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Supplement Il: HPV 16 transmission models

The simplest model for penile-anal HPV16 transmission among MSM is of the
susceptible-infectious-susceptible (SIS) form for both the penile and anal site, and
includes the minimum of four compartments {SS, SI,1S,11}. In steady state prior to
vaccination, the SIS model may be described by the following system of differential

equations, with d, denoting (partial) derivative by age:

aa[SS]{'( = @{-‘(a) — ([/110]? + [/101]’; + [/111]15)[551];c + )/10[15];c + V01[51];€ - ,u(a)[SS]f
0a[IS1F = [A10]F¥ [SSTF — [AuadFUISTE — v1olISTF + vor HITF — w(@)[IS]F
0a[SINF = [A01IFISSTF — [AnJFISINF = vou [SITF + yaoHI1F — n(a)[SIT¥

0a[111¥ = [A111¥[SSTE + [AaJ¥1ISTF + [ALIELSTTE — (vio + vo) [IE — (@) [IT]F (Sys.1)

For brevity, we drop dependence on age and time for the proportions in each of the
four compartments. Individuals enter the sexually active population according to

0¥ (a) = 9(a)A~*p,q; with 9(a) denoting the age-specific rates of entering the at-risk
population, A the “life expectancy” within the at-risk population, p, the fraction of
individuals with sexual activity indexed by k, and q; that of individuals with
preference for insertive/receptive anal sex indexed by i. As such, it holds that
J,TN(a,tyda = 1V t with N(a,t) = Xi Z:([SS(a, OIF + [IS(a, OIF + [SI(a, D]f +

[11(a, t)]F). Subscripts i refer to preference for insertive/receptive anal sex, whereas

the superscripts k refer to sexual activity.

Likewise, dependence on age and time is also dropped for the infection hazards

[A10(a, )%, [Ao1(a, )]¥ and [A1,(a, t)]¥, describing transmission to the penile site only,



to the anal site only, and to both sites from the same partner, respectively. The

marginal infection hazards [1,,]¥ = [1;0]¥ + [1;11¥ and [4,,]¥ = [A01]F + [A11]%, denote
transmission to either the penile or the anal site irrespective of the other. Penile and
anal infections clear at a constant rates y,, and y,;, respectively, and individuals exit

the at-risk population at an age-specific rate u(a).

The hazards of infection are constructed as follows:

[A.(a0]f = [, c@]*e(a a',t) £ pu(@) %) ¢i; [P.(a', 0)]jda’ (Eq.4)

Here, [c(a)]* denotes the age-specific partner acquisition rate for someone with
sexual activity k, and o(a, a") the probability of someone aged a to form a sexual
partnership with someone aged a’. Age dependence only applies to the potential
infector if this probability is determined by age-specificity in contact rates:

Tmle@)]” ziN (@' D"
Y Smle@nIm siN @ 0] da””

e(a,a’,t) = (Eq.5)

The values ¢;; are taken from the mixing matrix between subgroups with particular
preference for insertive/receptive anal sex, as described before. Mixing between
subgroups with different levels of sexual activity is included by weighing for age-
specific contact rates, and by allowing for a degree of assortativeness € between
partners with similar sexual activity, as:

[c(@"] TN ()],
Smlc @)™ SN (@)™

pri(a) = €6 + (1 —¢€) (Eq.6)

Here, 6, is the Kronecker delta, i.e. §;; = 1 if k = [ and §,; = 0 otherwise, and e = 1

describes fully assortative mixing whereas € = 0 describes random mixing.



[P (a’, t)]ﬁ- denotes the probability of transmission from a potential infector with sexual
activity [ and preference for insertive/receptive anal sex j, in relation to the infection

hazard under consideration. Transmission to the penile site only is then given by

pr([s1@’ 0] +11@" 1))

pr-([s1a’ O +a-p.li@ 0]}
Pq;N(a’t) )

Puq;N(a’,t)

[Pro(a’, t)]ﬁ' = [p10lij +[pualy

The values [p14];; and [p40];; denote the probability of engaging in only insertive anal
sex or in insertive as well as receptive anal sex, when someone with preference for
insertive/receptive anal sex i has a partner with preference j. Following previous
definitions, p,;, = 1 and p;; = 0 when either partner has tendency to engage in
insertive anal sex only, whereas p,, = p and p;; = 1 — 2p when both partners have
versatile preference. The probabilities ;. and ., denote the per-partnership
probabilities of anal-to-penile and penile-to-anal transmission, respectively. Similarly,

transmission to the anal site only is given by

ﬁ*l([IS(a',t)]i.+[II(a',t)]i.)

