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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 IMLV A 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. SF ·· 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 uxFH = uxFL, indicated
as uxF , 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

u1F F symptomatic visit programmatic screening
u2F F background screening visit programmatic screening
u3F F symptomatic visit vaccination
u4F F background screening visit vaccination
u1M M symptomatic visit programmatic screening
u2M M background screening visit programmatic screening
u3M M symptomatic visit vaccination
u4M M background screening visit vaccination

Table S1: Definitions of the 8 controls to consider.
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S1.1.2 Model Equations

ṠMLZ =0.5απL − (ζML + γH + µ+ u2MγMB + u4MγMB − u2Mu4MγMB)SMLZ + δXSMLX + δV SMLV

+ ((1− u1M )(1− u3M )γMST + (1− u2M )(1− u4M )γMB + γMI)IMLZS

+ ((1− u2M )(1− u4M )γMB + γMI)IMLZA + γLSMHZ

ṠMLX =− (ζML + γH + µ+ δX + u4MγAT )SMLX + (u2M − u2Mu4M )γMBSMLZ + δV SMLXV

+ ((u1M − u1Mu3M )γMST + (u2M − u2Mu4M )γMB)IMLZS + (u2M − u2Mu4M )γMBIMLZA

+ ((1− u4M )γAT IMLXS + (1− u3M )γMST + γMI) + ((1− u4M )γAT + γMI)IMLXA + γLSMHX

ṠMLV =− (ζML(1− ψV ) + γH + µ+ δV + u2MγMB)SMLV + (u4M − u2Mu4M )γMBSMLZ + δXSMLXV

+ ((u3M − u1Mu3M )γMST + (u4M − u2Mu4M )γMB)IMLZS + (u4M − u2Mu4M )γMBIMLZA

+ ((1− u1M )γMST + γMI + (1− u2M )γMB)IMLV S + γMI + (1− u2M )γMBIMLV A + γLSMHV

ṠMLXV =− (ζML(1− ψV ) + γH + µ+ δV + δX)SMLXV + (u2Mu4M )γMBSMLZ + u4MγATSMLX

+ u2MγMBSMLV + (u1Mu3MγMST + u2Mu4MγMB)IMLZS + u2Mu4MγMBIMLZA

+ (u3MγMST + u4MγAT )IMLXS + u4MγAT IMLXA + (u1MγMST + u2MγMB)IMLV S

+ u2MγMBIMLV A + (γAT + γMST + γMI)IMLXV S + (γAT + γMI)IMLXV A + γLSMHXV

İMLZS = − (γH + µ+ γMST + γMB + γMI)IMLZS + ζML(1− πMA)SMLZ + δXIMLXS

+ δV IMLV S + γLIMHZS

İMLZA = − (γH + µ+ γMB + γMI)IMLZA + ζMLπMASMLZ + δXIMLXA + δV IMLV A + γLIMHZA

İMLXS = − (γH + µ+ γAT + γMST + γMI + δX)IMLXS + ζML(1− πMA)SMLX + δV IMLXV S + γLIMHXS

İMLXA = − (γH + µ+ γAT + γMI + δX)IMLXA + ζMLπMASMLX + δV IMLXV A + γLIMHXA

İMLV S = − (γH + µ+ γMST + γMI + γMB + δV )IMLV S + ζML(1− ψV )(1− πMA)SMLV

+ δXIMLXV S + γLIMHV S

İMLV A = − (γH + µ+ γMI + γMB + δV )IMLV A + ζML(1− ψV )πMASMLV + δXIMLXV A + γLIMHVA

İMLXV S = − (γH + µ+ γAT + γMST + γMI + δV + δX)IMLXV S + ζML(1− ψV )(1− πMA)SMLXV

+ γLIMHXV S

İMLXV A = − (γH + µ+ γAT + γMI + δV + δX)IMLXV A + ζML(1− ψV )πMASMLXV + γLIMHXV A

(S1)
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ṠMHZ =0.5απH − (ζMH + γL + µ+ u2MγMB + u4MγMB − u2Mu4MγMB)SMHZ + δXSMHX + δV SMHV

