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Abstract 

Cervical cancer prevention in the context of abating HIV prevalence in Kenya   

Gui Liu  

 

Chair of the Supervisory Committee: 

Ruanne V. Barnabas 

Departments of Global Health, Medicine, and Epidemiology 

 

In 2020, the World Health Organization (WHO) launched an initiative to eliminate cervical cancer 

as a public health problem globally. While high-income countries are expected to achieve this goal 

in the coming decades, the timeline for elimination will be significantly longer for lower-resourced 

countries with high HIV burden. In low-and-middle income countries, HIV infection is associated 

with a 7-fold increase in cervical cancer risk. In Kenya, where HIV prevalence among women is 

6%, cervical cancer incidence rate is among the highest in the world. Further, a limited number of 

studies have shown that human papillomavirus (HPV) infection increases HIV risk, raising the 

question of whether HPV vaccination could reduce HIV burden. As the country prepares to meet 

the challenge of cervical cancer elimination, strategies for reducing cervical cancer burden in 

Kenya will need to account for the synergies between the two diseases. This dissertation aimed to 

comprehensively quantify the interactions between HIV infection and cervical cancer, and 

estimate the population-level impact of HPV vaccination on cervical cancer and HIV burden in 

Kenya.  

Using a matched case-control study nested in a randomized control trial of HIV 

chemoprophylaxis, we evaluated the association between HPV infection and subsequent HIV 
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acquisition in chapter 2. We found that HPV infections were common among both cases (women 

who seroconverted) and HIV-negative controls, with infection with one or more HPV types 

targeted by the nonavalent vaccine detected in 60% of cases and 42% of controls. Adjusting for 

sexual behaviors and other sexually transmitted infections, women with any HPV infection had 

2.6-fold higher risk of HIV acquisition compared to women who were HPV-negative. In particular, 

infection with a nonavalent vaccine-targeted HPV type increased HIV risk 2.1 times and infection 

with a quadrivalent-vaccine-targeted type increased HIV risk 1.9 times. These findings suggest 

that HPV vaccination may reduce HIV incidence.   

 In chapter 3, we conducted a systematic review and meta-analysis to synthesize the 

literature on the effect of HIV infection on HPV natural history. We found that relative to HIV-

negative women, women living with HIV had significantly higher risk of HPV acquisition, 

persistence, and progression to cervical precancerous lesions and cancer, with risks increasing as 

CD4 cell counts decreased. Antiretroviral therapy lowered the risk of HPV acquisition and 

persistence, and progression to low-grade precancerous lesions, however, its impact on high-grade 

lesions depended on duration of use.  

 Finally, in chapter 4, we evaluated the health effects of HPV vaccination in Kenya using a 

dynamic compartmental model that accounted for the bidirectional interactions between HPV and 

HIV infections. The model projected that HPV vaccination will reduce cervical cancer incidence 

by 68-84% and prevent 164,529-326,968 cervical cancer cases over 50 years. The impact of 

vaccination on cervical cancer burden was greatest and occurred earlier when women aged 15-24 

were vaccinated in addition to girls aged 10-14. Further, we found that HPV vaccination will 

reduce HIV prevalence by 7-11%, averting 23,862-52,951 cases of HIV in men and women over 
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50 years. Finally, the model projected that HIV prevalence will continue to decline in Kenya, and 

as a result cervical cancer rates will decline even in the scenario without vaccination.  

 In conclusion, cervical cancer burden in Kenya can be substantially reduced with HPV 

vaccination; particularly if the vaccination strategy includes young women aged 15-24. While 

HPV vaccination had a lesser impact on HIV burden, it should be included as a component of a 

comprehensive HIV prevention package. Overall, our findings highlighted the importance of 

accounting for the changing HIV epidemiology in Kenya when considering HPV vaccination 

strategies.  
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Cervical cancer is largely preventable, yet it is becoming another indicator of health inequity 

between high-income and low-income countries. The availability of organized cancer screening 

programs and human papillomavirus (HPV) vaccination in high-income countries have resulted in 

significant reductions in cervical cancer incidence and mortality, such that many high-income 

countries can expect to eliminate cervical cancer as a public health problem in the next 30-40 

years.1-4 However, cervical cancer continues to be one of the most common cancers and the leading 

cause of cancer deaths among women in sub-Saharan-Africa, where cervical cancer screening 

coverage is minimal and only one-third of the countries have introduced HPV vaccination.5-7  

In Kenya specifically, cervical cancer incidence rate was 47 cases per 100,000 women in 

2020, which is approximately 5 times higher compared to North American and European regions.7 

Fewer than one in eight Kenyan women had ever been screened for cervical cancer and few girls 

had been vaccinated against HPV through the national vaccination program, which has been 

disrupted by the COVID-19 pandemic shortly after its launch in October 2019.8,9 In addition to the 

unmet need for cervical cancer prevention, high HIV prevalence among girls and women is a major 

contributor to the elevated cervical cancer risk. Immunodeficiency caused by HIV infection put 

women living with HIV at higher risk of developing cervical cancer compared to HIV-negative 

women.10-13 In Kenya, one in four incident cervical cancers can be attributed to HIV infection.11  

On the other hand, efforts to scale up HIV prevention, such as linking people living with 

HIV to care and antiretroviral therapy (ART) and voluntary male medical circumcision, have been 

successful in reducing HIV prevalence in Kenya over the last decade.14,15 As of 2019, HIV 

prevalence among women aged 15-49 years is approximately 6%, a 20% reduction since 2010.16,17 

While the reduction is promising, the current HIV prevalence still represents considerable disease 

burden. In addition, adolescent girls and young women (AGYW) aged 15-24 years continue to be 
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disproportionately infected with HIV.18 Emerging data point to the elevated HPV prevalence 

among young women under age 25 as one potential risk factor for HIV acquisition in this 

population.19-21    

The World Health Organization (WHO), with the support of member countries and other 

international organizations, launched an initiative to eliminate cervical cancer as a public health 

problem globally during the World Health Assembly in August 2020.22 The strategy to achieve 

this goal includes increasing HPV vaccination coverage among girls to 90%, as well as scaling up 

cancer screening and treatment coverage to 70% and 90%, respectively, by 2030.22 While several 

mathematical modelling studies have been undertaken to evaluate the impact of cervical cancer 

prevention strategies in sub-Saharan Africa, few had provided country-level projections that 

factored in the effect of HIV on cervical cancer epidemiology.23-28 For resource-constrained 

countries with significant burden of both cervical cancer and HIV, such as Kenya, context-specific 

data that takes into account the synergies between the two diseases will be crucial for informing 

local cervical cancer prevention strategies and resource allocation policy decisions. To address this 

data gap, this dissertation aims to comprehensively quantify the biological interactions between 

HPV and HIV infections and, with these data, estimate the health effects of HPV vaccination in 

Kenya using a dynamic transmission model.  

In chapter 2, we evaluate the association between HPV infection and the risk of subsequent 

HIV acquisition among women. Although HIV prevalence and incidence in sub-Saharan Africa 

has been declining in the last decade, AGYW aged 14-25 years still face higher HIV risk compared 

to their male counterparts and people in other age groups.16 AGYW account for a quarter of the 

new HIV infections in sub-Saharan Africa even though they represent just 10% of the 

population.16,18 HPV, one of the most prevalent sexually transmitted infections, is common among 
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AGYW shortly after sexual initiation.21,29 While other sexually transmitted infections have been 

shown to increase HIV risk, the relationship between HPV infections and HIV acquisition remains 

unclear.30 To date, ten studies have evaluated the association between HPV and HIV acquisition 

among women, but most were limited by small sample size, measurement bias, and 

confounding.19,20 Results from the remaining high-quality studies were mixed, with three 

concluding that HPV infection increased the risk of HIV acquisition while one finding no 

association. Therefore, in this chapter, we aim to contribute to this body of research by estimating 

the risk of subsequent HIV acquisition in women with prevalent HPV infection using a case-

control study nested in a large randomized controlled trial of HIV chemoprophylaxis for women.31 

The trial had frequent follow-up visits and collected in-depth time-varying sexual behavior data, 

allowing us to minimize the measurement bias and confounding present in some of the previous 

studies.  

The US Centers for Disease Control and Prevention has classified cervical cancer as an 

AIDS-defining condition since 1993.32 While numerous studies have concluded that HIV infection 

increased the risk of cervical cancer, the strength of the associations varied widely.12,13 A large 

number of studies on the impact of HIV on HPV disease progression have also been published, 

but they have not been synthesized. Thus, in chapter 3, we summarize the effect of HIV on the 

natural history of HPV infection and cervical cancer development with a systematic review and 

meta-analysis. Specifically, we aim to estimate the relative risks of HPV acquisition, persistence 

and progression to precancer lesions and cervical cancer among women living with HIV compared 

to HIV-negative women. Additionally, the link between HIV and cervical cancer has not been as 

straightforward as for other AIDS-defining malignancies.33 Among people living with HIV the 

United States and European countries, the introduction of effective ART led to almost immediate 
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declines in the rates of Kaposi Sarcoma and non-Hodgkin Lymphoma, but its effect on cervical 

cancer rates was not consistent, particularly in the first ten years of introduction.33-36 These findings 

suggest that factors other than ART (e.g., CD4 cell count, viral load) may be modifying the 

association between HIV and cervical cancer. We additionally assess HPV disease progression by 

CD4 cell count, viral load, and ART use among women living with HIV. 

Finally, in chapter 4, we estimate the effect of HPV vaccination strategies on cervical 

cancer burden using a dynamic, compartmental model of HIV and HPV co-transmission adapted 

to the Kenyan setting. We parameterized the model with data from chapters 2 and 3 as well as 

demographic and epidemiological data specific to Kenya. We evaluate the intermediate (30 years) 

and long term (50 years) reductions in cervical cancer incidence and cumulative number of cases 

averted across a range of scenarios defined by varying levels of vaccination coverage and 

strategies. Because we explicitly model the biological interactions between HIV and HPV, we also 

evaluate the potential impact of HPV vaccination on HIV burden.  
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Abstract  

Objective Vaccine-preventable human papillomavirus (HPV) infection is common, especially in 

sub-Saharan Africa where HIV risk is also high. However, unlike other sexually transmitted 

infections (STIs), HPV’s role in HIV acquisition is unclear. We evaluated this relationship using 

data from MTN-003, a clinical trial of HIV chemoprophylaxis among cisgender women in sub-

Saharan Africa. 

Design Case-control study  

Methods We matched 138 women who acquired HIV (cases) to 412 HIV-negative controls. 

Cervicovaginal swabs collected within 6 months before HIV seroconversion were tested for HPV 

DNA. We estimated the associations between carcinogenic (high-risk) and low-risk HPV types 

and types targeted by HPV vaccines and HIV acquisition, using conditional logistic regression 

models adjusted for time-varying sexual behaviors and other STIs.  

Results Mean age was 23 (+/- 4) years. Any, high-risk, and low-risk HPV was detected in 84%, 

74%, and 66% of cases, and 65%, 55%, and 48% of controls. Infection with ≥2 HPV types was 

common in cases (67%) and controls (49%), as was infection with nonavalent vaccine-targeted 

types (60% and 42%). HIV acquisition increased with any (aOR 2.5, 95% CI 1.3-4.7), high-risk 

(aOR 2.6, 95% CI 1.5-4.6), and low-risk (aOR 1.8, 95% CI 1.1-2.9) HPV. Each additional type 

detected increased HIV risk by 20% (aOR 1.2, 95% CI 1.1-1.4). HIV acquisition was associated 

with HPV types targeted by the nonavalent (aOR 2.1, 95% CI 1.3-3.6) and quadrivalent vaccines 

(aOR 1.9, 95% CI 1.1-3.2).  

Conclusions HPV infection is associated with HIV acquisition in sub-Saharan African women. In 

addition to preventing HPV-associated cancers, increasing HPV vaccination coverage may reduce 

HIV incidence.   
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Introduction  

Despite the encouraging decline in global HIV incidence in the past decade, adolescent girls and 

young women (AGYW) living in sub-Saharan Africa continue to be disproportionately affected 

by the HIV epidemic.37 Although they represent only 10% of the population, AGYW aged 14-25 

years accounted for 25% of new HIV infections in 2017.18 Unlike the global HIV incidence trend, 

the risk of HIV acquisition among AGYW in the highest risk communities has not declined.38  

 

AGYW in sub-Saharan Africa experience a number of biological, social, and structural factors that 

increase their susceptibility to HIV. One highly prevalent biological factor may be human 

papillomavirus (HPV) infection, which causes cervical cancer and is associated with other 

anogenital and oropharyngeal cancers.39,40 HPV is one of the most common sexually transmitted 

infections,41 and individuals are highly susceptible shortly after sexual debut.29 Globally, HPV 

prevalence is highest among women younger than 25 years compared to older age groups.21 In 

Africa specifically, the prevalence of infection with any HPV type is 36% in AGYW.42  

 

While the role of other sexually transmitted infections (STIs) in increasing HIV risk is well-

established,30 data on the association between HPV and HIV acquisition is relatively scarce.  A 

meta-analysis of the studies published thus far found a two to three fold increase in the risk of 

subsequent HIV acquisition among women with an HPV infection.19,20 However, several of these 

studies were limited by small sample size, uncontrolled confounding, and misclassification bias 

related to HPV exposure.19,20 In nearly half of the nine studies included in the meta-analyses, the 

time interval between the ascertainment of HPV infection and HIV seroconversion was more than 

one year. As most HPV infections are transient and clear within one year,43 the HPV types detected 
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in those studies are potentially not etiologically relevant to the outcome of HIV seroconversion 

more than one year later. Further, since both infections are acquired through sexual activity, 

disentangling behavioral and biological cofactors is not trivial. Consequently, sexual behaviors 

and coinfection with other STIs were not adequately controlled for in most of the studies.19,20  

 

To minimize biases present in previous studies, we estimated the risk of subsequent HIV 

acquisition in women with HPV infection or cervical precancerous lesions, leveraging data from 

a randomized controlled trial of pre-exposure prophylaxis (PrEP) against HIV infection, while 

accounting for the temporal pattern of sexual behaviors and STI coinfections.  

 

Methods 

Study participants and design 

Our study was nested in the MTN-003 Vaginal and Oral Interventions to Control the Epidemic 

(VOICE) study, a multicenter randomized placebo-controlled trial in South Africa, Uganda, and 

Zimbabwe.31 VOICE aimed to assess the efficacy of HIV oral and topical PrEP in sexually active 

cisgender women at risk for acquiring HIV. Conducted between 2009 and 2015, VOICE enrolled 

non-pregnant, contracepting, HIV-uninfected women aged 18-45 years who provided written 

informed consent. The VOICE study was approved by the institutional review boards and ethics 

committees at participating institutions. Participants were randomized to receive daily placebo or 

tenofovir-based PrEP in the forms of oral tablets or vaginal gel. Participants underwent HIV testing 

monthly with a rapid test, which, if positive, was followed by a confirmatory Western blot. HIV 

seroconversion was dated at the first positive rapid test. Endocervical and vaginal swabs were 

collected every six months, though the swabs were not tested for HPV in real time. Additionally, 
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participants were assessed for other STIs and vaginal infections at enrollment, at annual follow-up 

visits, and when clinically indicated. Strand displacement amplification of urine samples was used 

to detect Chlamydia trachomatis and Neisseria gonorrhoeae (BD ProbeTec; Becton Dickinson). 

Serological testing was conducted for syphilis. Vaginal fluid swabs were used for rapid tests for 

bacterial vaginosis and Trichomonas vaginalis (BVBlue Test and OSOM, Genzyme), and for wet 

mount for candidiasis. Wet mount slides were read by local clinical staff or lab staff. Tests for 

herpes simplex virus type 2 (HSV-2) antibody was conducted using a HSV-2–specific enzyme 

immunoassay (EIA; Focus Diagnostics) with a cutoff value of <3.5 on stored plasma collected at 

enrollment and at quarterly follow up visits if they were negative at enrollment.44 Participants 

reported their sexual activity in the previous three months using a computer-assisted self-interview 

platform at enrollment and quarterly during follow-up. Details of the VOICE study procedures 

were published previously.31 HPV vaccination was not offered to VOICE participants, as HPV 

vaccines were not widely available in South Africa, Zimbabwe, and Uganda at the time of study.  

 

To establish a clear temporal relationship between the detection of HPV and HIV acquisition, 

selection criteria for our case-control analysis were:  

1. Having a stored cervical or vaginal swab specimen available for testing, and 

2. Cervical or vaginal swab was collected between one to six months before HIV 

seroconversion. 

We excluded swabs collected within one month of HIV seroconversion to minimize the possibility 

of reverse association, as the detection of HPV infection is increased immediately following HIV 

seroconversion.45 Of the 312 participants who seroconverted during the VOICE study, 138 met 

inclusion criteria. Each case was matched to 3 controls based on study visit, age within five years, 
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and study site. Using a risk-set sampling method, HIV-negative women who met matching criteria 

and had a stored cervical or vaginal swab that was collected within six months before the study 

visit during which cases seroconverted were randomly selected to serve as controls. Our selection 

criteria were based on the availability of stored cervical swabs.  If cervical swabs were not 

available, we substituted with vaginal swabs. In our final analytic sample, 1% of the specimens 

tested were from vaginal swabs.  

 

To assess bias in control selection, we compared the baseline characteristics of controls in our 

study sample to that of VOICE participants overall31 (Table 1). On average, the participants 

serving as controls in our study were younger than the VOICE population, thus less likely to be 

married at the time of enrollment and had fewer children. While 95% of our controls were from 

South Africa, 81% of VOICE participants were from South Africa, 6% from Uganda, and 13% 

from Zimbabwe.  However, controls in our study were similar to VOICE participants overall in 

terms of education, condom use, number of male sex partners in the three months before 

enrollment, and proportion reporting anal sex in the three months before enrollment. We also 

assessed internal validity by comparing the cases to VOICE participants who seroconverted but 

were not included in our study (Table 1). At enrollment, the cases and the other VOICE participants 

who seroconverted were nearly identical in terms of age, country of residence, and the number of 

live births, but slightly fewer cases had secondary school education or higher (88% vs. 92%). The 

proportion of cases who were married, use condoms during last vaginal sex, had two or more male 

sex partners in the past three months, and reported anal sex in the past three months were also 

similar compared to other VOICE participants who seroconverted.  
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Laboratory procedures  

For our nested case-control study, we utilized HIV test results and STI data provided by VOICE. 

We tested the cervical and vaginal swabs, which were stored at -70C in cryovials containing 400uL 

phosphate buffered saline, for presence of HPV DNA at the University of Washington (UW) 

Pathology Laboratory at Harborview Medical Center. HPV DNA was detected using a Luminex-

based liquid bead micro array assay with qualitative detection for 37 HPV types.46 Following the 

International Agency for Research on Cancer classification scheme, we defined HPV 16, 18, 31, 

33, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68 as high-risk types and HPV 6, 11, 26, 40, 42, 53, 54, 55, 

61, 62, 64, 67, 69, 70, 71, 72, 73, 81, 82, 82 subtype (IS39), 83, 84, and 89 (CP6108) as low-risk 

types.40 The women were considered positive for HPV if either the cervical or vaginal swabs tested 

positive for HPV DNA.  

 

Statistical analysis 

We examined HPV infection in several ways: infection with any HPV type, infection with any of 

the high-risk types, infection with any of the low-risk types, and infection with any high-risk type 

other than HPV 16 and 18. We additionally defined the exposure as infection with either of the 

types targeted by the bivalent vaccine (HPV 16 or 18), infection with any type targeted by the 

nonavalent vaccine (HPV 6, 11, 16, 18, 31, 33, 45, 52, 58), and infection with any type targeted 

by the quadrivalent vaccine (HPV 6, 11, 16, 18) to examine the association of vaccine-preventable 

HPV types on HIV risk. We also evaluated dose-response relationship between HIV acquisition 

and the number of HPV types detected by examining the latter as a categorical variable as well as 

a continuous variable.  
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A priori, we considered the following covariates as potential confounders: demographics (age, 

country of residence, and education attainment), sexual behaviors (condom use, number of recent 

sex partners, having a current primary partner, the participant or her partner having a concurrent 

relationship outside of their partnership, and having transactional sex in the past year), any recent 

history of STIs (syphilis, gonorrhea, chlamydia, or trichomoniasis), HSV-2 positivity, and any 

recent history of other vaginal infections (bacterial vaginosis or candidiasis). Participants’ study 

product assignment in VOICE was considered a confounder if assignment was different by case 

or control status in our analysis. Data on demographic covariates were extracted from enrollment 

questionnaires. Sexual behavior data were extracted from quarterly behavioral questionnaires. We 

used data provided at any time between three months before the cervical or vaginal swab collection 

visit and the HIV seroconversion visit in cases. If participants answered multiple behavioral 

questionnaires during that time, we used data from the questionnaire closest to swab collection 

visit. Similarly, we considered participants to have had a recent history of STI or other vaginal 

infections if they were diagnosed with a STI between three months before the cervical or vaginal 

swab collection visit and the HIV seroconversion visit in cases.      

 

We conducted univariate comparisons by case and control status on the covariates listed above 

using analysis of variance tests for continuous variables and chi-square tests for categorical 

variables. Using conditional logistic regression models, we estimated odds ratios and 95% 

confidence intervals (CI) quantifying the association between HPV infection and HIV acquisition. 

Because controls were matched to cases based on study visit (i.e., follow-up time in study), the 

resulting effect measures from the conditional logistic regression approximate the incidence rate 
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ratio. We performed data management and analyses in R (Version 4.0.3) and SAS 9.4 (SAS 

Institute, Cary, NC).  

 

Results  

Cases and controls were on average 23 years old at enrollment, with standard deviation of four 

years (Table 2). While most participants (93%) had at least some secondary school education, the 

controls were more likely than cases to have attended university or college (p=0.02). The vast 

majority of the women in the case-control study were enrolled at South African sites (Table 2). 

Although cases were more likely to have been randomized to the vaginal PrEP and placebo arms 

and the controls to the oral PrEP and placebo arms, randomization assignment was not significantly 

different by case status.  

 

Time-varying sexual behaviors, STIs, and other vaginal infections are also described in Table 2. 

Approximately 4% of cases and controls had a history of transactional sex in the past year. Over 

90% of the women in our sample reported having a primary partner in the past three months. 

However, cases were significantly less likely to have a primary partner compared to controls (94% 

vs. 98%, p=0.020). While the average number of sex partners in the past three months was the 

same between cases and controls, cases were more likely to report that their primary partners were 

non-monogamous (p=0.006) and that they themselves had sex partners other than their primary 

partner (p=0.033). About 66% of both cases and controls reported using condoms the last time 

they had sex. Compared to controls, cases had a higher prevalence of recent STI (31% vs 23%, 

p=0.051), higher seroprevalence of HSV-2 (58% vs 46%, p=0.014), and similar prevalence of 

other vaginal infections (7% vs 5%, p=0.448).   
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The prevalence of HPV infection was high in our study sample regardless of HIV status (Table 3), 

with infection with any HPV type detected in 84% of cases and 65% of controls (p<0.001). The 

prevalence of any high-risk HPV infection was 74% among cases and 55% among controls 

(p<0.001). Cases were also more likely to be positive for HPV infection with any low-risk type 

compared to controls (66% vs 48%, p<0.001). However, the prevalence of infection with either 

HPV 16 or 18 was not significantly different by case or control status. Infection with multiple HPV 

types was also common in our study (67% in cases and 49% in controls, p<0.001). Cases had an 

average of three HPV types detected whereas controls had an average of 1.9 types detected 

(p<0.001).  

 

Adjusting for age, education, condom use, number of sex partners, having a current primary 

partner, the participant and her partner having concurrent relationships outside of their partnership, 

and having transactional sex in the past year, STIs, HSV-2, and other vaginal infections, women 

with any HPV infection had 2.6 times higher risk of HIV seroconversion compared to women with 

no HPV infection (95% CI 1.4 – 4.9, Table 3). Risk of HIV seroconversion was also 2.7 times 

higher with a high-risk HPV infection (95% CI 1.5-4.9) compared to no high-risk HPV infection 

and 1.8 times higher with a low-risk HPV infection (95% CI 1.1-2.9) compared to no low-risk 

infection. For vaccine-preventable HPV infections specifically, we found that HIV acquisition was 

associated with infection with any of the types targeted by the nonavalent vaccine (aOR 2.2, 95% 

CI 1.3-3.7) and the quadrivalent vaccine (aOR 2.0, 95% CI 1.2–3.3), but not the bivalent vaccine 

after adjusting for covariates (aOR 1.6, 95% CI 0.9-2.8). The risk of HIV seroconversion was 

elevated with infection with a single HPV type (aOR 1.9, 95% CI 0.9-4.2) and increased with the 

number of HPV types detected (aOR 2.2, 95% CI 1.1-4.6 for two to three types and aOR 4.1, 95% 
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CI 1.9-8.7 for four or more types; (Figure1)). With each additional HPV type detected, HIV risk 

increased by 20% (aOR 1.2, 95% CI 1.1-1.4).  

 

Discussion 

In this case-control study of young women at risk for HIV, infection with any HPV type, high-risk 

HPV types, and low-risk HPV types were associated with increased risk of HIV infection during 

follow-up, after adjusting for sexual behaviors and recent history of other STIs. Infection with 

HPV types targeted by the nonavalent and the quadrivalent HPV vaccines also significantly 

increased HIV acquisition. We additionally found that the risk of HIV acquisition increased with 

the number of HPV types detected.  

 

These findings are consistent with previous epidemiological studies and meta-analyses on this 

topic that controlled for confounding.19,20,47,48 However, our findings disagreed with those from a 

similar case-control study conducted by Gallagher et al,49 which found that HPV infections, 

regardless of type groupings, were not associated with HIV acquisition.49 The high prevalence of 

HSV-2  among both cases and controls (>80%) in that study could have masked the effect of HPV 

on HIV acquisition, as HSV-2 is strongly associated with HIV acquisition.50 In contrast, 58% and 

46% of the cases and controls in our study were positive for HSV-2.   

 

We additionally found that infection with any HPV types included in the nonavalent vaccine and 

the quadrivalent vaccine was associated with a two-fold increase in HIV acquisition. HPV 

vaccination is highly efficacious in reducing cervical cancer risk and is being implemented in an 

increasing number of countries.51 Our results suggest that HPV vaccination, particularly with the 
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nonavalent vaccine, could potentially have the added benefit of protecting women from HIV 

infection.  

 

Vaccination with the bivalent vaccine, however, may not impact HIV acquisition, as infection with 

HPV 16 and/or 18 did not significantly increase HIV risk. One potential explanation is that with 

the relatively lower prevalence of HPV 16/18 in this population, our power was limited to detect 

a statistically significant association. However, it is also possible that HPV 16 and 18 are less 

likely than other types to activate a mucosal T-cell response and increase cervical vulnerability to 

HIV infection. HPV 16/18 infections are the most likely to persist and progress to cervical cancer,52 

and the ability of HPV 16/18 to persist may be correlated with adeptness to evade the immune 

system. Cytotoxic T lymphocyte responses to HPV oncoproteins E6 and E7 were less likely to be 

detected in HPV positive women with squamous intraepithelial neoplasia (SIL) than in HPV 

positive women without SIL, which suggests that persistent HPV infections were less likely to 

generate target cells for HIV infection.53 Consistent with this explanation, previous 

epidemiological studies found no association between abnormal Pap results and HIV infection.48  

 

Infection with multiple HPV types was common in our study sample, as well as in the general 

population of women.42 We found that concurrent infection with multiple HPV types significantly 

increased HIV risk. Specifically, the risk of HIV acquisition increased by 20% with each additional 

HPV type detected. This confirms a previous finding of a dose-response relationship between HPV 

infection and HIV acquisition among South African women.47 In that study, relative to no HPV 

infection, infection with two HPV types was associated with two-fold increase in HIV acquisition 

and infection with more than four HPV types was associated with almost a six-fold increase in 
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HIV acquisition.47 Since both our study and the South African study adjusted for sexual behaviors, 

the positive association implies this finding is due to an increased biological susceptibility to HIV 

among women with multiple HPV infections rather than confounding. As individual HPV 

infections progress and regress independently of each other,54 having multiple infections may 

prolong periods of susceptibility to HIV infection.    