ﬁ*l([IS(a’,t)]j-‘F(l_Bl*)[” (a’,t)]i-)
Pia;N(a’t) .

g N(a’t)

[Po1(a’, t)]ﬁ = [po1lij + [paalij

The values [py;];; denote the probability of engaging in only receptive anal sex when
someone with preference for insertive/receptive anal sex i has a partner with
preference j. Again, p,; = p and p;; = 1 — 2p when both partners have versatile
preference, while p,; = 1 and p;; = 0 when either partner has tendency to engage in
receptive anal sex only. The hazard of acquiring infection at both sites from a partner

is only defined when both partners have versatile preference, and is given by

Bl*B*l[”(a’:t)];

Y l — ..
[P1(a’, O)]; = [p11]i PN D)



$2.1 Systemic SI(S)RS models

If clearance of infections may lead to systemic immunity, that may subsequently be

lost at a constant rate k, the model becomes:

aa[SS]f = @f(a) - ([/110]{'c + Moﬂi‘c + [/111]{-‘)[551’5 +(1- frac))’m[ls];{ +(1-
frac)yo, [SI1¥ + k[RR]F — u(a)[SS]¥

0a[IS1F = [AolF[SSTF — A l¥UISTE — v1o[ISTf + (1 — frac)yo, [H1F — u(a)[IS1f
0alSITF = [A01I¥ISSTF — [ALEISITE = vou [SITF + (1 — frac)y,o[111F — (@) [SI]¥
0o [I11¥ = [A11]¥[SST¥ + [Aa I¥LISTE + [A1J¥ISITF — (a0 + vo) LITE — u(a) [11]%

04 [RR]F = frac y1o[IS]¥ + frac v, [SIT¥ + frac (y10 + vo1)[111¥ — k[RR]¥ — u(a)[RR]¥
(Sys.2)

Here, frac denotes the fraction developing immunity upon clearance of infection,
which is taken to be the same for clearance of penile and anal infections. The SIRS,
SIS33RS and SIS10RS models are obtained by setting this fraction to 1, 0-33 and 0-10,

respectively. Infection hazards are modified by adjusting the probability that a sexual
contact is infectious: N(a,t) = X X:([SS(a, )% + [IS(a, O)1F + [SI(a, O]F + [1I(a, )]F +

[RR(a,)]).
$2.2 Local SI(S)RS models

If clearance of infections may lead to local immunity, that may subsequently be lost at

a constant rate k, the model becomes:

6a[SS]{-‘ = G)i-‘(a) - ([/110]{'( + [101]{'( + [111]{'()[55];( +(1- fracl*))/lo[IS]{-‘ + (1 -
frac.)yo:[SI1¥ + k([RS1F + [SRI¥) — n(a)[SS1¥



0a[IS1¥ = [A1o]¥[SSTF — [Aal¥UISTE — y10lIST¥ + (1 — frac.,)yo, I11¥ + k[IR]F — u(a)[IS]¥
0a[SITF = [Ao11F[SS1F — [A1I¥[SITE — vou [SITF + (1 — fracy.)yao[H1¥ + k[RITF — u(a)[SITf
0a[111¥ = [A41)¥[SST¥ + [AaJ¥ISTF + [A1J¥STT¥ — (rao + vo) LI1F — u(a) [11]F

04 [RS1F = fracy. y10[IS1¥ — [A1¥[RS1F — k[RS]F + (1 — frac.;)vo1 [RI]F + k[RR]¥ —
u(a)[RS]¥

04 [SR1¥ = frac,; yo1[SIT¥ — [A1.]F[SRI¥ — k[SRI¥ + (1 — fracy.)y10[IR]¥ + k[RR]¥ —
u(a)[SR]¥

0a[RINE = [A41¥[RS1¥ + fracy. y1olI11¥ — you[RITF — k[RIN¥ — u(a)[RI]¥
0q[IR1f = [A1F[SRIF + frac,; you [I1f — v1o[IR]Y — k[IR]f — u(a)[IRIf

9,[RR]¥ = frac,; yo1[RI]¥ + fracy, ¥10[IR]¥ — 2k[RR]¥ — u(a)[RR]¥ (Sys.3)

