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1 Introduction

This technical report includes the mathematical model that was constructed
to assess the impact of HPV vaccination strategies. It provides a detailed de-
scription of various model components as they relate to HPV infection, disease
progression, vaccine characteristics, vaccination strategies, and the impact of
HPYV vaccination on epidemiologic and economic outcomes. The model allows
for aggregating costs of vaccination, screening, and treatment of the popula-
tion over time, compares them with total health outcomes as measured, for
example, by quality adjusted life years (QALYs), and calculates incremental
cost-effectiveness ratios for various vaccination strategies.

In constructing this model, we reviewed other relevant previous models and
incorporated some of their structures and inputs. These included cervical can-
cer screening cohort models [17, 18, 21, 58, 61, 50], HPV vaccination cohort
models [76, 71, 53, 31, 32], and HPV vaccination dynamic models [39, 28, 5, 19].
This model differs from its predecessors in several ways. First, the approach
is more comprehensive in the sense that it incorporates the epidemiology of
HPYV infection, disease, and economics into a single dynamic model. Besides
capturing the direct and indirect ‘herd immunity’ benefits and costs of vaccina-
tion for the population over time, the added advantage of this latter approach
is its transparency, making critical review of the model and reproducibility of
results [81] feasible without needing to review the actual source code used to
generate the results. In particular, publication of the model includes the math-
ematical equations that summarize in their entirety the actual workings of the
model. These equations can then be entered into any standard mathematical
software package such as Mathematica® (Wolfram Research, Champaign, IL)
or MatLab® (MathWorks, Natick, MA) to reproduce the results. Second, we
also convened an expert panel that reviewed model assumptions and provided
guidance on some aspects of the natural history of disease where there was little
or no clinical evidence. Finally, key inputs in this model are based on data from
recent studies that were not available when previous models were constructed.

For ease of exposition, the model is divided into two major components. The
first part, which is presented in section 2, is a description of the demographic
aspects of the model. This component of the model is intended to mimic the
current age structure of the US population. Section 3 includes the second part
which consists of the epidemiologic model that describes HPV transmission, and
progression to cervical intraepithelial neoplasia (CIN), cervical cancer, and gen-
ital warts. Because females who undergo hysterectomies for benign conditions
are no longer at risk of developing CIN and cervical cancer but can contribute
to the transmission of HPV, another submodule for benign hysterectomy is cre-
ated. Descriptions of the forces of infection, mixing preferences, and estimates
of the epidemiologic model completes section 3. In sections 4 and 5, we de-
scribe how the epidemiologic and economic impact of screening and vaccination
strategies are assessed.
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2 The demographic model

2.1 Demographic model structure

The demographic model is a modified version of the initial-boundary-value prob-
lem for age-dependent population growth described in more details in [36]. The
population is divided into n age groups defined by the age intervals [a;_1, a;],
where a1<as< ... <a, = oo (all the symbols used to describe variables and pa-
rameters are defined in Tablel and 2). The number of individuals N;(t) at time
t in the age interval [a;_1, a;] is the integral of the age distribution function from
a;—1 to a;. Assuming that the population distribution has reached a steady state
with exponential growth or decay of the form e?¢, Hethcote [36] derived a system
of n ordinary differential equations (ODEs) for the sizes of the n age groups.
The simple demographic model used here divides the population into 2 gender
(k = f,m) groups, and 17 age (i = 1,2,...17) groups (12-14, 15-17, 18-19,
20-24, 25-29, 30-34, 35-39,40-44, 45-49, 50-54, 55-59, 60-64, 656—69, 70-74,
75-79, 80-84, and over 85). This age grouping is chosen to accurately account
for patterns of HPV transmission among sexually active groups, cervical cancer
screening patterns, and risk of cervical cancer development among females, and
genital wart occurrence among both males and females. Similar age groupings
have been used by other sexually transmitted diseases models [24, 25]. However,
these models assumed an age of sexual debut of 15 years. By setting the age
of sexual debut to 12 years, our model captures HPV transmission and disease
that occurs before age 15. Recent data suggest age of first sexual intercourse is
younger than 15 for some teenagers and adolescents. For example, according to
data from the National Survey of Family Growth, 19% of female teenagers had
had sex before age 15 in 1995, compared with 21% of male teenagers [1].

The sexually active population is further stratified into L sexual activity
groups (I = 1,...,L), defined according to the gender-, sexual activity-, and
age-specific rate of sex partner change per unit time cg;;. The number of sexual
activity groups considered here is 3 (L = 3). New additions to the sexually active
population enter gender k, sexual activity [, and cervical screening category b
(b =1,2) at rate of By,. Because males do not participate in cervical screening,
throughout the model the subscript b does not apply to them. For example,
By = Byy. Individuals die of non-cervical cancer related causes at an age-
and gender-specific per capita death rate uy; per year and females with cervical
cancer (categories CCs and DCC5) also have an additional age- and stage-
dependent mortality rate xs; (s = L, R, D). Tt is assumed that being in any
CIN or genital warts state does not pose an additional risk of death. Individuals
are transferred between successive age groups at an age- and gender-specific per
capita rate dy; per year given by [36]

M + 4

dyi =
wi explband; X (pg; +¢q)] —1°

where band; is the number of years within age group 7. The annual growth rate
q of this demographic model should also satisfy a modified age-group form of
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the Lotka characteristic equations [36]

Bml = (dml + M1 + q)lel(O)v
By = op(ds1 + ppy + @) N (0),

where g, denotes the fraction of females entering cervical screening category b,
with 01+ 0y = 1.

After taking into account cervical cancer-induced mortality and replacing
fertility rates in Hethcote’s model [36] by recruitment rates into the sexually
active population By, the demographic model is given by the following system
of 102 (=17 x 2 x 3) ODEs:

dell/dt - Bml - (le + dnLl)lel
AN i/ dt dmi—1Nmii—1 = (i + dimi) Nonii

2 2 2
dNpn/dt = Y By =Y xa(DCCar + > > CClLy) = (g1 + dg1) Ny
b=1 s

h=1b=1

deli/dt

2 2
dji-1Npio1 — Y Xsif(DCCai + Y Y CClyy) = (ups + dgi) Nyua,

h=1b=1

1 >2,s=L,R,D, where di;7 = 0. All variables, parameters, and subscripts
are defined in Tables 1 and 2 and the text.

2.2 Estimates of the demographic model parameters

Death rates for males and females without cervical cancer are obtained from
Vital Statistics data on gender- and age-specific mortality rates, all races, 2002
[61]. Cancer mortality data are obtained from Surveillance, Epidemiology, and
End Results (SEER) Cancer Statistics age-specific mortality rates, 1997-2002
[75]. Because the U.S. population grew at a decennial rate of 13.2% between
1990 and 2000, the annual population growth rate was 1.23%. With recruitment
rates into the sexually active population of 1.9% of the male active population
and 1.7% of the female population, the largest annual growth rate ¢ that satisfies
the solution of the Lotka characteristic equation was 0.5%. Therefore, the annual
growth rate ¢ of this demographic model was set to zero, and By, was chosen
to satisfy the Lotka characteristic equation. This will also ensure that variation
in the results across strategies is mainly due to epidemiologic and program
features rather than peculiar characteristics of the demographic model [36].
The sensitivity of the results to this assumption will be tested using an annual
population growth rate of 1.23%.

The initial population size 7 is set to 100,000, divided equally between males
and females. With the proportion of adults in sexually activity class [ given by
wy, the total number of individuals in sexual activity group [ is given by

Ny = 1Wﬂ?
2 Nui =5
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Symbol Description

subscripts

k gender (f = females, m = males)

1,7 age groups

l,m sexual activity groups

h group of HPV types (16/18 = 1, 6/11 = 2, joint = 12)

s stage of cervical intraepithelial neoplasia (CIN) or cancer
b cervical screening category (never =1, routine = 2)
variables

b force of infection with group type h

Xkiib susceptible to all types

Yk}}ib infected with type h, susceptible to the other type

Zlha immune against type h, susceptible to the other type

U, ,?lib infected with type h, immune to the other type

Viiiv vaccinated against all types

Skiib vaccinated with immunity waned

Wi vaccinated and infected with type h

QZlib vaccinated and immune to type h

P]i‘lib vaccinated infected with type h, immune to the other type
Hol: hysterectomy, vaccine, infection status o (e.g., 0 = X)

CIN!.,  undetected CIN, grade s, type h

cIsh., undetected carcinoma in situ (CIS), stage s, type h
DCINS’LMJ detected CIN, grade s

DCIS?lib detected CIS, stage s

ICINE,  treated CIN, grade s, infected type h

ICISY,,  treated CIS, stage s, infected type h

TCINg; treated CIN, grade s, immune

TCIS; treated CIS, stage s, immune

cch., undetected cervical cancer, stage s
DCCy; detected cervical cancer, stage s
SCCy; cervical cancer survivor