 

Our study contributes to the still limited body of research on the effect of HPV infection and HIV 

acquisition. With a relatively large sample size, the ability to adjust for important time-varying 

confounders, and short interval between ascertainments of HPV and HIV infections, our study 

addressed some of the limitations of previously published studies and provided additional evidence 

of a potential biological interaction between HPV and HIV infections. However, further studies, 

particularly ones capturing the incidence and clearance of HPV infections, are required to 

definitively establish causality.  

 

Our study has several limitations. As with many observational studies assessing the association 

between STIs and HIV acquisition, residual confounding by unmeasured sexual behaviors is 

possible.55 The significant associations we observed could potentially be the result of a time lag 

between HPV and HIV acquisitions from HPV and HIV co-infected partners, because HIV has a 

lower per-coital act transmission probability compared to HPV.56,57 Since we do not have data on 

the HPV and HIV status of the participants’ partners, we cannot definitively eliminate this 

explanation. However, we were able to adjust for having partners beside the primary partner to 

control for concurrent partnerships that could have led to HPV infection and HIV acquisition. 

Although 312 women acquired HIV over the course of the VOICE study, we were only able to 
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include 138 women who had stored cervical or vaginal swab specimens collected one to six months 

before HIV seroconversion, which could limit internal validity. However, we found that 

demographic and behavioral characteristics at baseline were similar between cases and controls 

and the overall VOICE population and between cases and the other VOICE participants who 

acquired HIV but were not included. Ascertainment of STI and vaginal infections in VOICE was 

done at the enrollment visit, annually, and at presentation of symptoms, which could have led some 

women with asymptomatic STIs or vaginal infections between enrollment and the annual visits to 

be misclassified as negative. Residual confounding by unmeasured or misclassified STI may have 

biased the associations away from the null.   

 

In August 2020, the World Health Organization announced an ambitious initiative to eliminate 

cervical cancer as a public health problem in all countries.22 The initiative has a strong focus on 

increasing the coverage of HPV vaccination in sub-Saharan African countries, which bear almost 

70% of the global HIV burden and have the highest cervical cancer incidence rates in the 

world.22,37,58 In countries with high burden of both HPV and HIV infections, wide-spread 

implementation of HPV vaccination with the nonavalent or  the quadrivalent vaccines may have 

the dual benefit of concurrently reducing risk for HIV and cervical cancer among women. 
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Table 1. Baseline demographic characteristics and sexual behaviors among HIV-negative controls compared to VOICE participants overall.   
 Controls 

(n = 412) 

VOICE participants 

(n = 5029)14 

Cases 
(n = 138) 

VOICE participants 

who seroconverted, but 

were not included 
(n=174) 

Mean age (SD)  23.6 (3.9) 25.5 (5.1) 23.2 (4.1) 23.2 (4.1) 
Some secondary school education or higher 95% 92% 88% 92% 
Country     
   South Africa 391 (95%) 4077 (81%) 131 (95%) 165 (95%) 
   Uganda 12 (3%) 322 (6%) 4 (3%) 5 (3%) 
   Zimbabwe 9 (2%) 630 (13%) 3 (2%) 4 (2%) 
Currently married 34 8% 1052 (21%) 7 (5%) 5 (3%) 
Mean number of live births (SD) 1.2 (0.9) 1.5 (1.1) 1.2 (0.9) 1.2 (0.9) 
Condom use during last vaginal sex  325/373 (87%) 3766/4420 (85%) 109/126 (87%) 137/161 (85%) ≥2 male sex partners in the past 3 months 92/410 (22%) 1104/4991 (22%) 39/137 (28%) 43/173 (25%) 
Anal sex in the past 3 months 70/407 (17%) 868/4991 (17%) 27/136 (20%) 38/171 (22%) 

Abbreviation: SD, standard deviation 
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Table 2: Demographic characteristics and sexual behaviors of cases and controls at enrollment and during 
follow-up.  
 Case 

(N=138) 

Control 

(N=412) 

Total 

(N=550) 

p-

value* 

Characteristics at  enrollment 

Mean age (SD) 23.2 (4.1) 23.6 (3.9) 23.5 (4.0) 0.353 
Education 0.022 
   No schooling 3 (2.2%) 1 (0.2%) 4 (0.7%)  
   Primary 13 (9.4%) 20 (4.9%) 33 (6.0%)  
   Secondary 113 (81.9%) 356 (86.4%) 469 (85.3%)  
   College/University 9 (6.5%) 35 (8.5%) 44 (8.0%)  
Country 1.000 
   South Africa 131 (94.9%) 391 (94.9%) 522 (94.9%)  
   Uganda 4 (2.9%) 12 (2.9%) 16 (2.9%)  
   Zimbabwe 3 (2.2%) 9 (2.2%) 12 (2.2%)  
Study product 0.067 
   Oral FTC/TDF 27 (19.6%) 89 (21.6%) 116 (21.1%)  
   Oral placebo 22 (15.9%) 98 (23.8%) 120 (21.8%)  
   Oral TDF 21 (15.2%) 75 (18.2%) 96 (17.5%)  
   Vaginal placebo 40 (29.0%) 79 (19.2%) 119 (21.6%)  
   Vaginal TFV gel 28 (20.3%) 71 (17.2%) 99 (18.0%)  
Time-varying sexual behaviors, STIs, and vaginal infections 

Had transactional sex in the past year    0.422 
   Yes 6 (4.4%) 18 (4.4%) 24 (4.4%)  
   No 131 (95.6%) 392 (95.6%) 523 (95.6%)  
Had a primary partner in the past 3 months    0.020 
   Yes 130 (94.2%) 403 (98.1%) 533 (97.1%)  

   No 8 (5.8%) 8 (1.9%) 16 (2.9%)  

Mean number of sex partners in the past 3 months 1.4 (0.7) 1.4 (2.4) 1.4 (2.1) 0.980 

Primary partner has other partners    0.006 
   Yes 99 (71.7%) 282 (68.4%) 381 (69.3%)  
   No 20 (14.5%) 101 (24.5%) 121 (22.0%)  
   Don’t know 19 (13.8%) 29 (7.0%) 48 (8.7%)  
Had other partners besides primary partner    0.033 
   Yes 35 (26.3%) 84 (20.7%) 119 (22.1%)  

   No 100 (73.5%) 337 (82.0%) 437 (79.9%)  

Condom used at last sex     0.987 

   Yes 84 (66.1%) 249 (66.2%) 333 (66.2%)  

   No 43 (33.9%) 127 (33.8%) 170 (33.8%)  

Positive for syphilis, gonorrhea, chlamydia, or 

trichomoniasis 
 

  
0.051 

   Yes 42 (31.3%) 93 (22.9%) 135 (25.0%)  

   No 92 (68.7%) 313 (77.1%) 405 (75.0%)  

Positive for herpes simplex virus 2    0.014 
   Yes  80 (58.0%) 189 (45.9%) 269 (48.9%)  

   No 58 (42.0%) 223 (54.1%) 281 (51.1%)  

Positive for bacterial vaginosis or candidiasis    0.448 
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   Yes 9 (6.5%) 20 (4.9%) 29 (5.3%)  

   No 129 (93.5%) 392 (95.1%) 521 (94.7%)  

Abbreviation: SD, standard deviation; FTC, emtricitabine; TDF, tenofovir disoproxil fumarate; TFV, tenofovir 
* Estimated from analysis of variance tests for continuous variables and chi-square tests for categorical 
variables.  
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Table 3. Crude and adjusted associations between HPV types detected and HIV acquisition.  
 

Prevalence Crude OR 

(95% CI) 

Adjusted OR1 

(95% CI) 

 Cases  
(n = 138) 

Controls 
 (n = 412) 

P-value2   

Any HPV3 116 (84.1%) 269 (65.3%) <0.001 3.0 (1.8-5.2) 2.6 (1.4-4.9)  

High-risk HPV4 102 (73.9%) 227 (55.1%) <0.001 2.5 (1.6-4.0) 2.7 (1.5-4.9)  

Low-risk HPV5 91 (65.9%) 196 (47.6%) <0.001 2.1 (1.4-3.2) 1.8 (1.1-2.9) 

HPV 16 or18 34 (24.6%) 73 (17.7%) 0.098 1.5 (1.0-2.4) 1.6 (0.9-2.8) 

Non-HPV 16/18 high risk HPV6 94 (68.1%) 201 (48.8%) <0.001 2.4 (1.6-3.7) 2.6 (1.5-4.4) 

Nonavalent vaccine HPV7 83 (60.1%) 173 (42.0%) <0.001 2.2 (1.5-3.4) 2.2 (1.3-3.7)  

Quadrivalent vaccine HPV8  50 (36.2%) 90 (21.8%) 0.001 2.0 (1.3-3.1) 2.0 (1.2-3.23 

Number of HPV types detected9 3.0 (2.6) 1.9 (2.1) <0.001 1.3 (1.1-1.4) 1.2 (1.1-1.4) 

Abbreviations: OR, odds ratio; HPV, human papillomavirus 
1 Adjusted for age, education, study product arm, having transactional sex in the past year, having a primary 

partner in the past 3 months, number of sex partners in the past 3 months, having partners other than the 
primary partner, the primary partner having other partners, condom use at last sex, STI, and vaginal 
infections. 59 observations were dropped from adjusted conditional logistic regressions for HPV infections 
due to missing data on covariates. 72 observations were dropped from the adjusted conditional logistic 
regression for abnormal Pap results due to missing data on Pap results and covariates. 

2 Estimated from chi-square tests comparing prevalence by case-control status. P-value for number of HPV 
types detected was estimated using analysis of variance test.  

3 Defined as infection with any of the 37 HPV types. 
4 Defined as infection with any of the following: HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, or 68.  
5 Defined as infection with any of the following: HPV 6, 11, 26, 40, 42, 53, 54, 55, 61, 62, 64, 67, 69, 70, 71, 

72, 73, 81, 82, 82 subtype (IS39), 83, 84, and 89 (CP6108).  
6 Defined as infection with any of the following: HPV 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, or 68. 
7 Defined as infection with any of the following: HPV 6, 11, 16, 18, 31, 33, 45, 52, or 58.  
8 Defined as infection with any of the following: HPV 6, 11, 16, or 18. 
9 Data entered under the Prevalence columns represent mean number of HPV types detected and standard 

deviation
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Figure 1. Associations between the number of HPV types detected and HIV acquisition. Odds 
ratios and 95% CI compared number of HPV types detected to no HPV infection and were adjusted 
for age, education, study product arm, having transactional sex in the past year, having a primary 
partner in the past 3 months, number of sex partners in the past 3 months, having partners other 
than the primary partner, the primary partner having other partners, condom use at last sex, STI, 
and vaginal infections. The dotted line vertical line indicate null. 
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Chapter 3. HIV-positive women have higher risk of HPV infection, precancerous lesions, 

and cervical cancer: A systematic review and meta-analysis 
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Abstract 

 

Objectives: HIV-positive women have higher human papillomavirus (HPV) prevalence and 

cervical cancer (CC) incidence than HIV-negative women, partly due to HIV’s modifying effect 

on HPV pathogenesis. We synthesized the literature on the impact of HIV on HPV natural history. 

 

Design: Systematic review and meta-analysis 

 

Methods: We searched the literature for studies evaluating HPV acquisition and persistence or 

precancer progression by HIV status. Data on HPV natural history by HIV status, CD4+ cell 

counts, viral load, and antiretroviral therapy (ART) were summarized using fixed effect models.  

 

Results: Overall, 38 of 1845 abstracts identified met inclusion criteria. HIV-positive women had 

higher HPV acquisition (relative risk [RRpooled]=2.64, 95% confidence interval [CI] 2.04-3.42) and 

lower HPV clearance (hazard ratio [HRpooled]=0.72, 95% CI 0.62-0.84) than HIV-negative women. 

HPV acquisition was higher with declining CD4 and was lower in those virally suppressed on 

ART. HIV was associated with higher incidence of low-grade squamous intraepithelial lesions 

(LSIL) (RRpooled=3.73, 95% CI 2.62-5.32) and high-grade squamous intraepithelial lesions (HSIL) 

(HRpooled=1.32, 95% CI 1.10-1.58), largely due to increased HPV persistence. ART lowered 

progression from normal cytology to LSIL (HRpooled=0.65, 95% CI 0.52-0.82), but not HSIL. CC 

incidence was associated with HIV positivity (RR=4.1, 95% CI 2.3-6.6), but not with ART.   
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Conclusions: HIV-positive women have higher risk of acquiring HPV, with risk inversely 

associated with CD4 count. ART lowered HPV acquisition, increased clearance, and reduced 

precancer progression, likely via immune reconstitution. While some of our results are limited by 

small number of studies, our study can inform screening guidelines and mathematical modeling 

for CC prevention.  

 

Key words: HIV, human papillomavirus, HIV/HPV coinfection, precancerous lesions, cervical 

cancer, antiretroviral therapy   
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Introduction  

Cervical cancer (CC) is the fourth most common cancer in women worldwide and the most 

common cancer among women in sub-Saharan Africa.59 Sub-Saharan Africa has high dual burden 

of human papillomavirus (HPV) and HIV infection.60,61 HIV is associated with higher rates of 

HPV acquisition, decreased clearance of HPV and precancerous lesions, and increased risk of 

CC.62,63 Compared to HIV-negative women, CC mortality in HIV-positive women is ~2-times 

higher.64,65 With increasing life expectancy of HIV-positive women on antiretroviral treatment 

(ART), there is a growing need for CC prevention, particularly in low resources settings.66 In the 

United States, CC screening programs have been highly effective in reducing CC incidence and 

HPV vaccines have been shown to reduce the prevalence of HPV 16 and 18-attributable precancer 

lesions.67,68 However, availability of HPV vaccines and CC screening is extremely limited in 

developing settings, although efforts to scale up screening are ongoing in Zambia.69,70
 CC 

screening coverage in the last 3 years among eligible women is less than 6% in Kenya and 23% in 

South Africa.71  

 

CC screening is not without harm and research on the optimal screening interval for HIV-positive 

women is still emerging.72 In September 2015, the recommended CC screening interval for HIV-

positive women with normal cytology was changed from annually to every 3 years in the United 

States.73 A better understanding of the impact of HIV on HPV natural history can help inform CC 

screening and prevention policies for HIV-positive women.  

 

Further, although many studies have evaluated the relationship between HIV and HPV 

pathogenesis the findings have not been synthesized. While ART decreases the incidence of other 
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AIDS-related cancers, its relationship with CC is unclear.72,74,75 We conducted a systematic review 

and meta-analysis to synthesize the literature on HPV natural history in HIV-positive women. 

Specifically, we evaluate the risk of HPV incidence, persistence, and progression to cervical 

lesions and cancer among HIV-positive women compare to HIV-negative women. We additionally 

assess these relationships by CD4+ cell counts, HIV viral load (VL), and ART use.  

 

Methods 

Study objectives 

We sought to assess the interactions between HIV and HPV on the 1) incidence of HPV infection; 

2) persistence/clearance of HPV infection; 3) progression from HPV infection to low-grade 

squamous intraepithelial lesion (LSIL); 4) progression from LSIL to high-grade squamous 

intraepithelial lesion (HSIL); 5) regression from LSIL; 6) regression from HSIL; and 7) 

progression to invasive CC. HPV pathogenesis in HIV-positive women was compared to HIV-

negative women. We assess the modifying effect of CD4 count, HIV VL, and ART on interactions 

between HIV and HPV.  

 

Inclusion/exclusion criteria 

Eligible studies examined the acquisition, persistence, or clearance of HPV or the incidence, 

progression, and regression of cervical lesions by HIV status, CD4 count, HIV VL, and ART using 

cohort or case-control study design. Studies assessing HPV incidence were included only if they 

adjusted for confounders identified in previous literature (e.g. age, number of sex partners, etc.) or 

identified in their data; however we did not restrict on specific confounders (Appendix Table 3). 

Studies grouping LSIL and HSIL together were only included if proportions of LSIL and HSIL 
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were reported. If >85% of lesions detected were LSIL, we considered the estimates to approximate 

LSIL natural history.  

 

Search strategy  

Following PRISMA guidelines, we conducted a systematic search on PubMed, Embase, Global 

Health Database, reference list of eligible papers, and conference abstracts (Appendix tables 1 and 

2).76 Search terms included HIV, HPV, cervical lesion, and disease progression. We included only 

primary research articles, but did not restrict on language or publication date. Additional details 

about the search strategy are available in the Appendix.  

 

Study quality assessment 

We assessed the risk of bias (low, moderate, high) in studies using modified criteria for non-

randomized observational studies across five domains: study population, detection of outcome and 

exposure, bias related to study design, statistical analysis, and disclosure of conflict of interest.77,78 

See Appendix Figures 1 and 2 for detailed study quality assessment. 

 

Statistical analysis  

When possible, effects by HIV status, CD4 count, and ART use were pooled using fixed effect 

models with inverse variance weighting (SAS 9.4). We combined estimates with the same 

measures of association (e.g. relative risk, odds ratio, or hazard ratio). We quantified heterogeneity 

with I2. When the number of studies in a meta-analysis is small, I2 was sometimes a negative value 

and set to zero.  
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Results 

The search was conducted on 5/19/2017 and yielded 1845 studies. We excluded 1726 studies after 

screening abstracts (Figure 1). Primary reasons for exclusions were ineligible study design and 

HPV infection site. We further excluded 81 studies after reading the full text. Overall, 38 studies 

were included (Table 1). Most studies were prospective cohort (n=34); the remaining were 

retrospective cohort (n=2), nested case-control (n=1), and case-crossover (n=1). Most were 

conducted in North America (n=18) or Africa (n=13). The US (n=15) and South Africa (n=7) were 

the most frequently represented countries. One study was conducted in Asia and six in Europe. 

Half of studies included HIV-negative women as the comparison group (n=23). Papanicolaou 

(Pap) smear was most commonly used to collect cervical specimens and polymerase chain reaction 

using L1 consensus primers was most common method for genotype detection.  

 

The majority of studies had low risk of bias in selection of study population (79%), ascertainment 

of exposure and outcome variables (76%), and statistical analysis (71%) (Appendix figures 2 and 

3). Only 32% had low risk of study design-specific bias, due to incomplete ascertainment of ART 

use or high loss to follow-up.  

    

HPV incidence  

Twelve studies assessed HPV incidence,63,79-89 seven included HIV-negative women as 

reference.63,79,80,84,86,89 HIV-positive women had higher risk of acquiring infection with any HPV 

(RRpooled 2.64, 95% CI 2.04-3.42), as well as high risk (HR) HPV, HPV 16, and HPV 18 (RRpooled 

2.35, 95% CI 1.64-3.37; RRpooled 3.05, 95% CI 1.71-5.42; RRpooled 2.55, 95% CI 1.17-5.60, 

respectively) (Figure 2a).  
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CD4 count 

Four studies found that CD4 count modified HPV acquisition in HIV-positive women.63,81,86,89 

Women with high CD4 count (>500 cells/mm3) were at greater risk of infection compared to HIV-

negative women, and risk dramatically increased with declining CD4 count (Figure 2b).63,86,89 One 

study found the risk of HPV infection decreased by 18% with every 100-cell increase in CD4 (OR 

0.82, 95% CI 0.70-0.96).81 Two studies found higher CD4 count did not significantly reduce HPV 

incidence (Appendix Table 3).83,84  

 

ART  

Three of the four studies that ascertained ART use from medical records or self-reports found no 

association between ART and HPV incidence (Appendix Table 3);83,86,88 while one study found 

ART reduced HPV 16 and 18 incidence by 72% (RR 0.28, 95% CI 0.09-0.86) but not any HPV 

incidence (RR 0.79, 95% CI 0.28–2.23).82 One study comparing effective ART (defined as 

reducing HIV VL by >90% or to undetectable), to no treatment found that effective ART decreased 

incidence of any HPV by 36% (OR 0.64, 95% CI 0.46-0.88) but the impact on HR HPV incidence 

was not statistically significant (OR 0.62, 95% CI 0.38-1.02).85  

 

HIV VL 

Two studies evaluated the role of HIV VL on HPV acquisition.63,84 Compared to HIV-negative 

women, the risk of any HPV infection was 3.29 times (95% CI 2.18-4.95) higher among HIV-

positive women with VL>10,000 copies/mL and 2.31 times (95% CI 1.49-3.58) higher among 

those with VL<10,000 copies/mL.84 Further, HPV acquisition was higher with increasing VL 
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among women with CD4 >200 cells/mm3 (Figure 2b), although no pattern in HPV acquisition by 

VL was observed in women with CD4 <200 cells/mm3.63  

 

HPV Reactivation 

One study found that new HPV infections were detected in women who reported no sexual activity 

in the last 18 months, indicating potential reactivation of latent infections. The rate of potential 

reactivations was 1.4-4.4 times higher among HIV-positive compared to HIV-negative women.63   

 

HPV persistence and clearance  

Two studies evaluated clearance among women with incident HPV infection.63,90 HIV-positive 

women were 28% less likely than HIV-negative women to clear infection with any HPV (HRpooled 

0.72, 95% CI 0.62-0.84; Figure 3a). Eleven studies evaluated clearance of incident and prevalent 

HPV infections together80,83-85,87,90-95 and found HIV-positive women were 41-46% less likely to 

clear any HPV infection (HRpooled 0.54, 95% CI 0.48-0.60; RRpooled 0.59, 95% CI 0.49-0.71) and 

36-44% less likely to clear HR HPV infection (HRpooled 0.56, 95% CI 0.45-0.69; RRpooled 0.64, 

95% CI 0.52-0.78) (Figure 3b).80,84,90,91 However, pooled effects based on two studies indicate that 

HPV 16 and 18 clearance were not statistically different by HIV status (RRpooled 0.88, 95% CI 

0.49-1.59; RRpooled 1.14, 95% CI 0.80-1.61, respectively);80,87 while the pooled effects based on 

three studies indicate that HIV-positive women had lower clearance of both types compared to 

HIV-negative women (HRpooled 0.61, 95% CI 0.47-0.80 for HPV 16; HRpooled 0.48, 95% CI 0.31-

0.72 for HPV 18) (Figure 3b).79,91,95  
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Women with low CD4 count (<200 cells/mm3) had much lower likelihood of HPV clearance 

compared to women with higher CD4 count (Figure 3c) or HIV-negative women.84,90,92,93,95 

However, two studies found no difference in HPV clearance by CD4 count (Appendix Table 

5).83,84 In one study, clearance rates did not differ by HIV VL (RR 0.77, 95% CI 0.51-1.16) but 

another found that every one log increase in VL resulted in a 23% reduction in likelihood of 

clearance (HR 0.77, 95% CI 0.64-0.91).84,85 ART did not impact clearance of any HPV infection, 

regardless of adherence or effectiveness (Appendix Table 5).83,85,91 However, one study found 

clearance of HR HPV infection other than HPV 16 or 18 was higher among women on ART 

compared to those not on ART (HR 2.20, 95% CI 1.22-3.98).91  

 

Progression to LSIL 

Eight studies evaluated progression to LSIL from normal cytology75,95-101 and one study evaluated 

progression to LSIL from normal cytoloy or atypical squamous cells of undetermined significance 

(ASCUS).81 Among women with normal cytology at baseline, HIV-positive women had 3.73 times 

higher risk of progression to ASCUS or LSIL compared to HIV-negative women (95% CI 2.62-

5.32; Figure 4a).96-98,102 Among HIV-positive women, LSIL incidence in those with persistent 

HPV infection (detected at ≥2 visits 3-12 months apart) was 11 times higher with HPV 16/18 (95% 

CI 1.4-88.7) and 8.9 times higher with non-HPV 16/18 types (95% CI 1.2-66.2), compared to 

women without persistent HPV.97  In one study, CD4 count and ART were no longer associated 

with LSIL incidence after adjusting for persistent HPV infection (Appendix Table 6).97  

 

LSIL risk was >30% lower in women on ART (HRpooled 0.65, 95% CI 0.52-0.82 and RRpooled 0.67, 

95% CI 0.45-1.00; Figure 4b).75,97,100-102 Risk of LSIL decreased with CD4 count gains after ART 
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initiation (Figure 4c).102 Controlling for CD4 count, women on ART had 34% lower risk of LSIL 

incidence compared to those not on ART (RR 0.66, 95% CI 0.47-0.92).102  

 

Progression to HSIL 

Ten studies assessed progression to HSIL,62,75,92,98,103-108 seven compared progression by HIV 

status.92,98,103-106,108 HIV-positive women had higher risk of developing HSIL compared to HIV-

negative women (HRpooled 1.32, 95% CI 1.10-1.58; Appendix figure 3).92,103-105 Two studies found 

persistence of HPV and LSIL were stronger predictors of progressing to HSIL than HIV status 

alone.103,108 Risk of progression to HSIL from HPV infection with normal cytology was 3 times 

higher among HIV-positive compared to HIV-negative women;92,103 risk of progression from LSIL 

to HSIL was not significantly different by HIV status.98,104,105,108  

 

Two studies in HIV-positive women with LSIL or normal cytology did not find an association 

between ART and HSIL incidence (ORpooled 0.88, 95% CI 0.69-1.12) (Appendix Figure 3).62,75 

However, the risk of progression to HSIL was 34% lower among women initiating ART before 

LSIL diagnosis and 36% lower among women on ART for ≥2 years.62,105 Risk of progression was 

higher in women with lower CD4 count at HSIL diagnosis regardless of ART use.75 CD4 count, 

HIV status, and VL were not associated with HSIL incidence after adjusting for persistent HR 

HPV infection (Appendix Table 6).104,107  

 

LSIL regression  

Eight studies evaluated LSIL regression;75,99,105,106,109-112 three compared regression by HIV 

status.105,106,109 The likelihood of regression was 33% lower among HIV-positive women (HRpooled 
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0.67, 95% CI 0.56-0.82; Figure 5a) and varied by age, CD4 count, ART, and treatment of 

lesions.105,109 One study found that for women not on ART, lower CD4 count was associated with 

reduced LSIL regression (Figure 5b).103 Likelihood of regression from LSIL was 2.29 times higher 

among women receiving ART compared to those not on treatment (95% CI 1.56-3.37; Figure 

5c).75,111 Longer duration ART use was associated with increased LSIL regression.105  

 

HSIL regression  

One study evaluating HSIL regression in 173 HIV-positive and negative women with HSIL in 

Senegal found that HIV-positive women were 43% less likely to regress from HSIL to normal 

cytology (HR 0.57, 95% CI 0.26-1.29) and equally as likely to regress from HSIL to HPV infection 

(HR 1.06, 95% CI 0.71–1.59).92 Among HIV-positive women, likelihood of HSIL regression was 

65% lower in women with HPV 16/18 compared to women infected with other types (HR 0.35, 

95% CI 0.23-0.54).92   

 

Progression to cervical cancer  

CC incidence was assessed in two studies.12,62 In the US, the age-standardized CC incidence 

among HIV-positive women from cohorts in North American AIDS Cohort Collaboration on 

Research and Design (NA-ACCORD) was 4.1 times (95% CI 2.3-6.6) higher than expected in 

Surveillance, Epidemiology, and End Results registry for the general population.12 A case-control 

study nested in NA-ACCORD, which compared HIV-positive women to HIV-negative women, 

found that relative risk of CC increased with decreasing CD4 count (Appendix Figure 4).12 Further, 

among HIV-positive women on ART, CD4 reconstitution halted in CC cases 3 years after initiating 

ART and 60 months before CC diagnosis, while matched controls (women who never developed 
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CC) continued to gain CD4 cells.12 A nested case-control study of the Swiss HIV Cohort Study 

found that ART was not associated with lower CC incidence, regardless of duration (Appendix 

Table 9).62  

 

Discussion 

HIV infection was associated with higher incidence of and reduced clearance of HPV infection. 