Infection hazards are modified by considering all infectious compartments in the terms
[P (a’, t)]ﬁ- in relation to the infection hazard under consideration. For instance,
transmission to the penile site only becomes dependent on

Br.([s1(@’ 0]+~ 0] +[Ri1Ga’ 0]
Puq;N(a’,t)

,31*([SI(a',t)]§.+[ll(a',t)]j.+[RI(a’,t)]j.)
puq;N(a’,t)

[P10]i; + [p11lij

with N(a,t) now summed over all compartments, and so on. Now, frac,, and frac,,
denote the fractions developing local immunity upon clearance of either penile or anal
infection, respectively. The SIR[local]S, SIS33R[local]S and SIS10R[local]S models are
obtained by setting these fractions to 1, 0-33 and 0-10, respectively for both sites.
Models with local immunity at the penile site only are obtained by varying frac;.,
accordingly, while setting frac,; = 0. Likewise, models with local immunity at the anal

site only are obtained by varying frac,; and setting frac;, = 0.



$2.3 SISP(R)S models

The SIS model is extended to include persistent infections developing at a rate {;, and
(o1 and clearing at a rate &;, < y,0 and &,; < vy, for penile and anal infections,

respectively. If clearance does not induce immunity, such a SISPS model looks like:

aa[SS]{'c = G){'c(a) - ([/110]{'( + [/101]’; + [/111];()[55]1'( + )/10[15];( + V01[51]i'( + 510[P5]i'{ +
§01[SPIf — u(a)[SSI¥

0a IS = [A10]F[SSIF — (At IFUISTE = (yi0 + 1) UISTF + vou [H1F — p(a@) [ISTF

0a[SINf = [201]F[SSTE — [AJFISTIE = (rox + Son) [SITE + vao[HITf — u(@)[SIIf

0o [T} = [A01]FISSTE + [ IFUSTE + [A0EISTTE = (Va0 + You + Guo + So) [HIF — (@[]
0a[PSIf = GiolISIf — [AalfIPSTE = §10[PSTE + vou[PITF + §01[PPIF — (@) [PS]F

0a[SPI¥ = Goa[SIIF — [0 JF[SPIF = 01 [SPIF + y1o[IPIf + §10[PPIf — (@) [SPI¥

0a[PINf = [Aaf[PSIE + C1olHTE = (Yor + Gor + &10) [PITF — (@) [PIIf

0a[IP1f = [A1JF[SPIE + Gor HITE = (Y10 + Gro + S0 IPIF — u(@)[PIIf

0a[PPI¥ = {01 [PITF + i [IP]f — (€10 + &01) [PPIf — n(a) [PP]f (Sys.4)

Again, infection hazards are modified by considering all infectious compartments in
the terms [P (a/, t)]§- in relation to the infection hazard under consideration, and

summing N(a,t) over all compartments.

If it is assumed that clearance of persistent infections leads to systemic immunity, the

model becomes:



aa[SS]? = @f(a) - ([/110]{'{ + [/101]{; + [/111]?)[55]5{ + )’10[15]5{ + V01[51]i'( + K[RR]? -
u(a)[SS1f

0a IS = [A10]F[SSIE — (Al UISTE = (yi0 + 1) UISTF + vou [H1F — p(a) [ISTF

0a[ST1F = [Ao1]FISSIE — [ALJEISITE = (Yo + So) [SIIF + yio[HTF — u(@)[SINF

g [H]F = [ JFISSTE + [AaFUSTE + [AJEISTTE = (a0 + Yor + Gio + So) LT — p(@) 1]
0a[PSTf = CiolISTf — [AalfIPSTE — §10[PSTE + You [PITE — u(@)[PSI

0a[SPIf = $oa[SIT — (A1 JFISPIY = 01 [SPIF + y1o[IPIf — n(a)[SPIY

0a[PITf = [A]FIPSTE + GuolHTE = (Vou + Gor + E10) [PITF — u(a) [PITf

0alIP1f = [A4.JEISPIE + Gor LT — (v10 + G1o + So)UPIY — u(a) [PIIf

0a[PPI = Goa [PINf + 10lIPTY — 8(§10,$01) [PPIf — u(a)[PPIf

0q[RR1F = & ([PSTF + [PIN¥) + &1 ([SPI¥ + [IP1F) + g(&10, &01) [PP]F — K[RR]¥ —
u(a)[RRIf (Sys.5)