GWﬁib undetected genital warts

DGW!.,~ detected genital warts

N number of individuals

Table 1: Description of variables and subscripts
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Symbol Description
demographic parameters

B new entrants into the sexually active population

e death rate

q rate of population growth

di; transfer rate between age groups

band; number of years within age group ¢

behavioral parameters

Chli average rate of sexual partner change

Primij probability of sexual mixing

€1,€2 mixing parameters between age and activity groups

wy proportion of adults in sexual activity class [

0 fraction of females recruits entering cervical screening category b
biological parameters

1/0 ki average duration of immunity following natural infection
'yﬁi recovery from infection with HPV type h

iﬁi probability of recovering from type h only, given coinfection
AR probability of recovering from type h, given CIN regression
'?hki probability of recovering from type h, given genital warts regression
Ors progression from HPV infection to CIN states

0", . progression from coinfection to CIN states

0" .. progression from breakthrough HPV infection to CIN states
0" Lo progression from breakthrough coinfection to CIN states
th progression from HPV infection to genital warts

Giwk progression from breakthrough HPV infection to genital warts
st probability genital warts are asymptomatic and not treated
7'('%18 progression between CIN states or cancer

Th. regression from CIN states to normal or HPV

Tﬁsg regression from CIN state s to CIN state g

Th regression from genital warts state to normal

B transmission probability (from sex k' to sex k)

r,’j relative risk of transmission from vaccinated people

ot relative risk of infection of a vaccinated person

042 vaccinated person relative rate of infection clearance

1/ok; average duration of vaccine protection

Xsi cervical cancer associated death

Drob percentage of 12-year olds vaccinated

Driv percentage vaccinated in age group %

Ay rate of hysterectomy at age 4

Ksib detection rate of CIN, stage s

0", recurrence of CIN stage s

Ty cure rate of CIN

[ percentage of CIN stage s infected after treatment

Vg detection of cervical cancer, stage s

Qs cure rate of cervical cancer, stage s

Table 2: Descriptgion of parameters



This material, provided by the authors as a supplement to Model for Assessing Human Papillomavirus Vaccination Strategies,
is not part of Emerging Infectious Diseases contents.

0.100
0.080 &
0.060 =

.
0.040 =

Fractions of population

0.020 &

0.000
12 15 18 20 25 30 35 40 45 0 55 60 65 70 75 80 85

Aie i‘mi)s m Years

Figure 1: Age distribution for 2000 US population 12 years & above and model
(0% annual growth).

By using dg;—1Ngii—1 — (pg; + dii) N with the above equation, we obtain the
initial number of individuals in the youngest age group (12-14 years) of each
gender and sexual activity category as

. -1

7

Ny (0) = —wm 1+ Z H _Okim1

i=2 j=2 (drj + o)

The initial numbers of other age groups are given by

dii—1Nkii—1(0)

Nii(0) = Dos + i

1=1,2,3,i=2,3,...,17.

Note that the size of the male population in the model is always at a steady-
state given by n/2 = 50,000. However, the size of the female population is not
constant during the transient dynamics following vaccination because females
are subject to additional cervical cancer-induced mortality.

The structure of the over 12-year old US population with 0% and 1.23%
annual growth rates, together with data from the 2000 population census are
plotted in Figures 1 and 2, respectively. The model fits well for early age groups,
underestimates around age 40, and overestimates the number of people over age
40 years. It should be noted that the current model does not capture special
characteristics of the US population such as the “Baby Boom” and migration.

10
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Figure 2: Age distribution for 2000 US population 12 years & above and model
(1.23% annual growth).

3 The epidemiologic model

The epidemiologic model can be thought of as comprising three components:
HPYV transmission, cervical cancer development, and genital warts occurrence.

3.1 HPV transmission

To simplify the analysis, only three ( types 16/18 = 1, types 6/11 = 2, and
coinfection =12) HPV type groupings are modeled. The sexually active host
population of size n at time ¢ is divided into distinct epidemiologic classes, de-
pending on the host’s susceptibility to infection or the host’s status with respect
to infection, disease, screening, and treatment. The HPV component consists
of 17 epidemiologic classes (X, V,Y,W,U, P, Z, Q)), with each class further strat-
ified by gender (2 groups), age (17 groups), and sexual activity (3 groups). The
female population has two additional stratifications distinguishing females that
are regularly screened from those who are never screened, and females who had
hysterectomies from those with intact cervices. A schematical representation of
the HPV transmission model is shown in Figures 3 and 4.

3.1.1 Susceptible individuals X

New additions to the sexually active population, at a rate of By, enter into
the uninfected (susceptible) category of gender k, sexual activity group I, and
screening category b. A fraction of them is vaccinated at rate ¢y, and move
to category V and the remaining fraction enter category X of susceptible indi-
viduals. The model also assumes that a proportion of individuals in other age

11
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Figure 3: A simplified schematic presentation of the unvaccinated compartments
of the HPV model. Individuals enter the population at rate By, and a fraction
1 — ¢p0p of them move into the unvaccinated susceptible (X) compartment.
Individuals leave all compartments at rate py;. A susceptible host may be
infected by either or both HPV types. Susceptible individuals acquire type h
infection at rate Af;. A host infected with type h can also be infected with
the other type and move into compartment (Y'2). An infected individual clears
infection with type h at rate 7},. Co-infected individuals clear infection with
type h at rate izly}j
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groups and epidemiologic classes is vaccinated at rate ¢;;;, and move into the
vaccination classes V', W, P, or Q. It is assumed that the vaccine does not con-
fer any therapeutic benefits to individuals already infected. Individuals in class
X acquire HPV infection with type h at a gender, sexual activity group, age,
and time dependent rate )\Z’li, where h = 1,2,12. In this notation, A;; denotes
infection with types in group 1 (HPV 16/18) and \;;; infection with types in
both groups (HPV 16/18 and HPV 6/11). The number of people in category
Xy is reduced by infection A}y;, vaccination ¢y,;,, benign hysterectomy Ay,
death from other causes p,,;, and aging di;. The ODEs for category X are

dXrnp/dt = Brw(l — dpop) + Z o1 Zi
he{1,2,12}

- Z (M1 + Granp + Art + L1 + dia) X,
he{1,2,12}

dXgiip/dt = drgi—1 Xgri—1p + Z ol Ziin
3

- Z (N + iy + Dri + s + diei) Xivs
he{1,2,12}

i=2,...1T1=1,23 k= fm; b=1,2.

3.1.2 Infected individuals Y

When transmission occurs, the unvaccinated X and vaccinated S susceptible
individuals enter the Y class of infected individuals. Individuals enter class
Y after they recover from genital warts at rate 74, but are still infected with
probability 1 — 'S/Zki Females enter class Y if their CIN spontaneously regress

at rate 75 but are still infected with probability 1 — 4%,. Individuals leave
this class and enter the Z class of recovered people with immunity when the
infectious period for HPV ends. Unvaccinated infected individuals in the Y
class resolve infection at an age-, gender-, and type-specific per capita rate of
'ng Individuals develop CIN and genital warts at rate 925 and HZk, respectively.
The ODEs for category Y" are

dYylp,/dt = )‘le(Xkllb + Spins) + (1= Vg ) 7ok (GWihhyy, + DGWiy)
— i) Z Ths(CINy, + DCINL,,)
— (i A+ By + i+ Z oy, + %Lk + A1+ i + di) Y,
S
dYy,/dt = dki—lyﬁi 1o+ Mot (Xao + Swaap) + (1 — :ngi)TZk(GWI?lib + DGW/i)

— Vi ZTks CINyy, + DCINj;,)

- ho | ph
—(A0s" + Prtio + Vs + Z O + Oy, + Api + pgi + dii) Yty

S

13
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The ODEs for coinfection are given by

AYiiy/dt = Neh (Xhias + Skane) + Z N Y = (S + it
+ Z Ocics + O + Akt + iy + dit) Vi,
dYyis/dt = dgi Yy _q, + Z MY — (Driio + vk

h
+ Z Ocis + Opn + Di + pgs + dii) iy

3.1.3 Partially immune individuals Z

Individuals enter class Z when recovered from CIN or genital warts and having
resolved infection. It is assumed that immunity derived from natural infection
can be temporary, and individuals in the Z category can eventually move to the
susceptible class X at rate o”, ;. Individuals in the Z class who are susceptible
to one type can be infected with that type and move to class U. The ODEs for
category Z" are

3
dZ}y/dt = v Vi + Z{'WclTks(CIN 115 + DCINy,) + i ICING )

s=1
2

+ Z Y ICIS)y, + ’VIngiT}ng(GWI?zw + DGWiy,)

s=1

—(ASL" + brany + Dkt + oty + g + k1) Zi,s
3

AZ0/dt = dri1 Zgy 1+ VYt + Z{’Yszks(CIN is + DCIN/j;,)

s=1
A7 ICIN 3} + Z VI CISl,, + 7gkz gk(GWklzb + DGWjiy,)
— (o™ A Braip + Ak + 0l + i + dki) Ziaa-

The ODEs for the fully immune individuals Z'? are

dZihp/dt = Vv Y + Z’YmUkzlb
h
—(Priny + Dk1 + 030 + g + dia) Zij,
<12
dZiiw/dt = v Ve + Z TeiUkiv = B + Dki + 03 + pi + i) Ziy,-
h

14
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Figure 4: Schematic presentation of the vaccinated compartments of the HPV
model. A fraction of the new susceptible recruits ¢y, are vaccinated and
move into compartment V. The vaccine provides incomplete protection against
the high-risk and low-risk types at rates 1 — 1. and 1 — 2., respectively. A
vaccinated person moves into compartment W upon infection with any type.
Upon clearance of infection at rate a}k‘i faster than natural infection, the person
moves to compartment ). The vaccine-induced immunity wanes at rate oy;.

