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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.

HPYV 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 . 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

! 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. INCI Cancer Spectr. 2018;2(4):pky045.
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MGH

) , This section describes the basic assumptions made by MGH’s HIV-HPV coinfection model.
Assumption Overview

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.

Reader's Guide

Assumption Listing
Model Purpose

Model Overview  [n compartmental models, it is assumed that the members within each compartment are homogeneous in
Assumption Overview nature. As such, the model is not designed to answer questions pertaining to individual-level interventions or
Parameter Overview health outcomes. However, in the absence of granular individual-level data, the assumption of homogeneity

Component Overview provides for an economical model that can be used to determine the impact of population-level interventions

] and health outcomes.
Output Overview

Results Overview Susceptible females can acquire high-risk (HR) HPV infection from a male sexual partner and progress to
Key References 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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. This section contains the parameters used to inform the natural history model.
Parameter Overview

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

Reader's Guide The parameters used to inform the model follow below:
Model Purpose Population Demographics
Model Overview

Assumption Overview e 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
Parameter Overview

prospects. After the start of the generalized HIV epidemic, values are based on IHME Global Burden

Component Overview of Disease Studyl’z.

Output Overview ¢ Fertility rates are based on the United Nations Population Division total fertility estimates, and KZN
Results Overview population estimates. Future simulations model fertility rates from 2020 to 2035 to match the projected
Key References United Nations Population estimates for population size, age distribution and fertility'->*>.

o Fertility rate by age and HIV status. Females on ART are assumed to have equal fertility to HIV-
negative females®’.

Sexual History and Sexual Mixing

e Sexual risk distribution by age and sex. Values are based on Africa Centre cohort partnership data from
KwaZulu Natal, South Africa®. 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 Africa®.

¢ 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 data’.

HIV

e 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 Africa®!°.

o 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 observed!!"4,

o Risk multipliers for HIV transmission by viral load'>!°.

e The duration of time in each CD4 and viral load stage by sex and age'”2*2!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 2008%%24,

5

e Proportion of persons living with HIV on ART and virally suppressed coverage over time*>.

HPYV and Cervical Cancer

o HPV prevalence in women and men in South Africa. Mbulawa et al?®%%,

o HPV prevalence in women without CIN2/3%.
o CIN2/3 prevalence by HIV status®’%,
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e Cervical cancer mortality by disease stage, CD4 count and HIV status®®!.

¢ 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 KZN*2,

Reference List

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

2Network 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.

*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.

® 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.

"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.

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.

19vandormael 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.

'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.

4 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
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17 Hubert JB, Burgard M, Dussaix E, et al. Natural history of serum HIV-1 RNA levels in 330 patients with a
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Summary

MGH

, This section describes the components of our natural history model.
Component Overview

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

Reader's Guid Our model simulates the transmission of HPV and HIV across the population, which is divided into various
eader's Guide .. .
compartments based on health states (ex. HPV-Infected, HIV-positive, CD4 count etc.) and demographic

Model Purpose factors (age, gender, sexual risk level). The rate of infection that a susceptible compartment is subject to

Model Overview  depends on a) the mixing patterns corresponding to the gender, age, and sexual risk level used to describe the
Assumption Overview compartment, b) the prevalence of infection in other compartments that interact with the susceptible
Parameter Overview compartment.

Component Overview

HIV progression and ART scale up

Output Overview
Results Overview HIV progression is simulated by modelling the rate of progression through HIV disease states as described by

Key References 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 w? and 1%, respectively, where d represents the current HIV disease state defined by CD4 count
and v represents the current viral load. Transition rates are based on literature describing the average duration
in each stage by gender and age'™*. 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 X o “?(t) with the following

indices:

o drefers to HIV disease state defined by CD4 cell count, circumcision status, and ART status
d = 1 for HIV-negative, uncircumcised; d = 2 for HIV-negative, circumcised; d = 3 for HIV-positive,
acute infection; d = 4 for HIV-positive, CD4 > 500 cells/uL; d = 5 for HIV-positive, CD4 350-500
cells/uL; d = 6 for HIV-positive, CD4 200-350 cells/uL; d = 7 for HIV-positive, CD4 200 £ cells/pL;
d = 8 for HIV-positive, on ART.

