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S1 Supplemental Material

S1.1 Model

Individuals were either susceptible, S, or infected, I. Additionally, infected persons can be either
have symptoms or not (A/S). All susceptible individuals are either male or female (M/F), high or
low-activity (H/L), enrolled in screening, vaccinated, both, or neither (X/V/XV/Z). For example,
the term Ip;ry 4 indicates infected men with low-activity who are vaccinated, and not symptomatic.
The symbol - indicates the sum over the all partitions in that dimension, e.g. Sg.. gives the number
of susceptible women.

Individuals mix under the preferred mixing formulation where some contacts are reserved for
an activity-level specific mixing site (e.g. where only high-activity persons seek contacts) and the
remainder are made at a common site where high and low-activity persons mix. Mixing at the
common site is governed by proportional mixing. That is, some fraction of contact are reserved
only for persons of the same activity level, while the remaining contacts are made proportional
to the high and low activity levels. This formulation allows for enrichment of contact between
activity-levels than would occur by chance.

There is no mortality induced by the disease and the removal rate is constant for all states such
that the population size is fixed and there is always exactly 50% men and 50% women. Likewise,
there is movement between high and low-activity states but (assuming the initial conditions are the
disease-free equilibrium) the proportion of the population that is high-activity is constant assuming
constant parameter values.

Some fraction of persons that become infected will show symptoms. Those persons will seek
out screening and treatment at an elevated rate. Both susceptible and asymptomatically infected
men and women will seek out ‘background’ screening at a given rate, which will result in treatment
for those who are infected.

S1.1.1 Controls

We consider 8 total controls in the full system (Table S1). This means that u,ppg = u,pr, indicated
as uyp, where x € [1...4]. All of the controls are proportions, i.e. they all represent what proportion
of some existing flow go into a given control state, and therefore they should be in [0, 1].

Control | Sex Enrollment modality Type
ULF F  symptomatic visit programmatic screening
Ugp F  background screening visit programmatic screening
U3F F  symptomatic visit vaccination
UgF F  background screening visit vaccination
UL M  symptomatic visit programmatic screening
U2\ M  background screening visit programmatic screening
UM M  symptomatic visit vaccination
U4 N M  background screening visit vaccination

Table S1: Definitions of the 8 controls to consider.

S1



S1.1.2 Model Equations

Surz =0.5amy, — (Currn + vE + 1+ Uanr B + UaniymB — Uanuan Y B) Sz + Ox Surx + v Surry
+ (T — w1 ) (1 — uspr)ymst + (1 — wanr) (1 — wanr)ymB + ymr)Ivnzs
(1 —uon ) (1 — wang)ymB + vmr)Ivrza + yoSvuz

+ (
Smrx == (Cur +vH + pt+ 6x + wanryar)Svrx + (uans — uanuan))ymBSmrz + Sy Svrxv
+ ((uins — vineusng ) ymst + (van — vansvans)ymB)Ivnzs + (van — vensuan ) ymBInvLza
+ (I = wans)vardvrxs + (1 — uspr)ymst + ymr) + (1 — wane)yar + yvr)Ivnxa + voSvux
Smrv =— Cup(l = ¥v) +vu + g+ 0y + uanyars)Sary + (wans — uaniuant)ymBSurz + 6x Sarxv
+ ((usnr — vinrusng)ymst + (vans — vansvans)ymB)Ivpzs + (van — vensuans)ymBInvza
+ (1 — wine)ymst +yarr + (1 — vons)ymB) Ivrrvs + yar + (1 — vang ) ymsIvova + yoSuav
Surxv =— (L = ¥v) + v + p+ 0y + 6x)Svrxv + (anuan )y BSvLz + uamyarSmLx
+ uapymMBSMLV + (UimusnYmsT + vanruan Y B) L zs + vanuan Yy BIvLzA
+ (usmymst + uanyar)Ivrxs + vamvyarIvrxa + (vivymst + vavymB)Ivrvs
+ uanrymBIvva + (Yar + YmsT + ymr) Ivrxvs + (yar + yur)Ivixva +vpSvuuxv
Ininzs = — (i + e+ ymst +yms + v Ivnzs + Cun(L — mara) Sz + dx Inrxs
+ovivrvs +vrlvuzs
Intrza = — (vu + p+yup +yun)Ivrza + CurmvaSurz + 0xIvpxa +6vIviva +vilvpza
Inixs = — (v + p+var + st + yur +0x) Ivpxs + Cun(l — mara)Svrx + ovIvrxvs +volvmxs
Intnxa = — (va + p+yar + 1 +0x) Ivpxa + CurmvaSvrx + ovIvrxva +vrlvmxa

