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Reader's Guide
Core Profile Documentation

These topics will provide an overview of the model without the burden of detail. Each can be read in about 5-
10 minutes. Each contains links to more detailed information if required.

Model Purpose
This document describes the primary purpose of the model.

Model Overview
This document describes the primary aims and general purposes of this modeling effort.

Assumption Overview
An overview of the basic assumptions inherent in this model.

Parameter Overview
Describes the basic parameter set used to inform the model, more detailed information is available for
each specific parameter.

Component Overview
A description of the basic computational building blocks (components) of the model.

Output Overview
Definitions and methodologies for the basic model outputs.

Results Overview
A guide to the results obtained from the model.
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Model Purpose
Summary
The purpose of this mathematical model is to study the impact of HPV vaccination, cervical cancer screening
and treatment, accounting for HIV infection dynamics including HIV disease progression by CD4 count and
antiretroviral therapy (ART) on cervical cancer outcomes. We created a model that simulates heterosexual
transmission of oncogenic HPV (high-risk HPV;hrHPV) and heterosexual HIV transmission. The model is
parameterized to KwaZulu-Natal, South Africa (KZN), a region with high HIV prevalence.

Purpose
The model reproduces population-level HIV and HPV disease dynamics and stratifies the population by age,
gender, and sexual risk. We model HIV progression by CD4+ T-cell (CD4) count and HIV RNA concentration
(viral load). The impact of ART scale-up targeted to HIV-positive persons is also modelled starting in 2004.

HPV progression is modelled by progression through a precancer pathway that leads to cervical cancer. The
interaction between HPV and HIV in coinfected subpopulations is modelled by accounting for the increased
risk of HPV transmission to an HIV-positive person and the accelerated disease progression of cervical lesions
in HIV-positive women.

Using demographic data from the population under study, the model is calibrated to recapitulate observed
patterns of HIV and HPV disease. The population-level impact of HPV vaccination is then assessed by
comparing health outcomes in vaccine vs. non-vaccine scenarios.
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Model Overview
Summary
There are three key components to the model: 1) Dynamic HPV and HIV transmission, 2) HIV progression
and ART scale up, and 3) HPV-related pre-cancer/cancer progression.

Purpose
Our dynamic transmission compartmental model examines the impact of HPV vaccination on HIV-positive
and HIV-negative women in a high HIV-prevalence setting. Model parameters on transition rates for HIV and
HPV disease states were derived by synthesizing relevant findings in the literature. Parameter calibration was
performed to enhance the model’s ability to reflect observed disease patterns.

Background

HPV and HIV infections can interact to increase cervical cancer (CC) risk. The 9-valent HPV (9vHPV)
vaccine has high demonstrated effectiveness against HPV types causing 90% of CC 1. Additionally, one dose
of the 9vHPV vaccine has the potential to achieve greater coverage at lower costs than a two-dose schedule.
However, the potential impact of single-dose 9vHPV vaccine accounting for HPV-HIV interactions has not
been estimated. This model adapts a previously published dynamic compartmental HIV transmission model.

Reference List
1 de Sanjose S, Serrano B, Tous S, et al. Burden of Human Papillomavirus (HPV)-Related Cancers Attributable
to HPVs 6/11/16/18/31/33/45/52 and 58. JNCI Cancer Spectr 2018; 2(4): pky045.

References

1. de Sanjose S, B Serrano, S Tous, et al. Burden of Human Papillomavirus (HPV)-Related Cancers
Attributable to HPVs 6/11/16/18/31/33/45/52 and 58. JNCI Cancer Spectr. 2018;2(4):pky045.
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Assumption Overview
Summary
This section describes the basic assumptions made by MGH’s HIV-HPV coinfection model.

Background
Compartmental models divide the population under study into various compartments that are characterized by
demographic and health-related features. In the present model, this is achieved by stratifying groups according
to HIV disease state, HIV Viral Load, Vaccine type HPV disease state, non-vaccine disease state, cervical
cancer or hysterectomy status, vaccination and screening history, gender, age, and risk based on sexual activity.

Maximum likelihood-based calibration is used to calibrate model parameters to various data sources and to
infer the value of parameters that cannot be obtained through direct observation.

Assumption Listing

In compartmental models, it is assumed that the members within each compartment are homogeneous in
nature. As such, the model is not designed to answer questions pertaining to individual-level interventions or
health outcomes. However, in the absence of granular individual-level data, the assumption of homogeneity
provides for an economical model that can be used to determine the impact of population-level interventions
and health outcomes.

Susceptible females can acquire high-risk (HR) HPV infection from a male sexual partner and progress to
precancerous lesions categorized as cervical intraepithelial neoplasia, grades 1, 2, or 3 (CIN 1, 2, or 3). HPV
infection and CIN1, CIN2, and CIN3 lesions can regress to normal over time and females with CIN3 can
develop cervical cancer (categorized in 3 stages: local, regional, and distant). Given the strong connection
between HPV infection and cervical cancer incidence, we assume that the pathogenesis of all cervical cancers
begins with HPV infection. We assume females who clear their HPV infection can develop low-level natural
immunity while males who clear HPV infection do not develop natural immunity. The model estimates the
force of HPV infection as a function of sexual mixing (by age and sexual activity), proportion of HPV infected
individuals of the opposite sex, and HPV transmission probability, which depends on HIV status and CD4
count if HIV-positive. Once females are infected, the probability of HPV disease progression is governed by
age, HIV-status, and CD4 count if infected with HIV.

HIV-positive females have a higher risk of HPV acquisition and CIN1-2 progression and a lower probability of
disease regression and infection clearance. HPV disease progression is inversely related to CD4 count; women
at the lowest category CD4 counts are least likely to clear and more likely to experience disease progression.
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Parameter Overview
Summary
This section contains the parameters used to inform the natural history model.

Background
The MGH natural history model is based on data published in the literature. HIV transition rates by CD4 count
and viral load level are informed by previous clinical studies. Transition rates for HPV infection and CIN were
also informed by existing literature. The transition from CIN3 to cervical cancer was inferred through
calibration as this quantity could not be obtained through direct observation.