o v refers to disease state defined by HIV viral load
v=1if (2 < d < 8), Acute infection, if (d = 1, 2), HIV-negative: VL =0 ; v = 2 for
Asymptomatic: VL = 3.0 — 4.5l0g10; v = 3 for Pre-AIDS symptomatic: VL = 4.0 — 5.5l0g10;

v = 4 for AIDS: = 5.5 — 7.0log10; v = b for Late-stage; v = 6 for on ART and virally suppressed:
VL =0.0

e hrefers to vaccine-type HPV precancer or disease state
h = 1 for Susceptible; h = 2 for Infected; h = 3 for CIN1; h = 4 for CIN2; h = 5 for CIN3; h = 6
for Cervical Cancer or hysterectomy; A = 7 for Immune

e s refers to non-vaccine-type HPV precancer or disease state
s = 1 for Susceptible; s = 2 for Infected; s = 3 for CIN1; s = 4 for CIN2; s = 5 for CIN3; s = 6 for
Cervical Cancer or hysterectomy; s = 7 for Immune

e gz refers to cervical cancer or hysterectomy status
z = 1if (h = 6 or s = 6), Cervical cancer, local, undiagnosed; else, no cancer or hysterectomy; z = 2
for Cervical cancer, regional, undiagnosed; x = 3 for Cervical cancer, distant, undiagnosed; * = 4 for
Cervical cancer, local, diagnosed & untreated; z = 5 for Cervical cancer, regional, diagnosed &
untreated; = 6 for Cervical cancer, distant, diagnosed & untreated; z = 7 for Cervical cancer, local,
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treated; £ = 8 for Cervical cancer, regional, treated; £ = 9 for Cervical cancer, distant, treated; ¢ = 10
for Hysterectomy

e prefers to vaccination and screening history
p = 1 for Non-vaccinated, non-screened; p = 2 for Vaccinated; p = 3 for Screened; p = 4 for
Vaccinated and screened

e grefers to gender
g = 1 for Men; g = 2 for Women

e arefers to age
a = 1 for ages 0-4; a = 2 for ages 5-9; a = 3 for ages 10-14 ...; a = 16 for ages 75-79

o rrefers to sexual risk group defined by number of sexual partnerships per year
r = 1 for low risk; » = 2 for moderate risk; » = 3 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:

Xm,l,h,s,z,p(t)
% = — (Yurvg - Aavgar(t) + Poa(t) X gam ™ (t)
HIV-negative, circumcised

dXZ,l,h,s,z,p(t)
% = Pya(t) - Xgl,’;,’f’s’x’p(t) — (Ymrvg - purvg - AHIVy,a,r(t))X;’;,’f’s’z’p(t)

HIV-positive, acute infection

dX.g;’;:T"l’s’z’p (t) 1,1,h,s,z,p
—a - YHIVg * AHIVgar(t) « Xgor ™™ P (t) + Yurvg - pHIVG - AHIVgAr(t)
2,Lh,s,, 3, 8,6,h,s,z,
! Xg,a,r ’ wp(t) + Ug,;,'r(t) : Xg,a,r ¢ zp(t)

= (g + o+ A3, 0) X (0)

HIV-positive, CD4 > 500 cells/uL

4,0,h,8,x,p
7ng’a’rdt (t) =wi. Xg’»::f,s,zyp(t)
+lv—1 . X;l::’;l,h,s,z,p(t)

+03:Z,T(t) . Xs:g:f»svzyp(t)
= (ivga + o' +17 4 A5 (1) Xgi o0 (1)

HIV-positive, CD4 350-500 cells/uL

dXOvheap
e T
4ot .Xg5:;);17h7s,m7p(t)
+oBu (1) - XSOhsmr(4)
- (Hgnvygya + W+ Agﬂ(t))X{i,v,h,s,z,p(t)

9,a,7

HIV-positive, CD4 200-350 cells/ulL
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dX gy "7 (t) h
= X )
+lv71 . Xﬁ,vfl,h,s,z,p(t)

9,a,7

a5 (6 Xy )

g,a,r

— (MBirv g + @ 17+ S (1)) XSuhse t)

HIV-positive, CD4 < 200 cells/uL

dX?,v,h,s,w,p t
e o xgpteonsty
_'_lvfl 3 X;,:l/;l,h,s,z,p(t)
-HT;:Z’T(t) . Xs,’(?:rh’s’z’p(t)
= (v g "+ 17 AL, (8) X g2 ()
HIV-positive, on ART
ng’G’h’S’Z’p(t) 7 5
T = 2 D (a0 X - o (8) - Xoi )
d=3 v=1

The equation variables are:

Variable Description
p_HI Vg‘fa Annual HIV-associated mortality rate by gender g, age @, and HIV disease stage d for 3 < d < 8.
A_HIVya,(t)  Force of HIV infection for HIV-negative persons by gender g, age a, and risk r.

p_HIV,  Reduction in HIV acquisition due to circumcision by gender. Only men receive circumcision (o_HIV, = 1

).