+ ((1− u1M )(1− u3M )γMST + (1− u2M )(1− u4M )γMB + γMI)IMHZS

+ ((1− u2M )(1− u4M )γMB + γMI)IMHZA + γHSMLZ

ṠMHX =− (ζMH + γL + µ+ δX + u4MγAT )SMHX + (u2M − u2Mu4M )γMBSMHZ + δV SMHXV

+ ((u1M − u1Mu3M )γMST + (u2M − u2Mu4M )γMB)IMHZS + (u2M − u2Mu4M )γMBIMHZA

+ ((1− u4M )γAT IMHXS + (1− u3M )γMST + γMI) + ((1− u4M )γAT + γMI)IMHXA + γHSMLX

ṠMHV =− (ζMH(1− ψV ) + γL + µ+ δV + u2MγMB)SMHV + (u4M − u2Mu4M )γMBSMHZ + δXSMHXV

+ ((u3M − u1Mu3M )γMST + (u4M − u2Mu4M )γMB)IMHZS + (u4M − u2Mu4M )γMBIMHZA

+ ((1− u1M )γMST + γMI + (1− u2M )γMB)IMHV S + γMI + (1− u2M )γMBIMHVA + γHSMLV

ṠMHXV =− (ζMH(1− ψV ) + γL + µ+ δV + δX)SMHXV + (u2Mu4M )γMBSMHZ + u4MγATSMHX

+ u2MγMBSMHV + (u1Mu3MγMST + u2Mu4MγMB)IMHZS + u2Mu4MγMBIMHZA

+ (u3MγMST + u4MγAT )IMHXS + u4MγAT IMHXA + (u1MγMST + u2MγMB)IMHV S

+ u2MγMBIMHVA + (γAT + γMST + γMI)IMHXV S + (γAT + γMI)IMHXV A + γHSMLXV

İMHZS = − (γL + µ+ γMST + γMB + γMI)IMHZS + ζMH(1− πMA)SMHZ + δXIMHXS + δV IMHV S

+ γHIMLZS

İMHZA = − (γL + µ+ γMB + γMI)IMHZA + ζMHπMASMHZ + δXIMHXA + δV IMHVA + γHIMLZA

İMHXS = − (γL + µ+ γAT + γMST + γMI + δX)IMHXS + ζMH(1− πMA)SMHX + δV IMHXV S + γHIMLXS

İMHXA = − (γL + µ+ γAT + γMI + δX)IMHXA + ζMHπMASMHX + δV IMHXV A + γHIMLXA

İMHV S = − (γL + µ+ γMST + γMI + γMB + δV )IMHV S + ζMH(1− ψV )(1− πMA)SMHV

+ δXIMHXV S + γHIMLV S

İMHVA = − (γL + µ+ γMI + γMB + δV )IMHVA + ζMH(1− ψV )πMASMHV + δXIMHXV A + γHIMLV A

İMHXV S = − (γL + µ+ γAT + γMST + γMI + δV + δX)IMHXV S + ζMH(1− ψV )(1− πMA)SMHXV

+ γHIMLXV S

İMHXV A = − (γL + µ+ γAT + γMI + δV + δX)IMHXV A + ζMH(1− ψV )πMASMHXV + γHIMLXV A

(S2)
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ṠFLZ =0.5απL − (ζFL + γH + µ+ u2FγFB + u4FγFB − u2Fu4FγFB)SFLZ + δXSFLX + δV SFLV

+ ((1− u1F )(1− u3F )γFST + (1− u2F )(1− u4F )γFB + γFI)IFLZS

+ ((1− u2F )(1− u4F )γFB + γFI)IFLZA + γLSFHZ

ṠFLX =− (ζFL + γH + µ+ δX + u4FγAT )SFLX + (u2F − u2Fu4F )γFBSFLZ + δV SFLXV

+ ((u1F − u1Fu3F )γFST + (u2F − u2Fu4F )γFB)IFLZS + (u2F − u2Fu4F )γFBIFLZA

+ ((1− u4F )γAT IFLXS + (1− u3F )γFST + γFI) + ((1− u4F )γAT + γFI)IFLXA + γLSFHX