Parameter Listing Overview

The parameters used to inform the model follow below:

Population Demographics

Population Size – based on the United Nations Population estimates, and KZN population estimates.
South Africa’s age-specific mortality before 1950, values are based on United Nations 2019 Population
prospects. After the start of the generalized HIV epidemic, values are based on IHME Global Burden
of Disease Study1,2.
Fertility rates are based on the United Nations Population Division total fertility estimates, and KZN
population estimates. Future simulations model fertility rates from 2020 to 2035 to match the projected
United Nations Population estimates for population size, age distribution and fertility1,3,4,5.
Fertility rate by age and HIV status. Females on ART are assumed to have equal fertility to HIV-
negative females6,7.

Sexual History and Sexual Mixing

Sexual risk distribution by age and sex. Values are based on Africa Centre cohort partnership data from
KwaZulu Natal, South Africa8. Risk distribution derived from male partner data is used for both men
and women.
Annual number of sexual partnerships by age, gender, and sexual risk group. Values are based on
Africa Centre cohort partnership data from KwaZulu Natal, South Africa8.
The number of coital acts per partnership by sex, age, and sexual risk group. Values are calibrated to fit
age-specific HIV and HPV prevalence data.
Sexual mixing by age and sexual risk group. The mixing parameter varies from random to assortative,
calibrated to fit age-specific HIV incidence and prevalence data9.

HIV

HIV prevalence and incidence by gender and age over time in KZN. Values are based on Africa Centre
cohort partnership data from KwaZulu Natal, South Africa8,10.
HIV-associated mortality. Values are estimates are from observational studies of untreated HIV-positive
persons. Persons age 0 to 4 and older than 50 are assumed to have greater mortality as observed11-14.
Risk multipliers for HIV transmission by viral load15-19.
The duration of time in each CD4 and viral load stage by sex and age17,20,21,22.
Proportion of births from HIV-positive females that results in mother-to-child transmission. The rate
decreases linearly from 2004 to 2005 and from 2005 to 20089,23,24.
Proportion of persons living with HIV on ART and virally suppressed coverage over time25.

HPV and Cervical Cancer

HPV prevalence in women and men in South Africa. Mbulawa et al26-28.
HPV prevalence in women without CIN2/329.
CIN2/3 prevalence by HIV status27,28.
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Cervical cancer mortality by disease stage, CD4 count and HIV status30,31.
Cervical cancer incidence based on 2018 GLOBOCAN estimates. Values are adjusted to in KZN rather
than South Africa nationally by age to take into account higher HIV prevalence in KZN32.

Reference List
1 Department of Economic and Social Affairs PD. World Population Prospects 2019. In: Nations U, editor.
Rev. 1 ed. Online Edition; 2019.

2 Network GBoDC. Global Burden of Disease Study 2017 (GBD 2017) Results. In: (IHME) IfHMaE, editor.
Seattle, United States; 2018.

3 Africa SS. Mid-year population estimates 2019. Statistical Release P0302. Pretoria, South Africa; 2019.

4 Moultrie TA, Hosegood V, McGrath N, Hill C, Herbst K, Newell ML. Refining the criteria for stalled fertility
declines: an application to rural KwaZulu-Natal, South Africa, 1990-2005. Stud Fam Plann 2008; 39(1): 39-48.

5 Moultrie TA, Timaeus IM. The South African fertility decline: Evidence from two censuses and a
Demographic and Health Survey. Popul Stud (Camb) 2003; 57(3): 265-83.

6 Anderson R, May R, Ng T, Rowley J. Age-Dependent Choice of Sexual Partners and the Transmission
Dynamics of HIV in Sub-Saharan Africa. Phil Trans R Soc London B. 1992;336:135 - 55.

7 Ross A, Van der Paal L, Lubega R, Mayanja BN, Shafer LA, Whitworth J. HIV-1 disease progression and
fertility: the incidence of recognized pregnancy and pregnancy outcome in Uganda. AIDS (London, England).
2004;18:799-804.

8 Shisana O, Rehle T, Simbayi L, Parker W, Jooste S, van Wyk VP, et al. South African nation HIV prevalence,
incidence, behavior and communication survey 2008: A turning tide among teenagers? Cape Town, South
Africa2008.

9 Bobat R, Coovadia H, Coutsoudis A, Moodley D. Determinants of mother-to-child transmission of human
immunodeficiency virus type 1 infection in a cohort from Durban, South Africa. Pediatr Infect Dis J.
1996;15:604-10.

10 Vandormael A, Akullian A, Siedner M, de Oliveira T, Barnighausen T, Tanser F. Declines in HIV incidence
among men and women in a South African population-based cohort. Nat Commun 2019; 10(1): 5482.

11 Newell ML, Coovadia H, Cortina-Borja M, Rollins N, Gaillard P, Dabis F, et al. Mortality of infected and
uninfected infants born to HIV-infected mothers in Africa: a pooled analysis. Lancet. 2004;364:1236-43.

12 Badri M, Lawn SD, Wood R. Short-term risk of AIDS or death in people infected with HIV-1 before
antiretroviral therapy in South Africa: a longitudinal study. Lancet. 2006;368:1254-9.

13 Maduna PH, Dolan M, Kondlo L, et al. Morbidity and mortality according to latest CD4+ cell count among
HIV positive individuals in South Africa who enrolled in project Phidisa. PLoS One 2015; 10(4): e0121843.

14 Lewden C, Gabillard D, Minga A, et al. CD4-specific mortality rates among HIV-infected adults with high
CD4 counts and no antiretroviral treatment in West Africa. J Acquir Immune Defic Syndr 2012; 59(2): 213-9.

15 Boily MC, Baggaley RF, Wang L, Masse B, White RG, Hayes RJ, et al. Heterosexual risk of HIV-1 infection
per sexual act: systematic review and meta-analysis of observational studies. The Lancet infectious diseases.
2009;9:118-29.

16 Quinn TC, Wawer MJ, Sewankambo N, Serwadda D, Li C, Wabwire-Mangen F, et al. Viral load and
heterosexual transmission of human immunodeficiency virus type 1. Rakai Project Study Group. N Engl J
Med. 2000;342:921-9.