3.1.4 Infected individuals with partial immunity U

The number of people in category U is reduced by vaccination ¢y;;;,, resolution
of infection 77, and onset of disease. The ODEs for category U are

] h — ~3—
AU /At = N Ziny + A v Yans
—(Branp + i1 + Z Oy + Oy, + Akt + i1 + 1)Uy,

AU/ dt

h h r73—h | z3—h_12v,12
Aki—1Ugii—ap + MaiZigiy, + Via - Vi Yelio

—(pin + Vi + Z Oy + %Lk + A+ pgi + i) Uiy

15



This material, provided by the authors as a supplement to Model for Assessing Human Papillomavirus Vaccination Strategies,
is not part of Emerging Infectious Diseases contents.

3.1.5 Vaccinated individuals V'

When 12-year olds are offered the vaccine, a fraction of them ¢y;9 are vacci-
nated and move into the vaccination class V. Also, individuals in class X are
vaccinated at rate ¢,;;;, and enter category V. The vaccine-induced immunity
of those in the vaccinated class V' wanes, so that people eventually move to the
susceptible class S at an age- and gender-dependent rate og;. It is assumed
that when an individual loses vaccine-derived immunity, the individual becomes
susceptible to infection with any of the types. Vaccinated individuals can also
experience a break-through infection and enter the class W of infective people
at per capita rate cpZ)\Zh—. The ODEs for category V are

dVin/dt = Brigior + ko Xeire — (O @hNay + ok + A1 + gy + dka) Vo,
h
AViin/dt = dgi—1Viti—1b + Prpip X kiib — (Z O + O ki + Api 4 g + ki) Viio-
h

3.1.6 Vaccinated individuals with waned immunity S

Individuals in this class can get infected at the same rate as those in the sus-
ceptible class X. The ODEs for class S are

dSene/dt = ok Vi — (O Moy + Akt + gy + dia) Sk
h
dSkiin/dt = dri—1Skii—16 + ki Vs — (Z Ao A 4 g + dii) Skib-
3

3.1.7 Infectious vaccinated individuals W

Individuals infected with one type and susceptible to the other move category
W when vaccinated. Vaccinated individuals are infected at an age- and gender-
specific rate ¢! times slower, and recover from infection at a rate of, faster
than unvaccinated infected individuals and move to class (). They also progress
to disease at a different rate (6", or Oka) compared with that of infected
unvaccinated individuals. The ODEs for category W are

dWl?llb/dt = @ZAZqullb + (bkllbYk’}lb - (‘Pi_h)‘iz_lh + 0421’721
+ Z Ors + 9ka + A1+ gy + de)) Wiy,
S

dWl?lib/dt = dki—lWl?li—lb + SDZAZlinlib + éf’kzibyﬁib - (<Pi‘hAiﬁh
+ag e + Z O s + 9ka + A + i + dii) Wit
S
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The ODEs for coinfection W12 are

1, 24y12 hyh 3—h 12 12,12
kllb/dt = ©rPeAki Vi + Z‘Pé)\kuwkub + Prine Yty — (Q1Vk1
h

+ Z gwcks + 911@‘2911) + Ap1 + M1 + dkl)Wkll21b7

h
Wiitp/dt = dia Wit 1b+90k80k>\klzvklzb+§ Sﬁk)\kleklzb + Grain Yais
h

12
allafr)/lls? + Z ewcks +0 guk T Api + pgi + dkl)Wklzb

3.1.8 Vaccinated, partially immune individuals @

Infected vaccinated individuals (category W) recovering from infection and in-
dividuals with natural immunity to one type (category Z) receiving the vaccine
move to category . Individuals in this class who are susceptible to one type
can be infected with that type and move to class P. The ODEs for category @

are
—
dQuu/dt = Vi Wity + SrannZins — (45 Nt Apr + i + di) Qe
h h h _htirh
dQun/dt = dric1 Qi 1y + RV Wihin + Prian Zivin

—(o N Ak g + ) Qi
The ODEs for Q'2 are

1221212 h ph 12
kllb/dt = akﬂkﬂlekub + Z’Yk1pk'zlb + PrinvZrits
h
— (k1 + g1 + di1) Qi
12 12 '
AQiln/dt = dri1Qili1p + ki Vi Vi Wi + Z Vi Pliiy + Griiv Zii

h
—(Api + pgs + dii) Qiiip-

3.1.9 Vaccinated, infected individuals with partial immunity P

Coinfected vaccinated individuals recovering from one infection (category W1'2),
vaccinated individuals (category @) getiing infected, and individuals infected
with one type (category Z) receiving the vaccine move to category P. The
ODEs for category P are
h 1277712 h
APl /dt = @A Qing + iy "V Vi Wit + S Ul

_(O‘klr}/kl + Z ewks + egwk + Akl + pgy + dkl)PI?llm

S

dyi— 1Pklz 1 T Pk )‘kleklzb + am %ﬂ 71“ Wklzb + ¢klszklzb
— (i + Z O s + HZwk + A + i + i) Pl

dPl,, /dt

Note that for males, A,,; = o =0 =g =

wms m.s ms — Ycms
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3.2 Cervical intraepithelial neoplasia

Infected females (whether vaccinated or not) can develop CIN and move to the
CIN segment of the model. There are several states that represent the true
histological health status of a female: infected with a normal cervix, CIN grade
1 (CIN 1), CIN grade 2 (CIN 2), and CIN grade 3 (CIN 3). Females in the
CIN and cancer stages are further classified into unknown, detected, or treated
classes. There are also two additional absorbing states where only females who
are no longer at risk of developing cervical cancer enter. These are benign
hysterectomy for reasons other than cervical cancer (at an age-specific rate A¢;)
and treated and cured CIN at stage-specific rate (1 — 1,)I's. Females in these
two states are considered to be at no risk of developing cervical cancer [61].
However, females with hysterectomies for benign conditions can be infected and
are at risk of developing genital warts [9]. Further, to take into account the fact
that treatment of CIN does not completely eliminate the virus, another category
of women with treated CIN who remain infected after treatment (ICIN) was
created. Females enter this category from the detected state at rate ¥,['s and
stay there until their CIN recurs at rate 67 or they clear infection.

An infected female with a normal cervix can only directly progress to CIN!
(at rate 0", if unvaccinated or 6" 75 if vaccinated), die due to causes other than
cervical cancer, or remain infected without progressing to CIN (Figure 5). The
respective progression rates given coinfection are e’gfs and ng s+ For the base
case, it is assumed that cases with coinfection progress to CIN according to the
rate of high-risk HPV types. That is, Gifs = 9}8, szs =0, Giwfs = quﬂfs, and
02, s = 0. It is assumed that infected females classified as CIN can progress only
to higher CIN states (CIN1 to CIN2, CIN2 to CIN3), or cancer (CIN3 to cervical
carcinoma in situ, CIS) at rate 7%, regress to normal at rate 7% or CIN state g
at rate ng, die from other causes, be detected at rate rk4;, and be treated and
cured at rate I'y, or remain in that CIN state. Coinfection of females in CIN and
cervical cancer states is not modeled. It is assumed that regression from CIN
states does not necessarily imply recovery from HPV infection. A female whose
CIN regresses to normal but is still infected moves to the infected category thi
at an age- and stage-specific rate 77 (1 —fy?i) regardless of her vaccination status.
Only mutual regression from both HPV and CIN confers immunity against that
type. Females regressing from CIN, whose HPV infection clears, move into class
Z at an age- and state-specific rate '7}}17}; (s=1,2,3).

The cervical neoplasia segment includes several epidemiologic classes (C'I Ny,
DCIN, TCIN,, ICIN; s = 1,2,3), with each class further subdivided into
age (= 17), sexual activity (= 3), and screening (= 2) groups.

