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Abstract:
Objectives: Models of mpox outbreaks have not fully accounted for epidemiologic heterogeneity by HIV
status and sexual risk behaviors. Therefore, our objectives were to develop an innovative compartmental
model that accounts for these heterogeneities and to evaluate the impact of targeted vaccination scenarios
in a theoretical outbreak of mpox in Washington, DC.
Methods: We developed a Susceptible-Vaccinated-Exposed-Infectious-Recovered (SVEIR) compartmental
model with six different risk strata accounting for sexual risk behaviors, HIV status, and CD4. We then
evaluated a theoretical 6-month outbreak of mpox in Washington, DC under various targeted vaccination
scenarios. From each vaccination scenario, we chose an optimal set of vaccination rates based on the
number of mpox cases, severe cases, deaths, and effective reproduction number (Reff).
Results: We found that vaccinating 25% of individuals with high sexual risk behaviors was optimal. If
vaccination is introduced immediately, this scenario resulted in only 316 mpox cases, no deaths, an Reff of
1.69 at the end of the 6-month period, and only required vaccinating 9,090 individuals.
Conclusions: In order to control future mpox outbreaks, vaccination campaigns should target individuals
with high sexual risk behaviors and be implemented in tandem with isolation protocols and partner reduc-
tion.

Keywords: Mpox; Vaccination; SVEIR; HIV; Sexual risk behaviors.
AMS Math Codes: 92D30.

1 Introduction

In the summer of 2022, the world saw the first global outbreak of mpox, an orthopoxvirus formerly known as
“monkeypox” [1]. Transmission occurred primarily through sexual contact and nearly half the cases of mpox occurred
among people with HIV (PWH). Clinical outcomes were also found to be more severe among those with HIV, especially
those with low CD4 or high HIV viral loads [2,3]. The unprecedented outbreak led to an Emergency Use Authorization
of the vaccine, JYNNEOS, which is a live-attenuated non-replicating vaccine [4]. Patients are considered immune after
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2 doses typically given 4 weeks apart and effectiveness has been found to range from 66.0% to 86.9%, although this
is lower among those who are immunocompromised [5–7].

Mathematical models of infectious diseases are a useful tool to conceptualize outbreak dynamics and analyze the
theoretical impact of potential interventions, such as vaccination and social distancing [8]. A subset of mathematical
modeling, known as compartmental modeling, can be used to evaluate the impact of large-scale mpox vaccination
among populations of PWH. For instance, populations could be measured as susceptible to mpox, exposed to mpox,
infectious with mpox, and recovered/removed from the population after either death or mpox recovery. To account
for vaccination, an additional compartment can be added that places theoretical individuals into the vaccinated com-
partment and therefore protected from infection. Once this model is in place, various levels of vaccination in different
subpopulations can be evaluated to model the change in mpox outbreak dynamics under differing vaccination condi-
tions [9,10].

Multiple studies have previously used mathematical modeling to evaluate mpox outbreaks [9–12]. However, none
have accounted for the epidemiologic heterogeneity by sexual risk behaviors, HIV status, and CD4 level to analyze
different vaccination scenarios. As mpox cases continued to be reported throughout 2025, a model focusing on these
heterogeneities is needed to better understand the impact of mpox vaccination. Therefore, using Washington, DC as
the model city, we aimed to model the impact of various vaccination scenarios stratified by sexual risk behaviors, HIV
status, and CD4 level using an SVEIR-modeling approach.

2 Methods

2.1 Model Parameterization

We employed a heterogeneous Susceptible-Vaccinated-Exposed-Infectious-Recovered (SVEIR) model to account for
varying disease dynamics among people with and without HIV, people with low and high CD4, and people who take
part in high and low rates of sexual risk behavior. Specifically, we stratified our model by the following six groups:

(1) People without HIV with low sexual risk behavior

(2) People without HIV with high sexual risk behavior

(3) PWH and high CD4 with low sexual risk behavior

(4) PWH and high CD4 with high sexual risk behavior

(5) PWH and low CD4 with low sexual risk behavior

(6) PWH and low CD4 with high sexual risk behavior

Here, high CD4 was defined as having a CD4 ≥ 200 cells/µL and low CD4 was defined as having a CD4 < 200
cells/µL. High risk sexual behavior was defined as having multiple sex partners in the past 3 months, more than
5 sex partners within a year, or any other sexual behaviors consistent with recommendations for HIV pre-exposure
prophylaxis (PrEP) [13]. A representation of the SVEIR model can be found in Figure 1 and the stratified model can
be found in Figure 3.