The function g(-) determines the rate at which systemic immunity develops from dual
persistent infection. For the SISPminRS model, we used g(-) = min(-), i.e. clearance of
dual persistent infection is determined by the anatomic site with slowest clearance.
For the SISPmaxRS model, we set g(-) = max(+), i.e. clearance is determined by the
anatomic site with fastest clearance. Infection hazards are modified as described

before.
§2.4 SI(S)L models

Suppose that incident infections may be cleared at rates y,, and y,, for penile and

anal infections, respectively, or develop into a state of local latency, at corresponding



rates ¥,, and ;. In addition, dual infections may be cleared concomitantly at a rate
that is determined by the anatomic site with slowest clearance, or turn into a state of
dual latency at a rate that is determined by the anatomic site with fastest immune
evasion, i.e. max(i,,¥y1). Latent infections reactivate at a constant rate g, and
reactivated infections return to latency at the same rate at which latency developed
from incident infections. Viral clearance, i.e. elimination of the virus from the penile
or the anal site, no longer occurs once latency has developed. Note that these
considerations were chosen to obtain maximal contrast with the SIS model. Using Q to

denote the state of reactivated infection, the model becomes:

0a[SST =
0¥(a) — ([/110]§c + [Ao1 ¥ + [/111]?)[55]? + ¥10lISTF + Y01 [SITF + min(y0, vo) ITF —
u(@)[SSI¥

aa[IS]f = [/110]“55];{ - [/1*1]126[15]11zc — (Y10 + l,l)lo)[IS]i-"‘ - ,u(a)[IS]{-"‘
0a[SINF = [A0aIFISSTF — [ALIFISINE — (Yor + Yo [SINf — u(a) [SITf

aa[”]i'{ = [/111]{'{[55];{ + [/1*1]{;[15]{; + [/11*]{'{[51]5'{ — (min(y10,v01) + max(djwrlpm))[”]{'{ -
u(@)[1f

0a[LST¥ = 1o ([ISTF + [QSTF) — [An I [LSTF — o[LS]f — u(a)[LS]F

0a[SLIF = Go1 ([STIF + [SQIF) — (AL JFISLIE — o[SLIf — u(a)[SLIf

Oa LI = [ JFILSTE + Y0[QITF — Pou[LITf — o[LINf — u(a)[LITf

0 [IL]F = [AJFISLIE + o1 [1QIF — Y1olILYY — olILIF — u(a)[LI]f

0a[LL]f = max(10, Yo )IITE + o1 [LITF + yolILTE — 20[LL]f — p(@)[LLI
9a[QSTF = olLS1f — [A]F[QSIF — ¥10[QSIf — n(@[QSIf

3a[SQIF = o[SLIf — [A.IFISQIE — o1 [SQIf — n(@)[QSIf

0alQINf = [A]f[QSIE + o[LITF = Y10[QINF = Youl[QIIf — n(@)[QI]f
0a[1Q1F = [ IFISQIE + o[ILIF — o1 [IQ1F — W1o[1QIf — u(@)[1QIf



0a[QLIF = o[LLI} + Co1[QITF + ¥01[QQ1f — @[QLIf — u(a)[QL]}
04[LQT¥ = o[LLI¥ + C1o[I1Q1F + ¥10[QQT¥ — o[LQ1F — u(a)[LQIf
0,[QQ1F = o[QLIF + o[LQI¥ — (P10 + Y01)[QQIF — u(a)[QQ]¥ (Sys.6)

The fraction of incident infections that develop into latency is approximated by the
ratios Y10/ (Y10 + ¥10) for penile infection, and vy, /(yo1 + ¥o1) for anal infection.
Therefore, the SIL, SIS33L and SIS10L models are obtained by setting these fractions to
1-0, 0-33 and 0-10, respectively. Note that in the SIL model, this implies setting

Y10 = 0 and yy; = 0, i.e. all incident infections become latent. Infection hazards are
modified by considering all infectious compartments in the terms [P (a’, t)]}, i.e. all
compartments involving I or Q at the relevant anatomic site, and summing N(a, t)

over all compartments.
§2.5 SI(R)L models

Now suppose that clearance of infection leads either to latency or to systemic
immunity, at the rates ¥, and y;, for penile-only infections, and at the rates y,, and
Yo1 for anal-only infections, respectively. With otherwise similar assumptions as in the