%_HIV,; | Reduction in HIV acquisition due to population-level condom use by gender.

w? The rate of progressing from HIV stage dtod + 1, for3 < d < 7.
14 The rate of progressing from viral load stage vto v + 1, for 1 < v < 5.
Pya(t) The proportion of HIV-negative persons of gender g and age a that are circumcised. Only men receive

circumcision (Py4(t) = 0).
Ag,a(t) The proportion of persons living with HIV of disease stage d, gender g, and age @ that initiate ART.
dy ®) The proportion of persons who discontinue ART based on the recent distribution of persons initiating ART

o
g,a,r . . -
by gender g, age a, risk r, disease d, and viral v.

HPV Natural History

We calculate changes in HPV status and precancer or disease stage for women without hysterectomy (

1 < z <9). 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 g and lose their screened status upon
aging out of the screened age group.

The ODE:s for vaccine-type HPV and precancer equations are:

Men, susceptible
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dv,1,8,1,1
Xm,a,r (t) o l . dz2,1 .
- v

2,1 dw2,s,1,1
dt kv,l,a : Xl,:z],r ’ (t)
— (&a - YuPv,1 - AdvEPV 1,00 (t) + W?G)Xi’z,’rl’s’l’l(t)

Men, HPV-infected

dXii,v,Zs,l,l(t)
* = &a - PuPV,1 - AvHPV 10,0 (t) 'Xi’::,}’s’l’l(t)

421 21 dv,2,5,1,1
=l - Ky : kv,l,a : Xl,a,r (t)

Men, susceptible, vaccinated

dw,1,8,1,2
Xl,a,r (t) . Vd . Xd,v,l,s,l,l(t)
dt — V1l l,a,r

d2,1 12,1 d,v,2,5,1,2
+l1 " Sy : kv,l,a : Xl,a,r (t)
dw,1,5,1,2
—a - K YHPVL - AeHPV 1,0, (t) - X0y (1)

Men, HPV-infected, vaccinated

AX 0212 ()

- d’ 19yt

a;t = ba Kg Yrpv.L Aopvian(t) - Xl,:,: *12(t)
—I - :)1,2,1 . kiia . ii::’,f,s,m )

Women, susceptible

Untreated cervical cancer health states

d,1,8,[1,2,3,4,5,6],[1,3]
dX2,a,r (t) d,7,1
dt = Cv :

. Xd,v,7,s,[1,2,3,4,5,6],[1,3] (t)

T2 2,a,r

d 4,1,5,[1,2,3,4,5,6]\ v d,1,5,[1,2,3,4,5,6,[1,3]
- (>Kd “PuPV2 * AvHPV2,0,r (t) + Vag + tigimpve ) Ko, ()

Treated cervical cancer health states

dw,1,s,[7,8,9],[1,3
dxy g .
dt T

. Xdyv>7>8>[71819]7[1»3] (t)

T2 2,a,r

d d,1,5,(7,8,9] d,v,1,8,[7,8,9],[1,3]
- (fd “Kppya * AHPV 2,07 (8) + Vaig + igpvs - ) Kol t)
Women, immune

Untreated cervical cancer health states

dXd,v,?,s,[1,2,3,4,5,6],[1,3] ®)

2,a,r

_yd d,,7,5,[1,2,3,4,5,6],[1,3]
- VZ,a - X (t)

dt 2,a,r
42,7 1,27 d,v,2,5,[1,2,3,4,5,6],[1,3]
+§v’ : kv,2,a : X2,a,r (t)
47,1 1,71 d d,7,5,(1,2,3,4,5,6] \ §-d,v,7,5,[1,2,3,4,5,6],[1,3]
- (Cv’ T kya gt €2 Ky YHPV2 - APV 20, () + Vi + Binpys Xoar )

Treated cervical cancer health states

dXd,v,7,s,[7,8,9],[1,3] (t)

2,a,r

d d,0,7,5,[7,8,9],[1,3]
= ‘/2,(1 : XZ,:,T ’ (t)

d,2,7 2,7 d,2,s,(7,8,9],[1,3
+<77-k7:7-)§ [ ][ ](t)

2,a,r
471 71
- (C’u ko a €20 Ky - YHPV2 - AeHPV 2,0, (t)
d d,7,5,(7,8,9] dv,7,s,[7,8,9],(1,3]
Voo + Hypv “Roar (t)
Women, HPV-infected

Untreated cervical cancer health states
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dXd,v,Z,s’[1,2,3,4,&6]7[1’3] ()