Women with low CD4 count and high HIV VL had elevated risk of HPV acquisition, but risk was 

reduced among ART-adherent women. Low CD4 count was also associated with decreased HPV 

clearance. While ART reduced LSIL incidence, its impact on HSIL incidence depended on the 

duration of use. HIV-positive women have lower likelihood of LSIL regression, and ART and high 

CD4 count were associated with increased LSIL regression. In contrast, HSIL regression was not 

associated with HIV status. However, the study that examined HSIL regression had a small sample 

size and should be interpreted with caution.    

 

While the relative risk of acquiring HPV 16/18 was higher among HIV-positive women, HPV 

16/18 clearance was not found to differ by HIV status. This may be due to a lack of power or it 

may be that HPV 16 and 18 are better at evading the host immune system and are less impacted 

by HIV-associated immunosuppression.113,114 Studies have found that HPV 16 in particular is more 

weakly associated with the immune system compared to other types.115,116 This is consistent with 

studies that find HIV-positive women have a greater diversity of HPV types in normal cytology 

and low-grade lesions, but the relative prevalence of HPV 16 and 18 increases with severity of 

lesions and CC and the proportion of CC attributable to HPV 16/18 is similar between HIV positive 

and negative women.114,117 
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HIV was also associated with higher LSIL and HSIL incidence, although the relative impact on 

HSIL was smaller. This suggests that immunosuppression related to HIV infection may play a 

greater role earlier in the course of HPV natural history, namely acquisition, persistence, and 

progression to low-grade lesions, while later stage carcinogenicity may be less dependent on 

immune function. This is consistent with cohort studies that find that, although HIV-positive 

women have a high burden of abnormal cytology, the vast majority of lesions are low-grade, with 

only a small increased prevalence in HSIL.103,118 Therefore, HIV-positive women may be at risk 

for overtreatment in screening programs as they have a high prevalence of low-grade lesions that 

infrequently progress to HSIL. The US has recently changed CC screening guidelines in HIV-

positive women from annual screening to every 3 years after 3 consecutive normal screens.73 

 

CD4 cell count in HIV-positive women is inversely associated with risk of HPV infection and 

cervical lesion progression. Further, several studies showed that women with high CD4 count 

(>500 cells/mm3) had similar risk of HPV disease progression as HIV-negative women. Similar 

associations between immunosuppression and HPV risk have been observed in HIV-negative 

populations with impaired immune system.119-122 A meta-analysis of cancer incidence in HIV-

positive persons and transplant recipients found both groups were at higher risk of cancers with 

infectious etiology compared to the general population.122 The destruction of CD4 cells by HIV 

may increase the likelihood of HPV establishing infection.123 Recent evidence also suggests that 

immunosuppression leads to higher probability of HPV reactivation, potentially due to incomplete 

clearance of HPV DNA.124  
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HPV persistence likely plays an important role in the interactions between HIV and HPV. HIV-

positive women with persistent HPV infection have dramatically higher incidence of precancerous 

lesions compared to those infected with HPV for <6 months.94,97,104 Studies find after controlling 

for HPV persistence, CD4 count and ART use are no longer associated with increased risk of HPV 

disease progression. This is likely because HIV acts through HPV persistence to increase risk of 

precancerous lesions. Women infected with HPV for longer have a greater chance of developing 

cellular changes that lead to precancer or cancer. 

 

The effect of ART on HPV-related disease is less clear. An equal number of studies find ART is 

associated with reduced HPV disease progression and find no association between ART and HPV 

pathogenesis. The equivocal results may be due to changes in ART regimens over time or varying 

durations of ART use. The majority of studies showing no effect of ART used cohorts formed in 

the early days of ART. Due to high toxicity of the older ART drugs, healthier HIV-infected 

individuals likely delayed treatment initiation and had poor adherence. Therefore, the women who 

were on ART likely already had more advanced HIV disease at treatment initiation. Studies show 

that HIV disease state at ART initiation significantly impacts morbidity and mortality.125-127  

Further, many studies finding no association approximated ART use with medical records or self-

report. Studies using more accurate measures of ART adherence (e.g. viral suppression), found 

ART reduces HPV disease progression. One study found significantly lower incidence of HPV 

infection and cervical lesions in women who were virologically suppressed on ART compared to 

women who not on ART or not virologically suppressed.85 A study showed CC cases had higher 

odds of CD4 decline on ART prior to CC diagnosis compared to controls who did not subsequently 

develop CC, which may indicate a disruption in ART use prior to the development of CC.128 A 
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longer duration on ART is also associated with reduced HSIL incidence,62,105 which may indicate 

immune system recovery.129   

 

In addition to the limitations of including studies that ascertained ART status through self-reports 

and chart reviews, another potential limitation of this review is the heterogeneity of studies 

included. While majority of studies were longitudinal, variation in analysis, effect measures, and 

exposures definition limited our ability to perform quantitative analysis. Additionally, due to small 

number of studies eligible for some objectives, we could not use I2 to quantify heterogeneity in 

many cases. High loss to follow up was an issue for some of the studies we included. While this 

limitation was ameliorated with survival analysis methods that censored individuals lost to follow 

up, effect estimates may be biased in studies that did not address this limitation in their analysis. 

The magnitude and direction of bias would depend on whether the lost to follow up was differential 

by HIV, ART, CD4 or VL status.        

 

This review identified gaps in the research on HPV and cervical pre-cancer among HIV-positive 

women. There is a lack of studies investigating impact of ART on HPV disease progression using 

objective measures of adherence (e.g. viral suppression). Due to influence of HIV-related disease 

severity, evaluating HPV progression in by nadir CD4 count would be useful. Further, studies 

comparing HPV progression between HIV-positive women on ART with HIV-negative women 

can provide insight into CC risk of virally suppressed HIV-positive women. Finally, accurate 

estimates of CC incidence by HIV status are needed; national cancer registries do not currently 

document HIV status of CC cases.     
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Figure 1. Flow chart of the systematic review process. 
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Figure 2. HPV incidence among HIV-positive women compared to HIV-negative women. N, 
sample size; ES, effect size. A). Incidence of HPV infection by HPV type. Banura, 2008 was not 
included in calculating the overall effect because it reported odds ratio; other studies reported 
relative risk. B). Relative incidence of any HPV infection, by CD4 count. The effect estimates 
from Strickler et al, 2005 were stratified HIV RNA load; U = undetectable (<4,000 copies/mL), L 
= low (4,000-20,000 copies/mL), M = moderate (20,001-100,000 copies/mL), and H = high 
(>100000 copies/mL). Effect size was measured in odds ratios in Phelan et al, 2009 and hazard 
ratios in Xie et al, 2003 and Strickler et al, 2005. Effect estimates from Mbulawa et al 2012, Denny 
et al, 2008, and Mane et al, 2016 were not included in the figure. Mbulawa et al, 2012 used a 
different CD4 cutoff (>350 vs. <350) and Denny et al, 2008 and Mane et al, 2016 evaluated CD4 
as a continuous variable.   
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Figure 3. Clearance of newly detected and prevalent HPV infections by HIV status and CD4 
count. N: sample size, ES: effect size. N= “-” Indicates that the study did not report sample size 
associated with their estimates. A). Clearance of newly detected HPV infection among HIV-
positive women compared to HIV-negative women. B). Clearance of prevalent and newly 
detected HPV infection among HIV-positive women compared to HIV-negative women, by HPV 
type. C). Clearance of HPV infection among HIV-positive women by CD4 count. Estimates 
from Mane et al, 2016 and Ahdieh et al, 2000 were not included in the forest plot. Mane et al, 
2016 evaluated CD4 count as a continuous variable. And Ahdieh et al, 2000 used HIV-negative 
women was their reference group. The populations for Whitham et al, 2017 and Rowhani-Rahbar 
et al, 2007 overlapped.   
  

C 
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Figure 4. LSIL incidence by HIV status and ART use. N: Sample size, ES: effect size. A). LSIL 
incidence among HIV-positive women compared to HIV-negative women. Duerr et al, 2006 
reported its effect size in hazard ratios, and was not included in calculating the overall estimate. 
B). LSIL incidence among HIV-positive women on ART compared to HIV-positive women not 
on ART. Estimates from Adler et al, 2012, Firnhaber et al, 2012, and Ellerbrock et al, 2000 
adjusted for CD4 count. C). LSIL incidence by absolute increase in CD4 count after ART 
initiation. Data extracted from Kim, 2013.   
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Figure 5. LSIL regression by HIV status, CD4 count, and ART use.  
A 

 
B 

 
C 

 
N: Sample size, ES: effect estimate. N= “-” Indicates that the study did not report sample size 
associated with their estimates. A). LSIL regression among HIV-positive women compared to 
HIV-negative women. B). LSIL regression among HIV-positive women compared to HIV-
negative women, by CD4 count. Data extracted from Six et al, 1998. Confidence intervals for these 
estimates were not included in the study. C). LSIL regression among HIV-positive women on ART 
compared to HIV-positive women not on ART. Data from Ahdieh-Grant et al, 2004 was not 
included in the figure. Because LSIL regression was not observed in any of the HIV-positive 
women not on ART, the study could not obtain an estimate for the effect of ART use on LSIL 
regression.   
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Chapter 4. Impact of multi-age cohort human papillomavirus vaccination on cervical 

cancer incidence among Kenyan girls and women: A mathematical modeling evaluation of 

HPV vaccination strategies in the context of moderate HIV prevalence 
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Abstract 

Introduction  

Cervical cancer incidence is high among Kenyan women due in part to HIV, which increases 

cervical cancer risk. Human papillomavirus (HPV) vaccination is a cost-effective prevention 

against cervical cancer, but its impact is dependent on vaccination coverage and HIV prevalence. 

As HPV is associated with HIV acquisition, HPV vaccination may also decrease HIV burden. We 

evaluated the impact of HPV vaccination scale-up strategies in the context of changing HIV 

epidemiology in Kenya.     

Methods  

Using a dynamic, compartmental mathematical model of HIV and HPV transmission validated for 

Kenya, we evaluated the health effects of vaccination in the following scenarios: 1) single-age 

cohort vaccination of girls aged 10 at 90% coverage, 2) routine vaccination of girls aged 10-14 at 

90% coverage, 3) routine and moderate coverage (50%) of multi-age cohort catch-up (MAC) 

vaccination of women aged 15-24, 4) routine and high coverage (80%) of MAC vaccination, and 

5) routine and vaccination of women aged 15-44 at 80% coverage (HPV-FASTER). We assumed 

Kenya meets the UNAIDS 90-90-90 goals for HIV treatment. The model outcomes were the 1) 

changes in annual cancer incidence and HIV prevalence, and, 2) the cumulative cases of cervical 

cancer and HIV averted, relative to no HPV vaccination from 2021-2070.   

Results  

By 2070, cervical cancer incidence was reduced by 68% with 164,529 cervical cancer cases 

averted with single-age cohort vaccination. Routine vaccination reduced cancer incidence by 75% 

and averted 206,115 cancer cases. Moderate and high-coverage MAC vaccination and HPV-

FASTER reduced cancer incidence by 80%, 82%, and 84% averting 254,930, 278,690, and 
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326,968 cancer cases, respectively. The reduction in HIV prevalence in women due to vaccination 

was 7.6% with single-age vaccination, 8.9% with routine vaccination, 10.0% with moderate MAC, 

10.6% with high-coverage MAC, and 11.0% with HPV-FASTER, corresponding to 15,609, 

20,570, 27,568, 31,145, and 34,981 cases of HIV averted. If UNAIDS goals for HIV treatment 

were met, cervical cancer incidence will decline from 44.3 to 27.3 per 100,000 between 2020 and 

2070 without HPV vaccination due to HIV prevalence decrease among women from 6.5% to 0.3%. 

Conclusions  

HPV vaccination has the potential to substantially decrease cervical cancer burden in Kenya, 

particularly if multiple age cohorts are vaccinated. While HPV vaccination may have modest 

impact on HIV prevalence, it has a role in a comprehensive HIV prevention package that includes 

sexual and reproductive health services. To achieve elimination of cervical cancer in Kenya, 

screening and treatment of pre-cancers will be required in addition to widespread vaccination. 

 

Keywords HPV vaccination, HIV, cervical cancer, math model 
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Introduction  

With the advances in primary and secondary cervical cancer prevention in high-income countries 

(HICs), cervical cancer is increasingly an indicator of global health disparities. Approximately 

90% of the estimated 604,000 new cervical cancer cases and 342,000 deaths due to cervical cancer 

in 2020 occurred in low- and middle-income countries.7 While the majority of cervical cancers are 

prevented in HICs, cervical cancer is one of the most common cancers and cause of cancer deaths 

among Kenya women.60,130 Due to inequitable access to vaccines against human papillomavirus 

(HPV) infection and other cervical cancer prevention services, cervical cancer incidence rate is 

more than 5 times higher in Kenya compared to the United States and other HICs.7,131  

 

HIV infection among women is an important contributing factor to the high burden of cervical 

cancer in Kenya.11,114 Women living with HIV (WLHIV) have significantly higher risk of HPV 

infection and a six-fold higher risk of cervical cancer compared to HIV-uninfected women.20,132,133 

In addition, HPV infection is associated with HIV acquisition.19,20 As of 2020, HIV prevalence 

among Kenyan adult women was 6%; representing almost 900,000 WLHIV who are at elevated 

risk for cervical cancer compared to the general population.16  

 

HPV vaccines are safe, durable, and highly efficacious in preventing infection with the most 

oncogenic HPV types and the sequelae associated with these infections.134-136 Further, vaccines 

are cost-effective cervical cancer prevention strategies in countries across a range of income levels, 

including Kenya.137,138 HPV vaccination can result in net positive health savings, even after 

accounting for opportunity cost to other health services.138 To accelerate the impact of HPV 

vaccination at the population level, the World Health Organization (WHO) recommends multi-age 
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cohort vaccination of girls 9 – 15 years old.139 However, Kenya and many other LMIC are 

vaccinating a single age cohort (girls aged 9 or 10) due to limited vaccine supply and funding, 

resulting in only a fraction of eligible girls vaccinated each year.6 Encouragingly, investment 

priorities of local ministries of health and international donors may shift in response to WHO’s 

initiative to eliminate cervical cancer as a public health problem globally.22  

 

A crucial component to the success of this initiative is increasing HPV vaccination coverage in 

LMIC.22 However, vaccination implementation will need to be tailored to each country, as the 

population-level impact of vaccination on cervical cancer rates varied depending on the age group 

targeted for vaccination and the baseline level of cervical cancer risk.4,23 In addition, in high HIV-

burden countries, prevention of HIV could independently reduce cervical cancer incidence and 

mortality.140 In this modeling study, we aimed to evaluate the population-level impact of different 

HPV vaccination strategies on cervical cancer burden in Kenya, while accounting for the effect of 

the changing HIV epidemiology and scale-up of HIV prevention. As a secondary objective, we 

also evaluated the impact of HPV vaccination on HIV burden, as our model captures the increased 

risk of HIV acquisition among women with an HPV infection.19,20 Data from our study could help 

inform public health decision making in Kenya and other countries with similar levels of cervical 

cancer and HIV.  

 

Methods  

Model description  

We adapted a previously published compartmental, dynamic model of heterosexual HPV and HIV 

transmission to the Kenyan setting.26 The model simulates demographic dynamics, HIV infection 
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and progression, HPV infection and progression to cervical cancer, and the interactions between 

HIV and HPV infections. Births, deaths, population growth, and age composition over time in the 

model are parameterized using the Kenya-specific fertility and non-HIV mortality rates from 

United Nations Population Division (UNPD) (Tables S2 and S4).141 We modelled male and female 

populations aged 0-79 in five-year age groups and with age- and sex-specific sexual behaviors. 

 

Susceptible individuals in the model population acquire HIV through heterosexual contact or, to a 

lesser extent, through mother-to-child transmission. We assume women with an HPV infection 

have higher probability of HIV acquisition compared to those without an HPV infection.19,20 HIV 

disease progression is characterized by decreasing CD4 cell count and increasing HIV RNA (viral 

load). People living with HIV have higher mortality rates compared to HIV-uninfected individuals, 

with mortality rates increasing as CD4 counts decreases. People living with HIV initiate 

antiretroviral therapy (ART) according to the historical CD4 count-based eligibility criteria in 

Kenya.142 We assume an increasing proportion of people on ART are virally suppressed over time 

(Supplemental Appendix 2, p128). The ART coverage/viral suppression levels in the model 

parallel the historical coverage levels observed in Kenya (Supplemental Appendix 2 Table S12 

and Figure S2). Additionally, we assume that 72.9% of men and women living with HIV are virally 

suppressed by 2030, achieving the UNAIDS 90-90-90 goals. Coverage of male circumcision also 

follows historical trends in Kenya (Supplemental Appendix 2 Table S13 and Figure S3), and is 

assumed reach at least 90% in all ages by 2030.  

 

We model oncogenic HPV infection in two groupings: infection with an HPV type targeted by 

vaccines (HPV 16, 18, 31, 33, 45, 52, and 58) and infection with other oncogenic HPV types (HPV 
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35, 39, 51, 56, 59 and 68) (Supplemental Appendix 2 Figure S1). Acquisition and progression of 

these two infections are independent of each other and can occur simultaneously. While men can 

only be HPV-infected or susceptible, women in the model have additional HPV-associated states 

including cervical intraepithelial neoplasia grades (CIN) 1 to 3 and cervical cancer. Further, 

women who clear HPV infection benefit from temporary immunity against reinfection with the 

same HPV type (either vaccine-targeted or non-vaccine-targeted type). WLHIV will have higher 

probability of HPV acquisition, persistence, progression to CIN and reduced regression from 

CIN.20,133 Specifically, HPV acquisition and CIN progression increased with decreasing CD4 

count while HPV clearance and CIN regression decreased with decreasing CD4 count. We 

modelled a constant cervical cancer screening coverage of 7.4% in women without HIV and 12.3% 

in WLHIV across all scenarios, as observed.8  

 

Demographic and sexual behavior parameters are based on data from UNPD and Kenya DHS. We 

parameterized the model using epidemiological and clinical parameters, including HIV and HPV 

transmission probabilities and CIN progression rates, to fit to HIV, HPV, and cervical cancer 

epidemiology in Kenya. We calibrated the model by fitting to age- and sex-specific HIV 

prevalence from 2003 and 2008-2009 Kenya Demographics and Health Surveys and 2007 and 

2012 Kenya AIDS Indicator Surveys.8,143-145 We estimated HIV prevalence and 95% confidence 

intervals from DHS using the survey procedures in SAS (V9.4, Cary NC). We fit to age- and HIV-

status specific HPV prevalence estimated observational studies in Kenya.146,147 Additionally, we 

fit the overall and age-specific cancer incidence rates to GLOBOCAN 2012 estimates.148 We 

validated the model outputs against 2018 Kenya Population-based HIV Impact Assessment 

(PHIA) and GLOBOCAN 2020.7,17 To represent uncertainty around select influential parameters, 
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specifically HIV transmission probability, HPV transmission probability, and the risk of HIV 

acquisition among women infected with HPV relative to HPV-uninfected women, we varied the 

parameters within expected ranges. We ran 100 iterations, with the model randomly selecting a 

value from the specified range for these three parameters at each iteration. For the outcome 

estimates, we reported the median and the interquartile range of the 100 iterations, as these 

represent the best fit of the model output to observed data. Model dynamics are governed by a 

system of ordinary differential equations that are solved in MATLAB using a 4th-order Runge-

Kutta numerical method. Detailed description of model processes, calibration, and parameters is 

included in Supplemental Appendix 2. 

 

HPV vaccination scenarios  

We modeled the impact of quadrivalent HPV vaccine on cervical cancer incidence over 50 years, 

with vaccination beginning in 2021. Specific scenarios are as follows:  

1. No vaccination. This serves as the reference for evaluating the impact of vaccination 

strategies described below.   

2. Single age cohort vaccination. Girls aged 10 years are vaccinated at 90% coverage. This 

scenario reflects Kenya’s vaccination strategy in 2019.   

3. Routine vaccination. Girls aged 9-14 are vaccinated at 90% coverage. This scenario 

represents the vaccination strategy proposed by the WHO to eliminate cervical cancer.22  

4. Moderate multiple age catch-up (MAC) vaccination. Routine vaccination of girls aged 9-

14 at 90% coverage, with one year of MAC vaccination for women aged 15-24 years at 

50% coverage.  
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5. High coverage MAC vaccination. Routine vaccination of girls aged 9-14 at 90% coverage, 

with one year of MAC vaccination for women aged 15-24 years at 80% coverage. 

6. HPV-FASTER. Routine vaccination of girls aged 9-14 at 90% coverage, with one year of 

vaccination for women aged 15-44 at 80% coverage. This scenario reflects the strategy 

proposed by Bosch et al based on clinical trial data showing high vaccine efficacy among 

mid-adult women up to aged 45.149 

 

We assume the nonavalent vaccine provides lifelong protection and prevents 90% of cervical 

cancers.150 Only girls and women in the HPV susceptible and immune compartments will benefit 

from vaccination, consistent with clinical trial data demonstrating low vaccine efficacy in 

recipients with detectable HPV infection at the time of vaccination.151 Cervical cancer screening, 

ART coverage, and male circumcision prevalence are the same across all scenarios.  

 

Outcomes 

To determine vaccination impact on cervical cancer, we estimated yearly age-standardized cervical 

cancer incidence rates between 2021-2070 all scenarios. We used WHO 2000-2025 Standard 

Population distribution as weights for age-standardization.152 We measured the impact of 

vaccination as incidence rate ratios by dividing incidence rates from scenarios 2-5 by the rate from 

the no vaccination scenario in the same year. We also estimated cumulative number of cervical 

cancer cases averted 30 and 50 years after vaccination introduction. To assess whether HPV 

vaccination had any impact on HIV burden, we estimate yearly relative reduction in HIV 

prevalence, with the no vaccination scenario as reference: 
����� �	

��	����
����	

��	��������� �	

��	���� ∗ 100. We 
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also estimate the cumulative number of HIV cases averted after 30 years and 50 years of 

vaccination.  

   

Results  

Model fit 

Model predictions demonstrated good fit to epidemiological data for HIV prevalence (Figures 1, 

Supplemental Appendix 2 Figures S6-7), HPV prevalence (Supplemental Appendix 2 Figure S8), 

and to GLOBOCAN-estimated cervical cancer incidence rates (Figure 2). The model HIV 

estimates were validated against sex- and age-specific HIV prevalence from 2018 Kenya PHIA 

survey17 (Figure 1) and cervical cancer incidence rates were validated against GLOBOCAN 20207 

(Supplemental Appendix 2 Figures S9 and S10), with good visual agreement for both comparisons.  

 

Vaccine impact on cervical cancer 

The model-estimated cervical cancer incidence in 2020 was 44.3 per 100,000 women (IQR 34.6-

50.2, Figure 3a), corresponding to 6,143 (IQR 4,848-6,935) new cases of cervical cancer 

(Supplemental Appendix 2 Figure S12). Without vaccination, cervical cancer incidence rate was 

31.7 per 100,000 women (IQR 23.3-37.8) in 2050 and 27.3 per 100,000 women (IQR 19.7-32.7) 

in 2070. Due to increased population size, 13,061 (IQR 10,085-15,222) and 16,528 (IQR 13,432-

19,229) new cases of cervical cancer were expected in those years (Supplemental Appendix 2 

Figure S5a). 

 

By 2050, single age cohort vaccination of 10-year-old girls at 90% coverage was predicted to 

decrease cervical cancer incidence rate, relative to no vaccination, by 22% (RR 0.78, IQR 0.77-



70 

 

0.78), averting 21,342 cases (IQR 18,235-25,311) of cervical cancer over 30 years (Table 1, figure 

3b). With routine vaccination of girls aged 10-14 years at 90% coverage, cervical cancer incidence 

was reduced by 33% (RR 0.67, IQR 0.67-0.68) and 35,038 cancer cases (IQR 29,501-41,407) were 

averted. Cervical cancer incidence was reduced by 45% (RR 0.55, IQR 0.54-0.55) with moderate 

(50% coverage) MAC for women aged 15-24 and 51% (RR 0.49, IQR 0. 0.48-0.49) with high-

coverage (80%) MAC, averting 57,370 (IQR 47,396-66,759) and 68,310 (IQR 55,612-79,092) 

cases of cervical cancer, respectively. The HPV-FASTER strategy reduced cervical cancer reduced 

by 63% (RR 0.37, IQR 0.36-0.38) and 98,783 cases (IQR 77,219-114,567) were averted.  

 

By 2070, relative to no vaccination, incidence rate ratio was 0.32 (IQR 0.31-0.32) with single age 

cohort vaccination, 0.25 (IQR 0.25-0.25) with routine vaccination, 0.20 (IQR 0.20-0.20) with 

moderate MAC vaccination, 0.18 (IQR 0.17-0.18) with high-coverage MAC vaccination, and 0.16 

(IQR 0.15-0.16) with HPV-FASTER; representing 68%, 75%, 80%, 82%, and 84% reduction in 

cancer risk, respectively (Figure 3b). Over 50 years, single age cohort vaccination is expected to 

prevent 164,529 (IQR 139,946-197,108) cases of cervical cancer, while 206,115 (IQR 173,778-

247,221) cases were averted with routine vaccination, 254,930 (IQR 212,510-303,618) with 

moderate MAC vaccination, 278,690 (IQR 229,763-330,529) cases with high-coverage MAC 

vaccination, and 326,968 (IQR 262,991-383,806) cases with HPV-FASTER (Table 1).  

 
Vaccine impact on HIV  

HIV prevalence was 6.1% (IQR 4.4-7.5) among women and 2.9% (IQR 2.1-3.6) among men in 

2020. If the UNAIDS 90-90-90 goals are achieved, prevalence among women and men is predicted 

to decrease to 1.0% (IQR 0.7-1.3) and 0.5 (IQR 0.3-0.7) in 2050 and to 0.3% (IQR 0.2-0.4) and 

0.2% (IQR 0.1-0.2) in 2070, with little difference between scenarios (Table 2, figure 4a). In 2050, 
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HIV prevalence in both women and men was reduced by 5.4% or less in all scenarios relative to 

no vaccination (Table 2). However, among women, 7,596 cases (IQR 5,018-12,627) of HIV were 

averted with single age cohort vaccination, 11,370 cases (IQR 7,548-18,702) with routine 

vaccination, 17,183 cases (IQR 11,570-27,740) with moderate MAC vaccination, 20,116 cases 

(IQR 13,533-32,301) with high-coverage MAC vaccination, and 23,626 cases (IQR 15,811-

37,286) with HPV-FASTER (Table 2). Because pre-vaccination HIV burden among men was 

lower compared to women, the number of HIV cases averted among men was also proportionately 

lower even though the percent reductions in HIV prevalence were similar (Table 2).   