ṠFLV =− (ζFL(1− ψV ) + γH + µ+ δV + u2FγFB)SFLV + (u4F − u2Fu4F )γFBSFLZ + δXSFLXV

+ ((u3F − u1Fu3F )γFST + (u4F − u2Fu4F )γFB)IFLZS + (u4F − u2Fu4F )γFBIFLZA

+ ((1− u1F )γFST + γFI + (1− u2F )γFB)IFLV S + γFI + (1− u2F )γFBIFLV A + γLSFHV

ṠFLXV =− (ζFL(1− ψV ) + γH + µ+ δV + δX)SFLXV + (u2Fu4F )γFBSFLZ + u4FγATSFLX

+ u2FγFBSFLV + (u1Fu3FγFST + u2Fu4FγFB)IFLZS + u2Fu4FγFBIFLZA

+ (u3FγFST + u4FγAT )IFLXS + u4FγAT IFLXA + (u1FγFST + u2FγFB)IFLV S + u2FγFBIFLV A

+ (γAT + γFST + γFI)IFLXV S + (γAT + γFI)IFLXV A + γLSFHXV

İFLZS = − (γH + µ+ γFST + γFB + γFI)IFLZS + ζFL(1− πFA)SFLZ + δXIFLXS + δV IFLV S + γLIFHZS

İFLZA = − (γH + µ+ γFB + γFI)IFLZA + ζFLπFASFLZ + δXIFLXA + δV IFLV A + γLIFHZA

İFLXS = − (γH + µ+ γAT + γFST + γFI + δX)IFLXS + ζFL(1− πFA)SFLX + δV IFLXV S + γLIFHXS

İFLXA = − (γH + µ+ γAT + γFI + δX)IFLXA + ζFLπFASFLX + δV IFLXV A + γLIFHXA

İFLV S = − (γH + µ+ γFST + γFI + γFB + δV )IFLV S + ζFL(1− ψV )(1− πFA)SFLV + δXIFLXV S + γLIFHV S

İFLV A = − (γH + µ+ γFI + γFB + δV )IFLV A + ζFL(1− ψV )πFASFLV + δXIFLXV A + γLIFHV A

İFLXV S = − (γH + µ+ γAT + γFST + γFI + δV + δX)IFLXV S + ζFL(1− ψV )(1− πFA)SFLXV + γLIFHXV S

İFLXV A = − (γH + µ+ γAT + γFI + δV + δX)IFLXV A + ζFL(1− ψV )πFASFLXV + γLIFHXV A

(S3)
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ṠFHZ =0.5απH − (ζFH + γL + µ+ u2FγFB + u4FγFB − u2Fu4FγFB)SFHZ + δXSFHX + δV SFHV

+ ((1− u1F )(1− u3F )γFST + (1− u2F )(1− u4F )γFB + γFI)IFHZS

+ ((1− u2F )(1− u4F )γFB + γFI)IFHZA + γHSFLZ

ṠFHX =− (ζFH + γL + µ+ δX + u4FγAT )SFHX + (u2F − u2Fu4F )γFBSFHZ + δV SFHXV

+ ((u1F − u1Fu3F )γFST + (u2F − u2Fu4F )γFB)IFHZS + (u2F − u2Fu4F )γFBIFHZA

+ ((1− u4F )γAT IFHXS + (1− u3F )γFST + γFI) + ((1− u4F )γAT + γFI)IFHXA + γHSFLX

ṠFHV =− (ζFH(1− ψV ) + γL + µ+ δV + u2FγFB)SFHV + (u4F − u2Fu4F )γFBSFHZ + δXSFHXV