2,a,r

d,3,2 d,v,3,s,(1,2,3,4,5,6],[1,3]

dt C kv 2,0 X?,a,r (t)
dw,l1,s,[1,2,3,4,5,6],[1,3

X Yupva - Ao 3,00 (1) - Xy M3 )

d,v,7,8,[1,2,3,4,5,6],[1,3
+€2a'>Kd"¢1HPv2')\vHPv2ar(t)'Xzsrs[ A ](t)

d,2,7 dz2,3 d,2,s,[1,2,3,4,5,6 d,2,s,(1,2,3,4,5,6],[1,3
(C kv2a ( kv2a+y‘utHP[ ]) X2ar . ! ]()

Treated cervical cancer health states

dXd,v,2,s,[7,8,9],[1,3] (t)

2,a,r

d,3,2 d,v,3,5,[7,8,9],[1,3]

dt = G kb Xoh (t)
d,v,1,s,[7,8,9],[1,3

K Yrevs - Auev 2 (£) - Xy 1)

d
+ £2,a cXKg ¢HPV2 ‘ )\UHPV 2,a r(t) : X2 ,;J,:,S,[7,8,9],[1,3] (t)

27 27 ed, d,2,5,[7.89 d0,2,5,7,8,9],1,3
_<v27 Kysa +C5° kv2a+'utHP3[ ]) Xz,;rs[ M)

Women, susceptible, vaccinated

Untreated cervical cancer health states

d dw,1,5,(1,2,3,4,5,6,(2,4] (t)
2,a,r _ ATl dw,7,5,(1,2,3,4,5,6],(2,4]
dt - < T2 X2 :r ’ ( )
d d,1,5,[1,2,3,4,5,6],[1,3]
+ Vi Xpop” (t)

d,1,5,[1,2,3,4,5,6] dw,1,5,1,2,3,4,5,6],[2,4]
- (¢a “XKg - YHPV2 * MHPV 2,0, (E) + Hytrpve ) “Xour (t)

Treated cervical cancer health states

d,,1,5,[7,8,9],(2,4]
X, . (t)
a5 d,7,1 d,7,5,[7,8,9],[2,4
% — (U Sy - XZ,ZL},’I‘ 5,[7,8,9],[. ](t)
d d,v,1,s,(7,8,9],[1,3
+ Vil - Xy ST )

d,1,5,[7,8,9 d,v,1,5,[7,8,9],[2,4
- (¢a Ky PPV - Auttpv. 2,0 (£) + i ]) X3 ST89L2A )

Women, immune, vaccinated

Untreated cervical cancer health states

dXd’v’7’$’[1’2’3’4’5’6]’[2’4] (t)

2,a,r

d,2,7 d,2,s,(1,2,3,4,5,6],[2,4]
C kv2a.X2a7' (t)

dt
d d,0,7,5,1,2,3,4,5,6],[1,3
+V2a' 2:1)7‘8[ h ]()
(Cd ol kv 90 T Ba 2,0 Ky - YHPV2 - AeHPV 2,0, ()
d,7,5,[1,2,3,4,5,6] d,,7,,[1,2,3,4,5,6],[2,4]
+HuHPV? ) “Xolar (t)
Treated cervical cancer health states
d,7,5,[7,8,9],(2,4]
dX2,a,r (t) 27 k d ,0,2,5,(7,8,9],[2,4] ¢
dt C v, 2 a 2 a,r ( )
d d,0,7,5,7,8,9],[1,3]
+V2,a'X2:7'S[ (t)

- (C:,:L?J : kv 2,0 + ¢a 52 a* Ky 1!”HPV2 >\UHPV 2.a r(t)
d,7,s,[7,8,9 d,7,s,(7,8,9],[2,4
+/J'tHPsV[2 ]) Xy 0

Women, HPV-infected, vaccinated

Untreated cervical cancer health states
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dXd,v,Z,s’[1,2,3,4,5=6]7[2’4] ()

2,a,r

d,3,2 d,v,3,s,(1,2,3,4,5,6],[2,4]
dt C kv 2,0 " X2,a,r (t)

dm,2,s,(1,2,3,4,5,6],(2,4
+ Ga - Ky PEPVE - APV 2,0, () - Xo/n =l 2 ]( t)

d,
+ o - €20 Kq - YHPV2 * AvHPV 2,0, (1) 'XZZZS 1284502 (t)

d,2,7 2,3 d,2,s,[1,2,3,4,5,6] d,v,2,s,(1,2,3,4,5,6],(2,4]
(C kv2a+C kv2a+ﬂ'utHP ) X2ar ()

Treated cervical cancer health states

dXd,v,2,s,[7,8,9],[2,4] ('[Z)