Invrvs = — (v + p+varst + 1 + s + 0v) Ivirvs + Cun(1— ¥y) (1 — wara)Sany
+dxImrxvs +yLlmavs
Ivrva = — (v + p+vur + s + 0v) Ivrva + Cun(L — vv)mvaSuvry + dxIvrxva + v Ivmva
Inipxvs = — (vi + 1+ var + st + yur + 6v + 6x) Inrxvs + Cup(l — vv) (1 — mara) Sunxv
+veimuxvs

Ivrxva = — (va + p+yar +yur +0v 4+ 0x) Invrxva + Cur(1 — v)mvaSvrxy +volvaxva
(S1)

S2



Syiz =0.5amy — (Curm + v + 1+ uenym B + U YMB — UenuanmYMB)Surz + 0x Sarax + 0y Samv
+ (1 = win) (X = uzng)ymst + (1 — uang ) (1 — wans)ymB + ymr)Ivazs
+ (L —u2n) (X — wang)ymB + ymr)Ivbaza + vuSvirz
Swvux =— (Cum + 9L + p+ 0x + wanyar)Svax + (uanr — onruan) Y BSyvuz + 0v Svmxv
((winr — vansusne ) ymst + (uans — uznvwant)YmB) Iva zs + (uan — uznvan)YmBIvaza
(1 = wgnr)varIvmxs + (1 —usnr)ymst + varr) + (1 — wang)yar + yur)Ivaxa + vaSvrx
Swav =— (G (L —¥v) + 9L + p+ 6v + uanyms)Svav + (Wans — wantans) YymBSvaz + 6xSvuxv
((
((
Swuuaxv =— Cunr (1 =) + L+ p+ v + 0x)Suaxv + (uanrvwan ) YmpSyuz + uanYAT SMHX
+uanymBSMmEY + (UinruspymsT + UenruanymB) I Ezs + venuanYMBIMEZA

usnr — w1 MUz )YMST + (wans — uanruant)ymB) v zs + (vane — uanuans )Yyl zA
1 —winr)ymst +ymr + (1 —vonr)ymB) Ivavs +ymr + (1 — vons)YymBIvava + yESMLy

+ (usmym st + vamyar) I xs + vamyarIvax a + (wimymst + vaviymB) Ivav s
+ uanrymBIvav A + (Yar + YmsT + ymr)Ivaxvs + (Yar + ymr)Ivaxva + YyESMLxv

Invmzs = — (o + p+yust + v + v Ivmzs + Cur (1 — mva)Svuz + dxIvmxs + 6vIvavs
+valMmrzs

Ivnza=— (v +p+yus + ) Ivmza + CunmmuaSunz + SxInmxa + ovIvava + yulvrza

Inrxs = — (vo + 1+ var + yust + v + 6x) Ivmxs + Cur (1 — mva)Svuax + dvivuxvs + yulvrxs

Invxa= — (vp +p+var +vur +0x) Ivmxa + CuamvaSvux +6vIivaxva +valvrxa

Innvs = — (vp + p+vust + yr + s + 0v) Ivavs + Cun (L —vv) (1 — mara)Suav

+0xInuxvs +valvLvs
Inva= — (v 4+ yaar +yus + 0v) Iava + Cur (1 — ¥v)maSuayv + dxIvmaxva + valuLva
Inmxvs = — (Yo + e+ var + st + v + 6v + 6x) Inmxvs + G (1 — pv) (1 — maa) Svmxy
+yulmLxvs

Ivmxva= — (Vo + i +var +yur + 0v + 0x) Invrxva + Cun (1 — ov)maSurxyv + valvixva
(52)
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Srrz =0.5a1s — (Crr + vm + i+ UarYFE + UarYFB — UsruarYFB)SFLZ + 0x SFLX + 0vSFLY
+ (1 =uip)(1 —usp)yrst + (1 — uor)(1 —war)yrB + vr1)IrLzs
+ (1 —uer)(1 —usr)yrB + Yr1)IFLZA + VL SFHZ
Srrx =— (CrL +7vm + B+ 0x + uapyar)Srrx + (uor — uapusr)YrBSFLZ + 0v SFLXV
((w1r — u1pusr)yrsT + (U2F — varuar)YrB)IFL2s + (U2F — U2Fusr)YFBIFLZA
(I = usap)varlrrxs + (1 — usp)yrst +vr1) + (1 = uarp)yar +vrr)Iroxa + vLSFaX
Srrv = — ((pr(1 —¥v) + vi + 1+ 8v + uepyrB)SrLv + (Uir — uspuar)YreSFLZ + 0x SPLXV
((
((
Srixv =— (Crp(1 = ¥v) +yu + o+ v + 0x)Srrxv + (uspuar)YrBSFLZ + UapyaTSFLX
+u2rYFBSFLV + (U1 FUsFYFST + U2FPUarYFB) FLzs + UorusrYFBIFLZA