17 Hubert JB, Burgard M, Dussaix E, et al. Natural history of serum HIV-1 RNA levels in 330 patients with a
known date of infection. The SEROCO Study Group. AIDS 2000; 14(2): 123-31.
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20 Lodi S, Phillips A, Touloumi G, et al. Time from human immunodeficiency virus seroconversion to reaching
CD4+ cell count thresholds <200, <350, and <500 Cells/mm(3): assessment of need following changes in
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24 Rollins N, Little K, Mzolo S, Horwood C, Newell ML. Surveillance of mother-to-child transmission
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Component Overview
Summary
This section describes the components of our natural history model.

Overview
There are three key components to the model: 1) Dynamic HPV and HIV transmission, 2) HIV progression
and ART scale up, and 3) HPV-related pre-cancer/cancer progression.

Component Listing

Dynamic HPV and HIV transmission

Our model simulates the transmission of HPV and HIV across the population, which is divided into various
compartments based on health states (ex. HPV-Infected, HIV-positive, CD4 count etc.) and demographic
factors (age, gender, sexual risk level). The rate of infection that a susceptible compartment is subject to
depends on a) the mixing patterns corresponding to the gender, age, and sexual risk level used to describe the
compartment, b) the prevalence of infection in other compartments that interact with the susceptible
compartment.

HIV progression and ART scale up

HIV progression is simulated by modelling the rate of progression through HIV disease states as described by
CD4 count and viral load level. ART scale-up is modelled by representing the rate of ART uptake as a function
of time and CD4 count to reflect the reported clinical criteria for ART uptake. In the model, ART uptake
reduces the probability of HIV transmission and attenuates a HIV-positive person’s rate of progression through
the HPV and cervical pre-cancer pathway.

HPV-related pre-cancer/cancer progression

HPV progression is simulated by modelling the rate of progression through HPV disease states. The HPV
disease pathway consists of three cervical pre-cancer lesion stages: CIN1, CIN2, and CIN3. The transitions
between these stages are modelled as a reversible process to reflect the possibility of spontaneous pre-cancer
lesion clearance. Meanwhile, the transition from CIN3 to cervical cancer (CC) is modelled as an irreversible
process. The CC associated mortality rate increases with the severity of the cancer, which is described by local,
regional, and distant cervical cancer stages in the model.

Further details about the model can be found below:

HIV Natural History

The natural history of HIV infection is modeled in stages defined by CD4 count and viral load as shown in
Figure S1. When a person becomes HIV-infected, s/he enters the acute stage characterized by a short duration
and high probability of HIV transmission. The person then progresses through stages of CD4 count and viral
load at rates  and , respectively, where d represents the current HIV disease state defined by CD4 count
and  represents the current viral load. Transition rates are based on literature describing the average duration
in each stage by gender and age1-4. The average life expectancy from infection to death for untreated persons is
10.7 years.
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Figure S1. Model transition diagram. A diagram of the natural history of HIV infection. All movement is in
one direction except for enrollment in and dropout from interventions from ART.

Ordinary Differential Equations

Throughout each simulation, we track a population demographics in five-year age-groups and the number of
individuals with infection, with progressed disease or with preventative or therapeutic treatment capturing
vertical transmission and aging. The system of ODE’s describes the states  with the following
indices:

 refers to HIV disease state defined by CD4 cell count, circumcision status, and ART status
 for HIV-negative, uncircumcised;  for HIV-negative, circumcised;  for HIV-positive,

acute infection;  for HIV-positive, CD4 > 500 cells/µL;  for HIV-positive, CD4 350–500
cells/µL;  for HIV-positive, CD4 200-350 cells/µL;  for HIV-positive, CD4 200 £ cells/µL;

 for HIV-positive, on ART.

 refers to disease state defined by HIV viral load
 if  , Acute infection, if , HIV-negative:  ;  for

Asymptomatic: ;  for Pre-AIDS symptomatic: ;
 for AIDS: ;  for Late-stage;  for on ART and virally suppressed:

 refers to vaccine-type HPV precancer or disease state
 for Susceptible;  for Infected;  for CIN1;  for CIN2;  for CIN3; 

for Cervical Cancer or hysterectomy;  for Immune

 refers to non-vaccine-type HPV precancer or disease state
 for Susceptible;  for Infected;  for CIN1;  for CIN2;  for CIN3;  for

Cervical Cancer or hysterectomy;  for Immune

 refers to cervical cancer or hysterectomy status
 if (  or ), Cervical cancer, local, undiagnosed; else, no cancer or hysterectomy; 

for Cervical cancer, regional, undiagnosed;  for Cervical cancer, distant, undiagnosed;  for
Cervical cancer, local, diagnosed & untreated;  for Cervical cancer, regional, diagnosed &
untreated;  for Cervical cancer, distant, diagnosed & untreated;  for Cervical cancer, local,
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treated;  for Cervical cancer, regional, treated;  for Cervical cancer, distant, treated; 
for Hysterectomy

 refers to vaccination and screening history
 for Non-vaccinated, non-screened;  for Vaccinated;  for Screened;  for

Vaccinated and screened

 refers to gender
 for Men;  for Women

 refers to age
 for ages 0-4;  for ages 5-9;  for ages 10-14 ...;  for ages 75-79

 refers to sexual risk group defined by number of sexual partnerships per year
 for low risk;  for moderate risk;  for high risk

We calculate changes in HIV stages defined by CD4 count, viral load, and treatment status. The HIV-negative
population can acquire HIV after sexual debut with a force of infection that is reduced by circumcision among
men 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. The ODEs for the
eight HIV disease states are:

HIV-negative, circumcised

HIV-positive, acute infection

HIV-positive, CD4 > 500 cells/µL

HIV-positive, CD4 350-500 cells/µL

HIV-positive, CD4 200-350 cells/µL
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HIV-positive, CD4 ≤ 200 cells/µL

HIV-positive, on ART

The equation variables are:

Variable Description

Annual HIV-associated mortality rate by gender , age , and HIV disease stage  for .

Force of HIV infection for HIV-negative persons by gender , age , and risk .