3.2.1 Undetected CIN CIN,

The number of females with undetected CIN increases as infected females de-
velop disease or fail treatment. Screening ks, Spontaneous regression T?S, and

progression to higher disease grades 7", reduce the number of females in this
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Figure 5: A simplified schematic presentation of the cervical intraepithelial
neoplasia (CIN) model. Females can develop cervical intraepithelial neoplasia
(CIN) and progress though several histological states: infected with a normal
cervix, CIN 1, CIN 2, CIN 3, and cervical carcinoma in situ (CIS). Females with
CIN can regress to normal with or without infection.
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category. Equations for undetected CIN are

dCINY},/dt = 9h (Yfllb + Ufllb) + 9cf1 llb + awfl(W;Lllb + P;Lllb)
+91}Z¢f1 fllb + 04 ICIND,, + Tf21CIN2hub + 7'?31011\75?511;
*(Tﬂ + 7+ Ap+ R + My + dfl)CINlhlm
dCIN}y,/dt = dgi1CING, 4, + Hfl(Yflzb + Uflzb) + 9cf1 flzb
+9wfz(Wflzb + Pflzb) + ewcfz flzb + 0, ICINT;,
+7'f21 CIN},, + TfSICINBZzb
—(71}1 + 7+ Agi + R + Mgy + dfi)CIN{y,

dCIN!,, /dt = '9}L9(Yfl1b + Ufllb) + ecfs fll + awfs(W)}‘Lllb + P;Lllb)
+9wcfs fllb + 0! ICIN,,
+ml_ 11 (CIN! 11, + DCIN] 4y,
+T}}s+1sCIN Tty (Tfs + Tfssfl + 7?3572 +al 4+ Ap
+Rs1p + ppr + dp1)CINpy,

dCINL,/dt = dpi1CINL, 1, + Gfs(Yflzb + Uflzb) + 9cstfll2ib
+9wfs( flzb Pflzb) + ewcfz flzb + 0! ICINY,,
+7lt_(CIN! 114 + DCIN! ;) + Tfs+lsCIN +11ib
(T + Thesn + Thas o + 7o + Api
+hsib + g + dpi ) CINDy,

where s = 2,3, and 7?43 = 7'?20 =0.

3.2.2 Detected CIN DCIN,

Detection of CIN occurs only as result of screening at rate k. This rate
depends on screening coverage and the characteristics of the screening and di-
agnostic tests. If it does not regress at rate T?S or is treated at rate 'y, CIN

can progress to a higher grade at rate wfi. Equations for detected CIN are

dDCINL,, /dt kssCINDy, — (Th + 70 + Afl + T+ pgy +dp ) DCINS
d.DCIN llb/dt = dfl 1DCI l’L 1b + /ﬁ:sszI l’Lb
(Tfs + ﬂ-}slz + AfZ + F + /j’fz + de)DCIN lib»

where s = 1,2, 3.
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3.2.3 Treated CIN TCIN;

It is assumed that treatment does not completely eliminate infection. A fraction
of treated females 1), will remain infectious after treatment and move to the
category treated but infectious ICIN,. Equations for treated CIN are

dTCIN /dt

(1 -9l Z ZDCINshllb —(Ap1 + g +dp)TCINg,
h b
dTCINy;/dt = dgi \TCIN; 1+ (1 =9, > DCINL,
h b

—(Afi + :ufi + dfi)TCINsli,

where s = 1,2, 3.

3.2.4 Treated CIN but infectious ICIN,

CIN for females in this category can recur at rate 6,.; and move to category
CIN,. Infection can also resolve and individuals enter category Z”. Equations
for treated but infectious CIN are

dICIN,,/dt = ¢ ,J,DCINh, — (7?1 +O8 + AL+ M+ ds1)ICINy,,
dICIN!, /dt = dp;_ICIN®, |, +¢ T DCIN",

_(V}fli + 08+ A+ Mgy + i) ICIN,,

where s = 1,2, 3.

3.3 Cervical carcinoma in situ

It is assumed that females classified as CIN can progress to carcinoma in situ
(CIS). Because females spend, on average, a long time in CIS, two CIS states
are modeled (CIS 1 and CIS 2). It is assumed that regression from CIS states
is not possible. CIS is further divided into several epidemiologic classes (C1Ss,
DCIS,, TCIS,, ICIS,; s = 1,2), with each class further subdivided into age
(= 17), sexual activity (= 3), and screening (= 2) groups.

3.3.1 Undetected CIS CIS,

The number of females with undetected CIS increases as they progress from
CIN 3 (severe dysplasia) or fail treatment. Screening ksisip and progression
to higher disease grades 7T§L s Teduce the number of females in this category,
s = 1,2. Equations for undetected CIS are

dCISTyy/dt = 0,1CISy, + mly (CINgyy, + DCINGy,)
—(mh + Ap1 + Ry + per + d1)CIST 1,
dpi 1CISY vy + 074 ICIS T, + 7 (CINS,, + DTN, )
—(7hi + Api + Kagp + Mg + dgi)CINY,,

dCISh., /dt
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dCISY,,/dt = 0)51CIS, + 7 (CISY,, + DCIST,,)
— (b 4+ Ap1 + Ks1p + gy + dp1)CISy,,

dCTSYy/dt = dpi 1 CISy, 1y + 015 ICTISS, + 74 (C1SS,, + DCIS,,)
— (w8 + A1+ Bswy + gy + dp)CISE,.

3.3.2 Detected CIS DCIS,

Detection of CIS occurs only as result of screening at rate rgygp. If it is not
treated and cured at rate I's;s, CIS can progress to a higher grade 7Tg+si or
cancer. Equations for detected CIS are

ADCISY/dt = rarsiCISNy, — (5 + Ap1 + Tags + pipy + dp1) DCISky,
dDCIS",,/dt = dpi 1DCISY, 1, + k3ysinCIST,,
—(mh g+ Afi+ Daps + My + dpi)DCISL,,,

where s = 1, 2.

3.3.3 Treated CIS TCIS,

It is assumed that treatment does not completely eliminate infection. A fraction
of treated females 15, , will remain infectious after treatment and move to the
category treated but infectious IC1S;. Equations for treated CIS are

dTCISq1/dt = (1 =g, )Tsps» Y DCIShy, — (Ap1+ pgy + dp)TCISan,
h b

dTCISy;/dt = dpi 1 TCIS; 1+ (1= g, )Tsps Y DCIShy,
h b
—(Aypi+ prp; +dypi) TCIS g,

where s = 1, 2.

3.3.4 Treated CIS but infectious ICIS,

It is assumed that CIS recurs at rate 0/ 15 and women with recuring CIS move
to category CIS,. Infection can also resolve and individuals enter category Z".
Equations for treated but infectious CIS are

dICISY,/dt = pg, T3 DCISE,, — (’Y?1 + 9?3-&-3 + A1+ ppy + dp1)ICISYy,,
dICISY, /dt = dp1ICISY, ) + 5. T54sDCINL,,
*(’Y?z‘ + 9?3-&-3 + A+ gt i) ICISY,,

where s = 1, 2.
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Figure 6: Schematic presentation of the cervical cancer (CC) model. Females
can develop cervical cancer from carcinoma in situ stage 2 (CIS2) and progress
though several cancer stages: early invasive local cervical cancer, regional late
invasive cervical cancer, and distant late invasive cervical cancer. If detected,
cancer cases are treated. After successful treatment, those cases move to the
cancer survivors compartment. Cancer cases die at rate x,;.

3.4 Cervical cancer

There are several states that represent the health status of a female with cervical
cancer: localized cervical cancer (LCC), regional cervical cancer (RCC), distant
cervical cancer (DCC), and cancer survivors who are free from cancer (Figure
6). Females in cancer stages are further classified into unknown, detected, or
treated classes. A female with an invasive cancer can progress only to the next
higher cancer state CC” (LCC to RCC, RCC to DCC) at rate 7,; (s = L, R),
her cervical cancer is detected at rate vg;, and successfully treated and move
to the cancer survivors state at rate ()5, die from cancer at rate xg;, or stay in
that undetected cancer state. Regression from invasive cancer to normal is not
allowed. It is assumed that females who were successfully treated for invasive
cancer are no longer infectious.

3.4.1 TUndetected cervical cancer CC,

CIS 2 cases that are not detected and treated can progress to localized cervical
cancer at rate ﬂgl Undetected cancer cases, if undetected at rate vy, can

progress to more advanced stages at rate mg, s = L, R. Cervical cancer has an
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additional mortality rate x,;. Equations for undetected CC' are

dCClyy/dt = iy (CISY,, + DCISY,,) — (wp + viw + Xz + Myt ds1)CCLp,
dCCly/dt = dpi 1CCLy_yy, + 75, (CISE,, + DCISE,,)

—(mr +vLib+ Xpi T Hp + ds:)CClu,
dCClyy/dt = 7LCCliy, — (TR + VR1b + X1 + Mg+ df1)CClunyp
dCCy/dt = dpi1CCly; 1y + 7LCCLig, — (Tp + VRib + Xpi + Hps + dsi)CClhya,
dCChip/dt = mwrCClyy, — (VD1 + Xp1 + My + df1)CChinps
dCChy/dt = mrCClyy + dfi-1CCPhy 1y — (Vpib + Xpi + Hopi + df:i)CChups

where ¢ > 2.