 

Relative to no vaccination, HIV prevalence among women in 2070 was reduced by 7.6% (IQR 

6.1-9.1) with single age cohort vaccination, 8.9% (IQR 7.1-10.6) with routine vaccination, 10.0% 

(IQR 8.1-12.0) with additional moderate MAC vaccination, 10.6% (IQR 8.7-12.7) with high-

coverage MAC vaccination, and 11.0% (IQR 8.9-13.2) with HPV-FASTER; relative reductions in 

men were similar (Supplemental Appendix 2 Figure S13). Cumulative number of HIV cases 

averted in women after 50 years of vaccination was 15,609 (IQR 9,916-27,192) with single age 

cohort vaccination, 20,570 (IQR 13,284-35,553) with routine vaccination, 27,568 (IQR 18,298-

46,725) with moderate MAC vaccination, 31,145 (IQR 20,691-52,430) with high-coverage MAC 

vaccination, and 34,981 (IQR 23,224-57,825) with HPV-FASTER (Table 2). The number of cases 

of HIV infections averted over 50 years in men were approximately half of that in women (Table 

2). 
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Discussion  

Overall, HPV vaccination has the potential to substantially mitigate cervical cancer risk in Kenya 

in the next 50 years, particularly if the vaccination strategy included older adolescents and young 

women. Compared to no vaccination, cervical cancer risk in 2070 was three times lower with 

single age cohort vaccination of 10-year-old girls and was up to 5.7 times lower with MAC 

vaccination of women aged 15-24. Additionally, MAC vaccination could further prevent 90,401 

to 114,161 cases of cervical cancer in addition to the cases prevented through single age cohort 

vaccination. The total cumulative cervical cancer cases averted by 2070 was almost double in the 

MAC scenarios compared to the single age cohort vaccination scenario. 

 

Because MAC vaccination and HPV-FASTER led to more people in the overall population 

vaccinated and higher vaccination coverage in older age groups, the impact of vaccination on 

cervical cancer incidence is realized earlier. With MAC vaccination and HPV-FASTER, 23-30% 

of the cumulative cases of cervical cancers averted had been prevented in 2050, compared to 13% 

with single age cohort vaccination. These findings are consistent with post-vaccination HPV 

surveillance data from European and North American countries, which show that population-level 

HPV prevalence declined more rapidly and to a greater extent with multiple age cohort vaccination 

(up to age 19 or 26) than with single age cohort vaccination.153 While the HPV-FASTER strategy 

resulted in the greatest reduction of cervical cancer in our analysis, this strategy has been found to 

be not cost-effective in settings with high coverage of cervical cancer screening.154 However, the 

logistics and cost-effectiveness of implementing HPV-FASTER in settings with low screening 

coverage has not been evaluated.   
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While the WHO strongly recommends routine vaccination of girls 9-14 years old, its 

recommendation for vaccinating young women 15 and older is more tentative, leaving countries 

to decide whether to vaccinate young women.155 One concern regarding vaccinating this 

population is the reduced vaccine effectiveness in young women due to more previous HPV 

infection exposures compared to girls aged 9-14.156 To accurately reflect vaccine efficacy in our 

model, only girls and women who are susceptible to HPV infection (i.e., negative for the types 

targeted by the vaccine) are conferred protection from HPV vaccination. The additional reduction 

in cervical cancer cases and incidence rates in the MAC vaccination scenarios compared to single 

age cohort and routine vaccination scenarios demonstrate that older adolescents and young women 

can indeed benefit from HPV vaccination and expanding eligibility to this age group can lead to 

population-level reduction in cancer burden. While we found a greater and earlier impact with 

MAC vaccination compared to routine and single age cohort vaccination, the difference between 

the two catch-up scenarios are moderate. Relative to the moderate catch-up scenario, the high-

coverage catch-up scenario results in an additional 23,760 cases of cervical cancers averted over 

50 years. This is likely because the proportion women vaccinated in the moderate catch-up 

scenario scales up to same level as in the high-coverage catch-up scenario within 10 years of 

vaccine introduction (Supplemental Appendix 2 Table S17 and Figure S12). 

 

We modelled bidirectional interactions between HIV and HPV infections, such that HIV infection 

increased the risk of HPV acquisition and progression and HPV infection increased subsequent 

HIV acquisition. Kenya has made marked progress in HIV prevention, leading to a steady decline 

in HIV prevalence in the last two decades.16 In 2018, 69% of all Kenyan adults living with HIV 

are on treatment and virally suppressed and 92% of men are circumcised.17  We assume that Kenya 
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will continue their current trajectory of ART coverage and male circumcision, resulting in 72.9% 

of people with HIV virally suppressed and at least 90% of all men circumcised by 2030, achieving 

the UNAIDS 90-90-90 goals. Under these assumptions, the model predicted that HIV prevalence 

among both men and women will decrease drastically to less than 0.5%. Due to the decline in HIV 

burden, the model also projected a 38% decline in cervical cancer incidence rates without HPV 

vaccination from 44.3 per 100,000 women in 2020 to 27.3 per 100,000 women in 2070. Our 

findings are in line with those of Hall et al, which projected a 32% decline in cervical cancer 

incidence due to ART and male circumcision in Tanzania.140 Conversely, while women with HPV 

infection were assumed to have on average 2 times higher risk of acquiring HIV compared to 

women who are HPV-negative, HPV vaccination had minimal impact on the overall HIV burden, 

reducing HIV prevalence by only 1.8-9.9% in 2070. This is likely because vaccinated populations 

could still acquire infection with oncogenic HPV types not targeted by the nonavalent vaccine. 

However, the cumulative number of HIV infections prevented as a result of vaccination was not 

trivial, with up to 27,812 cases averted in women and 14,693 cases averted in men. Although men 

were not vaccinated, they indirectly benefited from the reduced HIV burden in women. These 

findings support a role for HPV vaccination in the comprehensive HIV prevention package that 

includes sexual and reproductive health services.157    

 

Of note, we found that even in the highest coverage scenario (90% of 9-14-year-old girls and 80% 

of 15-44-year-old women vaccinated), cervical cancer elimination, defined as incidence of ≤4 per 

100,000, will not be achieved in Kenya in the next 50 years. The nonavalent vaccine prevents 90% 

of cervical cancers,150 but additional interventions will need to be implemented to prevent cancers 

caused by other oncogenic HPV types not targeted by the quadrivalent vaccine in order to lower 
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the incidence rate below the threshold of 4 per 100,000 women. This is consistent with other 

modeling studies have indicated that cervical cancer elimination in LMICs, such as Kenya, may 

not be achievable even in the next century with vaccination alone.4,23 Additional investment in 

secondary prevention will be necessary to accelerate cervical cancer elimination in Kenya. Based 

on the 2012 KAIS,8 we assume that 7.4% of HIV-negative women and 12.3% of WLHIV women 

receive one cervical cancer screening in their lifetime at age 35. Increasing screening coverage and 

the frequency of screening would prevent cancer among unvaccinated women and prevent cervical 

cancer caused by HPV types not targeted by the vaccine.  

 

A strength of our model is that HIV and HPV transmissions occur dynamically, allowing the model 

to capture herd effects from interventions. This enabled us to estimate the total, population-level 

effect of vaccination on cervical cancer in Kenya. In addition, we explicitly modelled the biological 

interactions between HIV and HPV infections, which made it possible to isolate the effect of HPV 

vaccination on cervical cancer from that of HIV prevention. Accurate projection of vaccination 

impact will be important as Kenya plans to meet the challenge of cervical elimination amidst 

changing HIV epidemiology. Further, while the convergence of evidence that HPV infection 

increased the risk of HIV acquisition prompted questions regarding the effectiveness of HPV 

vaccination for HIV prevention, clinical trials to investigate these questions were not 

recommended due to ethical and financial concerns.158,159 However, our model was able to estimate 

HPV vaccination impacts on HIV burden while circumventing the ethical and financial issues 

associated with observational studies or randomized controlled trials. 
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Our study has some limitations. Sexual behavior patterns, including condom use and mixing, are 

highly influential in producing age- and/or sex-specific disease trends that matches 

epidemiological data. For simplicity, we assumed these parameters are static over time. However, 

our projections of future HIV and cervical cancer burden would be affected if changes in future 

sexual behavior patterns occur. Similarly, our predictions regarding the benefit of multi-age cohort 

vaccination among young women aged 15-24 could be affected if sexual behaviors in this 

population change in the future. Due to a lack national-level cervical cancer incidence data in 

Kenya, we calibrated our model to the overall and age-specific cervical cancer incidence rates 

estimated by GLOBOCAN.7 These rates were based on two regional cancer registries in Eldoret 

and Nairobi, and may not be representative of the overall cancer incidence in Kenya. Further, 

vaccination coverage in our model scales up to the specified level immediately in all vaccination 

scenarios. For example, in the high-coverage MAC scenario, 90% of girls aged 10-14 and 80% of 

women aged 15-24 are vaccinated within the first year of vaccine introduction. In reality, such 

high coverage, especially among older adolescents and adult women, may be difficult to achieve 

rapidly, as had been demonstrated in Australia and the United States.160,161 If scale-up of 

vaccination is gradual, the incremental health benefits from vaccinating young adult women may 

also be delayed. Finally, although HPV vaccination commenced in 2021 in our model, actual 

program roll-out in Kenya may be delayed due to the impact of the COVID-19 pandemic on health 

care budget and personnel.162,163 However, because the pandemic has not affected Kenya as 

severely as other countries, international organizations, such as the World Bank, expect relatively 

quick recovery in Kenya after the pandemic is under control.164,165 Assuming Kenya’s healthcare 

system recover to pre-pandemic condition, our results will still be relevant if the vaccine program 

is delayed by one or two years.    
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In conclusion, cervical cancer burden in Kenya can be substantially reduced with quadrivalent 

HPV vaccination. The reduction in cancer incidence is greater and occurs earlier when multiple 

age cohorts are included in the vaccination strategy. However, even in our most optimistic 

scenario, the cervical cancer elimination threshold is not reached. Concurrent scale-up of cervical 

precancer screening and treatment coverage will be needed to eliminate cervical cancer as a public 

health problem in Kenya.   
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Figure 1. Model estimated HIV-prevalence among men and women between 2000-2020 (blue 
line) compared to data from 2003 and 2008-2009 Demographic and Health Survey (DHS), 2007 
and 2012 Kenya AIDS Indicator Survey (KAIS), and 2018 Population-based HIV Impact 
Assessment (PHIA).  
 

  

Figure 2. Model estimated age-specific cervical cancer incidence rates (blue line) compared to 
Globocan 2012 estimates (red dots).  
 

 



79 

 

Table 1. Cervical cancer incidence rates, HIV prevalence, and vaccine impact on cervical cancer in 2050 and 2070.  
 CC rates, per 100,000 Rate Ratio Cumulative cancer cases averted 

2050    
No vaccination 31.7 (23.3-37.7) Reference Reference 
Single age cohort  24.5 (18.1-29.2) 0.78 (0.77-0.78) 21342 (18235-25311) 
Routine  21.3 (15.8-25.3) 0.67 (0.67-0.68) 35038 (29501-41407) 
Moderate MAC  17.4 (12.9-20.6) 0.55 (0.54-0.55) 57370 (47396-66759) 
High coverage MAC 15.5 (11.5-18.3) 0.49 (0.48-0.49) 68310 (55612-79092) 
HPV-FASTER 11.9 (9.0-13.8) 0.37 (0.36-0.38) 98783 (77219-114567) 

2070    
No vaccination 27.3 (19.7-32.8) Reference Reference 
Single age cohort 8.5 (6.1-10.4) 0.32 (0.31-0.32) 164529 (139946-197108) 
Routine  6.7 (4.8-8.2) 0.25 (0.25-0.25) 206115 (173778-247221) 
Moderate MAC  5.4 (3.9-6.5) 0.20 (0.20-0.20) 254930 (212510-303618) 
High coverage MAC  4.8 (3.5-5.8) 0.18 (0.17-0.18) 278690 (229763-330529) 
HPV-FASTER 4.2 (3.2-5.0) 0.16 (0.15-0.16) 326968 (262991-383806) 
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Table 2. HPV vaccination impact on HIV burden among women and men in 2050 and 2070. 
  Women   Men  

 HIV prevalence % reduction Cumulative HIV cases 

averted 

HIV prevalence % reduction Cumulative HIV cases 

averted 

2050       

 No vaccination 1.04 (0.70-1.38) Reference Reference 0.53 (0.36-0.71) Reference Reference 

 Single age  1.01 (0.69-1.34) 2.4 (1.9-3) 7596 (5018-12627) 0.52 (0.35-0.69) 2.2 (1.7-2.5) 3491 (2320-5622) 
 Routine  1.00 (0.68-1.33) 3.4 (2.7-4.1) 11370 (7548-18702) 0.51 (0.35-0.68) 3.1 (2.5-3.7) 5352 (3597-8609) 
 Moderate MAC  0.99 (0.68-1.31) 4.5 (3.6-5.4) 17183 (11570-27740) 0.51 (0.35-0.67) 4.3 (3.5-5.1) 8192 (5630-13000) 
 High MAC 0.98 (0.68-1.30) 5.1 (4.1-6.2) 20116 (13533-32301) 0.5 (0.35-0.67) 4.9 (4.0-5.8) 9620 (6636-15268) 
 HPV-FASTER 0.97 (0.67-1.30) 5.4 (4.4-6.6) 23626 (15811-37286) 0.5 (0.34-0.67) 5.3 (4.3-6.2) 10945 (7651-17366) 
2070       

 No vaccination 0.31 (0.19-0.46) Reference Reference 0.16 (0.10-0.24) Reference Reference 

 Single age  0.29 (0.18-0.42) 7.6 (6.1-9.1) 15609 (9916-27192) 0.15 (0.10-0.22) 7.4 (5.9-8.9) 8253 (5156-13666) 
 Routine  0.29 (0.18-0.41) 8.9 (7.1-10.6) 20570 (13284-35553) 0.15 (0.09-0.22) 8.6 (6.9-10.3) 10944 (6959-18009) 
 Moderate MAC  0.28 (0.18-0.41) 10.0 (8.1-12.0) 27568 (18298-46725) 0.15 (0.09-0.21) 9.8 (8.0-11.7) 14604 (9596-23731) 
 High MAC  0.28 (0.18-0.40) 10.6 (8.7-12.7) 31145 (20691-52430) 0.15 (0.09-0.21) 10.4 (8.5-12.4) 16444 (10870-26697) 
 HPV-FASTER 0.28 (0.18-0.40) 11.0 (8.9-13.2) 34981 (23224-57825) 0.15 (0.09-0.21) 10.8 (8.8-12.8) 17970 (12023-29161) 
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Figure 4. HPV vaccination impact on cervical cancer outcomes. A). Yearly age-standardized 
cervical cancer incidence rates from 2020-2070 by model scenario. Dashed lines indicate cancer 
elimination threshold of 4 per 100,000 women. Subplot b). Yearly incidence rate ratios compared 
to no vaccination. The dotted horizontal line indicate null.     
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Figure 5. HPV vaccination impact on HIV burden in women. Subplot a) HIV prevalence among 
women over time by scenario. Because HIV prevalence was similar in all scenarios, lines for 
scenarios overlap almost completely. Subplot b) percent reduction in HIV prevalence relative to 
no vaccination. 
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Chapter 5. Discussion 
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Eliminating cervical cancer as a public health problem will be more challenging in LMICs than in 

high-income countries, due to higher current level of cervical cancer risk, and in some LMICs, 

HIV. This work of this dissertation addressed a data gap in cervical cancer prevention research for 

LMICs with significant HIV prevalence using Kenya as a case study. By quantifying the 

bidirectional interactions between HIV and HPV infections and modeling these interactions in 

detail, we can more accurately represent the future trajectory of cervical cancer burden in Kenya, 

where HIV epidemiology is changing due to effective HIV control in the past decades.16 The 

country-specific data generated by this work could be used to inform local cervical cancer 

prevention policies.  

A crucial component of the WHO cervical cancer elimination strategy is increasing the 

coverage of HPV vaccination.22 Using a dynamic transmission model that accounted for the 

bidirectional interactions between HIV and HPV, we estimated that HPV vaccination has the 

potential to reduce cervical cancer incidence by 63-78% to 6-10 cases per 100,000 women in the 

next 50 years. Compared to previous models of HPV vaccination in LMIC that did not account for 

HIV, our model predicted a larger impact on cervical cancer in Kenya.4,23 For example, models 

from the WHO Cervical Cancer Elimination Modelling Consortium estimated that cervical cancer 

incidence in sub-Saharan Africa will only decline by approximately 40% and remain at 15 per 

100,000 women 50 years after vaccine introduction.23 However, because a significant proportion 

of cervical cancer is attributed to HIV infection in these regions (24% in Kenya and 20% in sub-

Saharan Africa overall), the influence of HIV prevention on cervical cancer cannot be ignored.11  

Our model also projected that HPV vaccine impact on cervical cancer was more pronounced (e.g., 

greater percent reduction in incidence and lower incidence rate) and occurred earlier with catch-

up vaccination for young women aged 15-24 compared to single age cohort vaccination of 10-
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year-old girls or routine vaccination of 10-14 year-old girls. These results are consistent with real 

world data that demonstrate that catch-up vaccination for AGYW aged 15-24 was associated with 

greater and earlier reductions in the population-level prevalence of vaccine-preventable HPV 

infections and HPV-associated diseases.153  

 Our findings support the implementation of routine HPV vaccination for girls aged 10-14 

with short-term catch-up vaccination for young adult women up to age 24 in Kenya to accelerate 

cervical cancer burden reduction. Although we have not evaluated cost-effectiveness in our model, 

previous studies have shown that HPV vaccines are cost-effective in almost all countries, 

regardless of income level.137,138,166 As a GAVI-eligible country, Kenya currently pays $4.50 or 

less for each dose of HPV vaccine. Adjusting for the expenses of vaccine delivery and opportunity 

costs to other health services, vaccinating 90% of girls up to age 15 is cost-effective in Kenya even 

if the vaccines cost 5 times more.138 This suggests that incorporating a catch-up vaccination 

program for young women aged 15-24 may also be fiscally achievable. All of the above health 

economic analyses assumed that girls are vaccinated according to the 2-dose regimen currently 

recommended by WHO. Evidence that one dose of HPV vaccine may confer similar protection as 

two doses are emerging, and several clinical trials are ongoing to definitively evaluate one-dose 

HPV vaccine efficacy.167-171 If efficacious, a one-dose regimen could further attenuate the cost of 

a high-coverage HPV vaccination program. Additionally, the global supply of HPV vaccines may 

soon increase with new HPV vaccines being developed by Chinese and Indian manufacturers, 

potentially further reducing the price per dose of HPV vaccines.172  

 Similar to other modeling studies, we found that cervical cancer elimination in Kenya 

would not be attainable in the next 50 years with HPV vaccination alone.4,23,27 This points to a 

need for a more robust cervical cancer screening program to prevent cancers caused by HPV types 
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not targeted by the vaccine. Although the Kenyan Ministry of Health recommends cervical cancer 

screening for HIV-negative women every 5 years and women living with HIV every 2 years, only 

7.4% of HIV-negative women and 12.3% of women living with HIV had ever been screened.8,173  

Reasons for the low uptake include lack of awareness about HPV and cervical cancer, discomfort 

with screening procedures, stigma surrounding cervical cancer and its association with HIV, 

financial costs, and lack of health care capacity.174-179 More recently developed methods in 

detecting and treating cervical precancerous lesions, such as self-collection of cervical samples, 

point-of-care HPV tests, and affordable and rapid treatment with thermal ablation, could reduce 

screening anxiety and financial burden on women and the health care system but would need to be 

scaled up.180-182 Additional work is needed to increase cervical cancer awareness and reduce 

stigma.  More intense screening is needed for women living with HIV, as they have higher risk of 

cervical cancer. Integration of routine cervical cancer screening with HIV care could improve 

screening uptake and efficiency, and therefore reduce cancer incidence and deaths in this 

population.183,184  

While our model demonstrated that HPV vaccination was highly effective at reducing 

cervical cancer burden in Kenya, its impact on HIV prevalence was modest. Based on the results 

from chapter 2 and previously published literature, we assumed that HIV acquisition was on 

average 2 times higher among women with an HPV infection.19,20 Given this assumption, the 

model projected that HPV vaccination will reduce HIV prevalence by at most 11% after 50 years 

even in the highest coverage scenario. These results are as expected, since women in the model 

could still be infected with HPV types not targeted by the vaccine. Clinical trials of treatment for 

other sexually transmitted infections have similarly found moderate effect on HIV 

acquisition.185,186 However, the number of HIV infections averted with HPV vaccination (more 
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than 50,000 among men and women) is not trivial, making a case for including HPV vaccination 

as part of a comprehensive HIV prevention package in settings with high HPV prevalence. HPV 

vaccination may have greater impact on HIV burden when combined with other HIV prevention 

strategies, such as pre-exposure prophylaxis against HIV, treatment for other sexually transmitted 

infections, and condom use.187    

In addition to HPV vaccination, we also modelled the scale-up of two HIV interventions, 

ART and male circumcision. We assume that coverage of these interventions meet the targets set 

by Joint United Nations Programme on HIV/AIDS (UNAIDS) and WHO: 72.9% of all people 

living with HIV on ART and virally suppressed and 90% of men circumcised.188,189 Under these 

assumptions, the model predicted that HIV prevalence will decrease to <0.5% in 2070, and as a 

result future cervical cancer incidence rates will fall by 38% in the scenario without vaccination. 

The HIV interventions reduced cervical cancer rates via two mechanisms: ART and male 

circumcision reduced population-level HIV incidence in the model and ART lowered the risk of 

HPV acquisition and progression among women living with HIV.63,190 These findings emphasize 

the importance of HIV control measures in Kenya, especially the provision of ART for all people 

living with HIV. A consistent finding from the literature review in chapter 3 was that the degree 

of immunosuppression was associated with the risk of HPV acquisition and progression to cervical 

cancer, highlighting the need for early HIV diagnosis and treatment. As of 2018, 17% of women 

and 27% of men living with HIV in Kenya did not know their status.17 Additional research is 

needed on strategies to reach people with undiagnosed HIV and to engage them in care.   

In conclusion, the results of this dissertation demonstrated the value of considering the 

synergies between HIV and HPV infections when evaluating the population-level impact of 

cervical cancer prevention. HPV vaccination is an effective strategy for reducing cervical cancer 
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burden in Kenya in the context of shifting HIV epidemiology, but existing measures for HIV 

prevention must also be maintained and scaled up to meet UNAIDS treatment goals. By modeling 

HIV and HPV epidemics specific to the local context, we contributed data to the development of 

impactful cervical cancer prevention strategies tailored to Kenya.   
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HIV-positive women have higher risk of HPV infection, precancerous lesions, and cervical 

cancer: A systematic review and meta-analysis 
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Table A1. PRISMA checklist 

Section/topic  # Checklist item  
Reported on 

page #  

TITLE   

Title  1 Identify the report as a systematic review, meta-analysis, or both.  1 

ABSTRACT   

Structured summary  2 Provide a structured summary including, as applicable: background; objectives; data sources; study eligibility criteria, 
participants, and interventions; study appraisal and synthesis methods; results; limitations; conclusions and implications of key 
findings; systematic review registration number.  

2 

INTRODUCTION   

Rationale  3 Describe the rationale for the review in the context of what is already known.  3 

Objectives  4 Provide an explicit statement of questions being addressed with reference to participants, interventions, comparisons, outcomes, 
and study design (PICOS).  

3-4 

METHODS   

Protocol and 
registration  

5 Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if available, provide registration 
information including registration number.  

N/A 

Eligibility criteria  6 Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years considered, language, 
publication status) used as criteria for eligibility, giving rationale.  

4 

Information sources  7 Describe all information sources (e.g., databases with dates of coverage, contact with study authors to identify additional studies) 
in the search and date last searched.  

4 

Search  8 Present full electronic search strategy for at least one database, including any limits used, such that it could be repeated.  4, appendix 

Study selection  9 State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if applicable, included in the 
meta-analysis).  

4 

Data collection 
process  

10 Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and any processes for obtaining 
and confirming data from investigators.  

Appendix 

Data items  11 List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assumptions and simplifications 
made.  

4 

Risk of bias in 
individual studies  

12 Describe methods used for assessing risk of bias of individual studies (including specification of whether this was done at the 
study or outcome level), and how this information is to be used in any data synthesis.  

4, appendix 

Summary measures  13 State the principal summary measures (e.g., risk ratio, difference in means).  4 
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Synthesis of results  14 Describe the methods of handling data and combining results of studies, if done, including measures of consistency (e.g., I2) for 
each meta-analysis.  

4 

Risk of bias across 
studies  

15 Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication bias, selective reporting within 
studies).  

4, appendix 

Additional analyses  16 Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done, indicating which were 
pre-specified.  

N/A 

RESULTS   

Study selection  17 Give numbers of studies screened, assessed for eligibility, and included in the review, with reasons for exclusions at each stage, 
ideally with a flow diagram.  

Appendix 

Study characteristics  18 For each study, present characteristics for which data were extracted (e.g., study size, PICOS, follow-up period) and provide the 
citations.  

5, appendix 

Risk of bias within 
studies  

19 Present data on risk of bias of each study and, if available, any outcome level assessment (see item 12).  5, appendix 

Results of individual 
studies  

20 For all outcomes considered (benefits or harms), present, for each study: (a) simple summary data for each intervention group (b) 
effect estimates and confidence intervals, ideally with a forest plot.  

5-9, Table 1, 
appendix 

Synthesis of results  21 Present results of each meta-analysis done, including confidence intervals and measures of consistency.  5-9, appendix 

Risk of bias across 
studies  

22 Present results of any assessment of risk of bias across studies (see Item 15).  Appendix 

Additional analysis  23 Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression [see Item 16]).  N/A 

DISCUSSION   

Summary of 
evidence  

24 Summarize the main findings including the strength of evidence for each main outcome; consider their relevance to key groups 
(e.g., healthcare providers, users, and policy makers).  

9-11 

Limitations  25 Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., incomplete retrieval of identified 
research, reporting bias).  

11 

Conclusions  26 Provide a general interpretation of the results in the context of other evidence, and implications for future research.  11 

FUNDING   

Funding  27 Describe sources of funding for the systematic review and other support (e.g., supply of data); role of funders for the systematic 
review.  