Reduction in HIV acquisition due to circumcision by gender. Only men receive circumcision (
).

Reduction in HIV acquisition due to population-level condom use by gender.

The rate of progressing from HIV stage  to , for .

The rate of progressing from viral load stage  to , for .

The proportion of HIV-negative persons of gender  and age  that are circumcised. Only men receive
circumcision ( ).

The proportion of persons living with HIV of disease stage , gender , and age  that initiate ART.

The proportion of persons who discontinue ART based on the recent distribution of persons initiating ART
by gender , age , risk , disease , and viral .

HPV Natural History

We calculate changes in HPV status and precancer or disease stage for women without hysterectomy (
). We track vaccine-type and non-vaccine type HPV independently, but only count cancer incidence

for the first infection to progress to local cervical cancer. CIN1,2,3 can regress, and HPV infection can clear
naturally. Women who clear HPV temporarily develop partial natural immunity against reinfection with the
same HPV type group while men who clear HPV do not develop natural immunity. Persons susceptible to
type-specific HPV infection or with temporary natural immunity can acquire HPV after sexual debut.
Individuals with HIV experience higher rates of HPV acquisition and disease progression, and lower rates of
HPV clearance, immunity waning, and disease regression. Cervical cancer mortality varies by cancer stage,
whether it is treated, and HIV status, and affects individuals regardless of type-specific etiology. We assume
that the nonavalent HPV vaccine provides lifelong protection against vaccine-type HPV and no protection
against non-vaccine-type HPV. We assume the vaccine is ineffective for persons with current vaccine-type
HPV infection, and the equations therefore only reflect vaccination of persons susceptible or immune to
vaccine-type HPV. Vaccination does not depend on non-vaccine-type HPV infection status. Although not
shown in the equations below, persons are screened according to their age  and lose their screened status upon
aging out of the screened age group.

The ODEs for vaccine-type HPV and precancer equations are:

Men, susceptible
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Men, HPV-infected

Men, susceptible, vaccinated

Men, HPV-infected, vaccinated

Women, susceptible

Untreated cervical cancer health states

Treated cervical cancer health states

Women, immune

Untreated cervical cancer health states

Treated cervical cancer health states

Women, HPV-infected

Untreated cervical cancer health states
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Treated cervical cancer health states

Women, susceptible, vaccinated

Untreated cervical cancer health states

Treated cervical cancer health states

Women, immune, vaccinated

Untreated cervical cancer health states

Treated cervical cancer health states

Women, HPV-infected, vaccinated

Untreated cervical cancer health states
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Treated cervical cancer health states

Women, CIN1

Untreated cervical cancer health states

Treated cervical cancer health states

Women, CIN2

Untreated cervical cancer health states

Treated cervical cancer health states

Women, CIN3

Untreated cervical cancer health states

Treated cervical cancer health states
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Non-vaccine-type HPV 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. The appropriate force of infection, transition rates, and transition rate multipliers for individuals
living with HIV should be used. Vaccination does not depend on non-vaccine-type HPV infection status.

Cervical cancer equations

Female cervical cancer, local

(where )

(where )

(where  or , and  or )

(where  or , and )

Female cervical cancer, regional

(where  or , and  or )

(where  or , and )

Female cervical cancer, distant

(where h=6 or s=6, and x=3 or x=6)

(where h=6 or s=6, and x=9)

Rate of Symptomatic Detection of Cervical Cancer
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Female cervical cancer, local, untreated

Female cervical cancer, local, treated by other modalities

Female cervical cancer, regional, untreated

Female cervical cancer, regional, treated by other modalities

Female cervical cancer, distant, untreated

Female cervical cancer, distant, treated by other modalities

Female cervical cancer, treated by hysterectomy

The equation variables are:

Varia
ble

Description

Annual untreated cervical cancer-associated mortality rate by gender , HIV disease stage , vaccine-type HPV
stage , non-vaccine-type HPV stage , and cervical cancer stage  for . Only women have cervical
cancer-associated mortality ( ) and only when  or .

Annual treated cervical cancer-associated mortality rate by gender , HIV disease stage , vaccine-type HPV
stage , non-vaccine-type HPV stage , and cervical cancer stage  for . Only females have treated
cervical cancer-associated mortality ( ) and only when  or .

Force of vaccine-type HPV infection for susceptible persons of gender , age , and risk .

Force of non-vaccine-type HPV infection for susceptible persons of gender , age , and risk .

HPV acquisition risk multiplier for HIV-positive individuals with CD4 count .

HPV acquisition reduction multiplier by gender and age for individuals with type-specific natural immunity.
Only women temporarily develop partial natural immunity ( ). Older women develop stronger natural
immunity than young girls.

HPV acquisition reduction multiplier due to population-level condom use by gender.

Vaccine-type HPV acquisition reduction multiplier by age.

Transition rate of progressing or regressing from vaccine-type HPV precancer or disease stage  to stage .
Only women develop precancerous lesions and cervical cancer (  except for HPV clearance when

 and ).

Transition rate of progressing or regressing from non-vaccine-type HPV precancer or disease stage  to stage .
Only women develop precancerous lesions and cervical cancer (  except for HPV clearance when

 and ).
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Varia
ble

Description

Progression rate of cervical cancer from stage  to stage . Only women develop cervical cancer ( )
and (  only when  or ). Only untreated cervical cancers progress from stage  to stage .

Rate of waning natural immunity. Only women temporarily develop partial natural immunity ( ).

Transition rate multiplier for individuals with HIV progressing or regressing from vaccine-type precancer or
disease stage  to stage  with CD4 count . Transition rate multipliers for individuals with HIV are the same
for vaccine-type and non-vaccine-type HPV.

Transition rate multiplier for individuals with HIV progressing or regressing from non-vaccine-type precancer
or disease stage  to stage  with gender  and CD4 count . Transition rate multipliers for individuals with
HIV are the same for vaccine-type and non-vaccine-type HPV (  when  and ).

Additional multiplier for clearance of vaccine or non-vaccine-type HPV infection. Only applied to men (
).

The proportion of persons with HIV disease status , gender , and age  vaccinated.