2,a,r

d,0,3,5,[7,8,9],[2,4
dt = <d32 kaa 2,;},7‘5[ I ](t)
+ o - Kg - YHPV2 * AvHPV 2,0, (t) - Xd;)f o~ (789 4]( t)

d
+ o - €20 - Kq - YHPV2 - AeHPV 2,0, () - Xy ’Z’Z’S’W’s’g]’[ ’4](t)

27 d,2,s,[7,8,9 dv,2,s,(7,8,9],[2,4
_<g7277 +Cd23 kv2a+iu‘tHP[ ]) X [ H ]()

v,2,a 2,a,r
Women, CINI

Untreated cervical cancer health states

d,v,3,5,(1,2,3,4,5,6],p
dXZ,a,r (t)

Cd43 kvza' dv4s[123456],p( )

dt 2,a,r
d,2,3 d,2,s,(1,2,3,4,5,6],p
C kv2a.X2ar (t)
d3.4 34 d3,2 d,3,s,(1,2,3,4,5,6] d,v,3,s,[1,2,3,4,5,6],p
_(Cvf’ v2a C kv2a+/“l’utHP X2ar ()

Treated cervical cancer health states

a8 ) 443 d0,4,5,]7.8,9)
= C kv?a X (t)

2,a,r

dt

d,2,3 dv25[789]p
+ ¢ kv2a' 2,a,r ' Y()

d,3,3,[7,8,9 d,v,3,5,[7,8,9],
(Cd?"l kv?a Cd” kv2a 'U’tHPSV[Z ])'X2:r$[ ]p()
Women, CIN2

Untreated cervical cancer health states

dXd,v,4,s7[1,2,3,4,5’6] »P(t)

2,a,r

d,0,5,8,[1,2,3,4,5,6
é~ds4 kun'X’v 5,[1,2,3, Lp(t)

dt 2,a,r
4 dv3s 1,2,3,4,5,6
+C33 kUZa' Za’r’ 7[))5a5]7p(t)
d4,5 d4,3 d4,s,[1,2,3,4,5,6] d,v4,s,[1,2,3,4,5,6],p
(CU kv2 ,a + Cv kv2 a I‘LutHPV2 : X2ar ( )

Treated cervical cancer health states

dX;i::’,;l,s,[Z&!)] P (t)
dt

d54 154 4,0,5,5,[7,8,9).p
v P20 " A 2ar ()

Cdg4 k dv,3s[789],p()
v2a

2ar

da5 d4,3 d,4,5,[7,8,9] d,v,4,5,[7,8,9],p
7(41} 'u2a+<v kv2a+'u’tHPV2 )’XZar ()
Women, CIN3

Untreated cervical cancer health states

dXd,v,5,s,[1,2,3,4,5,6],p(t)

2,a,r

d45 dv4s[123456],p
C kv2a 2,a,r ()

dt

,a,T

d,5,6 5,4 d.5,s,(1,2,3,4,5,6] d,v,5,5,(1,2,3,4,5,6],p
(Cv kv 2,a + Cv kv 2,a 'uutHPVZ ’ X2 ( )

Treated cervical cancer health states
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dXd,v,5,s,[7,8,9] ,p(t)

2,a,r

— B Xd,v747s,[7,8,9]7p(t)

v,2,a  “*2,a,r
d,5,6 5,6 d,5,4 5,4 d,5,,[7,8,9] d,5,s,(7,8,9],p
- (va o kv,Z,a + Cv’ T kv,Z,a + Himpvo : X2,a,r (t)

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 h = 6)
dXgon " (1)
, d5,6 , 1,56 d,v,5,,2;
dt = C’U : kv,2,a : X2,:z),r szp(t)
(where s = 6)
d,v,h,6,2,p
dXZvavT (t) _ d,5,6 k576 d,v,h,6,z,p t
dt - Cv T R2a " 2.0 ( )
(whereh =6 ors =6, andx =1orz =4)
d,v,h,s,[lA],p(t)
2,a,7 _ h,s,[1,4],12,5] d,h,s,[1,4] d,v,h,s,[1,4],p
dt = - (¢2 + HytapV2 ) 'X2,a,r (t)

(whereh =6 ors =6, andx =17)

d,h,s,7,p
X2,a,r (t) _ _ dhsT  yduhsTp ¢
dt = Higpva * A oar (t)

Female cervical cancer, regional

(whereh =6 0rs =6, andx =2orz =235)

dXd»U7h737[2»5]7P (t)

2,a,r

I e T

dt 2,a,r
h,s,(2,5],(3,6] d,h,s,(2,5] d,v,h,s,(2,5],p
- (¢2 + HyHPV2 ) " A2ar (t)
(whereh =6 or s =6, and x = 8)
d,h,s,8,p
dX2,a,T (t) o d,h,s,8 d,v,h,s,8,p t
@&t " Hmpvatoer (t)