1 
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Table A2. Systematic review search strategies and search terms. The strategies and terms for 
each database searched are listed separately.  
Pubmed:  
Filter: NOT reviews 
Search Terms used  

#1 (Disease Progression[mh] OR natural history[mh] OR progress*[tw] OR persist*[tw] 
OR clear*[tw] OR pathogenesis[tw] OR natural history[tw]) 

#2 (Papillomaviridae[mh] OR Cervical Intraepithelial Neoplasia[mh] OR Uterine 
Cervical Neoplasms[mh] OR HPV[tw] OR human papillomavirus[tw] OR Uterine 
Cervical Dysplasia[mh] OR squamous intraepithelial lesion[tw] OR Cervical 
intraepithelial neoplasia[tw] OR CIN[tw] OR SIL[tw]) 

#3 (hiv[mh] OR hiv infections[mh] OR AIDS[mh] OR hiv[tw] OR human 
immunodeficiency virus[tw] OR AIDS[tw] OR acquired immunodeficiency[tw]) 

#4 #1 AND #2 AND #3 AND #4 
 
Embase:  
Filters: NOT NLM, NOT reviews, NOT letters 
Search  Terms used 

#1 'hiv'/exp OR 'hiv' OR 'human immunodeficiency virus'/exp OR 'human 
immunodeficiency virus' OR 'aids'/exp OR 'aids' OR 'acquired immune deficiency 
syndrome'/exp OR 'acquired immune deficiency syndrome' 

#2 'papillomaviridae'/exp OR 'hpv' OR 'human papillomavirus' OR 'uterine cervix 
cancer'/exp OR 'uterine cervix dysplasia'/exp OR 'uterine cervix cancer' OR 'uterine 
cervix dysplasia' OR 'squamous intraepithelial lesion' OR 'cervical intraepithelial 
neoplasia' OR 'cervical cancer’ 

#3 'disease course'/exp OR 'disease course' OR 'progress*' OR 'persist*' OR 'virus 
pathogenesis'/exp OR 'clear*' OR 'natural history' 

#4 #1 AND #2 AND #3 
 
Global Health Database  
Search Terms used 

#1 HIV OR "'human immunodeficiency virus" OR AIDS OR "acquired immune 
deficiency syndrome" 

#2 hpv OR "human papillomavirus" OR "uterine cervix cancer" OR "uterine cervix 
dysplasia" OR "squamous intraepithelial lesion" OR HSIL OR LSIL OR SIL OR 
"cervical intraepithelial neoplasia" OR CIN OR "cervical cancer" 

#3 "disease course" OR "progress*" OR "persist*" OR "virus pathogenesis" OR "clear*" 
OR "natural history" 

#4 #1 AND #2 AND #3 
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Risk of bias assessment 

 
We assessed the quality of eligible studies using modified criteria for non-randomized 
observational studies. We determined the level of risk of bias in the studies across 5 domains: 
study population, detection of outcome and exposure, bias related to study design, statistical 
analysis, and conflict of interest disclosure. The level of risk in each domain was rated low, 
moderate, or high. We then summarized the overall risk of bias across all studies. Below are the 
criteria for bias assessment in each domain:  

• Study population:  
o Use appropriate population for the study question(s)  
o Explicitly define the study population and state the eligibility criteria  
o Describe the sources and methods of participant selection (for cohort studies) or 

case ascertainment and control selection (for case-control studies).  
• Exposure and outcome detection:  

o Use valid and reliable methods to ascertain exposure and outcome status.  
o Include only participants whose exposure occurred prior to outcome 

o Outcome assessors blinded to participants’ exposure status or outcome was 
ascertained by multiple assessors   

• Design-specific biases:  
o Address issues such as recall bias and social desirability bias if the exposure or 

outcome was ascertained in interviews or questionnaires 

o Address differential loss to follow up 

o Address misclassification of exposure or outcome  
o Address high lost to follow up or missing data  

• Statistical analysis: 
o Use appropriate analysis methods for the type of data collected 

o Assess and control for confounding within the study’s data or control for 
confounders found in previous research  

o Conduct sensitivity analysis   
• Conflict of interest:  

o Explicitly state conflict of interest 
o Identify funding sources  

 

Overall quality of the included studies and quality assessment of individual studies are presented 
below. Overall, risk of bias in the selection of study population was low in 79% of the studies. 
Majority of the studies used appropriate source population to investigate their study objective 
and explicitly stated recruitment methods and eligibility criteria. Risk of bias in the 
ascertainment of exposure and outcome variables was low in 76% of the studies. The remaining 
24% had moderate risk of bias, largely due to reliance on ascertainment of ART use using self-
reports or medical chart review. 68% of the studies had moderate to high risk of study design-
specific bias. This was mainly due to high loss to follow up and the use of potentially 
inappropriate proxies to determine ART use. Participants in these studies were considered to be 
on ART if they self-reported ART use or had documented prescriptions of ART. Previous studies 
have shown that indirect measures of ART use can be unreliable and may not correlate with 
actual use.191 Studies were considered to have high risk of design-specific bias if they had high 
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proportion of participants lost to follow up. 71% of the studies had low risk of bias in the 
statistical analysis domain. Majority of the studies used appropriate time-to-event analysis 
methods and adequately controlled for confounders, however about a third of the studies did not 
account for follow up time or control for confounders. In the conflict of interest domain, 34% of 
the studies had low risk of bias, while 66% had moderate risk of bias. The lack of declaration of 
conflict of interest was the main reason for rating of higher risk of bias. However, studies may 
not declare conflict of interest if not required to do so by the journals. Therefore, not declaring 
conflict of interest does not necessarily mean that the results are biased. 
 

Figure A1. A Summary of risk of bias in study population selection, detection of exposure and 
outcome, study design, statistical analysis, and conflict of interest declaration in the studies 
included in the systematic review and meta-analysis. 

 
 
 

Figure A2. Risk of bias in study population selection, detection of exposure and outcome, study 
design, statistical analysis, and conflict of interest declaration in individual studies.   
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Figure A3. HSIL incidence by HIV status and ART use.   
A 

 

B 

 

N: sample size, ES: effect size. N= “-” Indicates that the study did not report sample size associated 
with their estimates. A). HSIL incidence among HIV-positive women compared to HIV-negative 
women. Massad et al, 2001 was not included in calculating the overall estimate as it reported odds 
ratio. Data from Moscicki et al, 2004 were not included in the figure, as the authors did not obtain 
an effect estimate for the comparison between HIV-positive women and HIV-negative women. 
Data from Six et al, 1998 were also not included in the figure, as the authors estimated CD4-
stratified RR rather than an overall estimate for HIV-positive women. B). HSIL incidence among 
HIV-positive women on ART compared to HIV-negative women not on ART. A summary 
estimate was not calculated for long-term ART use, as the two studies reported different measures 
of association. 
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Figure A4. CC incidence among HIV-positive women compared to HIV-negative women across 
three strata of CD4 count measured 18 months prior to CC diagnosis. 

 
Data from Abraham et al, 2013.12   
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Data extracted from included studies.  

We collected data from the included studies using a modified data extraction form based on the 
template provided by Cochrane Training.192 From each study, we extracted the following 
information: first author's name, publication year, study design, year and location of data 
collection, sample size, age of study population, cervical specimen collection method and interval, 
tests used for detecting and typing HPV, duration of follow-up, proportion lost to follow up, HIV 
disease characteristics (ART use, CD4 count, and viral load), statistical methods used, 
confounders, and outcome measures related to the objectives of the systematic review and meta-
analysis. 
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Table A3. Risk estimates of HPV incidence by HIV status, CD4 count, ART use, and viral load. Estimates must adjust for confounders to be included in 

the systematic review and meta-analysis.  

Study  N  CD4  HPV type   Comparison groups  Risk estimates (95% CI)  Adjusted confounders  
Banura, 2008  334  N/A  Any HPV   HIV+ vs HIV-  OR 1.5 (0.6-3.4)  Age  
Banura, 2010 380  N/A  Any HPV   HIV+ vs HIV-  RR 2.8 (0.9 – 8.3)  Age, number of lifetime partners 
     High risk HPV  HIV+ vs HIV-  RR 2.1 (0.9 – 5.1)   
     HPV 16-related  HIV+ vs HIV-  RR 3.0 (1.3 – 6.9)   
     HPV 18-related  HIV+ vs HIV-  RR 1.8 (0.5 – 6.2)   
Mbulawa, 2012 486  N/A  Any HPV   HIV+ vs HIV-  RR 2.98 (2.07–4.29)  HPV type-specific detection rate 
     Any HPV  VL <10,000 copies/mL vs HIV-  RR 2.31 (1.49-3.58)   
     Any HPV  VL >10,000 copies/mL vs HIV-  RR 3.29 (2.18-4.95)   
     Any HPV  CD4 <350 vs ≥350 cells/mL  RR 1.05 (0.74–1.51)   
     High risk HPV  VL <10,000 copies/mL vs HIV-  RR 2.58 (1.41-4.70)   
     High risk HPV  VL >10,000 copies/mL vs HIV-  RR 4.12 (2.27-7.46)   
Safaeian, 2008 1055  N/A  High risk HPV  HIV+ vs HIV-  RR 2.30 (1.57-3.37)  Age, number of lifetime partners   
     HPV 16  HIV+ vs HIV-  RR 3.09 (1.39-6.85)   
     HPV 18  HIV+ vs HIV-  RR 3.19 (1.17-8.71)   
Phelan, 2009 219  N/A  Any HPV  CD4 >500 cells/mL vs HIV-  OR 4.6 (2.3−8.9)  HIV/CD4, age, crack use, number of 

male partners in last 10 years 
     Any HPV  CD4 200-500 cells/mL vs HIV-  OR 5.4 (2.8−10.3)   
     Any HPV  CD4 <200 cells/mL vs HIV-  OR 10.9 (5.5−21.7)   
   N/A  Any HPV  CD4 200-500 vs >500 cells/mL  OR 1.2 (0.7–2.0)   
     Any HPV  CD4 <200 vs >500 cells/mL  OR 2.0 (1.1–3.6)   
     Any HPV  Any ART vs no ART  OR 1.5 (1.0-2.3)   
Xie, 2013 2386  N/A  Any HPV   CD4 >500 cells/mL vs HIV-  HR 1.65 (1.39–1.96)  Age, race, smoking, number of male 

partners in last 6 months 
     Any HPV  CD4 200-500 cells/mL vs HIV-  HR 2.76 (2.33–3.27)   
     Any HPV  CD4 <200 cells/mL vs HIV-  HR 3.40 (2.66–4.34)   
   N/A  High risk HPV  CD4 >500 cells/mL vs HIV-  HR 1.62 (1.31-2.00)   
     High risk HPV  CD4 200-500 cells/mL vs HIV-  HR 2.49 (2.04–3.03)   
     High risk HPV  CD4 <200 cells/mL vs HIV-  HR 3.82 (3.01–4.86)   
Denny, 2008  400  Med: 248  Any HPV  Every 100-cell increase in CD4  OR 0.82 (0.70–0.96)  Factors not listed   
Mane, 2016 215  Med: 386  Any HPV  Every 100-cell increase in CD4  OR 1.29 (0.99–1.67)  Age, CD4, ART 
     Any HPV  ART vs none   OR 4.46 (0.92–21.59)   
Lillo, 2001 163  Mean: 350  Any HPV  HAART vs other ART and no ART  RR 0.79 (0.28–2.23)  CD4, HIV viral load, gynecologic 

treatment 
     HPV 16 and 18  HAART vs other ART and no ART  OR 0.28 (0.09–0.86)   
Shresta, 2010 373  Med 516  HPV 16  Post-HAART vs pre-HAART  RR 1.13 (0.30-4.24)  All non-time varying confounders 

     HPV 18  Post-HAART vs pre-HAART  RR 0.67 (0.23-1.95)   
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Minkoff, 2011 286  N/A  Any HPV  Adhere vs pre-HAART  OR 0.69 (0.51-0.94)  Time-varying SIL treatment, CD4, age, 
number of partners in the past 6 
months, smoking, race/ethnicity 

     Any HPV  Non-adhere vs pre-HAART  OR 1.03 (0.83-1.29)   
     Any HPV  Adhere vs non-adhere  OR 0.67 (0.47-0.96)   
     Any HPV  Effective vs pre-HAART  OR 0.64 (0.46–0.88)   
     Any HPV  Ineffective vs pre-HAART  OR 1.00 (0.78–1.29)   
     Any HPV  Effective vs ineffective  OR 0.63 (0.44–0.92)   
     High risk HPV   Adhere vs pre-HAART  OR 0.49 (0.30-0.82)   
     High risk HPV  Non-adhere vs pre-HAART  OR 1.01 (0.72-1.42)   
     High risk HPV  Adhere vs non-adhere  OR 0.49 (0.28-0.86)   
     High risk HPV   Effective vs pre-HAART  OR 0.62 (0.38–1.02)   
     High risk HPV  Ineffective vs pre-HAART  OR 0.92 (0.64–1.34)   
     High risk HPV  Effective vs ineffective  OR 0.67 (0.38–1.19)   
Strickler, 2005   Any HPV  VL <4000 copies, CD4 <200 vs HIV-  HR 4.2 (3.1-5.6)  CD4 and viral load. Adjusting for 

demographics and behavioral variables 
did not change results 

   Any HPV  VL <4000 copies, CD4 200-500 vs HIV-  HR 2.6 (2.1-3.2)   
   Any HPV  VL <4000 copies, CD4 >500 vs HIV-  HR 1.7 (1.4-2.2)   
   Any HPV  VL 4000-20000 copies, CD4 <200 vs HIV-  HR 4.6 (3.4-6.2)   
   Any HPV  VL 4000-20000 copies, CD4 200-500 vs HIV-  HR 3.3 (2.7-4.2)   
   Any HPV  VL 4000-20000 copies, CD4 >500 vs HIV-  HR 2.2 (1.6-3.0)   
   Any HPV  VL 20001-100000 copies, CD4 <200 vs HIV-  HR 5.1 (4.0-6.5)   
   Any HPV  VL 20001-100000 copies, CD4 200-500 vs HIV-  HR 4.3 (3.4-5.3)   
   Any HPV  VL 20001-100000 copies, CD4 >500 vs HIV-  HR 3.2 (2.2-4.7)   
   Any HPV  VL >100000 copies, CD4 <200 vs HIV-  HR 4.6 (3.7-5.8)   
   Any HPV  VL >100000 copies, CD4 200-500 vs HIV-  HR 5.1 (3.9-6.6)   
   Any HPV  VL >100000 copies, CD4 >500 vs HIV-  HR 4.2 (2.5-6.8)   
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Table A4. Risk estimates of HPV infection incidence that did not adjust for any confounders. 
These estimates were excluded from the systematic review and meta-analysis.  

Study  HPV type  Comparison groups  Risk estimate (95% CI)  

Ahdieh, 2001 HPV 16/18/31/45  HIV+ vs HIV-  RR 1.8 (1.3–2.7)  
 HPV 16  HIV+ vs HIV-  RR 1.5 (0.8–3.0)  
 HPV 18  HIV+ vs HIV-  RR 2.2 (1.1–4.7)  
 Other high risk   HIV+ vs HIV-  RR 2.1 (1.5–2.9)  
 Low risk  HIV+ vs HIV-  RR 2.7 (2.0–3.6)  
Blitz, 2013 Any high risk  HIV+ vs HIV-  HR 2.28 (1.09-4.77)  
 HPV 16  HIV+ vs HIV-  HR 2.03 (0.75-5.52)  
 Non-HPV 16/18 high risk  HIV+ vs HIV-  HR 1.56 (0.73-3.32)  
Branca, 2003  Any HPV  HIV+ vs HIV-  OR 8.8 (1.2-64.6)  
Minkoff, 2001  Any HPV  HIV+ vs HIV-  RR 2.66 (1.59-4.44)  
Safaeian, 2008 High risk HPV  HIV+ vs HIV-  RR 2.47 (1.75-3.45)  
 HPV 16  HIV+ vs HIV-  RR 2.71 (1.13-6.06)  
 HPV 18  HIV+ vs HIV-  RR 3.23 (1.06-9.13)  
Sun, 1997  Any HPV  HIV+ vs HIV-  RR 1.22   
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Table A5. Risk estimates of HPV clearance by HIV status, CD4 count, ART use, and viral load. 

Study HPV type  Comparison groups Risk estimates (95% CI)  

Banura, 2010 Any HPV  HIV+ vs HIV- RR 0.2 (0.1 – 0.7) 
 High risk HPV HIV+ vs HIV- RR 0.5 (0.2 – 1.0) 
 HPV 16-related HIV+ vs HIV- RR 0.4 (0.2 – 1.2) 
 HPV 18-related HIV+ vs HIV- RR 0.6 (0.2 – 1.8) 
Mbulawa, 2012 Any HPV  HIV+ vs HIV- RR 0.46 (0.34-0.62) 
 Any HPV CD4 <350 vs ≥350 cells/mm3 RR 0.77 (0.53–1.10) 
 Any HPV VL <10,000 vs >10,000 copies/mL RR 0.77 (0.51-1.16) 
 High risk HPV HIV+ vs HIV- RR 0.44 (0.29–0.65) 
Koshiol, 2006 High risk HPV HIV+ vs HIV- HR 0.60 (0.47-0.76) 
 HPV 16-related HIV+ vs HIV- HR 0.57 (0.41-0.78) 
 HPV 18-related HIV+ vs HIV- HR 0.50 (0.31-0.82) 
 High risk HPV* HIV+ vs HIV- HR 0.85 (0.64-1.13) 
 HPV 16-related* HIV+ vs HIV- HR 0.92 (0.62-1.35) 
 HPV 18-related* HIV+ vs HIV- HR 0.81 (0.45-1.46) 
 Any HPV CD4 200-500 vs >500 cells/mm3 HR 0.76 (0.64–0.90) 
 Any HPV CD4 <200 vs >500 HR 0.47 (0.37–0.58) 
 Low risk HPV HIV+ vs HIV- HR 0.63 (0.45–0.88) 
Blitz, 2003 High risk HPV HIV+ vs HIV- HR 0.41 (0.25-0.65) 
 High risk HPV CD4 200-500 vs >500 cells/mm3 HR 1.35 (0.76-2.41) 
 High risk HPV CD4 <200 vs >500 cells/mm3 HR 1.13 (0.53-2.42) 
 High risk HPV ART use vs non-use HR  1.5 (0.84-2.68) 
 HPV 16 HIV+ vs HIV- HR 1.36 (0.52–3.62) 
 HPV 16 CD4 200-500 vs >500 cells/mm3 HR 2.80 (1.06–7.36) 
 HPV 16 CD4 <200 vs >500 cells/mm3 HR 2.97 (.78–11.28) 
 HPV 16 ART use vs non-use HR 0.69 (0.28–1.70) 
 Non-16/18 high risk HPV HIV+ vs HIV- HR 0.32 (0.19-0.55) 
 Non-16/18 high risk HPV ART use vs non-use HR 2.20 (1.22–3.98) 
Whitham, 2017 Any HPV HIV+ vs HIV- HR 0.46 (0.39-0.54) 
 Any HPV CD4 <200 vs >200 cells/mm3 HR 0.57 (0.39-0.83) 
Minkoff, 2011 Any HPV  Adhere vs pre-ART OR 1.28 (0.99–1.66) 
 Any HPV Non-adhere vs pre-ART OR 1.05 (0.86–1.29) 
 Any HPV Adhere vs non-adhere OR 1.22 (0.91–1.64) 
 Any HPV Effective vs pre-ART OR 1.16 (0.88–1.52) 
 Any HPV Ineffective vs pre-ART OR 1.12 (0.89–1.41) 
 Any HPV Effective vs ineffective OR 1.03 (0.75–1.42) 
Ahdieh, 2000 Any HPV  HIV+ CD4 <200 vs HIV-  HR 0.10 (0.04-0.28) 
 Any HPV HIV+ CD4 >200 vs HIV- HR 0.29 (0.17-0.48) 
Moscicki, 2004 Any HPV HIV- vs HIV+ HR 1.38 (0.99-1.93) 
 Any HPV HIV- vs HIV+ CD4 >500 HR 1.60 (1.11–2.29) 
Rowhani-Rahbar, 2007 Any HPV  HIV+ vs HIV- HR 0.31 (0.21–0.45) 
 Any HPV CD4 <200 vs >500 HR 0.29 (0.11–0.76) 
 Any HPV CD4 200-500 vs >500 HR 0.68 (0.31-1.48) 
 Any HPV Order magnitude increase in VL HR 0.77 (0.64–0.91) 
 HPV 16 HIV+ vs HIV- HR 0.57 (0.32–1.02) 
 HPV 18 HIV+ vs HIV- HR 0.42 (0.19–0.95) 
Safaeian, 2008 High risk HPV HIV+ vs HIV- RR 0.75 (0.59-0.96) 
 HPV 16 HIV+ vs HIV- RR 1.61 (0.74-3.51) 
 HPV 18 HIV+ vs HIV- RR 1.22 (0.85-1.77) 
Strickler, 2005 Any HPV*  HIV+ vs HIV- HR 0.67 (0.56-0.81) 
Mane, 2016 Any HPV  ART vs none OR 2.16 (0.74–6.27) 
 Any HPV Every 100-cell increase in CD4 OR 1.05 (0.85–1.31) 

*Clearance of incident infections
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Table A6. Risk estimates of progression to LSIL by HIV status, CD4 count, ART use, and viral load 

Study SIL  Comparison groups Risk estimate (95% CI)  

Duerr, 2006 ASCUS HIV+ vs HIV- HR 1.8 (1.4-2.3) 
 ASCUS CD4 <200 vs >500 HR 1.9 (1.2-2.9) 
 ASCUS CD4 200-500 vs >500 HR 1.1 (0.8-1.5) 
 ASCUS HIV+: high or intermediate risk HPV vs none HR 3.1 (2.2-4.3) 
 ASCUS HIV+: low risk HPV vs none HR 1.8 (1.3-2.5) 
Ellerbrock, 2000 LSIL HIV+ vs HIV- RR 3.2 (1.7-6.1) 
 LSIL HIV+: persistent HPV16/18 vs no RR 11.0 (1.4-88.7) 
 LSIL HIV+: persistent HPV other than 16/18 vs no RR 8.9 (1.2-66.2) 
 LSIL HIV+: Baseline CD4 RR 1.3 (0.9-2.1) 
 LSIL HIV+: ART (last 6 months) vs no RR 1.0 (0.5-2.0) 
Massad, 2001 ASCUS+ HIV+ vs HIV- OR 1.7 (1.0-2.8) 
 ASCUS+ CD4<200 vs. CD4>200 or HIV- OR 2.0 (1.5-2.6) 
 ASCUS+ RNA>4000 vs. RNA<4000 or HIV- OR 2.3 (1.7-3.3) 
 ASCUS+ HIV+ vs HIV- RR 2.4 (1.9-3.0) 
 LSIL HIV+ vs HIV- RR 4.0 (2.6-6.1) 
 LSIL HPV-, CD4 >200, RNA <4000 vs HPV-, HIV-  RR 1.2 (0.5-2.6) 
 LSIL HPV-, CD4 >200, RNA >4000 vs HPV-, HIV- RR 3.8 (2.0-7.0) 
 LSIL HPV-, CD4 <200, RNA >4000 vs HPV-, HIV-  RR 9.0 (4.4-18.2) 
 LSIL HPV+, HIV- vs HPV-, HIV-  RR 1.9 (0.8-4.5) 
 LSIL HPV+, CD4 >200, RNA <4000 vs HPV-, HIV-  RR 2.1 (1.0-4.5) 
 LSIL HPV+, CD4 >200, RNA >4000 vs HPV-, HIV- RR 4.3 (2.2-8.7) 
 LSIL HPV+, CD4 <200, RNA <4000 vs HPV+, HIV-  RR 4.4 (1.3-14.4) 
 LSIL HPV+, CD4 <200, RNA >4000 vs HPV+, HIV-  RR 7.9 (3.9-16.1) 
Denny, 2008 LSIL HIV+: high risk HPV+ vs high risk HPV- HR 3.09 (1.94–4.93) 
 LSIL CD4 201–500 vs <200 HR 0.75 (0.45–1.26) 
 LSIL CD4 >500 vs <200 HR 0.43 (0.20–0.93) 
Delmas, 2000 LSIL Baseline CD4 <200 vs >500 RR 1.9 (1.0-3.7) 
 LSIL Baseline CD4 200-500 vs >500 RR 1.6 (0.9-2.8) 
 LSIL Untreated: CD4 <200 vs >500 RR 1.7 (0.8-3.5) 
 LSIL Untreated: CD4 200-500 vs >500 RR 1.3 (0.6-2.8) 
 LSIL On ART: CD4 200-500 vs >500 RR 1.9 (1.0-3.6) 
 LSIL On ART: CD4 <200 vs >500 RR 2.9 (1.1-8.0) 
Firnhaber, 2012 LSIL ART vs none RR 0.55 (0.34-0.90) 
Adler, 2012 LSIL ART vs none HR 0.62 (0.42-0.91) 
 LSIL CD4 <200 vs >500  HR 1.73 (1.15-2.61) 
 LSIL CD4 200-350 vs >500 HR 1.61 (1.12-2.30) 
 LSIL CD4 350-500 vs >500 HR 1.45 (1.0-2.11) 
Kim, 2013 LSIL ART vs old ART HR 0.46 (0.31–0.69) 
 LSIL ART vs any ART HR 0.35 (0.19–0.63) 
 LSIL ART vs no ART HR 0.66 (0.47–0.92) 
 LSIL ART vs others HR 0.47 (0.33–0.68) 
 LSIL 100-cell increase in CD4 HR 0.91 (0.86–0.96) 
 LSIL 200-cell increase in CD4 HR 0.82 (0.74–0.92) 
 LSIL 300-cell increase in CD4 HR 0.75 (0.63–0.89) 
 LSIL 500-cell increase in CD4 HR 0.62 (0.47–0.82) 
Heard, 2006 LSIL ART vs none HR 0.7 (0.4-1.2) 
 LSIL CD4 <200 vs >500 HR 1.3 (0.7-2.4) 
 LSIL CD4 200-500 vs >500 HR 0.9 (0.6-1.4) 
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Table A7. Risk estimates of progression to HSIL from normal cytology or LSIL by HIV status, CD4 count, ART use, and viral load.  