Annual probability of being diagnosed with cervical cancer due to symptoms by cervical cancer stage 
.

The proportion of women who are diagnosed with cervical cancer and continue to treatment.

The proportion of women who are diagnosed and treated with cervical cancer who are treated with
hysterectomy, by cancer stage  ( ).

Demography

At each iteration, the force of infection and the number of births are calculated and then used to evaluate the
ODEs along with mortality and disease progression. The numbers of incident infections, HIV-related deaths,
and individuals entering CD4≤200 cells/µL are also calculated to determine QALYs.

Births

The number of infant births of HIV disease stage d and gender  determines how many newborns
enter the population. We assume 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 and that
women age 15–49 give birth. Fertility rates are stratified by age and stage of disease. Births from uninfected
mothers and women on ART, , and from HIV-positive mothers, , are:

HIV-negative, uncircumcised births

For ,

else,

HIV-positive births

For ,

else,
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The equation variables are:

Var
iabl
e

Description

The annual fertility rate for women by age  and HIV disease stage . Women aged 15-49 bear children.

The proportion of births from women living with HIV that result in vertical transmission. Each birth is multiplied
by 0.5 given an assumed gender ratio at birth of 1:1. The proportion of births from HIV-positive mothers that result
in infection, , decreases linearly from 34% in 2004 to 29.2% in 2005, then to 7.1% in 20085-7.

Mortality

People leave the population due to death or aging past age 79. Annual background mortality rate by gender g
and age a is represented by .

Force of Infection

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.

For HIV:

Similarly, the force of infection  determines vaccine-type HPV transmission:

and  defines non-vaccine-type HPV transmission:

The equation variables are:

Varia
ble

Description

Adjusted yearly contact rate for persons of gender , age , and risk group , with persons of the opposite
gender, age , and risk group .

Annual per-partnership probability of HIV transmission from a person with HIV with viral load  and cervical
cancer stage  to an HIV-susceptible partner with gender , age , and risk group .

Annual per-partnership probability of HPV transmission from an HPV-infected person with viral load  and
cervical cancer stage  to an HPV-susceptible partner with gender , age , and risk group .

Mixing Matrix

Using methods similar to other models, the mixing matrix,  describes patterns of sexual contact by
calculating the proportion of one’s sexual partners that come from a specific age and sexual-risk group5.
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The equation variables are

Vari
able

Description

Number of partners a person has per year of gender , age , and sexual-risk group  (i.e., the partner exchange
rate or contact rate).

Mixing parameter by age . We assume a mixing pattern that is partially random and partially off-diagonal (
), where  indicates completely off-diagonal mixing, and  indicates completely random

mixing.

Mixing parameter by sexual-risk group . We assume a mixing pattern that is partially random and partially on-
diagonal ( ), where  indicates completely on-diagonal mixing, and  indicates completely
random mixing.

Mixing pattern by age. In completely non-random mixing by age, women are most likely to form partnerships
with men of the next oldest age group. We represent this pattern using an off-diagonal matrix. For men ( ) of
age  mixing with women of age :
-  if ( )
-  if ( )
-  if ( )
-  if ( ) and ( )
-  if ( ) and ( )
-  if ( ) and ( )
For women ( ) of age  mixing with men of age :
-  if ( )
-  if ( )
-  if ( )
-  if ( ) and ( )
-  if ( )
-  if ( ) and ( )

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:
-  if ( )
-  if ( )

We assume that mixing is partially random and partially designated by a mixing pattern  or . 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. The off-diagonal
pattern results in females of age a being more likely to form partnerships with males of age , which
is consistent with reports of such age discrepancies in KZN6,7. 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.

Per-Partnership Probability of Transmission

The per-partnership probability of transmission, , depends on the sexual risk group of the HIV-
negative partner and the disease state of the HIV-positive partner.  is the per-act probability of HIV
transmission to a person of gender based on the viral load of the partner living with HIV. 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 ( ). We reduce HIV per-act transmission as a proxy for decreased
sexual activity during late-stage HIV ( ), regional or distant cervical cancer (  or ), or
hysterectomy ( ).  is the number of acts a person has per partnership of gender , age , and sexual-
risk group . We assume zero acts for individuals below the age of sexual debut (age 10). The probabilities of
transmission per partnership are:

Per-partnership probability of HIV transmission to a male partner
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Per-partnership probability of HIV transmission to a female partner

The per partnership probability of transmission, 
is calculated in a similar manner for HPV.  is the per-act probability of HPV transmission to a person
of gender by an an HPV-positive partner:

We calculate the per-partnership probability of HPV transmission to a male partner:

Similarly, the per-partnership probability of HPV transmission to a female partner:

Rate of Partner Change

Data on sexual behavior and specifically, sexual contact rates,  are often subject to biases leading to
contact rate data that, when assuming solely heterosexual contact, are inconsistent between males and
females8. We account for this variability by using an adjusted contact rate,  which equilibrates the
reported number of sexual partners by males and females5. The adjusted contact rate can be male- or female-
driven, as determined by the parameter , where  for male-driven,  for female-driven, and 
when compromised equally. We assume  given the lack of data to assume otherwise. The adjusted
contact rate for females is:

For males, the adjusted contact rate is:

The discrepancy between the two populations, , is defined as:

Model Calibration

The model was calibrated through a phased approach to fit HIV, HPV, cervical cancer and population
dynamics from 1996 to 2019. We used hand calibration to explore the sensitivity of model outcomes to
individual parameters (Phase 0), informing our decision to divide the Bayesian calibration into three phases. In
Phase 1, a Bayesian algorithm was used to fit sexual behavior and HIV natural history parameters to observed
demographic and HIV prevalence data. Randomly resampling from the 50 best-fitting parameter sets of Phase
1, we then used the same Bayesian algorithm to fit HPV natural history parameters to observed data on HPV
prevalence, CIN prevalence, cervical cancer incidence, and type distribution for Phase 2. Phase 3 was added to
the calibration to fit parameters of probabilities of cervical cancer symptomatic detection by stage. Phase 3
involved randomly resampling from the 50 best-fitting parameter sets of Phase 2 and the corresponding
parameter sets of Phase 1 and fitting to observed data on cervical cancer stage distribution before widespread
cervical screening in South Africa. All our outputs followed independent normal distributions. For prevalence
data, we assumed a normal approximation of the binomial distribution, and for incidence data, we assumed a
normal approximation of a Poisson distribution. We assumed a normal distribution for the total population size
of KwaZulu-Natal and that the 2019 estimate had the same variance as the 2011 estimate.