+ ((u3F − u1Fu3F )γFST + (u4F − u2Fu4F )γFB)IFHZS + (u4F − u2Fu4F )γFBIFHZA

+ ((1− u1F )γFST + γFI + (1− u2F )γFB)IFHV S + γFI + (1− u2F )γFBIFHV A + γHSFLV

ṠFHXV =− (ζFH(1− ψV ) + γL + µ+ δV + δX)SFHXV + (u2Fu4F )γFBSFHZ + u4FγATSFHX

+ u2FγFBSFHV + (u1Fu3FγFST + u2Fu4FγFB)IFHZS + u2Fu4FγFBIFHZA

+ (u3FγFST + u4FγAT )IFHXS + u4FγAT IFHXA + (u1FγFST + u2FγFB)IFHV S

+ u2FγFBIFHV A + (γAT + γFST + γFI)IFHXV S + (γAT + γFI)IFHXV A + γHSFLXV

İFHZS = − (γL + µ+ γFST + γFB + γFI)IFHZS + ζFH(1− πFA)SFHZ + δXIFHXS + δV IFHV S + γHIFLZS

İFHZA = − (γL + µ+ γFB + γFI)IFHZA + ζFHπFASFHZ + δXIFHXA + δV IFHV A + γHIFLZA

İFHXS = − (γL + µ+ γAT + γFST + γFI + δX)IFHXS + ζFH(1− πFA)SFHX + δV IFHXV S + γHIFLXS

İFHXA = − (γL + µ+ γAT + γFI + δX)IFHXA + ζFHπFASFHX + δV IFHXV A + γHIFLXA

İFHV S = − (γL + µ+ γFST + γFI + γFB + δV )IFHV S + ζFH(1− ψV )(1− πFA)SFHV + δXIFHXV S + γHIFLV S

İFHV A = − (γL + µ+ γFI + γFB + δV )IFHV A + ζFH(1− ψV )πFASFHV + δXIFHXV A + γHIFLV A

İFHXV S = − (γL + µ+ γAT + γFST + γFI + δV + δX)IFHXV S + ζFH(1− ψV )(1− πFA)SFHXV + γHIFLXV S

İFHXV A = − (γL + µ+ γAT + γFI + δV + δX)IFHXV A + ζFH(1− ψV )πFASFHXV + γHIFLXV A

(S4)

Derived parameters

To simplify the model equations, we use several derived parameters:

• the entry rate of new high activity level persons, αH = (S····I·····)µπH ;

• the entry rate of new low activity level persons, αL = (S····I·····)µ(1− πH);

• the probability a high-activity man is infected, τMH = IMH···
IMH···+SMH··

;

• the probability an low-activity man is infected, τML = IML···
IML···+SML··

;

• the probability that – given the distribution of contacts between high- and low-activity levels
– a randomly chosen man is infected, τM = χHτMH+χLτML

χH+χL
;

• the probability an high-activity woman is infected, τFH = IFH···
IFH···+SFH··

;

• the probability an low-activity woman is infected, τFL = IFL···
IFL···+SFL··

;
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• the probability that – given the distribution of contacts between high- and low-activity levels
– a randomly chosen woman is infected, τF = χHτFH+χLτFL

χH+χL
;

• the force of infection for high-activity men, ζMH = ψχHβF τFH + (1− ψ)χHβF τF ;

• the force of infection for high-activity women, ζFH = ψχHβMτMH + (1− ψ)χHβMτM ;

• the force of infection for low-activity men, ζML = ψχLβF τFL + (1− ψ)χLβF τF ;

• the force of infection for low-activity women, ζFL = ψχLβMτML + (1− ψ)χLβMτM .

S1.2 Budget Constraint

ID Event Personnel Test Medication/
Vaccine

Internal External Total

c1 Background screening,
susceptible

92.05 35.09 – – 127.14 127.14

c2 Background screening,
infected

92.05 35.09 7.57 – 134.71 134.71

c3 Symptomatic visit 169.57 35.09 7.57 – 212.23 212.23
c4 Screening enrollment 54.68 – – 54.68 – 54.68
c5 Express screening, sus-

ceptible
92.05 35.09 – 127.14 – 127.14

c6 Express screening, in-
fected

92.05 35.09 7.57 134.71 – 134.71

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
(i)
Y to indicate the ith 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], i = 0, . . . , 9, or i = 0, . . . , 14, depending on the length of the
interval, the cost function Ci is computed as the integral

Ci = N

i+1∫
i

∑
k∈M,F

[
c4 · (uk1γkST (Ik·ZS + Ik·V S) + uk2γkB(Sk·V + (1− uk4)Sk·Z + Ik·Z· + Ik·V ·))

+ c5 · γkAT · (Sk·X + Sk·XV ) + c6 · γkAT (Ik·X· + Ik·XV ·)

+ c7 · (uk3γkST (Ik·ZS + Ik·XS) + uk4γAT (Sk·X + Ik·X·) + uk4γkB (Ik·Z· + (1− uk2)Sk·Z))

]
dt
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S1.3 Objective Function

The objective function was defined as the cumulative incidence:

INC = min
U=(uM1...,uF1...)