Study Comparison groups Risk estimates (95% CI)  Baseline condition 

Whitham, 2016 From normal to HSIL: HIV+ vs HIV- HR 1.53 (0.73-3.21) Normal cytology, HPV- 
 From HPV to HSIL: HIV+ vs HIV- HR 2.55 (1.69-3.86) Normal cytology, HPV+ 
 CD4<200 vs >200 HR 2.86 (0.95-8.58) Normal cytology, HPV- 
 HPV 16/18 vs others HR 4.62 (1.10-19.42) Normal cytology, HPV- 
 Multiple HPV vs single HPV HR 2.33 (1.40-3.88) Normal cytology, HPV+ 
Massad, 2001 HIV+ vs HIV- OR 1.4 (0.9-2.2) Prevalent or incident LSIL 
 HPV+ vs HPV- OR 1.6 (1.2-2.1)  
 CD4<200 vs. CD4>200 or HIV- OR 1.1 (0.9-1.4)  
 RNA>4000 (vs. RNA<4000 or HIV-) OR 1.3 (1.1-1.7)  
Adler, 2012 HAART vs none OR 0.80 (0.57-1.14) Prevalent or incident LSIL 
 CD4 <200 vs >500 OR 2.50 (1.67-3.73)  
 CD4 201-350 vs >500 OR 1.89 (1.36-2.62)  
 CD4 351-500 vs >500 OR 1.84 (1.31-2.59)  
Zeier, 2012 HIV+ vs HIV- HR 1.11 (0.88-1.38) Prevalence LSIL 
 HAART use before LSIL vs none HR 0.66 (0.54-0.81)  
 HAART use after LSIL vs none HR 0.90 (0.67-1.20)  
Massad, 2005 HIV+ vs HIV- HR 2.53 (0.85–7.50) Prevalent LSIL, negative colposcopy 
 HIV+: high risk HPV+ vs no HPV HR 2.56 (1.13–5.80)  
 HIV+: low risk HPV+ vs no HPV HR 1.41 (0.61–3.26)  
 CD4 >500 vs <200 HR 0.74 (0.31–1.76)  
 CD4 200-500 vs <200 HR 0.31 (0.15–0.63)  
 HIV RNA >70000 vs <10000 HR 1.19 (0.52–2.71)  
 HIV RNA 10000-70000 vs <10000 HR 1.32 (0.61–2.85)  
Moscicki, 2004 HIV+ vs HIV- Not retained in model HSIL negative 
 HAART vs none Not retained in model  
 HIV+: HPV 16-related types vs none HR 3.69 (1.06–12.80)  
 HIV+: HPV 18-related types vs none HR 4.49 (1.16–17.42)  
 HIV+: multiple high risk types vs none HR 3.69 (1.07–12.71)  
 HIV+: low risk HPV types vs none HR 2.44 (0.41–14.41)  
Six, 1998 CD4 >500 vs HIV- 1 Prevalent LSIL 
 CD4 <500 vs HIV- Undefined, denom = 0  
Clifford, 2016 Baseline CD4 >500 vs 350-500 OR 0.89 (0.62-1.26) CIN 2/3-negative 
 Baseline CD4 200-350 vs 350-500 OR 1.51 (1.04-2.18)  
 Baseline CD4 <200 vs 350-500 OR 1.72 (1.16-2.54)  
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 Baseline CD4: every 100 cell increase OR 1.10 (1.04-1.16)  
 Nadir CD4 200-350 vs >350 OR 1.57 (1.09-2.25)  
 Nadir CD4 50-200 vs >350 OR 2.20 (1.55-3.11)  
 Nadir CD4 <50 vs >350 OR 2.20 (1.47-3.30)  
 Nadir CD4 every 100-cell increase OR 1.15 (1.08-1.22)  
 Ever cART use vs never OR 0.96 (0.68-1.35)  
 >2 years cART use vs never OR 0.64 (0.42-0.98)  
 <2 years cART use vs never OR 1.25 (0.86, 1.81)  
Hawes, 2006 High risk HPV-: HIV+ vs HIV- HR 3.0 (0.7-13.3) Normal cytology 
 High risk HPV+: HIV+ vs HIV- HR 3.0 (1.6-5.6)  
 HIV+, high risk HPV+ vs HIV-, high risk HPV- HR 11.5 (2.7-49.0)  
 HIV-: high risk HPV+ vs high risk HPV- HR 4.3 (1.0-18.1)  
 HIV+ vs HIV- HR 1.0 (0.6-1.7)  
 CD4 200-500 vs >500 HR 1.6 (0.5-4.9)  
 CD4 <200 vs >500 HR 1.7 (0.5-5.6)  
 Per order of magnitude increase in RNA HR 1.0 (0.8-1.4)  
Kelly, 2006 HIV+: high risk HPV persistence vs HPV- or HPV-cleared OR 7.90 (3.11-20.07) CIN 2/3-negative 
 HIV+: HPV 16/18 persistence vs HPV- or HPV-cleared OR 5.25 (2.14-12.91)  
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Table A8. Risk estimates of regression from LSIL by HIV status, CD4 count, ART use, and viral load.  

Study Comparison groups Risk estimates (95% CI)  

Delmas, 2000 CD4 <200 vs >500 RR 0.5 (0.2-1.4) 
Adler, 2012 HAART vs none OR 2.61 (1.75–3.89) 
 CD4 <200 vs >500 OR 0.96 (0.56–1.66) 
 CD4 201-350 vs >500 OR 1.09 (0.71–1.66) 
 CD4 351-500 vs >500 OR 0.67 (0.41–1.09) 
Zeier, 2012 HIV+ vs HIV- HR 0.69 (0.57-0.85) 
 HIV-unknown vs HIV- HR 1.09 (0.89-1.34) 
 Pre-LSIL ART vs none HR 1.71 (1.29-2.27) 
 Post-LSIL ART vs none HR 0.77 (0.61-0.97) 
 CD4 >350 vs <200 HR 1.00 (0.75-1.33) 
 CD4 200-349 vs <200 HR 0.77 (0.56-1.05) 
Six, 1998 CD4 <200 vs HIV- RR 0.21 
 CD4 200-500 vs HIV- RR 0.19 
 CD4 >500 vs HIV- RR 0.52 
Massad, 2004 HIV+ vs HIV- HR 0.52 (0.27-1.03) 
 CD4 200-500 vs <200 HR 1.39 (0.74- 2.60) 
 CD4 >500 vs <200  HR 1.33 (0.56-3.12) 
 HIV RNA >20000 vs <20000 HR 0.56 (0.31-1.02) 
 HAART vs none HR 1.32 (0.71-2.50) 
 HIV+: high risk HPV+ vs none HR 0.32 (0.18–0.56) 
 HIV+: low risk HPV+ vs none HR 0.22 (0.09–0.51) 
Del Mistro, 2004 HAART vs none OR 0.36 (0.08–1.62) 
 Non-HAART vs none OR 0.05 (0.01–0.46) 
 Misc ART vs none OR 0.07 (0.01–0.54) 
 Baseline CD4 OR 0.996 (0.99–1.00) 
Ahdieh-Grant, 2004 Not on HAART: CD4 >500 vs <200 RR 3.00 (1.21-7.41) 
 Not on HAART: CD4 350-499 vs <200 RR 2.21 (0.85-5.72) 
 Not on HAART: CD4 200-349 vs <200 RR 1.92 (0.74-4.99) 
 HAART vs none Undefined, denom=0 
Omar, 2011 CD4 Data not shown  

 

 



109 
 

Table A9. Risk estimates of ICC incidence by HIV status, ART use, and CD4 count.  

Study Comparison groups Risk estimates (95% CI)  

Clifford, 2016 Ever cART use vs never OR 0.62 (0.15-2.54) 
 >2 years cART use vs never OR 0.34 (0.05-2.26) 
 <2 years cART use vs never OR 0.97 (0.20-4.66) 
Abraham, 2013 CD4 >350 18 months before diagnosis vs HIV- RR 1.9 (1.0–3.8) 
 CD4 200-350 18 months before diagnosis vs HIV- RR 5.1 (2.0–12.5) 
 CD4 <200 18 months before diagnosis vs HIV- RR 9.2 (4.3–19.8) 
 CD4 <200 at diagnosis vs HIV- RR 8.4 (4.6–15.3) 
 CD4 200-350 at diagnosis vs HIV- RR 5.8 (2.3–14.6) 
  CD4 >350 at diagnosis vs HIV- RR 1.7 (0.9–3.2) 
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Supplemental appendix 2: Technical details for the mathematical model in Chapter 4 
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I. Model overview  

 

The deterministic, compartmental model was parameterized to represent transmission and progression of 

HIV and oncogenic human papillomavirus (or high-risk HPV (hrHPV)) in Kenya, which has an HIV 

prevalence of 4.5% in 2019.16 The model was adapted from a previously published model fitted to 

KwaZulu-Natal, South Africa.26 The primary objective of the current modeling study is to evaluate 

population-level impact of HPV vaccination on cervical cancer outcomes, while taking into account the 

changing HIV epidemiology and scaling-up of HIV prevention in Kenya.  

Because the data we use to inform the model are not stratified by gender modality, our model 

population represents a primarily cisgender, heterosexual population in Kenya. Men and women infected 

with hrHPV may clear the infection, and infections in women may progress through stages of precancerous 

lesions to cervical cancer (Figure S1). HIV progression is tracked by CD4+ cell count and HIV RNA 

concentration (viral load), and infected individuals may achieve viral suppression with antiretroviral 

therapy (ART) beginning in 2005 (Figure S1). A key feature of our model is representation of the 

bidirectional interactions between HIV and HPV, whereby HIV infection increases the probability of HPV 

acquisition and the rate of disease progression and HPV infection increases the probability of HIV 

acquisition. We calibrate the model to fit to HIV, HPV, and cervical cancer epidemiology in Kenya. 

Model dynamics are governed by a system of differential equations that are solved in MATLAB 

using a 4th-order Runge-Kutta numerical method. The model simulates events in discrete time with two-

month intervals. At each time step, differential equations are evaluated to estimate the number of persons 

in each demographic, infection, disease, or treatment compartment for the following time step. The 

dynamic nature of our transmission model captures population-level effects such as herd immunity. 

This work was facilitated through the use of advanced computational, storage, and networking 

infrastructure provided by the Hyak supercomputer system at the University of Washington. 
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Figure S1. Model schematic illustrating HPV progression and HIV progression. We model HPV infection with high-risk HPV (hrHPV) 
types targeted by HPV vaccines (HPV 16, 18, 31, 33, 45, 52, and 58) and other high risk, non-vaccine targeted types (HPV 35, 39, 51, 
56, 59 and 68). Arrows with * indicate processes that are affected by HIV infection, and arrows with ⱡ indicated processes affected by 
HPV infection.   
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II. Modules and parameter values 

a. Demography 

We model a dynamic, open population of males and females aged 0 to 79 in Kenya in 5-year age groups. 

To allow HPV transmission dynamics and cervical cancer to equilibrate before introducing HIV in 1980, 

we initialize the model in 1925. The sex- and age-specific distribution of our initial population in 1925 is 

based data from United Nations Population Division (UNPD), which estimates Kenya population by sex 

and age starting in 1950.141 We fit exponential distributions for each sex and age group to extrapolate 

backwards to 1925 (Table S1). 

At each two-month time step, the model calculates the number of births and deaths based on 

fertility and mortality rate inputs. The initial fertility rates are based on UNPD-estimated rates for 1960.141 

We then scale down fertility rates to produce population distributions consistent with UNPD estimates 

from 1950-2020 as well as Kenya Census data from 2009 and 2019.141,193,194 We assume fertility rates for 

women living with HIV (WLHIV) with CD4 count of <500 cells/mm3 are 0.41-0.58 of women without 

HIV and the rates for WLHIV on ART or had CD4 >500 cells/mm3 are the same as women without HIV 

(Table S2).195,196 We further scale down fertility rates after 2020 to fit projected population estimates. 

To age the population, one-fifth of each compartment moves to the next age group annually. 

Persons leave the population due to death or aging past 79. To model deaths, we apply age- and sex-

specific mortality rates estimated by UNPD (Table S3).141 We assume linear changes in rates between 

1950, 1985, 2010, and 2020, which are the years for which rates are available. After initializing HIV in 

1980, we model background and HIV-specific mortality separately. To estimate background mortality 

rates not related to HIV, we subtract HIV-specific mortality197,198 from UNPD-estimated mortality rates.  

 

Table S1. Initial population size. The population distribution by sex and 5-year age groups is projected 
backward from UNPD estimates for Kenya in 1950.  
Age Group Initial Population Size Source 

 Male Female UNPD141 
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0 – 4 237966 240166 
5 – 9 143534 145291 
10 – 14 110242 110999 
15 – 19 99096 97339 
20 – 24 91121 86235 
25 – 29 84685 75947 
30 – 39 80170 68470 
35 – 39 78914 63502 
40 – 44 79282 61809 
45 – 49 76761 63348 
50 – 54 68455 62295 
55 – 59 52798 53896 
60 – 64  39427 45400 
65 – 69  27875 36647 
70 – 74  16553 25006 
75 – 79  7905 14683 
TOTAL 1294783 1251034  

 
Table S2. Baseline fertility rates per 1000 women by age. These fertility rates are applied from 1925-
1970, then scaled down thereafter. Age groups not shown in this table have fertility rates of 0. 
Age Group HIV Uninfected Source 

15 – 19 0.182 

UNPD141 

20 – 24 0.379 
25 – 29 0.365 
30 – 34 0.306 
35 – 39 0.219 
40 – 44 0.119 
45 – 49 0.042 

 
Table S3. UNPD-estimated age- and sex-specific background mortality rates for 1950, 1985, 2000, 

and 2020.141 We assume linear changes in background mortality between the years. These rates do not 
include deaths caused by HIV, which are estimated separately. 
 1925-1950 By 1985 By 2000 By 2020 Source 

Age Group Male Female Male Female Male Female Male Female 

UNPD141 

0 – 4 0.103 0.088 0.047 0.040 0.071 0.062 0.036 0.027 
5 – 9 0.009 0.009 0.003 0.002 0.004 0.003 0.001 0.001 

10 – 14 0.005 0.005 0.002 0.002 0.003 0.002 0.001 0.001 
15 – 19 0.006 0.006 0.003 0.002 0.004 0.003 0.001 0.001 
20 – 24 0.009 0.007 0.004 0.003 0.006 0.005 0.002 0.001 
25 – 29 0.010 0.008 0.005 0.004 0.009 0.009 0.003 0.002 
30 – 34 0.011 0.009 0.006 0.005 0.012 0.012 0.004 0.003 
35 – 39 0.012 0.010 0.007 0.006 0.016 0.016 0.005 0.004 
40 – 44 0.014 0.012 0.009 0.007 0.019 0.017 0.007 0.005 
45 – 49 0.016 0.013 0.011 0.008 0.023 0.018 0.009 0.006 
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50 – 54 0.020 0.016 0.015 0.010 0.027 0.019 0.012 0.008 
55 – 59 0.025 0.020 0.019 0.013 0.033 0.022 0.016 0.010 
60 - 64 0.035 0.030 0.028 0.020 0.044 0.028 0.024 0.015 
65- 69 0.050 0.045 0.042 0.032 0.061 0.040 0.036 0.024 
70 - 74 0.075 0.071 0.066 0.054 0.091 0.061 0.056 0.039 
75 - 79 0.116 0.110 0.108 0.091 0.138 0.096 0.089 0.066 

 

b. Sexual behavior 

In our model, sexual activity begins in the 10-14 age group. In each sexually active age group, we divide 

the population into low-, medium-, or high-risk groups with variable rates of partnership formation. The 

distribution of these risk groups by sex and age is based on self-reported sexual behaviors data from 15-

54 year old respondents in the 2014 Kenya Demographic and Health Survey (DHS),199 and is calculated 

as the percentage of the cohort who reported 0-1 partner (low risk), 2-4 partners (moderate risk), or ≥5 

partners (high risk) in the past year. We then calibrate risk group distribution for ages 15-54 to fit to 

observed HIV and HPV data. Individuals aged 10-14 are assumed to be predominately low risk, while the 

risk distribution for ages 55 and older is extrapolated from the 50-54 age group (Table S4). 

Similarly, while the initial sexual partnership inputs are based the 2014 Kenya DHS data,199 we 

calibrate the yearly partner change rates in each risk group by sex and age to fit to observed disease data 

(Table S5). This approach partially compensates for reporting biases and the lack of partnership 

concurrency in our model. Our compartmental model structure is not equipped to represent concurrent 

partnerships. Therefore using the number of sex partners as reported would underestimate the rate of HPV 

and HIV transmission.  

Using methods similar to other models, patterns of sexual contact in our model are characterized 

by age and sexual risk groups.200 The degree of mixing is defined by the parameter, � (�� for mixing by 

age and �� for mixing by risk group), which ranged from 0, indicating completely assortative (like-with-

like), to 1, indicating random mixing that is proportional to compartment size. Based on studies that show 
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that Kenyan women are on average 4-7 years younger than their male partners,201 we assume an age 

mixing matrix with �� = 0.2. For mixing by risk group, we assume �� = 0.3.  

Because we model heterosexual contact with no concurrency, the modeled number of partnerships 

must be the same for men and women. However, the observed data we used to inform these parameters 

are subject to selection and response biases, resulting in imbalances. To correct this, we adjust contact 

rates such that the number of partners for men in a given age and risk group equals the number of partners 

for women in the same age and risk groups.  

Table S4. Proportion of individuals in low, medium, and high risk groups by sex and age. The risk 
group distribution for those older than 55 is extrapolated from the 50-54 age group.  
 Males Females Source 

Age 

Group 

Low-

Risk 

Medium-

Risk 

High-

Risk 

Low-

Risk 

Medium-

Risk 

High-

Risk 

2014 Kenya DHS199 
/ calibrated 

10 – 14 0.972 0.026 0.002 0.972 0.026 0.002 
15 – 19 0.779 0.216 0.004 0.757 0.234 0.009 
20 – 24 0.564 0.424 0.012 0.595 0.377 0.028 
25 – 29 0.611 0.365 0.023 0.635 0.354 0.010 
30 – 34 0.656 0.331 0.013 0.689 0.301 0.010 
35 – 39 0.717 0.275 0.008 0.730 0.263 0.007 
40 – 44 0.732 0.262 0.006 0.781 0.213 0.005 
45 – 49 0.807 0.188 0.005 0.826 0.169 0.005 
50 – 54 0.891 0.106 0.004 0.891 0.106 0.004 
55 – 79 0.891 0.106 0.004 0.891 0.106 0.004 

 
Table S5. Average number of partners in each risk group by sex and age. Estimates for those older 
than 55 is extrapolated from the 55-60 age group. 
 Males Females Source 

Age 

Group 

Low-

Risk 

Medium-

Risk 

High-

Risk 

Low-

Risk 

Medium-

Risk 

High-

Risk 

2014 Kenya DHS199 
/ calibrated 

10 – 14 0.03 0.00 0.00 0.03 0.01 0.00 
15 – 19 0.23 2.45 5.41 0.50 2.45 6.41 
20 – 24 0.87 2.58 9.78 0.87 2.58 11.08 
25 – 29 0.87 2.33 11.10 0.90 2.33 10.15 
30 – 34 0.93 2.11 10.15 0.95 2.11 9.76 
35 – 39 0.93 2.08 9.67 0.93 2.08 9.67 
40 – 44 0.93 2.06 8.28 0.93 2.06 8.28 
45 – 49 0.93 2.00 7.35 0.93 2.00 7.35 
50 – 54 0.92 1.90 7.03 0.92 1.90 7.03 
55 – 79 0.92 1.85 2.50 0.92 1.85 2.50 
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c. Natural history 

i. HIV 

HIV begins in 1980 in our model with an initial prevalence of 0.5% in ages 15-54 and 0.2% in other age 

groups. HIV infection occurs either through mother-to-child transmission or heterosexual contact. We 

model mother-to-child transmission rates that decrease over time to reflect improvements in services for 

pregnant women living with HIV (Table S6).202,203 The force of HIV infection is estimated as a function 

of sexual mixing (by age and sexual risk group), HIV prevalence in the opposite sex, male circumcision, 

and HIV viral load. The risk of HIV transmission is highest during the acute stage of infection. Risk 

decreases during the asymptomatic phase of HIV infection before increasing in the pre-AIDS symptomatic 

and AIDS stages.204-207 We base HIV transmission per act in the asymptomatic stage on literature57 and 

apply risk multipliers across the other stages of infection (Tables S6). We assume male-to-female 

transmission probability is equal to female-to male transmission probability across all viral load stages. 

As a proxy for decreased sexual activity due to advanced disease during late-stage HIV, we reduce HIV 

per-act transmission to be 10% of the AIDS rate.207 We assume that women with an HPV infection have 

between 1.6-2.2 times higher risk of acquiring HIV.19,20  

The transition rates between CD4 count stages and viral load stages are based on literature 

describing the average duration in each CD4 and viral load stage by sex and age (Tables S7).205,208-210 

Individuals can go on ART when this intervention is introduced in the model in 2005. We assume that 

people on ART are virally suppressed. HIV-associated mortality rates with untreated HIV are estimated 

from studies of untreated persons living with HIV and depend on CD4 cell count and age (Table 

S8).198,211,212 As a results of these combination of disease progression and mortality rates, untreated women 

have a longer average life expectancy than untreated men. In addition, children under five have the highest 

HIV-specific mortality, and adults >50 years have HIV mortality rates two times that of persons aged 5-
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49.197,213 HIV-associated mortality for people on ART treatment is relative to background mortality, and 

decreases over time to reflect improvement in baseline health among persons initiating treatment.214-216 

From 2004 to 2011, HIV-associated mortality among people with HIV on ART is 1.5 times the 

background rate. This rate decreases to 1.4, 1.25, and 1.15 times the background mortality rate in 2011, 

2015, and 2016, respectively. 

Table S6. Annual HIV transmission rates by route of transmission.    
Route Value Risk multipliers by viral load stages Reference 

  Acute Asymptomatic Pre-AIDS 
symptomatic 

AIDS Late-
stage 

 

Mother to child        
  Before 2004 
  By 2007 
  By 2013 

0.42 

0.32 

0.20 

1.0 1.0 1.0 1.0 1.0 202,203 

Sexual contact 
0.0008-
0.0012 

9.0 1.0 2.5 7.0 0.7 57,204-207,217 

 

Table S7. Average duration of time (in years) spent in each CD4 stage and viral load stage with 

untreated HIV by sex and age. We estimate time in the asymptomatic stage such that the total time spent 
in all viral load stages matches the total time spent in CD4 stages. 
HIV states Males Females Reference 

 0-4 5-49 50-79 0-4 5-49 50-79  
CD4 counts        
  Acute  0.25 0.25 0.25 0.25 0.25 0.25 

208,210 
  ≥501 0.25 0.25 0.25 0.93 0.93 0.29 
  351-500 3.56 3.56 2.85 3.71 3.71 3.34 
  201-350 4.67 4.67 4.51 4.68 4.68 4.23 
  ≤200 2.13 3.70 1.85 2.13 3.70 1.85 
Viral load        
  Acute 0.25 0.25 0.25 0.25 0.25 0.25 

205,209 
  Asymptomatic 5.87 6.60 3.88 5.87 7.44 4.13 
  Pre-AIDS symptomatic 4.00 4.00 4.00 4.00 4.00 4.00 
  AIDS 0.75 0.75 0.75 0.75 0.75 0.75 
  Late-stage 0.83 0.83 0.83 0.83 0.83 0.83 

 

Table S8. HIV-specific mortality by CD4 cell count and age.  
Age Group Acute CD4 ≥500 CD4 350-500 CD4 200-350 CD4 ≤200 Reference 

0 – 4 0 0.4700 0.4700 0.4700 0.4700 
197,198,211-

213 
5 – 49 0 0.0035 0.0255 0.0455 0.2655 
50 – 79 0 0.0071 0.0511 0.0911 0.5311 
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ii. HPV 

The model simulation begins in 1925 with an initial HPV prevalence of 20% among 15-44 year-old men 

and women. Because we are primarily interested in cervical cancer outcomes, our model represents 

infection with the HPV types classified as high risk, or oncogenic, by the International Agency for 

Research on Cancer.40 Infections are due to either vaccine-targeted hrHPV types (HPV 16, 18, 31, 33, 45, 

52, and 58) or non-vaccine-targeted hrHPV types (HPV 35, 39, 51, 56, 59 and 68). Per-coital HPV 

transmission probability is based on literature56 then calibrated (Table S9). We assume that transmission 

probability of non-vaccine-targeted HPV type is higher than vaccine-targeted HPV type to reproduce type 

distribution of HPV infections in sub-Saharan Africa.218,219 HPV transmission among women with 

regional or distant cervical cancer is reduced by 50%. We set that male-to-female and female-to-male 

transmission probabilities to be equal. However, we assume that men do not develop natural immunity.220 

Women develop partial immunity against reinfection with the same HPV type group (vaccine-type or non-

vaccine type) that wanes at an annual rate of 0.024 (Table S9).221
 In our model, women with persistent 

HPV infection can progress to precancerous lesions (represented as cervical intraepithelial neoplasia 

(CIN) grades 1, 2, or 3) and cervical cancer (categorized as local, regional, or distant) as shown in Figure 

S1. CIN 1, 2, and 3 can regress and HPV infection can clear naturally. CIN progression and regression 

rates were based on data previously described by Tan et al. (Supplement Table S23).26 The transition rates 

were defined separately for HPV 16, 18, and other high-risk types. The original data used by Tan et al 

included additional transitional states. We reweighted transitions by types and consolidated transitions to 

better match our current HPV type grouping and natural history structure. For reweighting purposes, we 

assumed the type distribution of CIN2 to be the average of the type distributions for low-grade and high-

grade lesions. After the reweighting, transition rates for each infection type (vaccine-targeted or non-

vaccine-targeted) are manually calibrated (Table S9).   
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Individuals with HIV have higher rates of HPV acquisition, immunity waning, and disease 

progression, and lower rates of HPV clearance and CIN regression.133 The effect size of HIV on HPV 

natural history is inversely correlated with CD4 cell count and is represented by risk multipliers on HPV 

infection acquisition and clearance and CIN progression or regression in HIV-negative women. The risk 

multipliers are initially based on literature then calibrated to fit to observed data (Table S9). Women on 

ART have lower risk of HPV infection and cervical precancer lesions compared to untreated women living 

with HIV and similar HPV prevalence compared to women without HIV.222,223 However, sub-Saharan 

Africa women living with HIV continue to have elevated cancer incidence rates despite being on 

ART.34,128 Based on these data, we assume women on treatment and virally suppressed have HPV 

acquisition and disease progression rates comparable to HIV-negative women, but HPV clearance, disease 

regression rates, and cervical cancer-associated mortality are equivalent to untreated women with high 

(>500) CD4 count. WLHIV also have higher cervical cancer-associated mortality rates than HIV-negative 

women,224 with the mortality rates increasing with decreasing CD4 count (Table S10).65 The effect of HIV 

on mortality decreases as cervical cancer progresses.65 

Because the model does not track infection duration, we use age multipliers as proxies for HPV 

persistence. The multipliers are applied to both HPV types and scaled up linearly across each age grouping 

(Table S11). The age multipliers are based on those previously described by Tan et al., 2018 in Supplement 

Table S25.26 The multiplier values are the average of the vaccine-type and non-vaccine-type relative risks 

after rate adjustment.  
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Table S9. HPV-related transition rates per year. Multipliers are relative risks of transitioning between HPV states for women with 
HIV compared to women without HIV, and depended on CD4 count and ART status. To capture uncertainty related to the values of 
select influential parameters, we let the probability of vaccine-targeted HPV transmission vary within a range. 
Parameter description  Without HIV Multipliers with HIV 

 
Value Reference 

On 

ART 

CD4 

≥500 

CD4 350-

500 

CD4 200-

350 

CD4 

≤200 
Reference 

Per-partner transmission 

probability  
  

      

   Vaccine-targeted 0.008-
0.014 

56, calibrated 
1 2.14 2.39 2.54 2.78 

20,225, 
calibrated    Non-vaccine-targeted 0.016 Calibrated 

HPV to CIN 1         
   Vaccine-targeted  0.586 Calibrated 

NA NA NA NA NA  
   Non-vaccine-targeted  0.266 Calibrated 
CIN 1 to CIN 2         
   Vaccine-targeted  0.182     Calibrated 

1 1.05 1.47 1.89 2.31 Calibrated 
   Non-vaccine-targeted  0.065 Calibrated 
CIN 2 to CIN 3         
   Vaccine-targeted  0.169 Calibrated 

1 1 1.1 1.2 1.4 Calibrated 
   Non-vaccine-targeted  0.076 Calibrated 
CIN3 to local cancer         
   Vaccine-targeted  0.002 Calibrated 

NA NA NA NA NA 
 

   Non-vaccine-targeted  0.001 Calibrated  
Local to regional cancer 0.020 226       
Regional to distant cancer 0.025 226       
HPV to immune in women         
   Vaccine-targeted  1.772 Calibrated 