We evaluated a theoretical outbreak over 26 weeks, representing the approximate 6-month peak of the 2022 mpox
outbreak. Specifically, we modeled a theoretical population of 25,000 people at risk for mpox in Washington, DC
and defined our model inputs using findings from the literature, published data from the DC Department of Health,
and unpublished composite data from the DC Cohort Longitudinal HIV study, whose methods have been described
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Figure 1: Collapsed overview of the SVEIR model schema. Let i = [1, 2, 3, 4, 5, 6] correspond to each risk group.

previously in detail [14–16]. For sexual partnerships, we used the proportionate mixing assumption in which the
likelihood of a sex partner being selected is proportional to the number of sex acts. Inputs supported by multiple
sources were considered to be “High” confidence, inputs supported by only one source were considered “Medium”
confidence, and inputs not directly supported by a source were considered “Low” confidence. An overview of model
parameters can be found in Table 3. As this analysis did not involve human subjects, it is not considered human
subjects research and therefore no ethical approvals were required.

2.2 Model Compartments

A representation of the model compartments can be found in Figure 1. For each notation, let i = [1, 2, 3, 4, 5,
6]. People enter the susceptible compartment (Si) at a rate of Λi individuals per week. Individuals in the suscepti-
ble compartment enter the vaccinated compartment (Vi) at a rate of ψi per week. Remaining individuals in the Si

compartment enter the non-vaccinated exposed compartment (Ein) at a rate of λi(I) per week after coming into con-
tact with an individual who is infectious. Similarly, individuals in the Vi compartment enter the vaccinated exposed
compartment (Eiv) at a rate of λiv(I), which is a modified force of infection to account for vaccine efficacy. Contacts
happen at a rate of cjβi per week, where cj is the current number of sexual partners per week and βi is the probability
of mpox transmission per partnership. For contact rates across all compartments, we assumed proportionate mixing.

Individuals in the (Ein) compartment and the (Eiv) compartments can enter the mild infectious compartment (Iim)
at rates σinm and σivm, respectively. Alternatively, individuals in the (Ein) compartment and the (Eiv) compartments
can enter the severe infectious compartment (Iis) at rates σins and σivs, respectively.

Once infectious, individuals in the (Iim) compartment enter the mild recovered (Rim) compartment at a rate of γim.
Individuals in the (Iis) compartment can enter the severe recovered (Ris) compartment at a rate of γisr or can enter
the death compartment (Di) at a rate of γisd. Of note, since death due to mpox would denote a severe infection, we
are assuming there is no risk of death due to mpox among those with mild infection.

Additionally, individuals can die of natural causes at a rate of µi per week across each of the following compartments:
Si, Vi, Ein, Eiv, Iim, Iis, Rim, Ris. For the purposes of this model, it is assumed that reinfection is not possible and that
natural cause of death is the only way for a person to leave a recovered compartment.
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2.3 Model Equations

If we let i = [1, 2, 3, 4, 5, 6] correspond to each risk group labeled above, then each stratum of our model yields
the following ordinary differential equations:

dSi(t)/dt =Λi − (ψi + λi(I) + µi)× Si(t),

dVi(t)/dt =(ψi)× Si(t)− (λiv (I) + µi)× Vi(t),

dEin(t)/dt =(λi(I))× Si(t)− (σinm + σins + µi)× Ein(t),

dEiv(t)/dt =(λiv (I))× Vi (t)− (σivm + σivs + µi )× Eiv (t),

dIim(t)/dt =(σinm)× Ein(t) + (σivm)× Eiv(t)− (γim + µi)× Iim(t),

dIis(t)/dt =(σins)× Ein(t) + (σivs)× Eiv(t)− (γisr + γisd + µi)× Iis(t),

dRim(t)/dt =(γim )× Iim (t)− (µi )×Rim(t),

dRis(t)/dt =(γisr )× Iis(t)− (µi)×Ris(t),

dDi(t)/dt =(γisd)× Iis(t).