SI(S)L models, these modifications lead to the following SI(R)L model:

aa[SS]{'( = @{-‘(a) - ([/110]1'( + [/101]5 + [/111]1'()[55]’; - .“(a)[SS]i'{
0a[ISTF = [AaolF[SSTF — A lFUISTE — (a0 + Y1) ISTF — (@) [ISTF
0a[SINF = [A01IFISSTF — [ALJFISITF — (Yor + Yo [SITF — u(a)[SIIf

aa[”]? = [111];([55]? + [Aﬂ]i’c[m]i’c + [)LL.:]{'([SIHc — (min(y10,¥01) + max(gblo,l/)m))[ll]{-( -
w(@ [

0a[RR1F = y10lISIF + yo1[SINF + min(y10,¥o1) [11]§ — u(a)[RRIf (Sys.7)

10



Equations for the remainder of model compartments are identical to the SI(S)L
models. Again, the fraction of incident infections that develop into latency is
approximated by the ratios y,,/(y1o + ¥10) for penile infection, and ¥4, /(Y01 + ¥o1)
for anal infection. Setting y;, = 0 and y,; = 0 yields the same SIL model as before.
The SIR33L and SIR10L models are obtained by setting these fractions to 0-33 and 0-10,

respectively.

$2.6 SIS model upon vaccination

We illustrate how the SIS model for penile-anal HPV16 transmission can be extended
to accommodate targeted vaccination of (possibly infected) MSM or preadolescent
boys’ vaccination. Other HPV16 transmission models can be extended analogously. To
model post-vaccination dynamics, we also let go of the steady state assumption to

obtain a system of partial differential equations, with d, denoting derivative by age

_d[ssat)]¥ _ alssat)l¥ | alss(anlk

plus calendar time, e.g. d,[SS]¥ i 9a at

Basically, vaccination is accommodated by tripling the number of model
compartments, i.e. in the SIS model the number of compartments increases from
(SS,SI,1S,11} to {SS,SI,1S,11,SS|V,SI|V,IS|V,1I|V,SS|NV,SI|NV,IS|NV,II|NV} where |V
denotes “conditional on being successfully vaccinated” and |NV denotes “conditional
on being unsuccessfully vaccinated”. The rate at which individuals get successfully
vaccinated is a product of the rate of vaccine uptake o(a,t), itself dependent on age
and calendar time, and of the probability 7 that a vaccinated individual derives
vaccine-induced protection against infection. This probability, sometimes called
“vaccine take”, possibly depends on infection status at the time of immunization and

11



was thus considered state-specific, i.e. g¢s(a,t) = nsso(a, t), g;s(a, t) = m50(a,t), etc.
Successfully vaccinated individuals experience a reduced hazard of infection compared
to non-vaccinated (including unsuccessfully vaccinated) individuals, with @ denoting

the hazard reduction. The SIS model for targeted vaccination is thus given by:

dt[SS]f = Gi‘c(a) - ([,110]? + [/101]§c + [/111]?)[55]? + )’10[15]{'< + )’01[51]? — (u(a) +
oss(a, t))[SST¥

dc[IS1F = [A1olFISSTE — [Aal¥UISTE — vaolISTE + vou [11f — (u(a) + o15(a, D) [IS1F
de[SIT¥ = [201)F[SSTF — [0 JFISINF — you[STIF + yao[HTTF — (u(a) + o5, (a, ) [SINF
de[11F = [A11]F[SS1¥ + [AJEISTE + [0 1K ISTTE = (a0 + Yo) LI1E — (u(@) + oy (a, ) IITF

d[SS|VIf = oss(a, £)[SSTF — (1 — ?U)([/ho]l;c + [Aoalf + [/111]{‘()[55|V]{'{ + y10lISIVIF +
You[SIIVIE — u(@ISSIVI]

d [ISIVIf = o15(a, O[S + (1 — @) (Aol FISSIVIF — [AaIFUSIVIE) — yaolISIVIF +
Yo HIIVI¥ — u(a)[IS|V]¥

d[SIIVIF = o5 (a, O[SIF + (1 — @) (A1 IF[SSIVIE — [ALIFISIIVIE) — you [STIVIF +
YiolHIIVIE — u(@)[SI|V]F

d [V = oy (a, O + (1 — @) ([ IFISSIVIE + [AalFUSIVIF + [ALIF[SIIVIE) —
(Y10 + Yo HIV]F — p(@ V]