0.6 0.6 0.55 0.45 0.30 Calibrated 
   Non-vaccine-targeted  1.768 Calibrated 
HPV to susceptible in men          
   Vaccine-targeted  1.238 Calibrated 

0.6 0.6 0.55 0.45 0.30 Calibrated 
   Non-vaccine-targeted  1.241 Calibrated 
CIN 1 to HPV         
   Vaccine-targeted  0.360 Calibrated 0.6 0.6 0.55 0.45 0.30 Calibrated 
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   Non-vaccine-targeted  0.423 Calibrated       
CIN2 to CIN 1         
   Vaccine-targeted  0.494 Calibrated 

0.93 0.93 0.853 0.698 0.465 Calibrated 
   Non-vaccine-targeted  0.301 Calibrated 
CIN 3 to CIN 2         
   Vaccine-targeted  0.102 Calibrated 

1.02 1.02 0.935 0.765 0.51 Calibrated 
   Non-vaccine-targeted  0.101 Calibrated 
Natural immunity waning 0.024 221 1.42 1.42 1.57 1.97 2.83 Calibrated 
Natural immunity protection 70% 227 NA NA NA NA NA  

 

Table S10. Cervical cancer-associated mortality by cancer stage and CD4 cell count among women living with HIV.  
 Local Regional Distant Reference 

HIV uninfected 0.0624 0.1502 0.5207 

65,224 

HIV-positive on ART 0.2071 0.2418 0.5207 

CD4 ≥500 0.2071 0.2418 0.5207 

CD4 350-500 0.2515 0.2936 0.5207 

CD4 200-350 0.3052 0.3563 0.5207 

CD4 ≤200 0.4489 0.5240 0.5207 
 

Table S11. Age multipliers on transition rates.  
Transition rate 25-49 50-69 70-79 Reference 

HPV infection to CIN1 progression 0.49 0.35 0.35  
CIN1 to CIN2 progression 1.17 1.42 1.42  
CIN2 to CIN3 progression 1.79 2.54 3.04  
CIN3 to cervical cancer progression 10.86 25.72 30.64  
HPV infection clearance to immune (females) or susceptible (males) 0.79 0.51 0.45  
CIN1 to HPV infection regression 1.00 1.00 1.00  
CIN2 to CIN1 regression 1.00 1.00 1.00  
CIN3 to CIN2 regression 0.77 0.27 0.14  

 



 

 

d. Historical interventions 

i. HIV antiretroviral therapy (ART) 

Beginning in 2005, we model the effects of ART in populations that achieve viral suppression. People 

living with HIV who initiate ART without achieving viral suppression are assumed to have no benefit 

from treatment and are not tracked in our model. Populations in the ART/viral suppression compartment 

have reduced HIV-associated mortality, which also decreases over time as the average CD4 count at ART 

initiation increases.214-216,228 Additionally, we assume no onward transmission of HIV with ART.229,230 

And women on ART have the same fertility rates as HIV-negative women.196  

We define ART coverage as the percentage of all persons with HIV who are on treatment and 

virally suppressed. Reflecting changes in treatment eligibility policy for Kenya,142 only people with a CD4 

count ≤200 cells/µL are put on ART in 2005. The initiation threshold is subsequently raised to CD4 <250 

cells/mm3 in 2007, CD4 ≤350 cells/mm3 in 2011, and to CD4 ≤500 cells/mm3 in 2014. Finally, anyone 

with HIV regardless of CD4 cell count is eligible for ART from 2016 on, including those with acute 

infection. Our model recreates the historical ART coverages reported by the Kenya Ministry of 

Health.17,231,232 However, due to treatment non-adherence and discontinuation as well as the CD4-based 

eligibility criteria,233,234 the proportion of viral suppression among all people living with HIV was likely 

lower than the reported historical ART coverage levels, especially in the earlier ART eras. To adjust for 

this, we assume that 43% of people on ART are virally suppressed before 2013.231 We increase the 

proportion virally suppressed among people on ART linearly from 43% to 75% between 2013-2015,231 

and from 75% to 90% from 2015 to 2018.17 The proportions of all people with HIV who are virally 

suppressed in our model is listed in Table S12 and represented in Figure S2. Given the current trajectory, 

we assume that Kenya will achieve the Joint United Nations Programme (UNAIDS) on HIV/AIDS 90-

90-90 goal to have 72.9% of all people living with HIV virally suppressed by 2030. We do not model 



 

 

ART discontinuation (i.e., loss of viral suppression). As a results, the cumulative probability of being on 

ART increases with age.  

Trends in HIV-associated mortality on treatment mirror changes to the ART initiation threshold to 

reflect higher baseline health among persons initiating treatment over time. HIV-associated mortality with 

treatment is relative to background mortality.214-216 From 2004 to 2011, HIV-associated mortality among 

people with HIV on ART is 0.5 times the background rate. This rate decreases to 0.4, 0.25, and 0.15 times 

the background mortality rate in 2011, 2015, and 2016, respectively. 

 
Table S12. Proportion of persons living with HIV on ART and virally suppressed Kenya. We 
derived the following estimates based on the proportion of viral suppression among people living with 
HIV on ART reported by the Kenyan Ministry of Health. Because data was not available for 2014, we 
assume a linear increase in viral suppression from 2013 to 2015. We assume that Kenya will achieve 
UNAIDS 90-90-90 goal by 2030.  
Year Female Male Reference  

2005 2.9 2.2 

17,232,235 

2006 6.6 4.9 
2007 9.2 6.8 
2008 12.5 9.3 
2009 23.0 19.6 
2010 31.4 26.7 
2011 35.3 30.0 
2012 38.7 32.9 
2013 44.4 37.7 
2015 44.8 38.0 
2016 54.2 46.1 
2017 63.0 53.6 
2030 72.9 72.9  

 



 

 

Figure S2. ART coverage among men and women in the model (blue), compared to observed data (red).  
 
ii. Condoms 

Condoms use is initiated in the model in 1995 and stabilized in 2000. Based on data from observational 

studies and DHS surveys, we assume the condom use varied by sexual risk group, with people in the 

highest risk group most likely to use condoms.199,236,237 We specify that condom use was 12% in the low 

risk group, 25% in the medium risk group, and 35% in the high risk group. We assume condoms reduce 

HIV acquisition in both males and females by 80%.238 However, we assume no protection against HPV 

acquisition with condom use.239-242    

 

iii. Circumcision 

We assume that circumcised HIV-negative men have 55% lower HIV acquisition compared to 

uncircumcised men,243 however, HPV acquisition risk is not reduced.244-247 We also assume no protective 

effect of circumcision against HPV infection for men with HIV.248 In addition, while circumcision does 

not reduce the risk of HIV transmission to female partners,249,250 we assume that women with circumcised, 

HPV-infected male partner have 23% lower risk of HPV acquisition.251  
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We model medical circumcision beginning in 1960 for 15-19 and 20-24 age groups to account for 

the traditional practice of male circumcision as a rite of passage for many young men in Kenya.252 For this 

reason, the national prevalence of circumcision was >80% in 2003144 before the campaigns to scale up 

circumcision began in 2008.253 We adjusted the circumcision rate so that the proportion of men 

circumcised matches the coverage levels reported in 2003, 2008-2009, and 2014 DHS surveys (Table 

S13).144,145,199 Circumcision coverage among HIV-negative men in 2000-2020 in the model is illustrated 

in Figure S3. The model does not track circumcision among men with HIV. We assume circumcision 

coverage scales up to 90% in all ages by 2030.  

Table S13. Proportion of HIV-negative men who are circumcised.  

Year 15-19 20-24 25-29 30-39 40-49 Reference 

2003 71.5 89 88.3 89.3 83.7 144 
2008 75.8 88.6 85.1 89.5 91.9 145 
2014 87.1 96.5 94.6 93.4 91.9 199 

 

Figure S3. Prevalence of male circumcision among HIV-negative men in the model (lines) compared to 
DHS estimates for the entire Kenyan male population (circles). 

 



 

 

iv. HPV vaccination  

Our model was designed to evaluate the impact of the nonavalent HPV vaccine, in that we group HPV 

infections into vaccine-targeted types (HPV 16, 18, 31, 33, 45, 52, and 58) and other high-risk HPV types. 

Under this scheme, the nonavalent vaccine is 100% efficacious against infection with the vaccine-targeted 

types. However, the quadrivalent or the bivalent vaccine will most likely to be used in Kenya’s national 

HPV vaccination program for the foreseeable future.172 To estimate the impact of using the quadrivalent 

vaccine, we adjust the efficacy against vaccine-targeted types by a factor of (0.7/0.9), based on evidence 

that HPV types 16 and 18 contribute to 70% of cervical cancer cases relative to the 90% attributable to 

one or more of the types included in the nonavalent vaccine. In this calculation, we do not account for 

cross-protection against additional HPV types.254 We assume that the vaccine provides complete, lifelong 

protection against covered types. The vaccine is ineffective for persons infected with a vaccine-targeted 

HPV types. 

 

v. HPV screening and treatment 

Beginning in 2000, we model once-per-lifetime cervical cancer screening for women in the age range of 

35-39. Although Kenya policy during this time frame255 recommended screening every 5 years beginning 

at age 30, observed data suggest low compliance with this schedule.256 Informed by consultation with in-

country experts, we conservatively assume only one lifetime screen in the model. Based on our analysis 

of 2014 DHS data, we assume 7.4% screening coverage in HIV-negative women and 12.3% screening 

coverage among women with HIV. We assume that women are screened using visual inspection with 

acetic acid (VIA) with a sensitivity of 62%.257 Of the women who test positive, 72% return for triage using 

colposcopic biopsy.258 Those confirmed to have CIN2-3 are treated with cryotherapy, which as an efficacy 

of 97% in HIV-negative women and 66% in women with HIV.259,260 Among women confirmed to have 

cervical cancer after triage, 40% return for hysterectomy treatment.258 These rates reflect challenges with 



 

 

follow-up and retention for cervical cancer prevention and treatment, particularly with a multi-visit 

screening and treatment approach. 

Additionally, evidence suggests that 28% of women treated for CIN2-3 have persistent HPV 

infection, including cases with residual or recurrent CIN.261 Because this estimate is drawn from studies 

of primarily HIV-negative women, we used the estimate of 9% treatment failure in HIV-negative women 

above to calculate the percent of women who would have persistent HPV with successfully treated lesions 

(18.5%). Lacking data on differential HPV persistence by HIV status, we assume that HPV persistence 

after lesion clearance is the same among women living with HIV. Women with a successfully treated 

lesion who also clear HPV are assumed to develop temporary, partial immunity against reinfection with 

the same modeled HPV type (vaccine-targeted type vs. other hrHPV).  

 We assume that hysterectomy is 100% effective at treating cervical cancer. We do not account for 

treatment or recurrence of late-stage cancers that have spread to other organ systems. After hysterectomy, 

women are assumed to be infertile, unable to acquire or transmit HPV, and to have no increase in mortality 

due to their prior cancer status. We do not model symptomatic diagnosis of cervical cancer or treatment 

with other methods such as radiation or chemotherapy. We assume cervical screening and treatment are 

equally effective for both vaccine-targeted type and other hrHPV. For women infected with both, their 

disease status is determined by their most advanced HPV type. 

 

III. Calibration and validation 

a. Calibration 

The initial model parameter values were based on a previously published version of the model fitted to 

KwaZulu-Natal, South Africa; the calibration method is discussed in detail in the supplemental appendix 

to the publication.26 For this current modeling study, we manually calibrated the parameters to fit to HIV, 

HPV, and cervical cancer epidemiology in 2000-2020 in Kenya. Our calibration targets are listed in Table 



 

 

S14. We calibrated the parameters related to demographics to match UNPD-estimated population size 

from 1950-2070. We based sexual behavior parameters on data reported in the 2014 Kenya DHS,199 then 

calibrated these parameters to produce time and age trends in HIV and HPV prevalence that match the 

observed data.  To calibrate sexual behaviors, we assume that people in higher risk groups have more sex 

partners per year but have fewer coital acts per partnership, reflecting higher partnership formation rate 

and shorter partnership duration. We calibrate the age-specific number of coital acts per partnership in 

women. We assume men aged 10-19 have the same number of acts per partnership as women, whereas 

men aged 20-79 have equal acts to women of the next lowest age group, reflecting age disparities in 

partnerships.201 

To reflect higher transmission probability of non-vaccine-targeted types, we calibrate the HPV 

transmission probability for vaccine-targeted type, then we apply a multiplier on this probability to 

approximate the transmission probability of non-vaccine-targeted types. We adjust this multiplier so that 

relative distribution of types matches those observed in studies from sub-Saharan Africa (Table S15. The 

value for the relative risk of HIV acquisition with HPV infection is randomly selected from a uniform 

distribution with a minimum of 1.6 and maximum of 2.2.19 We ran 100 iterations, and report the median 

and the interquartile range of outcomes.  

Table S14: Calibration targets.   
Year Age  Value Reference 

Total population size 2000 0-79 31890777 

141 

2005 0-79 36547290 
2010 0-79 41942714 
2015 0-79 47765057 
2020 0-79 53627022 
2025 0-79 59981315 
2030 0-79 66449655 
2035 0-79 73026286 
2040 0-79 79469672 
2045 0-79 85669262 
2050 0-79 91575092 
2055 0-79 97174763 



 

 

2060 0-79 102398265 
2065 0-79 107170157 
2070 0-79 111411341 

Population age distribution, men and women 

combined 

2010 0-9 0.31 

141 

10-19 0.23 
20-29 0.19 
30-39 0.12 
40-49 0.07 
50-59 0.04 
60-79 0.03 

Population age distribution, men and women 

combined 

2020 0-9 0.31 

141 

10-19 0.23 
20-29 0.19 
30-39 0.12 
40-49 0.07 
50-59 0.04 
60-79 0.03 

HIV Prevalence, men 2003 15-19 0.004 

144 

20-24 0.024 
25-29 0.073 
30-34 0.066 
35-39 0.084 
40-44 0.088 
45-49 0.052 
15-49 0.046 

2007 15-19 0.01 

143 

20-24 0.02 
25-29 0.07 
30-34 0.09 
35-39 0.09 
40-44 0.10 
45-49 0.06 
15-49 0.056 

2009 15-19 0.007 

145 

20-24 0.015 
25-29 0.065 
30-34 0.068 
35-39 0.104 
40-44 0.057 
45-49 0.043 
15-49 0.046 

2012 15-19 0.009 

8 
20-24 0.013 
25-29 0.043 
30-34 0.066 



 

 

35-39 0.05 
40-44 0.081 
45-49 0.089 
15-49 0.044 

HIV prevalence, women 2003 15-19 0.030 

144 

20-24 0.090 
25-29 0.129 
30-34 0.117 
35-39 0.118 
40-44 0.095 
45-49 0.039 
15-49 0.087 

2007 15-19 0.035 

143 

20-24 0.074 
25-29 0.102 
30-34 0.133 
35-39 0.112 
40-44 0.094 
45-49 0.088 
15-49 0.09 

2009 15-19 0.03 

145 

20-24 0.06 
25-29 0.10 
30-34 0.11 
35-39 0.09 
40-44 0.14 
45-49 0.06 
15-49 0.08 

2012 15-19 0.011 

8 

20-24 0.046 
25-29 0.079 
30-34 0.066 
35-39 0.123 
40-44 0.106 
45-49 0.107 
15-49 0.069 

HPV prevalence, HIV-negative women 2005 20-24 0.29 (0.25-0.52) 

147,262 

25-29 0.30 (0.12-0.47) 
30-39 0.26 (0.13-0.39) 
40-49 0.24 (0.10-0.39) 

HPV prevalence, women with HIV 2005 20-24 0.66 (0.58-0.75) 
25-29 0.67 (0.56-0.79) 
30-39 0.57 (0.45-0.71) 
40-49 0.56 (0.43-0.68) 

Cervical cancer incidence, per 100,00 women 2012 15-19 0.7 148 



 

 

20-24 0.8 
25-29 8.0 
30-34 21.0 
35-39 40.7 
40-44 62.7 
45-49 83.1 
50-54 103.4 
55-59 130.3 
60-64 150.5 
65-69 156.3 
70-74 150.7 
75-79 133.2 
15-79 40.0 

 

Table S15. Relative distribution of HPV types (vaccine-targeted vs non-vaccine-targeted) at each stage 
of HPV infection and progression. 
Criteria HPV Type Value Reference 

HPV 
Vaccine-targeted 0.4682 263,264 
Non-vaccine-targeted 0.5318 

CIN1 
Vaccine-targeted 0.5192 263,265 
Non-vaccine-targeted 0.4808 

CIN3 
Vaccine-targeted 0.7371 219,263,266 
Non-vaccine-targeted 0.2629 

Cervical cancer 
Vaccine-targeted 0.8578 

 218,263,267,268 
Non-vaccine-targeted 0.1422 

 

 
Figure S4. Distribution of HPV types at each HPV state in the model compared to data.   
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 b. Validation  

We validated our HIV natural history module to additional time points and data sources (Table S16). We 

compared our model HIV output to age- and sex-specific HIV prevalence reported in the Population-based 

HIV Impact Assessment (PHIA) in 2018, which used a similar sampling method as DHS and KAIS 

surveys.17 To validate cervical cancer incidence projection, we compared model output against 

GLOBOCAN 2020.7  

 
Table S16. Validation targets.  

Year Age  Value Reference 

HIV Prevalence, men 2018 15-19 0.005 

17 

20-24 0.006 
25-29 0.022 
30-34 0.032 
35-39 0.043 
40-44 0.063 
45-49 0.083 
15-49 0.031 

HIV Prevalence, women 2018 15-19 0.012 

17 

20-24 0.034 
25-29 0.060 
30-34 0.095 
35-39 0.087 
40-44 0.119 
45-49 0.106 
15-49 0.062 

Cervical cancer incidence, per 100,00 women 2020 15-19 0.2 

7 

20-24 0.38 

25-29 3.5 

30-34 14.4 

35-39 29.1 

40-44 50.4 

45-49 72.9 

50-54 91.4 

55-59 109.7 

60-64 122.3 

65-69 124.7 

70-74 114.1 

75-79 80.67 

15-79 45.7 



 

 

 

c. Comparing model output to data 

Demographics 

 

Figure S5. A). Model-projected total population size, including men and women, over time (blue line) 
compared to UNPD estimates for Kenya (red dots). B). Age distribution of model population, in 10-year 
age groups, in 2010 (yellow) and 2020 (blue) compared to UNPD estimates (red).  
 
HIV 

 



 

 

Figure S6. Model-estimated HIV prevalence among adult women by 5-year age groups (blue) compared 
to age-specific 2003 DHS, 2007 KAIS, 2008-2009 DHS, 2012 KAIS, and 2018 PHIA data for the same 
age groups (red). We calibrated to 2003, 2007, 2008-2009, and 2012 values and validated against the 
2018 values. 
 

 
Figure S7. Model-estimated HIV prevalence among adult men by 5-year age groups (blue) compared to 
age-specific 2003 DHS, 2007 KAIS, 2008-2009 DHS, 2012 KAIS, and 2018 PHIA data for the same 
age groups (red). We calibrated to 2003, 2007, 2008-2009, and 2012 values and validated against the 
2018 values. 
 

 



 

 

Figure S8. Model estimated HPV prevalence by 10-year age group among HIV-negative women 
(yellow) and women with HIV (blue) compared to estimates from observational studies.147,262  
 
Cervical cancer 

 
Figure S9. Age-standardized cervical cancer incidence rates in 2012 and 2020 for women aged 15-79 
(blue) compared to age-standardized estimates for women of the same age from GLOBOCAN (red). 
 

 
Figure S10. Model-estimated age-specific cervical cancer incidence rates (blue), compared to 
GLOBOCAN estimates (red). We calibrated to 2012 GLOBOCAN data and validated against 2020 
GLOBOCAN data.  
 



 

 

IV. Additional results  

 
Figure S11. Annual number of new cervical cancer cases. 
 

Table S17. The proportion of 15-79 year-old women vaccinated in each scenario. 
Year  Single age Routine Moderate catch-up High-coverage catch-up HPV-FASTER 

2030 25% 37% 48% 55% 76% 
2040 43% 53% 61% 66% 82% 
2050 57% 64% 71% 75% 85% 
2060 67% 73% 78% 81% 87% 
2070 76% 80% 83% 83% 88% 

  

 

Figure S12. The proportion of all girls and women aged 15-79 vaccinated in each scenario.   



 

 

 

Figure S13. HPV vaccination impact on HIV burden in men. Subplot a) HIV prevalence among men 
over time by scenario. Because HIV prevalence was similar in all scenarios, lines for scenarios overlap 
almost completely. Subplot b) percent reduction in HIV prevalence relative to no vaccination.  

 

V. Differential equations 

We use a system of differential equations to estimate changes in population and infection dynamics over 

each time step. We split the full system of equations into topic-based modules and solve each iteratively 



 

 

using a 4th-order Runge-Kutta numerical solver in MATLAB. The order is largely historical and based on 

the work of (Tan et al., 2018)26. The modules are: 

1. HPV natural history  

a. Progression and clearance of HPV 

b. Progression and regression of precancerous lesions  

c. Development and progression of cervical cancer 

d. Cervical cancer- associated mortality 

2. Cervical cancer screening and treatment 

a. Screening 

b. Treatment 

3. HPV and HIV transmission 

a. Heterosexual mixing by gender, age, and risk group 

b. Partnership adjustment 

c. HPV infection by type 

d. HIV infection 

4. HIV natural history and treatment 

a. CD4 progression 

b. Viral load progression 

c. ART initiation, discontinuation, and scale-up by CD4 count 

d. HIV-associated mortality 

5. Demography 

a. Births 

b. Mother-to-child HIV transmission 



 

 

c. Aging and risk-group redistribution 

d. Natural deaths 

6. Male circumcision 

7. HPV vaccination 

a. School-based regimen 

b. Catch-up regimen  

Throughout each simulation, we track population demographics and the number of persons with infection, 

with progressed disease, or with preventative or therapeutic treatment. We describe these states 

��,�,��,�,�,�, ,!(#) with the following indices (using 1-based indexing): 

Index Description Values 

d HIV disease state, 
CD4 count, 
circumcision status, 
and ART status 

1. HIV-negative, uncircumcised 
2. HIV-negative, circumcised 
3. HIV-positive, acute infection 
4. HIV-positive, CD4 > 500 cells/µL 
5. HIV-positive, CD4 350-500 cells/µL 
6. HIV-positive, CD4 200-350 cells/µL 
7. HIV-positive, CD4 ≤ 200 cells/µL 
8. HIV-positive, on ART 

v HIV viral load 1. If ( 2 ˂ d ˂ 8 ), Acute infection; if ( d = 1,2 ), HIV-negative: VL = 0.0 
2. Asymptomatic: VL = 3.0-4.5 log10 
3. Pre-AIDS symptomatic: VL = 4.0-5.5 log10 
4. AIDS: VL = 5.5-7.0 log10 
5. Late-stage 
6. On ART and virally suppressed: VL = 0.0 

h Vaccine-type HPV 
precancer or disease 
state 

1. Susceptible 
2. Infected 
3. CIN1 
4. CIN2 
5. CIN3 
6. Cervical cancer or hysterectomy 
7. Immune 

s Non-vaccine type 
HPV precancer or 
disease state 

1. Susceptible 
2. Infected 
3. CIN1 
4. CIN2 
5. CIN3 
6. Cervical cancer or hysterectomy 
7. Immune 



 

 

x Cervical cancer or 
hysterectomy status 

1. If ( h = 6 or s = 6 ), Cervical cancer, local; else, no cancer or hysterectomy 
2. Cervical cancer, regional 
3. Cervical cancer, distant 
4. Hysterectomy 

p Vaccination and 
screening history 

1. Non-vaccinated, non-screened 
2. Vaccinated 
3. Screened 
4. Vaccinated and screened 

g Gender 1. Male 
2. Female 

a Age 1. 0-4 
2. 5-9 
3. 10-14 
4. 15-19 
5. 20-24 
6. 25-29 
7. 30-34 
8. 35-39 
9. 40-44 
10. 45-49 
11. 50-54 
12. 55-59 
13. 60-64 
14. 65-69 
15. 70-74 
16. 75-79 

r Risk 1. Low risk 
2. Medium risk 
3. High risk 

 

V.a. Demography 

Equation variables 

%��(t) 
The annual fertility rate for females by age a and HIV disease stage d. 
Women ages 15-49 bear children. &(#) The proportion of births from HIV-positive females that result in vertical transmission. '_)(#) Number of births by HIV-negative women and women on ART. '_*(#) Number of births by women living with HIV. 

'�,�,��,+,�,�, ,!(#) 

Number of infant births of HIV disease stage d and gender g.  

We assume an equal gender ratio at birth of 1:1, that all newborns are born as low risk, no 
vertical transmission of HPV, and that if HIV is vertically transmitted, that infected newborns 
are born into the acute stage of HIV. 

,�,�,� Distribution of sexual risk r by gender g and age a. (Currently, the risk distribution derived 
from male partner data is used for both males and females for simplicity.) -_'./0�,�(#) Annual background mortality rate by gender g and age a. 

 

Fertility 



 

 

The number of births by HIV status of the mother are calculated as: 

HIV-negative women and women on ART  

'_)(#) = 1 1 1 1 1 12%�+(#). ��,�,�+,+,�,�, ,!(#) + %�4(#). ��,�,�4,5,�,�, ,!(#)6
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Women living with HIV 

'_*(#) = 1 1 1 1 1 1 1 12%��(#). ��,�,��,�,�,�, ,!(#) 6
7

�8+

+9

�8:

:

!8+

7

 8+

;

�8+

;

�8+

<

�8+

;

�87
 

We then compute the number of births by gender and HIV status of the infant as: 

HIV-negative, uncircumcised births   

 For h = s = x = p = a = r = 1, 

'�,�,�+,+,�,�, ,!(#) = 0.5 >'_)(#) + ?1 − &(#)A'_*(#)B 

else, 

'�,�,�+,+,�,�, ,!(#) = 0 

HIV-positive births 

For h = s = x = p = a = r = 1, 

'�,�,�7,+,�,�, ,!(#) = 0.5 &(#). '_*(#) 

else, 

'�,�,�7,+,�,�, ,!(#) = 0 

Aging 

To age the population, one-fifth of each compartment moves to the next age group while maintaining the 

same gender, disease state, and sexual risk distribution ,�,�,�: 

0��,+,��,�,�,�, ,!(#)
0# = − 15 1 ��,+,��,�,�,�, ,!(#) . ,�,�,�

7

�8+
                                                                        (CD/ E = 1) 

0��,�,��,�,�,�, ,!(#)
0# = − 15 1 ��,�,��,�,�,�, ,!(#) . ,�,�,�

7

�8+
+ 15 1 ��,�
+,��,�,�,�, ,!(#)7

�8+
 . ,�,�
+,�           (CD/ E ≠ 1) 

Upon aging to the next five-year group, individuals are re-distributed into the closest unfilled risk group 

to match observed data on the age distribution of low, medium, and high-risk individuals. 



 

 

Mortality  

We compute the number of deaths due to background mortality as:  

0��,�,��,�,�,�, ,!(#)
0# = −-_'./0�,�(#). ��,�,��,�,�,�, ,!(#) 

 

b. Sexual Behavior 

Mixing matrix  

Equation variables G�,�,� Number of partners a person has per year of gender g, age a, and sexual-risk group r (ie. the 
partner exchange rate, or contact rate). 

�� 
Mixing parameter by age a. 