3.4.2 Detected cervical cancer DCC,

Detected cancer cases are treated and cured at rate 2, and move to the cancer
survivors category SCC. Equations for detected CC are

dDCCyn/dt = Y Y wapCClLy, — (U + X1 + g1 + dg1)DCCon,
h b
dDCCy;/dt = dp—1DCCyi—1 + Z Z VsibCCMy — (R + X4 + prpi +dypi) DCCyy,

h b

where s = L, R, D.

3.4.3 Cervical cancer survivors SCC

Equations for cancer survivors are

dSCCp/dt = > Q.DCCa1 — (s, +ds1)SCCh,

dSCCyfdt = dgi1SCCluy + Y QDCCui — (g + dyi) SCCi.

3.5 Genital warts GW

Individuals (whether vaccinated or not) infected with HPV 6/11 can develop
genital warts at rate szk and move to the genital warts class GW. Of those,
a proportion 0, will remain asymptomatic and will not be treated whereas the
rest will be recognized and treated. Individuals recovering from genital warts at
rate T3 , move to class Z. It is assumed that only infection with HPV 6/11 can
cause genital warts whereas infection with HPV 16/18 does not lead to genital
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warts [84]. The asymptomatic genital warts class consists of the following ODEs

AGWiy,/dt = 9gs(9§k(Yk31b + Uip) + H;iykllzlb + szk(ngllb + Ply)
+9;ikalz21b) - (T?;k + A1 A+ iy + de)) GW iy,
dric1tGWi 1 + egswgzyk(ylfub + Ubip) + H;iyklz%b
+052;wk(Wk2lib + Ply) + Q;ikwlgl%b)

_(Tgk + A + g + dii) GW -

dGW3,., /dt

The symptomatic genital warts class consists of the following ODEs

ADGWy/dt = (1— 998)(93k(yk2llb + Ubp) + Q;iykllzlb
+03wk(Wl?llb + Pyy) + ez}?ukwklflb)
— (T + A1+t + di) DGWiyy,
ADGWi/dt = dpi 1 GWE,; 1+ (1 — 998)(0519(Yk2lib + Ubiiv)
+0;iykll'2ib + szk(wlglib + Ply) + eé?ukwklﬁib)
(T2 + D + s + dii)) DGW .

3.6 Hysterectomies for benign conditions

Females who undergo hysterectomies for benign conditions move to the H com-
partment and stay there at no risk of developing CIN or cervical cancer. How-
ever, females in this compartment can be infected, can transmit infection, and
can develop genital warts. There are several epidemiologic classes within the
H compartment (HX, HV,HS,HY, HW,HU, HP, HZ, HQ, HGW ), with each
class further stratified by age (=17) and sexual activity (=3) groups.

3.6.1 Susceptible individuals HX
The ODEs for category HX are

dHXn/dt = Ap Y Xpw+ Y 0bpnHZhy, — O N+ pp +dp) HX pun,
b h h
dHX pi;/dt = dpi HX i+ Ap > Xpian + 3 obp HZ By,
b

h
_(Z )‘?li + php + dyi) HX fii,
h

25



This material, provided by the authors as a supplement to Model for Assessing Human Papillomavirus Vaccination Strategies,
is not part of Emerging Infectious Diseases contents.

3.6.2 Infected individuals HY
The ODEs for category HY are
dHY [ Jdt = Np (HX g+ HSpn) — (A" + 5+ ehf + g +dp)HY
+An (O Y}, + Y (CIN!y, + DCINY,, + ICING,,)),
b s

flz/dt dfi— lHYf}EiA + )‘?li(HXfli + HSpi)
()\?”lzh + 'Y’;i + 92} + pp dfi)Hthli

+Asi( Z Y + Z (CIN[jy, + DCINj;, + ICINGy,)).
b s

The ODEs for HY 12 are

dHY i /dt = A (HX g+ HSpn) + Z N HY ST+ A0 Y YR,
b
(’Yf1 +0;5 gf T Hp1 T+ dfl)HYflla
dHY}S/dt = dp o HY[E |+ N (HX g+ HS i) + > N HY "

I
+Ari Z flzb sz 91f + g+ dfi)HYflz

3.6.3 Partially immune individuals HZ
The ODEs for category HZ are

dHZ}, jdt = AR HYf + Ap Y Zhy + 7o (HGW ), + DHGW )
b

*()\?}l_lh + U’;ﬂ + g+ dfl)HZ}'an

dﬁ,lHZ}lli,l + W?iHYf}ﬁi + Ay Z Z}Llib
b
+rh (HGW ], + DHGW ) — (N + o+ gy + dpi) HZ .

dH Z};/dt

The ODEs for HZ'2 are
dHqu/dt = ’7}217}211[[ fi1 +Z7f1HUfll+Af1 ZZfl1b+ZTCINsll)

—(Ui% + g+ dfl)HZfzp
dpi 1 HZ o + A5y HY /L + ZW’ flzb

dHZ}% /dt

+Agi( ZZflzb + ZTCINSM) — (o O pi + s + dfz)Hqu
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3.6.4 Infected individuals with partial immunity HU
The ODEs for category HU are

dHU}Lu/df = )\ququ + 5’;1 hV}%H T AR Z Ufllb
b
*(’Y?l + ehf +ppr t dfl)HU}Lzu
dHU;lli/dt = dfi- 1HUflz 1 +)‘fleZ]%llh +ﬁz hVﬁHYfzz

+Ayi Z Uflib - (sz‘ + Hgf +pyp + dfi)HUfli-
b

3.6.5 Vaccinated individuals HV
The ODEs for category HV are

dHVn/dt = Ap > Vi — O @M +op+pp +dp)HVp,
b h

dHVyi/dt = dp  HViio+Dp Y Vi — O @ Nhs + i + g + dypi) HVpys.
b h

3.6.6 Vaccinated individuals with waned immunity HS

The ODEs for classes HS are

dH S /dt o HVin +Ap ZSfllb - (Z )\?11 +Ap1 4 ppy +dp)HS g,

b h
dHSp;/dt = dpi—1HSpi1+0pHVi + Ay Z Sty — (Z /\?li + iy + dyi) HS i
b I

3.6.7 Infectious vaccinated individuals HW

The ODEs for category HW are

dHW jdt = W\ HVin + Ay > Wiy,
b
— (¥} 4 h/\fu +O‘?171f11+92fw+:uf1 +df1)HW;ll17
dHWflz/dt = dfi- lHszz 1+90f)\fzzHVflz+Afzz flzb

b
—h\3—1
— (¢} v )‘fzzur‘l?ﬂﬁ 0gfw+:u‘fz+dfi)HW]"lli7
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The ODEs for HW'? are

dHWfll/dt = @}@?A}%lHVfll + Z 90?/\?11ij§z1h +Ag Z W}lzlb
h b
—(aFVE 4 Ogns + 1+ dp ) HW,
dHWZ/dt = dpi 1 HWE  + @pi N H Vi + > QN HW "

h
FAp > Wik — (@FAF + 0 + iy + dpi) HWSE.
b

3.6.8 Vaccinated, partially immune individuals HQ
The ODEs for category HQ are

dHQ?u/dt = a?ﬂ]}lHW}lu +Ap ZQI}ub
b

_ _n Y

("N g + A HQ

dpi aHQYy o + oy HWE + Ay Z Qhin
b

dHQ';/dt
(‘Pf h)‘iuh + gt dfi)HQ?lia
The ODEs for HQ'? are
dHQY /dt = afARyRHW G + Z’Y%HPJIJM +Asn ZQ}%M
b

*(ﬂfl + dfl)HQﬁm

dHQj,/dt = dp 1 HQJ; o + Ay i HW + Z’Y?zHPfh + Ay ZQﬂm
—(pp; + dfi)HQ}%i'

3.6.9 Vaccinated, infected individuals with partial immunity HP
The ODEs for category HP are

dHP}, Jdt = Ny HQY" + o "4 "HW i
+Aflzpfllb - (Oéfﬂfl +9gwf + py +df1)HP}lz1v
dHP!, /dt = dp_HP} N HQY + o "y "HW
faldt = dp  HP, o+ @i\ HQR + o fli

, h
+Agi Z Pflib - (O‘fﬂfi + 0guwy + g + dfi)HPflib'
b
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3.6.10 Genital warts GIW

The genital warts class consists of the following differential equations

dHGWy,/dt = 099(0g2]k(HYk211b + HUpy,) + GliH it
+99wk(HWk2l1b +HPy,) + Q;ikHWkub) + A GWi,
—(2 Tgk T M1+ i) HGW iy,

dHGW/dt = dp s HGW(,; _qy, + egs(‘gik(HYk,zub + HURy) + iH i)

+ggwk(HWk2lib +HPRy) + %i;kHszlb) + A GWi,
—(r2 Tok T M + dei) HGW s,

dDHGWy,/dt = (1 — 998)(9§k(HYk2llb + HUZp) + 91iH Wit
+0§wk(HW13l1b + HP}y,) + 91121;1@H Wiis) + A HGWy,
_(T?;k + figy + det) DHGW 1,
ADHGW/dt = driot HGWi qp + (1 — 998)(95k(HYk21ib + HUp)
HliHYklsz + quk(HWleib + HP,) + 9112ukH W)
+ARHGW R, — (75 Tok T Mg + dri) DGWiy

