et al., 2021). However, Tanzania's 

HPV immunisation programme currently delivers a 4-valent HPV vaccine and may 

consider switching to a 9-valent or bivalent (with cross-protection) HPV vaccine(Runge 

et al., 2019). While general vaccine acceptability is high, barriers to the effective roll-out 

of HPV vaccination in Tanzania include vaccine availability and service delivery, costs 

associated with vaccination (from both a healthcare and individual perspective) and 

individual concerns surrounding vaccine safety, the potential to encourage early sexual 

initiation, and perceived low risk of HPV infection(Cunningham et al., 2015, Ports et al., 

2013). 

Policy recommendation 4: cervical screening with HPV 
 

Policy: (1) Screen at least 70% of women with HPV DNA testing at least twice per 

lifetime, once by age 35 and again by age 45.  

(2) Screen at least 70% of WLHIV with HPV DNA testing at 3- to 5-yearly 

intervals, starting from age 25.  
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Status: Urgent. 

 

Cervical screening prevents cervical cancer by detecting and treating HPV infection or 

cervical precancer and increases cervical cancer survival through early detection. 

Following an extensive systematic review and meta-analysis, and specialised 

modelling studies, the WHO has recommended that women aged 30-50 years are 

screened with HPV DNA testing at 5- to 10-yearly intervals; which incorporates the 

minimum WHO cervical cancer elimination strategy, or twice per lifetime at ages 35 

and 45 years. WLHIV are recommended to be screened with HPV DNA testing every 

3- to 5-years, from age 25 to 50(World Health Organisation, 2020, World Health 

Organisation 2021). Combined, the findings from Chapters 3 and 4, regarding the 

feasibility, timing and cost-effectiveness of cervical cancer elimination provide a strong 

case for swift investment in cervical screening, with particular attention for WLHIV. In 

the absence of HPV vaccination, Chapter 3 model findings indicate that over 2020-

2119, twice-lifetime HPV testing (with 3-yearly testing for WLHIV) will reduce cervical 

cancer incidence rates by 62% overall and by 94% in WLHIV; the majority of this 

reduction predicted to occur in the decade following full screening programme 

implementation. Furthermore, as reported in Chapter 4, under some circumstances, 

cervical screening may even be cost-saving as dollars spent on cervical cancer 

prevention may be saved on cervical cancer treatment costs. 

Women in Tanzania are eligible for nationally or (in some cases) church-funded 

primary screening with VIA; uptake is low, with an estimated 6-21% of women having 

ever received a cervical screening test(Mabelele et al., 2018, Runge et al., 2019). 

Barriers to uptake of cervical screening in Tanzania include: patient awareness, travel 

to testing facilities, costs associated with travel, testing or time off work, fear of a 

positive result and stigmatisation(Cunningham et al., 2015, Bateman et al., 2019). 

However, self-collection and integration of cervical screening with existing HIV care 

structures may help overcome some of these identified barriers to screening. 

Policy recommendation 5: cervical precancer treatment 
 

Policy: At least 90% of women with detected cervical precancer receive ablative or 

excisional treatment, as appropriate, and additional follow-up to confirm 

treatment success, by 2030.  

Status: On-track. 
 

The efficacy of cervical screening to prevent cervical cancer is dependent on the 

removal of detected cervical precancer. Based on this, the WHO's 2021 revised 
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guidelines for cervical screening and precancer treatment outline detailed precancer 

treatment and follow-up recommendations to ensure that the benefit of cervical 

screening is maximised while not causing unnecessary harms(World Health 

Organisation 2021). The WHO cervical cancer elimination strategy calls for at least 

90% of women with detected cervical precancer to receive treatment by 2030. The 

potential impact of losses in precancer treatment efficacy is reported in Chapter 3 in 

sensitivity analysis, which finds that for a 10% decrease in precancer treatment 

efficacy, cervical cancer elimination may be delayed by up to five years.  

In Tanzania, 10-15% of screen-positive women receive same-visit precancer treatment; 

however, one study reports that only 52.2% of women who postpone precancer 

treatment return to receive it(Masalu et al., 2017, Anderson et al., 2015). Loss to follow-

up due to lack of patient recall mechanisms, or clinic inaccessibility, is a primary barrier 

for women receiving precancer treatment, as many women need to travel for screening 

attendance(Anderson et al., 2015). Therefore, screen-and-treat cervical screening 

approaches may be beneficial in this setting, reducing the probability of loss to follow-

up. 

Policy recommendation 6: cervical cancer treatment 
 

Policy: At least 90% of women diagnosed with cervical cancer receive appropriate 

treatment (surgery, radiation, chemotherapy and palliative care) by 2030.  

Status: Urgent. 
 

The WHO cervical cancer elimination strategy calls for 90% of all women diagnosed 

with cervical cancer to receive treatment appropriate to the severity of their 

disease(World Health Organisation, 2020). Modelling undertaken by the WHO CCEMC 

estimates that HPV vaccination combined with cervical screening and cervical cancer 

treatment scale-up can reduce projected 2120 cervical cancer mortality rates by 98.6%, 

compared to a scenario without vaccination, screening, or cervical cancer treatment 

scale-up(Canfell et al., 2020). Chapter 3 addresses the impact of cervical cancer 

treatment scale-up alone, specific to Tanzania, reporting that scale-up of cancer 

treatment rates to 90% could reduce cervical cancer mortality rates by a further 28-

36%, depending on HIV infection status and the implementation of other interventions. 

Estimated 2020 cervical cancer treatment access rates in Tanzania are 9.5%, 

indicating that cancer treatment services should be prioritised in this region(Canfell et 

al., 2020). The primary challenge in improving cervical cancer treatment rates in 

Tanzania is the current deficit of medical centres delivering specialised cancer care. 
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For many years, the Ocean Road Cancer Institute (ORCI) in the nation's capital (Dar es 

Salaam) was the only cancer treatment centre but has recently been joined by the 

Kilimanjaro Christian Medical Centre and the Arusha Lutheran Medical Centre, which 

do not offer all treatment services. Additionally, it is estimated that at the ORCI, 

approximately 70% of patients are not correctly medicated due to insufficient 

supply(Henke et al., 2021, Runge et al., 2019).  

Policy recommendation 7: tailored screening for cohorts vaccinated against 

HPV 
 

Policy: Re-assess cervical screening needs as vaccinated cohorts dominate the 

age range of cervical screening eligibility.  

Status: Not applicable (future recommendation). 
 

Findings from Chapter 4, in addition to accruing evidence from a range of other 

settings, indicate that as HPV infection and cervical cancer risk change due to HPV 

vaccination, the optimal frequency of cervical screening will also change. For the 

general population of Tanzanian women, Chapter 4 indicates that it is not cost-effective 

to screen more than twice per lifetime; for WLHIV it is not cost-effective to screen 

before age 30 and more than 8 times per lifetime. Based on this, it is recommended 

that as the HPV vaccination programme matures and the screening age range is 

comprised of vaccinated cohorts, a re-assessment of cervical screening needs should 

be carried out.  

Concluding remarks 

Population interventions for HIV and cervical cancer control have achieved substantial 

success in reducing the disease burden of both HIV and cervical cancer. This thesis 

solidifies arguments for sustained investment in HIV control interventions, and scale-up 

of HPV vaccination and cervical screening, given the encouraging potential for lives 

saved. Furthermore, this thesis provides actionable policy-relevant recommendations 

for reducing the burden of cervical cancer in a sub-Saharan African country.  
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