We assume a mixing pattern that is partially random and partially off-diagonal (0 < �� < 1), 
where (�� = 0) indicates completely off-diagonal mixing, and (�� = 1) indicates completely 
random mixing. 

�� 
Mixing parameter by sexual-risk group r. 

We assume a mixing pattern that is partially random and partially on-diagonal (0 < �� < 1), 
where (�� = 0) indicates completely on-diagonal mixing, and (�� = 1) indicates completely 
random mixing. 

H�,�,�I 

Mixing pattern by age. 
In completely non-random mixing by age, females are most likely to form partnerships with 
males of the next oldest age group. We represent this pattern using on off-diagonal matrix. 
 
For males (g = 1) of age a mixing with females of age a’: 
= 0.3     if (E = EJ) 
= 0.7     if (E = EJ + 1) 
except for the following (correct for no sexual activity before age group 3): 
= 0.0     if (E = EJ = 1) 
= 0.0     if (E = 2) and (a’ = 1)   
= 0.0     if (E = 2) and (a’ = 2) 
= 0.0     if (E = 3) and (a’ = 2) 
 
For females (g = 2) of age a mixing with males of age a’: 
= 0.3     if (E = EJ) 
= 0.7     if (E = EJ − 1) 
except for the following (correct for no sexual activity before age group 3): 
= 0.0     if (E = EJ = 1) 
= 0.0     if (E = 1) and (a’ = 2) 
= 0.0     if (E = EJ = 2) 
= 0.0     if (E = 2) and (a’ = 3) 

H�,�I  
Mixing pattern by risk. 
Completely non-random mixing by risk confines sexual encounters to individuals within the 
same risk group. We represent this pattern using an identity matrix. 
= 1.0     if (/ = /J) 
= 0.0     if (/ ≠ /J) 

 



 

 

For a person of gender g, age a, and sexual-risk group r, we use the mixing matrix K�,�,�I,�,�I(#) to describe 

the proportion of sexual partners that come from age group a’ and sexual-risk group r’. We assume that 

mixing is partially random and partially designated by a mixing pattern H�,�,�I or H�,�I. The overall mixing 

matrix is therefore a weighted average of random mixing proportional to the  number of available 

partnerships of each group, and mixing among groups with similar characteristics. Although an off-

diagonal mixing pattern results in the first and last ages groups (ages 10-14 and 75-79) having fewer than 

100% of their partnerships, these age groups have relatively few partnerships and contribute marginally 

to overall infection transmission. 

K�,�,�I,�,�I(#) = L��. ∑ ?G�I,�I,�I . ∑ ∑ ∑ ∑ ∑ ∑ ��J,�J,�J�J,�J,�J,�J, J,!J(#):!I8+: I8+;�I8+;�I8+5�I8+4�I8+ A7�I8+∑ ∑ ?G�I,�I ,�I. ∑ ∑ ∑ ∑ ∑ ∑ ��J,�J,�J�J,�J,�J,�J, J,!J(#):!I8+: I8+;�I8+;�I8+5�I8+4�I8+ A7�I8++5�I8+

+ (1 − ��)H�,�,�IN . L�� . ?G�I,�I ,�I. ∑ ∑ ∑ ∑ ∑ ∑ ��J,�J,�J�J,�J,�J,�J, J,!J(#):!I8+: I8+;�I8+;�I8+5�I8+4�I8+ A
∑ ?G�I,�I ,�I . ∑ ∑ ∑ ∑ ∑ ∑ ��J,�J,�J�J,�J,�J,�J, J,!J(#):!I8+: I8+;�I8+;�I8+5�I8+4�I8+ A7�I8+

+ (1 − ��)H�,�,�IN 

Rate of partner change 

Equation variables 

G�,�,� 
Number of partners a person has per year of gender g, age a, and sexual-risk group r 
(ie. the partner exchange rate, or contact rate). 
We assume zero partnerships for individuals below the age of sexual debut (age 10). 

O 

Gender influence on contact rate adjustment. 
We assume an adjusted contact rate equally driven by rates reported by males and 
females ( O = 0.5), where (O = 0) when completely female-driven, and (O = 1) when completely 
male-driven. 

K�,�,�I,�,�I(#) 
Mixing matrix for a person of gender g, age a, and sexual-risk group r that describes 
the proportion of sexual partners that come from age group a’ and sexual-risk group r’. 

We assume a solely heterosexual population and therefore that all contacts are with the 
opposite gender. 

 

Bias in observed data leads to contact rates G�,�,� that, when assuming solely heterosexual contact, 

are inconsistent between males and females. We account for this variability by using an adjusted contact 



 

 

rate G�,�,�I,�,�I∗ (#) that ensures that the number of partnerships of males of age a and risk group r with 

females of age a’ and risk group r’ equals the number of partnerships of females of age a and risk group 

r with males of age a’ and risk group r’.  

 

We first calculate the discrepancy between reported male and female contacts as: 

P�,�I,�,�I(#) = G+,�,� . K+,�,�I ,�,�I(#). ∑ ∑ ∑ ∑ ∑ ∑ �+,�J,�J�J,�J,�J,�J, J,!J(#):!I8+: I8+;�I8+;�I8+5�I8+4�I8+GQ,�,� . KQ,�,�I,�,�I(#). ∑ ∑ ∑ ∑ ∑ ∑ �Q,�,��,�,�,�, ,!(#):!8+: 8+;�8+;�8+5�8+4�8+
 

We then compute the adjusted contact rate for females as:  

GQ,�,�I,�,�I∗ (#) = GQ,�,� . KQ,�,�I ,�,�I(#). P�,�I,�,�I(#)R . L∑ ∑ ∑ ∑ ∑ ∑ �+,�J,�J�J,�J,�J,�J, J,!J(#):!I8+: I8+;�I8+;�I8+5�I8+4�I8+∑ ∑ ∑ ∑ ∑ ∑ �Q,�,��,�,�,�, ,!(#):!8+: 8+;�8+;�8+5�8+4�8+
N


(+
R)
 

 

and for males, an adjusted contact rate of: 

G+,�,�I ,�,�I∗ (#) = G+,�,� . K+,�,�I,�,�I(#). P�,�I ,�,�I(#)
(+
R). L∑ ∑ ∑ ∑ ∑ ∑ �+,�J,�J�J,�J,�J,�J, J,!J(#):!I8+: I8+;�I8+;�I8+5�I8+4�I8+∑ ∑ ∑ ∑ ∑ ∑ �Q,�,��,�,�,�, ,!(#):!8+: 8+;�8+;�8+5�8+4�8+
N

R
 

 

c. Transmission Probabilities 

Per-partnership probability of transmission 

Equation variables S�,�,� Number of acts per partnership of gender g, age a, and sexual-risk group r. 
We assume zero acts for individuals below the age of sexual debut (age 10). 

T_UVW��I, I
 

Per-act probability of HIV transmission to a person of gender g based on the viral load 
v’ of the HIV-positive partner.  
We assume the probability of female-to-male HIV transmission is equal to the 
probability of male-to-female transmission across all viral load stages (T_UVW+�I = T_UVWQ�I

). We reduce HIV per-act transmission as a proxy for decreased sexual 
activity during late-stage HIV (v’ = 5), regional or distant cervical cancer (x’ = 2 or x’ 
= 3), or hysterectomy (x’ = 4).  

T_UXW��I, I
 

Per-act probability of HPV transmission to a person of gender g. 
We assume the per-act probability of HPV transmission is the same for vaccine-type 
and non-vaccine-type HPV and across all stages of pre-cancer or cervical cancer. We 
reduce HPV per-act transmission as a proxy for decreased sexual activity during late-
stage HIV (v’ = 5) or regional or distant cervical cancer (x’ = 2 or x’ = 3). We assume 
no HPV transmission after hysterectomy (x’ = 4). 

 



 

 

The per-partnership probability of HIV transmission Y_UVW�,�,��I, I
 is the cumulative risk of acquiring HIV 

from all sexual acts with a partner. This quantity depends on the per-act probability of HIV transmission 

and the number of acts per partnership. 

 

We calculate the per-partnership probability of HIV transmission to a male partner: 

Y_UVW+,�,��I, I = 1 − (1 − T_UVW+�I, I)Z[,	,\ 

Similarly, the per-partnership probability of HIV transmission to a female partner: 

Y_UVWQ,�,��I, I = 1 − (1 − T_UVWQ�I, I)Z],	,\  

Likewise, the per-partnership probability of HPV transmission Y_UXW�,�,��I, I
 depends on the per-act 

probability of HPV transmission and the number of acts per partnership. 

 

We calculate the per-partnership probability of HPV transmission to a male partner: 

Y_UXW+,�,��I, I = 1 − (1 − T_UXW+�I, I)Z[,	,\  

Similarly, the per-partnership probability of HPV transmission to a female partner: 

Y_UXWQ,�,��I, I = 1 − (1 − T_UXWQ�I, I)Z],	,\  

Force of infection 

Equation variables G�,�,�I,�,�I∗ (#)  Adjusted yearly contact rate for persons of gender g, age a, and risk group r, with 
persons of the opposite gender, age a’, and risk group r’. 

Y_UVW�,�,��I, I
 

Annual per-partnership probability of HIV transmission from a HIV-positive person 
with viral load v’ and cervical cancer stage x’ to a HIV-susceptible partner with gender 
g, age a, and risk group r. 

Y_UXW�,�,��I, I
 

Annual per-partnership probability of HPV transmission from a HPV-infected person 
with viral load v’ and cervical cancer stage x’ to a HPV-susceptible partner with gender 
g, age a, and risk group r. 

 

The force of infection represents the cumulative risk of acquiring HIV or HPV from all possible partners, 

and depends on the adjusted contact rate, the per-partnership probability of transmission, and the 

proportion of sexually active persons who are HIV- or HPV-infected. 

 

The force of infection ^_UVW�,�,�(#) determines HIV disease transmission: 



 

 

^_UVW�,�,�(#)
= 1 1 LG�,�,�I ,�,�I∗ (#). − ∑ ∑ ln (1 − Y_UVW�,�,��I, I). ∑ ∑ ∑ ∑ ��J,�J,�J�J,�J,�J,�J, J,!J(#):!I8+;�I8+;�I8+4�I87: I8+5�I8+ ∑ ∑ ∑ ∑ ∑ ∑ ��J,�J,�J�J,�J,�J,�J, J,!J(#):!I8+: I8+;�I8+;�I8+5�I8+4�I8+

N
7

�I8+

+5

�I8+
 

Similarly, the force of infection ^_aUXW�,�,�(#) determines vaccine-type HPV transmission:  

^_aUXW�,�,�(#)
= 1 1 LG�,�,�I ,�,�I∗ (#). − ∑ ∑ ln (1 − Y_UXW�,�,��I , I). ∑ ∑ ∑ ∑ ��J,�J,�J�J,�J,�J,�J, J,!J(#):!I8+;�I8+5�I8Q4�I8+: I8+5�I8+ ∑ ∑ ∑ ∑ ∑ ∑ ��J,�J,�J�J,�J,�J,�J, J,!J(#):!I8+: I8+;�I8+;�I8+5�I8+4�I8+

N
7

�I8+

+5

�I8+
 

 

and ^_baUXW�,�,�(#) defines non-vaccine-type HPV transmission: 

^_baUXW�,�,�(#)
= 1 1 LG�,�,�I ,�,�I∗ (#). − ∑ ∑ ln (1 − Y_UXW�,�,��I , I). ∑ ∑ ∑ ∑ ��J,�J,�J�J,�J,�J,�J, J,!J(#):!I8+5�I8Q;�I8+4�I8+: I8+5�I8+ ∑ ∑ ∑ ∑ ∑ ∑ ��J,�J,�J�J,�J,�J,�J, J,!J(#):!I8+: I8+;�I8+;�I8+5�I8+4�I8+

N
7

�I8+

+5

�I8+
 

d. Natural History and Interventions 

HIV 

Equation variables -_UVW�,��  Annual HIV-associated mortality rate by gender g, age a, and HIV disease stage d for (3 
≤ d ≤ 8). ^_UVW�,�,�(#) 
Force of HIV infection for HIV-negative persons by gender g, age a, and risk r. 

K_UVW�  Reduction in HIV acquisition due to circumcision by gender.  
Only males receive circumcision (K_UVWQ = 1). c_UVW� 
Reduction in HIV acquisition due to population-level condom use by gender. 

d� The rate of progressing from HIV stage d to stage d + 1, for (3 ≤ d ≤ 7). 

e� The rate of progressing from viral load stage v to v + 1, for (1 ≤ v ≤ 5). 

X�,�(#) The proportion of HIV-negative persons of gender g and age a that are circumcised. 
Only males receive circumcision (XQ,�(#) = 0). 

f�,�� (#) The proportion of persons living with HIV of disease stage d, gender g, and age a that 
initiate ART.  

g�,�,��,� (#) The proportion of persons who discontinue ART based on the recent distribution of 
persons initiating ART by gender g, age a, risk r, disease d, and viral v. 

 

We calculate changes in HIV status and HIV stage defined by CD4 count, viral load, and treatment status. 

The HIV-negative population can acquire HIV after sexual debut with a force of infection reduced by 

circumcision in males and condom use by either gender. We only track circumcision among HIV-negative 

men. Individuals with HIV infection experience HIV-associated mortality, CD4 and viral load stage 



 

 

progression, and ART initiation and discontinuation. CD4 and viral load stage are not tracked among 

persons on treatment. 

HIV-negative, uncircumcised 

0��,�,�+,+,�,�, ,!(#)
0# = − >c_UVW� . ^_UVW�,�,�(#)  +  X�,�(#)B ��,�,�+,+,�,�, ,!(#) 

HIV-negative, circumcised 

0��,�,�Q,+,�,�, ,!(#)
0# =  X�,�(#) . ��,�,�+,+,�,�, ,!(#) 

− ?c_UVW� . K_UVW� . ^_UVW�,�,�(#)A ��,�,�Q,+,�,�, ,!(#) 

HIV-positive, acute infection 

0��,�,�7,+,�,�, ,!(#)
0# = c_UVW� . ^_UVW�,�,�(#). ��,�,�+,+,�,�, ,!(#) 

 + c_UVW�. K_UVW� . ^_UVW�,�,�(#). ��,�,�Q,+,�,�, ,!(#) + g�,�,�7,+ (#). ��,�,�4,5,�,�, ,!(#)  − ?-_UVW�,�7 + d7 + f�,�7 (#)A��,�,�7,+,�,�, ,!(#) 

HIV-positive, CD4 > 500 cells/µL 

0��,�,�:,�,�,�, ,!(#)
0# =  d7. ��,�,�7,�,�,�, ,!(#) +  e�
+. ��,�,�:,�
+,�,�, ,!(#)  + g�,�,�:,� (#). ��,�,�4,5,�,�, ,!(#)

− ?-_UVW�,�: + d: + e� + f�,�: (#)A��,�,�:,�,�,�, ,!(#) 

HIV-positive, CD4 350-500 cells/µL 

0��,�,�<,�,�,�, ,!(#)
0# =  d:. ��,�,�:,�,�,�, ,!(#) +  e�
+. ��,�,�<,�
+,�,�, ,!(#)  + g�,�,�<,� (#). ��,�,�4,5,�,�, ,!(#)

− ?-_UVW�,�< + d< + e� + f�,�< (#)A��,�,�<,�,�,�, ,!(#) 

HIV-positive, CD4 200-350 cells/µL 

0��,�,�5,�,�,�, ,!(#)
0# =  d<. ��,�,�<,�,�,�, ,!(#) +  e�
+. ��,�,�5,�
+,�,�, ,!(#)  + g�,�,�5,� (#). ��,�,�4,5,�,�, ,!(#)

− ?-_UVW�,�5 + d5 + e� + f�,�5 (#)A��,�,�5,�,�,�, ,!(#) 

HIV-positive, CD4 ≤ 200 cells/µL 

0��,�,�;,�,�,�, ,!(#)
0# =  d5. ��,�,�5,�,�,�, ,!(#) +  e�
+. ��,�,�;,�
+,�,�, ,!(#)  + g�,�,�;,� (#). ��,�,�4,5,�,�, ,!(#)

− ?-_UVW�,�; + d; + e� + f�,�; (#)A��,�,�;,�,�,�, ,!(#) 

HIV-positive, on ART 

0��,�,�4,5,�,�, ,!(#)
0# =  1 1 >f�,�� (#). ��,�,��,�,�,�, ,!(#) − g�,�,��,� . ��,�,�4,5,�,�, ,!(#)B

<

�8+
 

;

�87
 

HPV 

Equation variables 



 

 

-_UXW��,�,�,  

Annual cervical cancer-associated mortality rate by gender g, HIV disease stage d, 
vaccine-type HPV stage h, non-vaccine-type HPV stage s, and cervical cancer stage 
x for (1 ≤ x ≤ 3). 
Only females have cervical cancer-associated mortality (-_UXW+�,�,�,  = 0) and only 
when (h = 6 or s = 6). ^_aUXW�,�,�(#) Force of vaccine-type HPV infection for susceptible persons of gender g, age a, and 
risk r. ^_baUXW�,�,�(#) Force of non-vaccine-type HPV infection for susceptible persons of gender g, age 
a, and risk r. ж� HPV acquisition risk multiplier for HIV-positive individuals with CD4 count (4 ≤ d 

≤ 7). K_UXW� HPV acquisition reduction multiplier due to circumcision by gender.  
Only males receive circumcision (K_UXWQ = 1).  c_UXW� HPV acquisition reduction multiplier due to population-level condom use by 
gender. 

i�,� 
HPV acquisition reduction multiplier by gender and age for individuals with type-
specific natural immunity. 
Only females temporarily develop partial natural immunity (i+,� = 0). Older 
women develop stronger natural immunity than young girls.   

,� 
Vaccine-type HPV acquisition reduction multiplier by age for vaccinated 
individuals. 
We assume life-long protection with vaccination (,� is equivalent for all 
vaccinated ages). 

._a�,��,�I
 

Transition rate of progressing or regressing from vaccine-type HPV precancer or 
disease stage h to stage h’. 

Only women develop precancerous lesions and cervical cancer (._a+,��,�I
= 0 except 

for HPV clearance when h = 2 and h’ = 1).  

._ba�,��,�I
 

Transition rate of progressing or regressing from non-vaccine-type HPV precancer 
or disease stage s to stage s’. 

Only women develop precancerous lesions and cervical cancer (._a+,��,�I
= 0 except 

for HPV clearance when s = 2 and s’ = 1). /� Rate of waning type-specific natural immunity. 
Only females temporarily develop partial natural immunity (/+ = 0). 

j��,�, , I
 

Progression rate of cervical cancer from stage x to stage x’. 

Only women develop cervical cancer (j+�,�, , I = 0) and (jQ�,�, , I > 0 only when h 
or s = 6) 

l_a�,�,�I
 

Transition rate multiplier for HIV-positive individuals progressing or regressing 
from vaccine-type precancer or disease stage h to stage h’ with CD4 count d. 

Transition rate multipliers for HIV-positive individuals are the same for vaccine-
type and non-vaccine-type HPV (l_a�,�,�I =  l_ba�,�,�I

 when h = s and h’ = s’). 

l_ba�,�,�I
 

Transition rate multiplier for HIV-positive individuals progressing or regressing 
from non-vaccine-type precancer or disease stage s to stage s’ with gender g and 
CD4 count d. 

Transition rate multipliers for HIV-positive individuals are the same for vaccine-
type and non-vaccine-type HPV (l_a�,�,�I =  l_ba�,�,�I

 when h = s and h’ = s’). ℓ� Additional multiplier for clearance of vaccine or non-vaccine-type HPV infection. 
Only applied to males (ℓQ = 1). 



 

 

W�,��  The proportion of persons with HIV disease status d, gender g, and age a 

vaccinated. 

 

Vaccine-targeted HPV types and precancer equations 

Male susceptible 

0�+,�,��,�,+,�,+,+(#)
0# =  ℓ1. l_a�,Q,+. ._a+,�Q,+ . �+,�,��,�,Q,�,+,+(#)  

− ?ж� . K_UXW1. c_UXW1. ^_aUXW1,E,/(#) + W+,�� A�+,�,��,�,+,�,+,+(#) 

Male HPV-infected 

0�+,�,��,�,Q,�,+,+(#)
0# = ж� . KUXW1. cUXW1. ^aUXW1,E,/(#). �+,�,��,�,+,�,+,+(#) 

− ℓ1. l_a�,Q,+. ._a+,�Q,+ . �+,�,��,�,Q,�,+,+(#) 

Male susceptible, vaccinated 

0�+,�,��,�,+,�,+,Q(#)
0# =  W+,�� . �+,�,��,�,+,�,+,+(#) +  ℓ1. l_a�,Q,+. ._a+,�Q,+ . �+,�,��,�,Q,�,+,Q(#)  

− ,E. ж� . K_UXW1. c_UXW1. ^_aUXW1,E,/(#). �+,�,��,�,+,�,+,Q(#) 

Male HPV-infected, vaccinated 

0�+,�,��,�,Q,�,+,Q(#)
0# = ,E. ж� . KUXW1. cUXW1. ^aUXW1,E,/(#). �+,�,��,�,+,�,+,Q(#) 

− ℓ1. l_a�,Q,+. ._a+,�Q,+ . �+,�,��,�,Q,�,+,Q(#) 

Female susceptible 

0�Q,�,��,�,+,�, ,[+,7](#)
0# =  l_a�,;,+. /2. �Q,�,��,�,;,�, ,[+,7](#)  

− >ж� . c_UXW2. ^_aUXW2,E,/(#) + WQ,�� + -_UXW20,1,),pB �Q,�,��,�,+,�, ,[+,7](#) 

Female immune 

0�Q,�,��,�,;,�, ,[+,7](#)
0# =  WQ,�� . �Q,�,��,�,;,�, ,[+,7](#) + l_a�,Q,;. ._aQ,�Q,; . �Q,�,��,�,Q,�, ,[+,7](#)  

− >l_a�,;,+. ._aQ,�;,+ + i2,E. ж� . c_UXW2. ^_aUXW2,E,/(#) + WQ,�� + -_UXW20,7,),pB �Q,�,��,�,;,�, ,[+,7](#) 

Female HPV-infected 

0�Q,�,��,�,Q,�, ,[+,7](#)
0# =  l_a�,7,Q. ._aQ,�7,Q . �Q,�,��,�,7,�, ,[+,7](#)  + ж� . c_UXW2. ^_aUXW2,E,/(#). �Q,�,��,�,+,�, ,[+,7](#)

+ i2,E. ж� . c_UXW2. ^_aUXW2,E,/(#). �Q,�,��,�,;,�, ,[+,7](#)
− >l_a�,Q,;. ._aQ,�Q,; + l_a�,Q,7. ._aQ,�Q,7 + -_UXW20,2,),pB �Q,�,��,�,Q,�, ,[+,7](#) 

Female susceptible, vaccinated 



 

 

0�Q,�,��,�,+,�, ,[Q,:](#)
0# =  l_a�,;,+. /2. �Q,�,��,�,;,�, ,[Q,:](#) + WQ,�� . �Q,�,��,�,+,�, ,[+,7](#)

− >,E. ж� . c_UXW2. ^_aUXW2,E,/(#) + -_UXW20,1,),pB �Q,�,��,�,+,�, ,[Q,:](#) 

Female immune, vaccinated 

0�Q,�,��,�,;,�, ,[Q,:](#)
0# =  l_a�,Q,;. ._aQ,�Q,; . �Q,�,��,�,Q,�, ,[Q,:](#) + WQ,�� . �Q,�,��,�,;,�, ,[+,7](#)  

− >l_a�,;,+. ._aQ,�;,+ + ,E. i2,E. ж� . c_UXW2. ^_aUXW2,E,/(#) + -_UXW20,7,),pB �Q,�,��,�,;,�, ,[Q,:](#) 

Female HPV-infected, vaccinated 

0�Q,�,��,�,Q,�, ,[Q,:](#)
0# =  l_a�,7,Q. ._aQ,�7,Q . �Q,�,��,�,7,�, ,[Q,:](#)  + ,E. ж� . c_UXW2. ^_aUXW2,E,/(#). �Q,�,��,�,Q,�, ,[Q,:](#)

+ ,E. i2,E. ж� . c_UXW2. ^_aUXW2,E,/(#). �Q,�,��,�,;,�, ,[Q,:](#)
− >l_a�,Q,;. ._aQ,�Q,; + l_a�,Q,7. ._aQ,�Q,7 + -_UXW20,2,),pB �Q,�,��,�,Q,�, ,[Q,:](#) 

Female CIN1 

0�Q,�,��,�,7,�, ,!(#)
0# =  l_a�,:,7. ._aQ,�:,7 . �Q,�,��,�,:,�, ,!(#)  + l_a�,Q,7. ._aQ,�Q,7 . �Q,�,��,�,Q,�, ,!(#)

− >l_a�,7,:. ._aQ,�7,: + l_a�,7,Q. ._aQ,�7,Q + -_UXW20,3,),pB �Q,�,��,�,7,�, ,!(#) 

Female CIN2 

0�Q,�,��,�,:,�, ,!(#)
0# =  l_a�,<,:. ._aQ,�<,: . �Q,�,��,�,<,�, ,!(#)  + l_a�,7,:. ._aQ,�7,: . �Q,�,��,�,7,�, ,!(#)

− >l_a�,:,<. ._aQ,�:,< + l_a�,:,7. ._aQ,�:,7 + -_UXW20,4,),pB �Q,�,��,�,:,�, ,!(#) 

Female CIN3 

0�Q,�,��,�,<,�, ,!(#)
0# =  l_a�,:,<. ._aQ,�:,< . �Q,�,��,�,:,�, ,!(#) − >l_a�,<,5. ._aQ,�<,5 + l_a�,<,:. ._aQ,�<,: + -_UXW20,5,),pB �Q,�,��,�,<,�, ,!(#) 

Non-vaccine-targeted HPV types and precancer equations 

The non-vaccine-type HPV and precancer equations follow the same pattern as the vaccine-type HPV 

equations with a few updates. All values of s equal the values of h in the vaccine-type equations, and h 

equals any value. Vaccination does not depend on non-vaccine-type HPV infection status. 

 

Cervical cancer equations 

Female cervical cancer, local 

(where h=6) 

0�Q,�,��,�,5,�, ,!(#)
0# =  l_a�,<,5. ._aQ,�<,5 . �Q,�,��,�,<,�, ,!(#) 

(where s=6) 



 

 

0�Q,�,��,�,�,5, ,!(#)
0# =  l_a�,<,5. ._aQ,�<,5 . �Q,�,��,�,�,5, ,!(#) 

(where h=6 or s=6) 

0�Q,�,��,�,�,�,+,!(#)
0# = − >j2ℎ,),1,2 + -_UXW20,ℎ,),1B �Q,�,��,�,�,�,+,!(#) 

Female cervical cancer, regional (where h=6 or s=6) 

0�Q,�,��,�,�,�,Q,!(#)
0# =  j2ℎ,),1,2. �Q,�,��,�,�,�,+,!(#) − >j2ℎ,),2,3 + -_UXW20,ℎ,),2B �Q,�,��,�,�,�,Q,!(#) 

Female cervical cancer, distant (where h=6 or s=6) 

0�Q,�,��,�,�,�,7,!(#)
0# =  j2ℎ,),2,3. �Q,�,��,�,�,�,Q,!(#) − >-_UXW20,ℎ,),3B �Q,�,��,�,�,�,7,!(#) 
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