usr — U1FU3F)YFPST + (Uar — Uaruar)YrB)IFLzs + (Uar — u2ruar)YFBIFLZA
1 —uwip)yrst +vrr + (1 —werp)yrB)IrLvs + vrr + (1 — wor)yrBIFLV A + YL SFHV

+ (uspyrsT + varvar)IrLxs + varyarlrrxa + (vipyrsT + woryrB)IrLvs + u2ryrBIrLv A
+ (var +vrst + Yrr)Irixvs + (Yar + vr1)lrxva + YLSraxv
Irrzs = — (yu 4+ w4 vest + e + ve1)Irrzs + Cro(1 — mpa)Skrz + 0xIrLxs + 0viIpLys + vrlrmzs
Irrza= — (va +p+vr8 +vr1)IpLza + CrrmraSrrz + 0xIrnxa + 0vIppva +volrza
Irrxs = — (ya + p+yar +yrst +vrr +0x)Irrxs + Cro(1 — mpa)Srrx + 0virnxvs +volruxs
Irrvs = — (vu + o+ vrst +vrr + 758 + v)IrLvs + Cro(l — ¥v)(1 — Tra)SkLv + OxIrLxvs + vilravs
Irrva=—(ya+p+yrr +7vrB +0v)Irrva + Crr(1 — Yv)mpaSery + 0xIrrxva + o lrmyva

YH + p+yar +YrsT + Y1 +0v +0x)IrLxvs + Crn(1 —Yv)(1 — mrpa)Srrxv + vilraxvs

—(
—(
—(

Irrxa= — (yu +p+yar +vrr +06x)Iprxa + CrrmraSrrx + 6vIrrxva + vilrmxa
—(
—(
Irpxvs = — (
—(

Yu + 4 var +vrr +0v + 6x)IrLxva + Cro(1 — Yv)TraSrrxv + Yrlraxv A
(S3)

Irpxva=
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Sriz =0.5amy — (Cra + VL + 1t + U2rYrB + UarYFB — UaruarYrB)SFHZ + OxSFHX + 0V SEHY
+ (1 —uip)(1 —usp)yrst + (1 —wep)(1 — uar)yrB + vr1)Irmzs
(1 —uop)(1 —ugp)vrB + Y1) FzA + YHSFLZ

Srux =— (Cpr + 7L + 1+ 0x + uapyar)Srax + (uep — wopusp)VFBSFHZ + 0vSFHXV

(u1r — u1rusp)YrsT + (U2F — U2rusr)YFB) FH2S + (U2F — U2rusr)YFBIFHZA

(1 —wsr)yarlraxs + (1 —usr)yrst + vr1) + (1 = wsp)yar + vrr)Iraxa + YaSrLx
Sruv = — (Cru(l —¥v) + 0 + p + 0y + uepyrp)Srav + (uap — Uopuar)YrBSFHZ + OX SFHXV

ugr — U1 FU3F)YFST + (Uar — Uaruar)YrB)IFHZS + (Uar — U2ruar)YFBIFHZ A

+ (
—(
+ (
+(
—(
+ (
+ (I —wip)yrst +vrr + (1 —w2rp)yrB)IFaVS + Y1 + (1 — w2r)YrBIFEV A + YHSFLV

(
(
Sruxv =— (Cru(l —¥v) + 71 + p+ v + 0x)Spaxv + (Werusr)VFESFHZ + UspYarSFPHX

+ uarYFBSFHV + (UV1FUFYFST + U2rusrYFB)IFHZS + UarusrYFBIFHZA

+ (usryrsT + waryar) lruxs + varyarlraxa + (Wipyrst + u2ryrB)IFHVS

+u2ryrBlFraVA + (VAT + YEST + YRI)IFHXVS + (YAT + YFI)IFHXVA + YHSFLXV

Irnzs = — (vo + 1w+ vrst + vr + vr1)Irnzs + Cru(1 — 7pa)Sruz + 6xIrnxs + 0vIruvs + yulrLzs