2.4 Statistical Analysis

All analyses were conducted using R (Boston, MA) [17]. To ensure our model parameters were valid, we evaluated
our model based on the real-world conditions of the 2022 outbreak in Washington, DC. Specifically, our initial condi-
tions included 3 individuals who were infectious, 9 individuals who were exposed, and vaccinating 10% of people per
week starting at Week 13. We then compared the number of mpox cases at the end of a 6-month period to the number
of mpox cases in Washington, DC in order to ensure model validity. Justifications for each of these starting parameters
can be found in the Supplemental Text.

Once our parameters were finalized and our model was validated, we evaluated the outcomes of an outbreak under
25 different test vaccination scenarios. First, we evaluated the outbreak if vaccination was introduced at Week 7, as
was in the real-world outbreak. In this scenario, effective immunity would begin at Week 13. Then, we repeated
the analysis again, but this time introducing the vaccine immediately at the start of the outbreak in which effective
immunity would begin at Week 6. From each of these two timelines, we determined the optimal vaccination rate
for each group based on the number of mpox cases, severe infections, deaths, vaccines distributed, and effective
reproduction number (Reff).

The Reff is the number of secondary cases that typically result from one infectious individual at a specified time in
the outbreak [8]. It is based on the basic reproduction number (R0), which is the number of secondary cases that
typically result from one infectious individual in a completely susceptible population. The Reff can be calculated as
follows:

Reff = ((

6∑
i=1

Si + (1− ei)Vi)/N)R0.

Additional details about formula inputs and calculation of the R0 can be found in supplemental text.

A list of the test vaccination scenarios can be found in Table 4. We then evaluated 10 targeted vaccination scenarios
in which the optimal vaccination rates were only applied to specific strata, such as only those with high sexual risk
behaviors or only PWH. Finally, we determined the optimal vaccination scenario from the 35 different combinations at
each vaccination introduction timepoint.
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After the optimal vaccination scenario was selected, we evaluated the scenario in 10 different sensitivity analyses
(A-J). Specifically, we evaluated scenarios with alternative vaccine efficacy, behavioral changes, isolation protocols,
and a higher mortality. An overview of the specific parameters changed for each scenario can be found in Table 5.

3 Results

3.1 Validation Model

We modeled a theoretical outbreak of mpox in Washington, DC using SVEIR compartmental modeling. Once all
model parameters were determined (Table 3), we ran a 6-month simulated outbreak starting with the real-world
parameters mentioned above. Under this scenario, we calculated an R0 value of 2.66 for our theoretical outbreak,
which aligns with the upper end of the global R0 values calculated during the 2022 outbreak [18–21]. After 6 months,
we simulated 543 cases of mpox, of which 51 were severe and 1 resulted in death. In this scenario, 16,377 individuals
were fully vaccinated at the end of the 6-month period, and the Reff was reduced to 1.08. These results were similar
to the number of mpox cases in the 2022 outbreak in Washington, DC and therefore we considered our model valid.

3.2 Optimal Vaccination Scenario

We evaluated 25 test vaccination scenarios in which different vaccination rates were applied to each risk group at
Week 7. When no vaccination was applied to any group, there were 799 cases of mpox and the Reff was still 2.34 after
6 months (Table 1; Scenario 1). The largest drop in mpox cases and Reff was from Scenario 5 to Scenario 7, which
involved introducing vaccination to the two largest groups, risk groups 1 and 2 (Figure 2).

When 25% of all susceptible individuals were vaccinated per week, only 437 cases of mpox occurred, of which
40 were severe and no deaths occurred (Table 1; Scenario 13). After 6 months, the Reff was reduced to only 0.67.
However, this scenario did require vaccinating about 5,000 more people than when only 10% were vaccinated per
week. In the best scenario, vaccinating 95% of susceptible individuals per week, only 351 cases of mpox occurred,
of which 31 were severe and no deaths occurred. This scenario resulted in an Reff of 0.60 by the end of the 6-month
period (Table 1; Scenario 25).