T∫
0

ζ··(S··Z + S··X + (1− ψV )(S··V + S··XV ))dt (S5)

S1.4 Numerical Methods

The considered optimization problem can be concisely formulated as follows:

minimize INC =

T∫
0

i(X(t))dt (S6a)

s.t. Ẋ = f(X,U) (S6b)

and Ci =

∫ i+1

i
b(X(t), U(t))dt ≤ Bi ∀i = 0, . . . T − 1. (S6c)

Here, X ∈ Rn
+ and U ∈ Rk

+ 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;
Bi 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, T ] was divided into T one-year-long intervals [i, i+ 1], i = 0, . . . T − 1. Over
each interval, the control variables were assumed to be constant with the values Ūi. Let X̄i be the
initial conditions at the beginning of the ith interval. Then the solution of (S6b) for X(i) = X̄i and
with U(t) = Ūi, t ∈ [i, i− 1), is defined as X (i, X̄i, Ūi; t). While the initial condition X̄0 was fixed
and equal to the equilibrium state of the system, the intermediate values X̄i, i = 1, . . . T − 1 were
considered as decision variables, whose values were determined from the so-called defect constraints:

X (i, X̄i, Ūi; i+ 1) = X̄i+1, ∀i = 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:

¯INC =

T−1∑
i=0

∫ i+1

i
i(X (i, X̄i, Ūi; t), Ūi)dt,

while the respective costs were computed in the same manner:

C̄i =

T−1∑
i=0

∫ i+1

i
b(X (i, X̄i, Ūi; t), Ūi)dt.

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

S7



problem

minimize ¯INC =

T−1∑
i=0

∫ i+1

i
i(X (i, X̄i, Ūi; t), Ūi)dt (S7a)

s.t. X (i, X̄i, Ūi; i+ 1) = X̄i+1, i = 0, . . . T − 2 (S7b)

and C̄i =

T−1∑
i=0

∫ i+1

i
b(X (i, X̄i, Ūi; t), Ūi)dt ≤ Bi ∀i = 0, . . . T − 1. (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.

Figure S3: Monthly incidence by sex and prevalence, by sex and sexual activity type, under primary
scenario
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Figure S4: Sensitivity of budget allocation under alternative epidemiological parameter inputs. All
vaccination and screening program enrollment occurred through symptomatic visits.
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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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Single-control Sex Infections
averted

Percent of
infections
averted

Courses of
antibiotics
spared

ICER: program,
10 years

Female screening alone,
from symptomatic
visits

Total 4,700 5.5 1,800 625
Male 2,600 5.7
Female 2,100 5.3

Female screening alone,
from background visits

Total 2,000 2.3 800 1,486
Male 1,100 2.4
Female 900 2.3

Female vaccination
alone, from
symptomatic visits

Total 7,600 8.9 2,700 394
Male 4,000 8.7
Female 3,600 9.2

Female vaccination
alone, from background
visits

Total 2,500 2.9 900 1,199
Male 1,300 2.8
Female 1,200 3.1

Male screening alone,
from symptomatic
visits

Total 3,200 3.8 1,200 925
Male 1,700 3.7
Female 1,500 3.8

Male screening alone,
from background visits

Total 1,300 1.5 500 2,269
Male 700 1.5
Female 600 1.5

Male vaccination alone,
from symptomatic
visits

Total 8,100 9.5 2,900 370
Male 4,500 9.8
Female 3,600 9.2

Male vaccination alone,
from background visits

Total 2,600 3.0 900 1,154
Male 1,400 3.0
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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