Iruza= — (v +pu+vr8 + ) Irnza + CrumraSruz + 0xIrnxa + ovIerava +vulriza
Irxs = — (o + p+var +vrst +vp1 + 0x)Irnxs + Cra(1 — 7pa)Srax + 0vipaxvs + vulrixs
Irgvs = — (v + p+ st +vr1 + 8 + 0v)Iravs + Cra(1 — ¥v)(1 — 7pa)Srav + dxIraxvs + yalrovs
Irnva= — (o +p+vrr +vr8 +6v)Ipava + Cru(l — Yv)mpaSeav + dxIpaxva +vulrLva

YL + o+ var + st +Yrr +0v + 0x)Iruxvs + Cra(l — v )(1 — mpa)Sruxv + Yalrrxvs

—(
= (
—(

Irnxa= —(vp+p+yar + 1 +6x)Ipaxa+ CrumraSrux + 6vIrnxva +vulrrxa
—(
—(
Irgxvs = —(
—(

YL+ o+ var +vrr +0v +0x)Iraxva + Cra(1 — Yv)mraSFaxV + YEIFLXV A
(S4)

Irpxva =

Derived parameters

To simplify the model equations, we use several derived parameters:
e the entry rate of new high activity level persons, ag = (S...L...)umg;

e the entry rate of new low activity level persons, ar, = (S...L..)u(1 — 7g);

e the probability a high-activity man is infected, Tpsg = IMHIM%,
e the probability an low-activity man is infected, Tpr7, = M#?

e the probability that — given the distribution of contacts between high- and low-activity levels

— a randomly chosen man is infected, 73y = XHTMHIXLTML
XH+XL
- s .. .. _ Ipy... .
e the probability an high-activity woman is infected, 7pg = o S
. .. .. . Ipp... .
e the probability an low-activity woman is infected, 7@, = S ETE Tt

S5



the probability that — given the distribution of contacts between high- and low-activity levels

— a randomly chosen woman is infected, 77 = %;

the force of infection for high-activity men, (g = YxuBr7ry + (1 — )X BFTF;

the force of infection for high-activity women, (rrg = UxuBymTvmr + (1 — V) xuaBrTar;

the force of infection for low-activity men, (yrr, = UXLBFrTFL + (1 — V)X LOFTF;

the force of infection for low-activity women, (rr, = V¥xrBmTavr + (1 — V) XxLBrmTar-

S1.2 Budget Constraint

ID Event Personnel Test Medication/ Internal External Total
Vaccine

c1  Background screening, 92.05 35.09 - 127.14 127.14
susceptible

ca  Background screening, 92.05 35.09 7.57 134.71 134.71
infected

c3  Symptomatic visit 169.57 35.09 7.57 212.23 212.23

¢4 Screening enrollment 54.68 - - 54.68 - 54.68

cs Express screening, sus- 92.05 35.09 - 127.14 - 127.14
ceptible

cg Express screening, in- 92.05 35.09 7.57 134.71 - 134.71
fected

c7  Vaccination 238.78 - 222.80 461.58 - 461.58

Table S2: Cost associated with the cost function. All values in 2022 US dollars. Only internal costs
were considered for the budget constraint

Certain flows in the model have associated costs (Table S2) defined as the integral of product of
the total flow and the cost over some period of time. Costs are divided into internal and external
components; both values are tracked but only the internal costs are budget constrained. We use
the term c, to indicate the ‘Internal’ cost as in table S2, X}(,Z) to indicate the i*" flow from state
Xy,and Xy to indicate the value of the state variable itself. We also assume that the system is
normalized such that it sums to 1 and N is the size of the population.

Thus, for each interval [i,i+ 1], =10,...,9, or i = 0,...,14, depending on the length of the
interval, the cost function C? is computed as the integral

%

+¢5 - Year - (Sk-x + Sk-xv) + 6 - Year (I x. + Ip.xv.)

+c7 - (uraVesT(Ik-zs + Ir.xs) + wrayar (Sk.x + Ir.x.) + upa kB (Ug.z. + (1 — ug2)Sk.2)) | dt
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S1.3 Objective Function

The objective function was defined as the cumulative incidence:

INC=  owin / C(Sg+Sox + (1= ) (S + Sx))dt (S5)

U=(upri--.sur1

S1.4 Numerical Methods

The considered optimization problem can be concisely formulated as follows:

minimize INC = /i(X(t))dt (S6a)
st X = f(X, U) (S6b)
and C; = / Ut)dt<B;, Yi=0,...T—1. (S6e)

Here, X € R} and U € ]Rﬁ_ are the states and the controls, all nonnegative; T' € N is the length of
the optimization interval, in years; i(X,U) and b(X,U) are the instantaneous incidence and cost;
B, are the upper limits on the yearly costs.