3.7 Forces of HPV infection )\

The rate at which susceptible individuals acquire infection with type h (per
capita force of infection) )\zli is gender, sexual activity, age, and time dependent.
The rate A, at which individuals of gender k, sexual activity group [, age class
i, at time ¢ acquire infection with type h depends on the number of gender
partnerships and the way they form partnerships with individuals of the opposite
gender k’, the fraction of infected sex partners, and the transmission probability
BZ per partnership. The force of HPV infection )\le‘ is given by

2

h h h h

/\mlz = Bm Z Z leaijp’mluij <Z[Tf(Wfajb + Pfajb + W}gljb) + Yfajb
j=1a=1 b=1

fajb + Ufagb + Z CIN, sajb + DCIN, sa]b + ICINsajb) + GWfa]b
L,R,D
+DGW}, . + Z ceh ) + Z (C18%,, + DCIS", ., + ICIS", )]

+rp(HP},; + HW}, + HW2,) + HU}, + HY},

+ HGW},; + DHGWY,;) /Nyaj,

h h
)‘fli = /Bf Z Z cflaijpflai] Yn}"Lba] + U’IZLCL] + Y'r}z%,] + Gererj + DGererj

j=la=1
h 12 h
+ m (Wma] + WULLLJ + Pma_y)) /Nrrmja
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h = 1,2. Coinfection occurs at rate

17 3
12 a1 g2
>‘77Lli = /Bmﬂm E E CmlaijPmiaij X

j=1la=1

2
(Hyffj CHWE £, rfw;sjw) N

b=1
17 3
12 152
)\f” = Bfﬁfzzcﬂaijpflaij (Yn112a] +TmW7}12aj) /Nmaj~
j=la=1

3.8 Mixing preferences
3.8.1 Mixing matrix p

The way sex partnerships are formed is governed by the conditional probabil-
ity matrix p. Thus, pgimi; is the probability of someone of gender k, sexual
activity group [, age class ¢ having a partner from the opposite gender from
sexual activity group m and age class j. This depends on the proportion of
sex partners from the opposite gender from sexual activity group m and age
class j, crrm;Nim;(0), in the total sexually active population. In generating
the mixing matrix p, the parameters €; and €5 are used to depict the degree of
assortative mixing between age and sexual activity groups, respectively. Thus,
mixing is fully assortative (p is the identity matrix primi; = 0im0i;, Where d;;
is the Kronecker delta) if ¢4 = ¢o = 0 and proportionate when €¢; = €3 = 1
[24, 25, 26, 27]. The mixing matrix pgimi; is given by

3
_1C /S'N rgq 0
Primij = (1 —€1)0ij +er 1725—13 ksj Nirs; (0) o
Zu:l a=1 Ck’auNk’au(O)

<<1_62)5lm+62 L1 b N (0) )
)

17 3
Zu:l a=1 Ck’auNk’au

The model should satisfy the constraints balancing the supply of and de-
mand for sexual partnerships: cklmijpklmiijli = ck/mlﬂpk,mlﬁNk/mj. This is
accomplished by specifying the mean rates of sex partner change as functions
of the initial imbalance in the supply and demand of sex partnerships. Thus,

0.5
Ckimij = Ckti Bimijo

where
Ck’mjpk’mljiNk’mj (0)

Chli Primij Nkti (0)

Bipmij =
The differential effects of cervical cancer-induced mortality are also likely

to cause an imbalance between the demand for and supply of sex partnerships.
There are few options for rectifying this. One option is to let the rates of sex
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partner change and mixing pattern of one gender vary over time so as to satisfy
the above constraints. Another option is to fix the mixing patterns of both
sexes and to let their rates of sex partner change vary over time so as to balance
the supply of and demand for sex partnerships [25]. However, this latter option
requires adding additional differential equations that may considerably increase
the size of the model. Because of this additional complexity only the former
option is tried. Thus,

Chimij Primi Niti (t)
PrrmiiNkrmi ()

Crrmiji(t) =

In the sensitivity analysis, the gender that will be chosen first will be varied to
test the robustness of the results.

3.8.2 Estimates of the mixing matrix

Even though the crucial role of the mixing matrix in the spread of many sexually
transmitted infections has been repeatedly emphasized before [24, 25, 26, 27],
there are no adequate data to generate such a matrix. The current analysis
follows previous work in this area by examining the range of patterns that are
likely to arise in practice. This range is governed by the parameters €; and e
whose respective values are set to 0.6 and 0.7 in the baseline analysis and varied
over a wide range in the sensitivity analysis. These estimates are obtained from
the National Health and Social Life Survey (NHSLS) [55, 63, 64]. Higher values
for ey are reported for high-risk populations. For example, Garnett et al [26]
estimated a value of 0.9 using data from a sample of patients with STD seen at
the Harborview Medical Center. The baseline parameter values for the rate of
sex partner change, stratified by gender, sexual activity, and age, are calculated
from Table 3 using data from the NHSLS and the procedure outlined in Garnett
and Anderson [24, 25]. Briefly, this procedure can be described as follows. Let
the relative partner acquisition rate of sexual activity group [ relative to the
lowest group be pc;. Similarly, define the relative partner acquisition rate of age
group 1 relative to the lowest group as pa;. Therefore, the rate of sex partner
change for people in age group 18-59 is

3 11

pepaics Yy, > Niij(0)
I=1;=3

3 11 ’
>~ > Nwji(0)pepa;
I=15=3

Ckli =

where ¢3 is the weighted mean rate of sex partner change rate. The rates of sex
partner change for the individuals in the age groups 12-14, 15-17, and over 60
years are calculated in a similar fashion. For individuals in the sexually active
age groups 18-59, a value for ¢s of 1.3 new partners per year was used in the
analysis [55]. A value for ¢ of 0.1 and ¢ of 0.3 new partners per year was used
for individuals in age groups 12-14, and 15-17, respectively [1]. It is assumed
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Activity group Proportion of population, % Relative partner Reference
acquisition rate
males, w., females, wy (RPAR), pq
1 (highest) 2.56 2.56 11.29 [55]
2 11.47 11.47 2.96
3 (lowest) 85.97 85.97 1
Age group RPAR, pa; Mean partner acquisition rate, c;
12-14 0.11 0.1 [1]
15-17 1.18 0.3 1]
18-19 2.42
20-24 2.61
25-29 2.55
30-34 1.72
35-39 1.65 1.3 [55]
40-44 1.53
45-49 1.38
50-54 1.25
55-59 1.00
60 — 69 0.61
> 70 0.44 } 0.5 assumed
males females
Population size, Ny 50,000 50,000

Table 3: Baseline behavioral parameter values for the sexually active population
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that for individuals 60 years and older ¢4 is 0.5. Other values were used in the
sensitivity analysis.

3.9 Balancing population

To close the model, the total number of people in each gender category k,
(k= f,m), age group @ (i =1, 2, ...,17) and sexual activity group I (I = 1,
2, 3) must be equal to the sum of individuals in each epidemiologic class in the
respective gender, age, and sexual activity groups. That is,

2

Nt = Z (Yorsi + Zonti + Upti + Whis + Qi + P + GWiy,)
h=1
+Xmli + lei + Smli + Y#SZ + Zrln lem
For females this requires
2 2
Ny = Z (Z[thzm + Zfa + Uy + Wi + Qiy + Py + GW i,
b=1 \h=1
3 2
+ Z(CIN iy + DCIN/jy, + ICINL;,) + Z(Clsslzb + DCISL,,
s=1 s=1
L,R,D

+ICISY) + > CClLyl + Xguiv + Vo + Spiiv + Vi

L,R,D
+ Zit + Wik, + Q) + ZTCINsh + Z TCIS; Z DCCly;

s=1 s=1

2
+> (HY}j + HZ}y, + HU, + HWfy + HQYy, + HPfy, + HGWY,)

+HX i+ HVp + HS i + HY + HZ 3 + HQj + HW i + SCCy;.

As evident from the system of equations described above, the demographic
model, the HPV model, the cancer model, and the genital warts model are fully
integrated, and can only be solved together. The total number of differential
equations in the entire model is 7191.

3.10 Estimates of epidemiologic parameters

A comprehensive search of the literature was conducted in order to obtain base-
line values for the natural history and clinical parameters.