Female cervical cancer, distant

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

dXd,v,h,s,[3,6] D (t)

2,a,r

h,s,[2,5],[3, d,v,h,s,[2,5],
= ¢ (25136 | x [25]P(t)

i 2,a,r
d,h,s,[3,6] 3 dyv,h,s,[3,6]p
~ HutHPV2 T 20 ()
(where h=6 or s=6, and x=9)
d,0,h,5,9,p
Xour T (t) B dhs9  yrdvh,s9p
“Poar M - X ()
7 = Himpve 2,a,r

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

ngWthSAyP(t)
% d,0,h,8,1,
+ = (1 pr2) - kiy . XZ,:,T 1P (¢)

Female cervical cancer, local, treated by other modalities

2,a,r

dt

dXd,v,h,s,?,p(t)
= a2 (L= pha)] -y X ()

Female cervical cancer, regional, untreated

ng,’U,h,s,S,p (t)
T = () XL

Female cervical cancer, regional, treated by other modalities

2,a,r

dt

dXd,v,h,s,S,p(t)
— = [pua- (1= phy)] - Ky X 20(2)

Female cervical cancer, distant, untreated

dX;i,v,h,s,ﬁ,p (t)
10y d,v,h,s,3,
a:;lt = (1 - ptﬂ’l,?) : kiy : X?,Z,r 53p(t)

Female cervical cancer, distant, treated by other modalities

ng,:,:l,s,Q,p(t)
) 3 3 dv,h,s,3,
DGO o (1 )] B it
Female cervical cancer, treated by hysterectomy

d Qd:;J::L»S»lU,P(t)

d,,h,s,1,
dt = [ptz,2 . pilzy,Z] : kiy : XZ,;},T * p(t)

d,v,h,s,2;

+ [ptz,2 : p%‘by,2] : kiy : X?,:,r ’ p(t)
d,v,h,s,3,

+ [ptx,Z . ng,g} . kgy ' X2,:zj,r ’ p(t)

The equation variables are:

Varia Description
ble

wenpvs | Annual untreated 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 = for 1 < z < 6. Only women have cervical
cancer-associated mortality (uz PV 145 = 0) and only when h = 6 or s = 6.

wapve= - Annual treated 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 = for 7 < z < 9. Only females have treated
cervical cancer-associated mortality (u; HPV1%"%% = 0) and only when h = 6 or s = 6.

warveant) | Force of vaccine-type HPV infection for susceptible persons of gender g, age a, and risk r.
aarvear®) | Force of non-vaccine-type HPV infection for susceptible persons of gender g, age a, and risk r.
XKy HPV acquisition risk multiplier for HIV-positive individuals with CD4 count4 < d < 7.

£9,a  HPV acquisition reduction multiplier by gender and age for individuals with type-specific natural immunity.
Only women temporarily develop partial natural immunity (£1, @ = 0). Older women develop stronger natural
immunity than young girls.

¥upvy  HPV acquisition reduction multiplier due to population-level condom use by gender.
$a Vaccine-type HPV acquisition reduction multiplier by age.

kv;l’gl 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 (kvil’: = 0 except for HPV clearance when

h=2and h' =1).

L &¢  Transition rate of progressing or regressing from non-vaccine-type HPV precancer or disease stage s to stage .

nvg,a
Only women develop precancerous lesions and cervical cancer (k, 1, a® =0 except for HPV clearance when
s=2ands' =1).
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Varia Description

ble
’ /
wZ’s’z’z Progression rate of cervical cancer from stage « to stage z’. Only women develop cervical cancer (cpi“s‘m =0)
U
and (gog’s’z > 0 only when h or s = 6). Only untreated cervical cancers progress from stage  to stage z'.
Ty

Rate of waning natural immunity. Only women temporarily develop partial natural immunity (r; = 0).

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

(3*5*8' Transition rate multiplier for individuals with HIV 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 individuals with

’
HIV are the same for vaccine-type and non-vaccine-type HPV (Cf . Cnvdvsvs, when h = sand b’ = s').

ly Additional multiplier for clearance of vaccine or non-vaccine-type HPV infection. Only applied to men (lo = 1
).
Vg?a The proportion of persons with HIV disease status d, gender g, and age a vaccinated.

ksyg Annual probability of being diagnosed with cervical cancer due to symptoms by cervical cancer stage
1<z<3).

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

PrYg”  The proportion of women who are diagnosed and treated with cervical cancer who are treated with
hysterectomy, by cancer stage z (1 < z < 3).