Population Aging
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To age the population, one-fifth of each compartment enters the next age group while maintaining the same
gender,disease state and sexual risk . When individuals age to the next five-year group, they are
redistributed into the closest unfilled risk group to match observed data on the age distribution of low,
moderate and high-risk individuals. All compartments, except for the youngest and oldest age-groups,
experience influx from the prior age and efflux into the next age. The 0 to 4 age-group only receives influx
through births while the 75 to 79 age-group exits the population rather than entering the next age. Therefore,
each state has a second ODE that occurs at each time step:

(for )

(for )

Interventions

ART Treatment:

We define ART coverage as the percentage of all persons living with HIV and age-eligible for ART who are on
treatment and virally suppressed. Coverage of ART treatment for HIV-positive persons increased from 0% in
2004 to 44% for men and 60% for women in 20179. The proportion of persons living with HIV who are virally
suppressed remains at the estimated levels for 2017 for the simulation. Individuals on treatment with viral
suppression are assumed to have zero probability of transmitting HIV and have reduced HIV-associated
mortality. The probability of ART initiation is uniform by age or risk group. However, we do not model the
discontinuation process of ART and the resulting loss of viral suppression, such that the cumulative probability
of being on ART increases with age. Therefore, we apply age-specific minimum and maximum limits for viral
suppression, ensuring that it is distributed appropriately across all age groups while also matching population-
level levels of viral suppression by gender in the observed data. HIV-associated mortality among treated
persons living with HIV decreases over time, reflecting higher baseline health among individuals initiating
treatment. From 2004 to 2011, HIV-associated excess mortality among virally suppressed persons living with
HIV was 0.5x the background rate. This multiplier decreases to 0.4x, 0.25x, and 0.15x the background
mortality rate in 2011, 2015, and 2016, respectively.

Circumcision:

We model medical circumcision beginning in 1960 for age groups 15-19 and 20-24. Data suggest that
circumcised males have a 60% ( ) lower risk of acquiring HIV but are not at a reduced risk of
transmitting HIV10-12. Therefore, the model does not track the circumcision status of HIV-positive persons.
Before the initiation of the South Africa National VMMC program in 2010, circumcision was primarily
targeted to young adult men as a rite of passage13. Starting circumcision in 1960 among youth resulted in
circumcision prevalence among men aged 50 and older in 2012 corresponding to observed estimates14. We
assume coverage increases linearly from 1960 to 2000 and between 2000 and 2008 to match coverage level
estimates13,15. Following the initiation of the national VMMC program in 2010, we model scale-up of
circumcision for all men aged 15 or older at levels extrapolated backward from 2012 to 20179,14,16. In our
future scenarios, the proportion of men circumcised remains at 2017 levels for the duration of the simulations.

HPV vaccination:

HPV vaccination begins in 2014 for 57% of nine-year-old girls . Our model was designed to evaluate the
impact of the 9vHPV vaccine. However, the current vaccination program in South Africa uses the bivalent
vaccine, which targets only two of the seven oncogenic types in the 9vHPV vaccine. To account for this, in the
years 2014-2023 (when we assume bivalent vaccination is conducted), we adjust the 57% coverage by a factor
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of (0.7/0.9), based on evidence that HPV types 16 and 18 contribute to approximately 70% of cervical cancer
cases relative to the 90% attributable to one or more of the types included in the 9vHPV17. We assume that
vaccination provides complete protection against the seven oncogenic types included in the 9vHPV vaccine
and 0% protection against other hrHPV types. We assume lifelong protection from vaccination. Vaccine
efficacy and uptake are assumed not to vary by HIV status. We model vaccine efficacy using a beta probability
distribution that aligns with the results from a licensure trial of the bivalent vaccine, with an efficacy of 100%
(95% CI 74.4, 100)18,19. The parameters of the beta distribution are  and .

Reference List
1 Hubert JB, Burgard M, Dussaix E, et al. Natural history of serum HIV-1 RNA levels in 330 patients with a
known date of infection. The SEROCO Study Group. AIDS 2000; 14(2): 123-31.

2 Lodi S, Phillips A, Touloumi G, et al. Time from human immunodeficiency virus seroconversion to reaching
CD4+ cell count thresholds <200, <350, and <500 Cells/mm(3): assessment of need following changes in
treatment guidelines. Clin Infect Dis 2011; 53(8): 817-25.

3 Lyles RH, Munoz A, Yamashita TE, et al. Natural history of human immunodeficiency virus type 1 viremia
after seroconversion and proximal to AIDS in a large cohort of homosexual men. Multicenter AIDS Cohort
Study. J Infect Dis 2000; 181(3): 872-80.

4 Lingappa JR, Hughes JP, Wang RS, et al. Estimating the impact of plasma HIV-1 RNA reductions on
heterosexual HIV-1 transmission risk. PLoS One 2010; 5(9): e12598.

5 Bobat R, Coovadia H, Coutsoudis A, Moodley D. Determinants of mother-to-child transmission of human
immunodeficiency virus type 1 infection in a cohort from Durban, South Africa. Pediatr Infect Dis J.
1996;15:604-10.

6 Horwood C, Vermaak K, Butler L, Haskins L, Phakathi S, Rollins N. Elimination of paediatric HIV in
KwaZulu-Natal, South Africa: large-scale assessment of interventions for the prevention of mother-to-child
transmission. Bulletin of the World Health Organization. 2012;90:168-75.

7 Rollins N, Little K, Mzolo S, Horwood C, Newell ML. Surveillance of mother-to-child transmission
prevention programmes at immunization clinics: the case for universal screening. AIDS (London, England).
2007;21:1341-7.