3.10.1 Estimates of natural history parameters

The values of natural history parameters are reported in Tables 4-5. The way
these estimates were derived is explained elsewhere [46].
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Parameter Estimate Reference
mean duration of acute HPV infection , years [29]
HPV 16/18, 1/(v}; + 3, 045) 1.2
HPV 6/11, 1/(73; + 07, + X, 0%.) 0.7
progression in the presence of HPV 16/18 per year, %
Normal to CIN1, 6}, 9.4 [38]
Normal to CIN2, 6}, 5.8 84]
Normal to CIN3, 6}, 5.3 [84]
CIN1 to CIN2, 71, 13.6 [42]
CIN2 to CIN3, 73, 14 [48, 16]
CIN3 to CIS1, 7, 42 [48, 80]
CIS1 to CIS2, w2, 5
CIS2 to LCC, 7}, 18
LCC to RCC, 71, 10 (32, 71, 61]
RCC to DCC, 7k, 30 [61]
progression in the presence of HPV 6/11 HPV per year, %
Normal to CIN1, 6%, 9.5 [43]
Normal to CIN2, 67, 1.9 [43, 3, 20, 40, 68]
CIN1 to CIN2, 73, 0 [43, 3, 20, 40, 68]
Normal to genital warts, Gig 57 [84]
regression in the presence of HPV 16/18 per year, %
CIN1 to normal/HPV, 7}, 32.9 [43, 72
CIN2 to normal/HPV, 7}, 31 [48, 16, 57]
CIN2 to CINI, 7}21 13.3 [16]
CIN3 to normal/HPV, T}»S 11 [48]
CIN3 to CIN1, 7}31 3 [48, 16]
CIN3 to CIN2, 7}32 3 [48, 16]
regression in the presence of HPV 6/11 HPV per year, %
CIN1, chl 55.2 [43]
genital warts, 72, 87.5 [84]
hysterectomy rate, A;, % [49]
15-24 years 0.02
25-29 years 0.26
30-34 years 0.53
35-39 years 0.89
4044 years 1.17
45-54 years 0.99
> b5 years 0.36

Table 4: Baseline biological parameter values for the HPV and disease compart-
ments and hysterectomy
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Parameter Estimate Reference
age-specific cervical cancer mortality rates, % per year [75]
for LCC, x,
15-29 years 0.7
30-39 years 0.6
40-49 years 0.8
50-59 years 1.9
60-69 years 4.2
> 70 years 11.6
for RCC, xr
15-29 years 13.4
30-39 years 8.9
4049 years 11.0
50-59 years 10.1
60-69 years 17.6
> 70 years 28.6
for DCC, xp
15-29 years 42.9
30-39 years 41.0
40-49 years 46.7
50-59 years 52.7
60-69 years 54.6
> 70 years 70.3

Table 5: Annual age-specific cervical cancer mortality rates, 1997-2002

35



This material, provided by the authors as a supplement to Model for Assessing Human Papillomavirus Vaccination Strategies,
is not part of Emerging Infectious Diseases contents.

3.10.2 Estimates of other clinical parameters

The values of screening, diagnosis, and treatment parameters are reported in
Tables 6.

3.10.3 Estimates of vaccine parameters

The efficacy of the vaccine against incident infection (HPV 6/11 or 16/18) was
assumed to be 90%. It was also assumed that infected vaccinated individuals
do not progress to disease [52, 78]. We assumed the vaccine does not affect the
natural course of disease. The duration of immunity conferred by vaccination is
currently unknown. We assumed the duration of protection of HPV vaccination
to be lifelong for the base case as was done in previous models [32] and examined
a duration of 10 years in sensitivity analyses. Given HPV vaccination coverage
is unknown, we assumed that 70% of adolescents will receive a 3-dose vaccine
before they turn 12 similar to the coverage rates used in previous models [71, 32].
Coverage was also assumed to increase linearly from 0% up to 70% during the
first five years of the program and remain at 70% thereafter. We assumed that
vaccine coverage for the catch-up program would increase linearly from 0% up
to 50% during the first 5 years and then drop to 0% after 5 years.

4 Epidemiologic impact of screening and vacci-
nation strategies

To assess the epidemiologic impact of each vaccination strategy several interme-
diate and two final outcome measures of effectiveness were chosen. Examples
of some of the intermediate outcome are shown in Figures ?7-?7 and discussed
below.

4.1 Years of life

The first final outcome measure is the total number of years spent alive by the
active population. Thus, the discounted total number of years of life achieved
using strategy a is given by

T

3 17
YLa:/ Z ZZNM et

0 \ke{fm}I=1i=1

where Ny, is the size of the population of gender k, in sexual activity group I,
and in age group %; & is the discount rate; and T is the planning horizon.

4.2 Quality-adjusted life years

The second final measure of effectiveness assigns quality of life weights to each
health state and integrates the sum of all these quality-adjusted health states
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Parameter Estimate Reference
Routine cervical screening, cover;, % per year [44]

10-14 years 0.6

15-19 years 21.0

20-24 years 44.8

25-29 years 61.6

30-34 years 54.9

35-39 years 50.5

40-44 years 48.1

45-49 years 49.1

50-54 years 51.1

5559 years 46.7

60-64 years 42.5

6569 years 38.9

70-74 years 29.6

75-79 years 20.1

80-84 years 11.1

85+ 5.9
Females never screened, g, 5
Liquid-based cytology sensitivity, papsng, %

for CIN1 28 [7]

for > CIN2/3 59 [7]
Liquid-based cytology specificity, papsp, % 94 [7, 14]
Colposcopy sensitivity, colpsn, % 96 [60]
Colposcopy specificity, colpsp, % 48 [60]
Genital wart patients seeking physician care, 1 — 045, % 75 [12]
Symptoms recognition, %

LCC, recogy, 3.8

RCC, recogr 18

DCC, recogy 90
Cure rate with treatment per year, %

for CIN1, cure; 96 [22]

for CIN2, T’y 92 [22]

for CIN3, I'3 92 [22]

for LCC, Qf, 92 [69]

for RCC, Qg 53 [69]

for DCC, Qp 17
Persistence of HPV after treatment for CIN, % 34 [15]

Table 6: Cervical cytology screening and colposcopy characteristics and rates
of cure and symptom recognition
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over the planning horizon (0,7"). Let gcing, gciss, qces, gees, ggwi, and qg;
denote the quality of life weights for an individual in the detected health state
CIN stage s, CIS stage s, cervical cancer stage s, genital warts, and normal of
gender k at age 7; respectively. The discounted total number of quality-adjusted
life years using strategy a over the planning horizon (0,7) is given by

T 3 17
QALY, = /e_gt {Z qui (Nt = (1 = qgwnm) DGW ;)
0

1=1 i=1
2
Npiy — (1 — qgwf)(DHGWlei + Z DGW?M) — (1 = gces)SCCy;
b=1

+qr;

3 2 2 2
Z (Z(l —qcing) Z DCINE., + Z(l — qcisg) Z DC’IS?W)>
h=1 \s=1 b=1 s=1 b=1

Note that the quality-adjusted years of life for females are reduced by time
spent in diagnosed genital warts, CIN, and cancer states DCINg, DCCs, DGW
and SCC. Males’ quality of life deteriorates by spending time with detected
genital warts. The probability of genital warts being recognized and treated is
assumed to be 75%. It is assumed here that if a persons’s health condition is not
detected, the quality of life of that person will be the same as that of a person
without the condition. This assumption biases the results against the vaccine.
In the sensitivity analysis, the magnitude of the quality of life improvements for
persons with undetected conditions prevented by the vaccine will be quantified.

— Z (1 — gees)DCCyyy dt.

2
s=L,R,D

4.3 Estimates of quality of life weights

Women diagnosed with CIN1 and CIN2/3 were assumed to have quality weight
of 0.91 and 0.87, respectively [62, 54]. The quality weight for genital warts is
assumed to be 0.91 [62]. Females with local and regional cancer are assumed to
have a quality of life weight of 0.76 and 0.67, respectively [62]. A quality weight
for invasive distant cancer of 0.48 was derived from Gold et al [30] using the
25th percentiles of female genital cancer weights. It is assumed that the quality
of life for cervical cancer survivors after successful treatment will continue to be
lower (at 0.76) than that of healthy females [4, 83]. Undiagnosed HPV, genital
warts, CIN, and cervical cancer states and successfully treated CIN states are
assumed to have a quality of life weight similar to those of individuals without
HPYV disease. Gender- and age-specific quality weights for other health states
were derived from Gold [30]. Similar values were reported from the Beaver Dam
Health Outcomes study [23]. CIN and cancer health states were multiplied by
the age- and gender-specific weights to reflect the variation in quality of life by
age and gender groups.
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Condition Estimate Reference
females males

genital warts, qgwy 0.91 0.91 [62]
CIN1, gcing 0.91 [62]
CIN2, gcing 0.87 [62]
CIN3, qcins 0.87 [62]
CIS, geis, 0.87 [62]
EICC, gecr, 0.76 [62]
RLICC, gcer 0.67 [62]
DLICC, geep 0.48 [30]
Cancer survivors, gccs 0.76 [83]
No condition, q;
12-17 years 0.93 0.93 [30]
18-34 years 0.91 0.92 [30]
35-44 years 0.89 0.90 [30]
45-54 years 0.86 0.87 [30]
55-64 years 0.80 081 [30]
65-74 years 0.78 0.76 [30]
> 75 years 0.70 0.69 [30]

Table 7: Quality of life weights

5 Economic consequences of screening and vac-
cination strategies

The total costs of each strategy includes costs of cytology screening per unit
time, cost of vaccination, lifetime cost of treating detected genital warts, CIN
and invasive cancer cases, and the cost of following false positive results of
screening.