Demography,

At each iteration, the force of infection and the number of births are calculated and then used to evaluate the
ODE:s along with mortality and disease progression. The numbers of incident infections, HIV-related deaths,
and individuals entering CD4<200 cells/uL are also calculated to determine QALY.

Births

The number of infant births of HIV disease stage d and gender g, b¥a*"?(t) 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, b,(¢), and from HIV-positive mothers, b;(t), are:

)

3
> et - Xpmheor () + 45 () - Xaerreo(t)]

3
> [y - xgateer )

HIV-negative, uncircumcised births
Forh=s=x=p=a=r=1,
bgay"P(t) = 0.5+ (bs(t) + (1 — n(t)) - bi(t))
else,
byar™P(t) = 0
HIV-positive births
Forh=s=xz=p=a=r=1,
AP () = 0.5 1(0) - it

else,
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b P (t) = 0

The equation variables are:

Var Description
iabl
e

vd(t)  The annual fertility rate for women by age a and HIV disease stage d. Women aged 15-49 bear children.

1(t) | 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, (t), decreases linearly from 34% in 2004 to 29.2% in 2005, then to 7.1% in 2008%”.

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 Lpkrdga(t)-
ddehsx,p(t)
% = —bkrdga(t) - XgolooP(t)

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:

)\HIV,g,a T Z Z

a'=1r'=1

8 7 7 4 d' ' n!
( [ Sy b1 (1= BE ) - s Sy Sy Sy X008 (1) D
g,a a’ ,7'7' 4 4 RV I S
Zd’:l Zv’:l Zh’:l Zs’:l Zx’:l Zp’ 1 Xg ;’ ! St (t)

Similarly, the force of infection Ayzrpy gq,r(t) determines vaccine-type HPV transmission:

vHPV,g,a r § §

a'=1r'=1

T

6 4 d' ' '
( {— Sy b tn (1= Bl ) - S Shs Sy Sy X8 (1) D
g,a a' ! 8 d'w' B, S
S DY S Sy Sk S X ()

and ApyHPV g0, (t) defines non-vaccine-type HPV transmission:

)‘nVHPV,g,ar § : 2 : ( g,aa,rr : |:

a'=1r'=1

6 4 sl
=Dy Dy In ( vHPV,g,a r) PRLIRD DI Sy Zp -1 Xy/ ;, TEE(t) } )
8 d''\h s
POYIRD DHIRD DD DAY DAND PWIRD, Gyt " (1)

The equation variables are:

Varia Description
ble

.0r®  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 7.

Burvi  Annual per-partnership probability of HIV transmission from a person with HIV with viral load v" and cervical
cancer stage z’ to an HIV-susceptible partner with gender g, age a, and risk group 7.

i

Bapviie  Annual per-partnership probability of HPV transmission from an HPV-infected person with viral load v’ and
cervical cancer stage z' to an HPV-susceptible partner with gender g, age a, and risk group 7.

Mixing Matrix

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

Vari Description
able

Cg,ar  Number of partners a person has per year of gender g, age a, and sexual-risk group 7 (i.e., the partner exchange
rate or contact rate).

€a Mixing parameter by age a. We assume a mixing pattern that is partially random and partially off-diagonal (
0 < €4 < 1), where €, = 0 indicates completely off-diagonal mixing, and €, = 1 indicates completely random
mixing.

€r

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.

0404’  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 (g = 1) of
age a mixing with women of age a’:

-=0.3if(a=ad)
-=0.7if(a=d +1)
-=00if(a=a' =1)
-=0.0if(a=2)and(a' = 1)
-=0.0if(a=2)and (@’ = 2)
-=0.0if (a =3)and (¢’ = 2)
For women (g = 2) of age a mixing with men of age a’:
-=03if(a=ad)
-=0.7if(a=d —1)
-=00if(a=ad" =1)
-=0.0if(a=1)and (@’ =2)
-=0.0if(a=d =2)
-=0.0if(a =2)and (a' = 3)

d,, | 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:

-=1.0if(r =171')

-=0.0if(r #7)

We assume that mixing is partially random and partially designated by a mixing pattern d,, o Or 6, ,s. 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 @ = a’ — 1, which
is consistent with reports of such age discrepancies in KZN®”. 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, BHIV;:&?;, depends on the sexual risk group of the HIV-
negative partner and the disease state of the HIV-positive partner. XHIV;’,m/ 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 (XHIVllj/ = XHIV12)’)~ We reduce HIV per-act transmission as a proxy for decreased
sexual activity during late-stage HIV (v = 5), regional or distant cervical cancer (z' = 2 or 2’ = 3), or
hysterectomy (z' = 4). Aga,r is the number of acts a person has per partnership of gender g, age a, and sexual-
risk group 7. 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

o ! 1 1 o' A ar
HIV,lar — +  \* = XHIV1
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Per-partnership probability of HIV transmission to a female partner

ol 2! —1-(1- o 2! Az
HIV.2,ar — XHIV,2

U
The per partnership probability of transmission, ﬁHpv;[fr
!0
is calculated in a similar manner for HPV. xgpvy ™ 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:
/) ! Al,a,r
Bupvy,, =1— (1 — xupvy " )
Similarly, the per-partnership probability of HPV transmission to a female partner:
) ! A2,a,r
Bupvy,, =1 - (1 — xupvy " )