8 Adler WH, Baskar PV, Chrest FJ, Dorsey-Cooper B, Winchurch RA, Nagel JE. HIV infection and aging:
mechanisms to explain the accelerated rate of progression in the older patient. Mech Ageing Dev.
1997;96:137-55.

9 Simbayi LC ZK, Zungu N, Moyo S, Marinda E, Jooste S, Mabaso M, Ramlagan S, North A, van Zyl J,
Mohlabane N, Dietrich C, Naidoo I, SABSSM V Team. The Fifth South African National HIV Prevalence,
Incidence, Behaviour and Communications Survey, 2017. Cape Town, 2019.

10 Garnett GP, Gregson S. Monitoring the course of the HIV-1 epidemic: The influence of patterns of fertility
on HIV-1 prevalence estimates. Mathematical Population Studies. 2000;8:251-77.

11 Ott MQ, Bärnighausen T, Tanser F, Lurie MN, Newell ML. Age-gaps in sexual partnerships: seeing beyond
'sugar daddies'. AIDS (London, England). 2011;25:861-3.

12 Anderson R, May R, Ng T, Rowley J. Age-Dependent Choice of Sexual Partners and the Transmission
Dynamics of HIV in Sub-Saharan Africa. Phil Trans R Soc London B. 1992;336:135 - 55.

13 Connolly C, Simbayi LC, Shanmugam R, Nqeketo A. Male circumcision and its relationship to HIV
infection in South Africa: results of a national survey in 2002. S Afr Med J 2008; 98(10): 789-94.

14 Shisana O RT, Simbayi LC, Zuma K, Jooste S, Zungu N, Labadarios D,, Onoya D ea. South African
National HIV Prevalence, Incidence and Behaviour Survey, 2012. Cape Town, 2014.

C
ERVIC

A
L

D
R

IV
E

 (M
G

H
)



All material © Copyright 2025 CISNET Version: 1.0.00 Released: 2025-09-30 Page 26 of 33

15 Shisana O SL, Rehle T, Zungu NP, Zuma K, Ngogo N, Jooste S, PillayVan Wyk V, Parker W, Pezi S, Davids
A, Nwanyanwu O, Dinh TH, SABSSM III Implementation, Team. South African National HIV Prevalence,
Incidence, Behaviour and Communication Survey, 2008: The health of our children. Cape Town, 2010.

16 National Department of Health (NDoH) SSASS, South African Medical Research, Council (SAMRC) I.
South Africa Demographic and Health Survey 2016. Pretoria, South Africa, and Rockville, Maryland, USA,
2019.

17 de Sanjose S, Serrano B, Tous S, et al. Burden of Human Papillomavirus (HPV)-Related Cancers
Attributable to HPVs 6/11/16/18/31/33/45/52 and 58. JNCI Cancer Spectr 2018; 2(4): pky045.

18 Daniels V, Saxena K, Patterson-Lomba O, et al. Modeling the health and economic implications of adopting
a 1-dose 9-valent human papillomavirus vaccination regimen in a high-income country setting: An analysis in
the United Kingdom. Vaccine 2022; 40(14): 2173-83.

19 Naud PS, Roteli-Martins CM, De Carvalho NS, et al. Sustained efficacy, immunogenicity, and safety of the
HPV-16/18 AS04-adjuvanted vaccine: final analysis of a long-term follow-up study up to 9.4 years post-
vaccination. Hum Vaccin Immunother 2014; 10(8): 2147-62.

References

1. JB Hubert, M Burgard, E Dussaix, et al. Natural history of serum HIV-1 RNA levels in 330 patients
with a known date of infection. The SEROCO Study Group. AIDS. 2000;14(2):123–131.

2. S Lodi, A Phillips, G Touloumi, et al. Time from human immunodeficiency virus seroconversion to
reaching CD4+ cell count thresholds <200, <350, and <500 Cells/mm(3): assessment of need
following changes in treatment guidelines. Clin Infect Dis. 2011;53(8):817–825.

3. RH Lyles, A Munoz, TE Yamashita, et al. Natural history of human immunodeficiency virus type 1
viremia after seroconversion and proximal to AIDS in a large cohort of homosexual men. Multicenter
AIDS Cohort Study. J Infect Dis. 2000;181(3):872–880.

4. JR Lingappa, JP Hughes, RS Wang, et al. Estimating the impact of plasma HIV-1 RNA reductions on
heterosexual HIV-1 transmission risk. PLoS One. 2010;5(9):e12598.

5. R Bobat, H Coovadia, A Coutsoudis, D Moodley. Determinants of mother-to-child transmission of
human immunodeficiency virus type 1 infection in a cohort from Durban, South Africa. Pediatr Infect
Dis J. 1996;15:604–610.

6. C Horwood, K Vermaak, L Butler, L Haskins, S Phakathi, N Rollins. Elimination of paediatric HIV in
KwaZulu-Natal, South Africa: large-scale assessment of interventions for the prevention of mother-to-
child transmission. Bulletin of the World Health Organization. 2012;90:198–175.

7. N Rollins, K Little, S Mzolo, C Horwood, ML Newell. Surveillance of mother-to-child transmission
prevention programmes at immunization clinics: the case for universal screening. AIDS (London,
England). 2007;21:1347–1347.

8. WH Adler, PV Baskar, FJ Chrest, B Dorsey-Cooper, RA Winchurch, JE Nagel. HIV infection and
aging: mechanisms to explain the accelerated rate of progression in the older patient. Mech Ageing
Dev. 1997;96:137–155.

9. N Simbayi LC ZK amd Zungu, S Moyo, E Marinda, S Jooste, M Mabaso, S Ramlagan, et al. The Fifth
South African National HIV Prevalence, Incidence, Behaviour and Communications Survey, 2017.
Cape Town; 2019.

10. GP Garnett, S Gregson. Monitoring the course of the HIV-1 epidemic. Mathematical Population
Studies. 2000;8:251–277.

11. MQ Ott, T Bärnighausen, F Tanser, MN Lurie, ML Newell. Age-gaps in sexual partnerships: seeing
beyond “sugar daddies.” AIDS (London, England). 2011;25:861–863.