5.1 Screening costs

The cost of cytology screening per unit time is the product of the cost per test
scn, the test compliance rate cover;;, given the frequency of administering the
test per unit time (e.g., every year), and the size of the population eligible for
screening 3=, 35, {0y (X pran+Viriv+-Spuin+Y i+ Z A Wity +Q  + 52 [V i+
Z)}fbub + U;le'b + W}Llib + Q?lib + P;Lli,b + GW;Llib + >, CINE, + 3, CISh, +
>, CCh .. For simplicity, it is assumed that females in the hysterectomy class
are not screened. However, this may not be the case as suggested by recent
studies [70]. The cost of following false positive results of the cytology test is the
product of the cost of colposcopy colp of those females who do not have a repeat
cytology test, one minus cytology specificity papsp and the size of the screened
population that is truly negative >, 3>, (X frib+ Vo + S o +Y /i3y + Z i +
Wi+ Qi + Zh[yfhzib + Z}Llib + U}lub + W;llib + Q?lib + P;llib + GWjifllib]' Since
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colposcopy is not 100% specific, to this it should be added the cost of a false
positive colposcopy result. This, in turn, equals the product of the cost of
biopsy biopsy, one minus colposcopy specificity colsp and the size of the screened
population that has false cytology results. We also assumed that females in
categories TCINg, ICINg, ICINg, and SCC receive annual Pap tests, some of
which will be false positives resulting in additional colposcopies and biopsies.
Total screening costs associated with strategy a at time t are

Screen,(t) =

sen x {Z Z(Z coverg, X (Xgiip + Vv + Spiiv + Y + Zfim + Wit
1 i b
+Q}%ib + Z[Yf};ib + Z;Llib + U]}"Llib + W;Llib + Q};lib + P;Llib + GW;Llib
A

+3Y CINE, +> 1St + Y cch) +
(1 — papsp) X [repeat x scn + (1 — repeat)(colp + biopsy x (1 — colpsp))]

X {Z Z[Z cover;, X (Xflib + Viy + Sflib + Yflﬁb + Z}‘lgib + W]}l%b
l % b

+Q}‘%¢b + Z[thiib + Z}Llib + U}inb + W}llib + GW;Llib + Q?lib + P;Llib)]}
h

+{scn + (1 — papsp) x [colp + biopsy x (1 — colpsp)]}

<{> D [SCClui+ Y TCINg;i+ Y Y (Y ICINL, +Y ICISk,)}.
l i s h b s s

5.2 Treatment costs

Treatment costs of genital warts, CIN, and cancer cases are the product of
the number of cases detected and treated and the cost of treatment. Cases of
genital warts occur at rate (1—05) Zk{ejk [HY2,+HUZ, 4>, (Y20 + UL+
Ogn (HY 2+, Vi3 +05un [HW R+ H PR+ 3, (Wi + Pl )|+ 0 o (HWE +
>, Wi2,)} at a cost of cqwy, per case. Because it is assumed that the rate of
treatment for diagnosed CIN is I'y and all cancer cases are treated, the number
of cases treated at time ¢ is the total number of treated CIN and cancer detected
> 201 201 2y [20s TsDCIN 437, T34 s DCIS G, + 35, vsin CClyy )] The cost
of treating CIN and cancer at stage s is denoted by ctcing and ctecs, respectively.
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Thus, total treatment costs at time ¢ if strategy a is adopted is:

Treat,(t) =
Z Z Z cqui(1 — Oy {05, [HY i + HUjy,; + Z(Ylflib +Upip)]
; b

Vi + Z Vi) + gwk[HWklz + HP,

JFZ Wiy + Plin)] + g (HW): Z klzb}+zzzz
hoo1 i b

b

(Z cteing(TsDCINY., + T3, ., DCIS" ) + Z ctees X US,bCCSllb)>

5.3 Vaccination costs

Total vaccination costs at time ¢ include the cost of the vaccine and the number

of people vaccinated Zz Zb{Bklb(bklOb +22 ¢kub[Yklz%b + Zigan + 2on (X +
Vi + Zia + Uty + GWiiy, + 3 (CIN[jy, + CISY, + CCL, )]} Thus, total
vaccination costs at time ¢ associated with strategy a are:

Vaccinateq(t) = wvaccine x Z Z Z{Bk1b¢k10b + Z Pran[Yeits + Ziiin
+ Z Xiyin + Yiiin + Ziip + Upin, + GWiki

+ Z CINLy, + CISh, + CClyp))}-

5.4 Total costs
Discounted total cost over the planning horizon (0,T) of following strategy a is

T
Costq = / [Screeng (t) + Treatq(t) + Vaccinate, (t)] e~ dt.
0

5.5 Estimates of costs

Direct medical costs for screening and diagnosis were estimated from the 2001
Medstat Marketscan® commercial insurance database [56] and updated to 2005
dollar values by using the medical care component of the U.S. consumer price
index [77]. The direct medical costs in 2005 of liquid-based cytology were es-
timated at $99. The cost of colposcopy was $165 and colposcopy with cervical
biopsy at the same visit was $318. The direct medical costs of treatment of CIN
and cervical cancer were based on the results of Kim et al [50] and updated to
2005 dollar values [77]. The costs of CIN 1 were $1554, CIN 2/3 $3483, local
invasive cervical cancer $26,470, regional invasive cervical cancer $28,330, and
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Condition Estimate Reference
females  males

cytology test, scn $99 [56]
colposcopy, colp $165 [56]
colposcopy and biopsy, biopsy $318 [56]
genital warts, cgwy, $489 $489 [41]
CIN1, ctein, $1554 [50]
CIN2, cteins $3483 [50]
CIN3/CIS, ctcing $3483 [50]
EICC, ctecy, $26,470 [50]
RLICC, ctecg $28.330 [50]
DLICC, cteep $45,376 [50]

Table 8: Cost of screening, diagnosis, and treatment

local invasive cervical cancer $45,376. Treatment of genital warts is assumed to
cost $489 in 2005 dollars [41].

5.6 Cost-effectiveness ratio

To compare mutually exclusive vaccination strategies a and a’, we calculate the
incremental cost-effectiveness ratio [82]

Cost, — Costy
QALY, — QALY

6 Analysis using the model

6.1 Simulations with the baseline estimates of the para-
meters

Mathematica® (Wolfram Research, Champaign, IL) version 5.2 was used to
generate numerical solutions of the model. The NDSolve subroutine in Math-
ematica is a general numerical differential equations solver. Since the model
consists of non-stiff ODEs, the Explicit Runge Kutta methods, with adaptive
embedded pairs of 2(1) through 9(8), provide accurate and less expensive solu-
tions [85]. Other methods such as the Predictor-Corrector Adams method, with
orders 1 through 12, produced the same results, but took longer to compute the
solution.

The following strategy for simulations was followed. First, the baseline para-
meter estimates were used to solve the model for the pre-vaccination steady-state
values of the variables. Second, the pre-vaccination data were used as initial val-
ues for the vaccination model and the model was solved for the entire time path
of the variables until the system approached the steady state (approximately
100 years). The solution approximates the potential impact of various HPV
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vaccination programs, including routine vaccination of 12-years old individuals.
Finally, once the solution is obtained the results can be presented for various
outcomes in many different formats.

6.2 Model validation

The validity of a complex model like this cannot be established directly. In-
stead, its face validity may be judged by how reasonable model assumptions are
[34, 81]. In the process of building this model, we comprehensively reviewed
previous relevant models and consulted experts on the natural history of HPV
infection and HPV-related diseases. A comprehensive review of the literature
was conducted to identify studies to inform model inputs. To facilitate inde-
pendent review of the model and the ability to replicate its results, all model
equations and inputs are made available. All model equations and inputs are
programmed in Mathematica™™ (Wolfram Research, Champaign, IL). A series
of tests were performed to debug and establish the technical accuracy of the
Mathematica programs. For example, the sum of the number of individuals of
a given gender, age, and sexual activity group in each compartment is verified
to be equal to the total number of people Ny,; at each point in time (see section
3.9 on balancing population). Finally, the predictive validity of the model was
evaluated by looking at age-specific HPV prevalence, CIN, genital warts, and
cervical cancer incidence rates predicted by the model and comparing them with
those reported in the literature [29, 47, 73, 74, 75, 41, 45]. The model predictions
were well within the range of values found in the literature. For example, the
predicted HPV 16/18 attributable cervical cancer incidence curve in the absence
of screening had a shape and magnitude at peak (55.9 per 100,000 women years
for age 50-54) similar to that estimated for unscreened populations [33, 58].
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