de[SSINVIF = (1 — mgs)a(a, ©)[SSTF — ([Aaolf + [Aoa]f + [A1a]F)[SSINVIF + y10[ISINV]E +
You[SIINVI — u(a)[SSINV]F

d[ISINVIF = (1 — mis)o(a, OISTf + ([Aolf [SSINVIF — [ ]FUSINVIE) — 1o [ISINV]F +
V01[”|NV] ,u(a)[IS|NV]

d.[SIINV]E = (1 — mg)o(a, O)[SITF + ([Ao11¥[SSINVIE — [ JE[SIINVIE) — you [SIINV]E +
YiolIINV]F — u(a)[SI|NVI

d [ITNV]f = (1 = my)o(a, t)[11]] +(An JE[SSINVIE + [AaIFUISINVIE + [ALJE[STINVIE) —
(Y10 + Yo UIINV]F — u(a) [H|NV] (Sys.8)

12



Infection hazards are modified by also considering vaccinated compartments in the
terms [P (d/, t)] in relation to the infection hazard under consideration. For instance,
transmission to the penile site only becomes dependent on

[)’1*([Sl(a',t)]i.+[51|V(a’,t)]j.+[SI|NV(a',t)]§+[II(a',t)]j.+[II|V(a',t)]j.+[II|NV(a’,t)];) N
Puq;N(a’t)

[P10]ij

31*<[Sl(a',t)]§.+[51|V(a’,t)]j.+[SI|NV(a',t)]i.+(1—,8*1)([11(a’,t)]§.+[II|V(a’,t)]§.+[II|NV(a’,t)];)>

Puq;N(a’t)

[P11]ij

with N(a,t) summed over all compartments, and so on. For simplicity, we assume
random mixing between vaccinated and non-vaccinated individuals, and similar

transmissibility of vaccinated and non-vaccinated individuals, once infected.

The SIS model for preadolescent boys’ vaccination is given by:

dt[SS]f = (1 -v(a, t))@f(a) - ([)qo]llEc + Mm]llEc + [/111]11?)[55]11Ec + Y10[15]{'{ + )’01[51]£c -
u(a)[SS]f

de[ISTF = [A1olFISSTF — [MalfUSTF — yaolISTE + vor [I1f — (@) [IS1F
de[SINF = [A011F[SSTF — [0 F[SITF — vou [SITF + vao 11} — p(a)[SIIf
d[111¥ = [A10F[SS1E + [AaI¥UISTF + [ 0¥ ISTT¥ — (rao + vo) [HTE — u(a)[11]¥

de[SSIVIf = v(a, )0f (@) — (1 — @) ([A1o]f + [Aoa]f + [A111F)[SSIVIF + yaolISIVIE +
You[SIIVI¥ — u(a)[SS|V]F
d USIVIF = (1 — @) ([A10)¥[SSIVIE — [Aa I¥USIVIE) — y1oISIVIE + you ITV]E —
u(@[IS|V1¥

d.[SI|V]f —(1—w)(101 [SSIVIF = [ JF[SIIVIE) = vou [SIVIF + yao[HTIV]F —
u(a)[SIV]E

de[HIV]F = (1 = @) ([A1]F[SSIVIE + [AalFUSIVIE + [ALIFISIIVIE) — (rao + vo) LIV —
u(@)[V]¥

d[SSINVIF = (1 — v(a, £))0F (@) — ([A10]¥ + [Ao1]¥ + [A11]F)[SSINVIE + y1o[ISINV]E +
You[SIINVI — u(a)[SSINV]F

13



d [ISINV]E = ([A1ol¥[SSINVI — [Aq1FISINVIF) — y1o[ISINVIE + yo  HTINV]F —
u(a)[ISINV]¥

d [SIINV]E = ([A01]F [SSINVIE — [0 JE[STINVIE) — you[SIINVIF + 10 [HIINV]f —
u(@)[SIINV]f

d HVIE = ([ FISSINVIE + [ ]FUISINVIE + [A0JFISTINVIE) = (vao + Yo [HTINV]E —
u(a)[1I|NV]E (Sys.9)

Here, v(a, t) denotes the probability of being successfully vaccinated in
preadolescence, i.e. prior to sexual debut. This probability is informed by vaccine
coverage in eligible cohorts, and depends on age and calendar time because
vaccinated individuals enter the at-risk population at various times since

immunization.
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