12. R Anderson, R May, T Ng, J Rowley. Age-Dependent Choice of Sexual Partners and the Transmission
Dynamics of HIV in Sub-Saharan Africa. Phil Trans R Soc London B. 1992;336:135–155.

13. C Connolly, LC Simbayi, R Shanmugam, A Nqeketo. Male circumcision and its relationship to HIV
infection in South Africa: results of a national survey in 2002. S Afr Med J. 2008;98(10):789–794.

14. O RT Shisana, LC Simbayi, K Zuma, S Jooste, N Zungu, Labadarios D, et al. South African National
HIV Prevalence, Incidence and Behaviour Survey, 2012. Cape Town; 2014.

15. O SL Shisana, T Rehle, NP Zungu, K Zuma, N Ngogo, S Jooste, et al. South African National HIV
Prevalence, Incidence, Behaviour and Communication Survey, 2008: The health of our children. Cape

C
ERVIC

A
L

D
R

IV
E

 (M
G

H
)



All material © Copyright 2025 CISNET Version: 1.0.00 Released: 2025-09-30 Page 27 of 33

Town; 2010.
16. Council (SAMRC) I National Department of Health (NDoH) SSASS South African Medical Research.

South Africa Demographic and Health Survey 2016. 2019.
17. de Sanjose S, B Serrano, S Tous, et al. Burden of Human Papillomavirus (HPV)-Related Cancers

Attributable to HPVs 6/11/16/18/31/33/45/52 and 58. JNCI Cancer Spectr. 2018;2(4):pky045.
18. V Daniels, K Saxena, O Patterson-Lomba, et al. Modeling the health and economic implications of

adopting a 1-dose 9-valent human papillomavirus vaccination regimen in a high-income country
setting: An analysis in the United Kingdom. Vaccine. 2022;40(14):2173–2183.

19. PS Naud, CM Roteli-Martins, NS De Carvalho, et al. Sustained efficacy, immunogenicity, and safety
of the HPV-16/18 AS04-adjuvanted vaccine: final analysis of a long-term follow-up study up to 9.4
years post-vaccination. Hum Vaccin Immunother. 2014;10(8):2147–2162.

C
ERVIC

A
L

D
R

IV
E

 (M
G

H
)



All material © Copyright 2025 CISNET Version: 1.0.00 Released: 2025-09-30 Page 28 of 33

MGH
Output Overview

Reader's Guide

Model Purpose

Model Overview

Assumption Overview

Parameter Overview

Component Overview

Output Overview

Results Overview

Key References

Output Overview
Summary
This section describes outputs from the model.

Overview
The model tracks the prevalence and incidence of HPV, HIV, Cervical Cancer and their associated outcomes in
each compartment for the entire simulated period. This allows for comparisons of population-level health
outcomes in the absence and presence of various prevention and intervention strategies. Ultimately, this
facilitates the study of the efficacy and cost-effectiveness of said strategies.

Output Listing

The results that are currently being produced are:

Overall HIV prevalence
Proportion of HIV-positive population on ART
Population-level distribution of CD4 count and viral load among HIV-positive individuals
HIV prevalence by age and gender
HPV prevalence
HPV health states
CIN 2/3 prevalence by HIV status
Cervical cancer health states
Cervical cancer incidence
New cervical cancer cases
Cervical cancer mortality
Deaths
Screening and Treatment
Vaccinations

C
ERVIC

A
L

D
R

IV
E

 (M
G

H
)



All material © Copyright 2025 CISNET Version: 1.0.00 Released: 2025-09-30 Page 29 of 33

MGH
Results Overview

Reader's Guide

Model Purpose

Model Overview

Assumption Overview

Parameter Overview

Component Overview

Output Overview

Results Overview

Key References

Results Overview
Summary
A guide to the results obtained from the model.

Overview
The following is a list of publications which showcase results from DRIVE.

Results List
1 Liu G, Mugo NR, Bayer C, Rao DW, Onono M, Mgodi NM, Chirenje ZM, Njoroge BW, Tan N, Bukusi EA,
Barnabas RV. Impact of catch-up human papillomavirus vaccination on cervical cancer incidence in Kenya: A
mathematical modeling evaluation of HPV vaccination strategies in the context of moderate HIV prevalence.
EClinicalMedicine. 2022 Feb 19;45:101306. doi: 10.1016/j.eclinm.2022.101306. PMID: 35243272; PMCID:
PMC8860915. [original work].

2 Rao DW, Bayer CJ, Liu G, Chikandiwa A, Sharma M, Hathaway CL, Tan N, Mugo N, Barnabas RV.
Modelling cervical cancer elimination using single-visit screening and treatment strategies in the context of
high HIV prevalence: estimates for KwaZulu-Natal, South Africa. J Int AIDS Soc. 2022 Oct;25(10):e26021.
doi: 10.1002/jia2.26021. PMID: 36225139 [original work].

3 Boily MC, Barnabas RV, Rönn MM, Bayer CJ, van Schalkwyk C, Soni N, Rao DW, Staadegaard L, Liu G,
Silhol R, Brisson M, Johnson LF, Bloem P, Gottlieb S, Broutet N, Dalal S. Estimating the effect of HIV on
cervical cancer elimination in South Africa: Comparative modelling of the impact of vaccination and
screening. EClinicalMedicine. 2022 Nov 17;54:101754. doi: 10.1016/j.eclinm.2022.101754. PMID: 36583170
[original work].

4 Tran J, Hathaway CL, Broshkevitch CJ, Palanee-Phillips T, Barnabas RV, Rao DW, Sharma M. Cost-
effectiveness of single-visit cervical cancer screening in KwaZulu-Natal, South Africa: a model-based analysis
accounting for the HIV epidemic. Front Oncol. 2024 Apr 24;14:1382599. doi: 10.3389/fonc.2024.1382599.
PMID: 38720798

5 Broshkevich CJ, Barnabas RV, Liu G, Palanee-Phillips T, Rao DW. Enhanced cervical cancer and HIV
interventions reduce the disproportionate burden of cervical cancer cases among women living with HIV: A
modeling analysis. PLoS One 2024 May 23;19(5):e0301997. doi: 10.1371/journal.pone.0301997. PMID:
38781268
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