Rate of Partner Change

Data on sexual behavior and specifically, sexual contact rates, ¢y, are often subject to biases leading to
contact rate data that, when assuming solely heterosexual contact, are inconsistent between males and
females®. We account for this variability by using an adjusted contact rate, c;a’a,mr, (¢) which equilibrates the
reported number of sexual partners by males and females®. The adjusted contact rate can be male- or female-
driven, as determined by the parameter #, where # = 1 for male-driven, § = 0 for female-driven, and § = 0.5
when compromised equally. We assume 6 = 0.5 given the lack of data to assume otherwise. The adjusted
contact rate for females is:
8 6 7 7 4 4 Xd/,v’,h’,s/,z’,p/ ~(1-6)
o ) = e o )-B )" D=1 2avi=1 D=1 Dasi=1 D=1 Dopl=1 Xy gt (t)
2,0, 7! = C2a,r * P2,a,a/ rr! * Da,a ! : 8 6 7 7 1 1 do.hs,z,
Zdzl szl thl Zszl 21:1 Zp:l X2,:,r ’ Ip(t)

For males, the adjusted contact rate is:

0

8 6 7 7 4 4 d' W' s a !
D=1 Dol D=1 Dosiml Dim] Dapim1 XL,;,W SEP(t)
8 6 7 7 4 4 d,0,hs,1,

Zd:l Ev:l Zh:l Zs:l Zz:l Zp:l X?,:,T ’ zp(t)

e (8) = Clar Pragirs (1) Bagro (8170

The discrepancy between the two populations, BZ:;TI(t), is defined as:

d’, ’,h,, !’ U
Cla,r - pl,a,a’,r,r’(t) ’ 23’:1 Z?}’:l EZL’:I ZZ':1 Zi’:l Z;/:l XLQTI),,J S (t)
8 6 7 7 4 4 d,v,h,s,z,
C2,a,r P2,a,a’,r,r/(t) : Ed:l Zv:l Zh:l Es:l Zz:l szl XZ,Z,T ’ zp(t)

a,a',r,r/( )

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:

dXd,v,h,s,w,p(t) 1 3
gLr _ d,v,h,s,z,p
— &% 5 ; (Xg,l,r t)- ¢’g,a,r)
(fora =1)
dX;l,f,’f’s’z’p(t) 1 3 ik
di 5 ; (Xgar 2 "P(t) - Bgar)
13 dwh
7’U’ ,s,fl),
IS (xtee ) -gy,)
r=1
(fora #1)
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 2017°. 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% ()9 = 0.6) lower risk of acquiring HIV but are not at a reduced risk of
transmitting HIV'%!2, 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 passage'’. Starting circumcision in 1960 among youth resulted in
circumcision prevalence among men aged 50 and older in 2012 corresponding to observed estimates'*. We
assume coverage increases linearly from 1960 to 2000 and between 2000 and 2008 to match coverage level
estimates'>!. 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 2017%'¢. In our
future scenarios, the proportion of men circumcised remains at 2017 levels for the duration of the simulations.

HPYV 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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0f (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 9vHPV'”. 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)'®!°. The parameters of the beta distribution are o = 2.0 and 8 = 0.04.
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(@{hPe Output Overview

Summary

MGH
Output Overview

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

Reader's Guide The results that are currently being produced are:

Model Purpose e Overall HIV prevalence

Model Overview e Proportion of HIV-positive population on ART
Assumption Overview ¢ Population-level distribution of CD4 count and viral load among HIV-positive individuals

e HIV prevalence by age and gender
e HPV prevalence

e HPV health states

e CIN 2/3 prevalence by HIV status
e Cervical cancer health states

Parameter Overview

Component Overview

Output Overview

Results Overview

Key References e Cervical cancer incidence
¢ New cervical cancer cases
e Cervical cancer mortality
e Deaths
e Screening and Treatment
e Vaccinations
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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

'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].

2Rao 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, Rénn 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].

*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

3 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):¢0301997. doi: 10.1371/journal.pone.0301997. PMID:
38781268
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