The optimization problem (S6) was solved using the direct multiple shooting method. To do so,
the whole interval [0, 7] was divided into T" one-year-long intervals [i,7 + 1], ¢ = 0,...7 — 1. Over
each interval, the control variables were assumed to be constant with the values U;. Let X; be the
initial conditions at the beginning of the ith interval. Then the solution of (S6b) for X (i) = X; and
with U(t) = U;, t € [i,i — 1), is defined as X (i, X;, U;;t). While the initial condition X, was fixed
and equal to the equilibrium state of the system, the intermediate values X;, i = 1,...T — 1 were
considered as decision variables, whose values were determined from the so-called defect constraints:

X(i, X, Upi+1) = X1, Vi=0,...T —2.

Note that the value of the state at the final time T is not restricted. Thus, the considered problem
is classified as the free end-point problem.

The total incidence to be minimized was computed as the sum of incidence computed over the
one-year-long intervals [i,i + 1], i =0,...,T — 1:

- T-1 41 _ _
INC = Z/ i(X (i, X3, Uiz t), Uy )dt,
i=0 71

while the respective costs were computed in the same manner:
B T—1 i+1 o -
Cl' = Z / b(X(i,Xi,Ui;t),Ui)dt.
K3

Hence, the optimization problem (S6) was reformulated as a nonlinear constrained minimization
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problem

T-1 .1
minimize INC = Z/ i(X (i, X;, Uss t), Uy)dt
=0 @
st. X(i, X, Ui +1) = X441, i =0,...7 —2
Tl i o B
and C; = Z/ b(X(i, X;,Us;t),U;)dt < B;
1=0 i

(S7a)
(S7b)

(S7c)

The solution to (S6b) was obtained using a numerical differential equation solver, while the who;e
problem (S7) was solved using the sequential quadratic programming method embedded in the

Matlab function fmincon.

Due to the rough functional landscape the optimization routine often converged to quasi-optimal
solutions. To overcome this problem, the optimization routine was run 50 times with random initial
guesses. The best 5 results were further used to generate a new set of initial guesses. Finally, the

best solution was retained.

S1.5 Figures and Tables
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Figure S1: Monthly infections averted, by sex, under selected scenarios
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Figure S2: Vaccinated states, by sex and sexual activity type, under primary scenario. States are
aggregated over susceptible/infectious categories.
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Figure S3: Monthly incidence by sex and prevalence, by sex and sexual activity type, under primary
scenario
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Figure S5: Proportion of budget allocation under additional scenarios: increasing the analytic
horizon or minimizing prevalence. All vaccination and screening program enrollment occurred
through symptomatic visits.
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Percent of Courses of
Single-control Sex Infections infections antibiotics ICER: program,
averted averted spared 10 years
Female screening alone, | Total 4,700 5.9 1,800 625
from symptomatic Male 2,600 5.7
visits Female 2,100 5.3
Female screening alone, Total 2,000 23 800 1,486
from background visits Male 1,100 24
Female 900 2.3
Female vaccination Total 7,600 8.9 2,700 394
alone, from Male 4,000 8.7
symptomatic visits Female 3,600 9.2
Female vaccination Total 2,500 2.9 900 1,199
alone, from background | Male 1,300 2.8
visits Female 1,200 3.1
Male screening alone, Total 3,200 3.8 1,200 925
from symptomatic Male 1,700 3.7
visits Female 1,500 3.8
. Total 1,300 1.5 500 2,269
Male screening alone,
from background visits Male 700 1o
Female 600 1.5
Male vaccination alone, | Total 8,100 9.5 2,900 370
from symptomatic Male 4,500 9.8
visits Female 3,600 9.2
. Total 2,600 3.0 900 1,154
Male vaccination alone,
from background visits Male 1,400 30
Female 1,100 2.8

Table S3: Infections averted and cost-effectiveness under single-control benchmarks. In the absence
of any control, there were 46,000 male infections, 39,300 female infections, 85,300 total infections,
and 29,900 courses of antibiotics used. Infections and antibiotic courses spared rounded to nearest
100. ICER: Incremental cost-effectiveness ratio, the additional cost per infection averted (difference
in costs divided by difference in infections). Within a given control, ICERs compared the costs
and infections under the single-control benchmark to the counterfactual costs and infections in the
absence of any intervention.
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