Next, we applied a 10% vaccination rate to only those in the high sexual risk behavior groups and found 643 cases
of mpox occurred, with an Reff of 1.85 after 6 months. When this rate was increased to 25% per week, only 565
cases occurred, which is similar to the effect of vaccinating 10% of all individuals per week but requires vaccinating
approximately 8,000 less individuals (Table 1; Scenario 30). Only vaccinating 25% of those with low CD4 or 25%
of all PWH a week did not result in a substantial reduction of mpox cases when compared to the scenario with no
vaccinations (Table 1; Scenario 31 and 32).

Then, we evaluated the same scenarios above, but allowing vaccination to start immediately. In all scenarios, this
immediate vaccination resulted in better outcomes than when vaccination was delayed (Table 2). Once more, the
largest drop in mpox cases and Reff occurred between Scenario 5 and Scenario 7 (Figure 2). Our findings showed
that if the mpox vaccine had been introduced as soon as the outbreak was detected and 10% of all individuals were
vaccinated per week, only 286 cases of mpox would have occurred after 6 months and the Reff would have dropped to
0.85 (Table 2; Scenario 7). When only individuals with high sexual risk behaviors were vaccinated at a rate of 10% a
week, only 411 cases of mpox occurred and the Reff was 1.78 after 6 months (Table 2; Scenario 26). When this rate
was increased to 25%, only 316 cases of mpox occurred (Table 2; Scenario 30). Once again, scenarios in which only
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those with low CD4 or only PWH were vaccinated did not result in much improvement from the scenario in which no
one is vaccinated (Table 2; Scenario 30 and 31). After evaluating each of the scenarios in the delayed vaccination and
immediate vaccination conditions, we determined that implementing the vaccination rates in Scenario 30 immediately
after outbreak was most optimal. Despite this scenario having an Reff > 1 after 6 months, it resulted in a lower number
of mpox cases than in the real-world outbreak, no deaths, and had the lowest number needed to vaccinate compared
to scenarios with similar outcomes. A graph of the outbreak dynamics over time for Scenario 30 can be found in
Figure 4.

Table 1: Simulated outbreak results if each respective vaccination rate is introduced 7 weeks into the model. In this scenario,
vaccinated individuals are immune as early as Week 13. Scenario 7 represents the real-world vaccination scenario.

Scenario
Group 1

(ψ1)
Group 2

(ψ2)
Group 3

(ψ3)
Group 4

(ψ4)
Group 5

(ψ5)
Group 6

(ψ6)

All
Infections

after 6
months

Severe
Infections

after 6
months

Deaths
after 6
months

Individuals
Vaccinated

after 6
months

Effective
Reproduction

Numbera

1b 0.0 0.0 0.0 0.0 0.0 0.0 799 80 1 0 2.34
2 0.0 0.0 0.0 0.0 0.0 0.10 798 80 1 28 2.34
3 0.0 0.0 0.0 0.0 0.10 0.10 798 80 1 69 2.34
4 0.0 0.0 0.0 0.10 0.10 0.10 790 79 1 462 2.31
5 0.0 0.0 0.10 0.10 0.10 0.10 782 77 1 1052 2.26
6 0.0 0.10 0.10 0.10 0.10 0.10 638 62 1 7203 1.80
7c 0.10 0.10 0.10 0.10 0.10 0.10 543 51 1 16377 1.08
8 0.10 0.10 0.10 0.10 0.10 0.25 543 51 1 16386 1.08
9 0.10 0.10 0.10 0.10 0.25 0.25 543 51 1 16400 1.08

10 0.10 0.10 0.10 0.25 0.25 0.25 540 51 1 16529 1.07
11 0.10 0.10 0.25 0.25 0.25 0.25 537 51 1 16721 1.06
12 0.10 0.25 0.25 0.25 0.25 0.25 482 45 1 18746 0.90
13 0.25 0.25 0.25 0.25 0.25 0.25 437 40 0 21739 0.67
14 0.25 0.25 0.25 0.25 0.25 0.70 436 40 0 21740 0.67
15 0.25 0.25 0.25 0.25 0.70 0.70 436 40 0 21743 0.67
16 0.25 0.25 0.25 0.70 0.70 0.70 434 40 0 21766 0.67
17 0.25 0.25 0.70 0.70 0.70 0.70 432 39 0 21799 0.66
18 0.25 0.70 0.70 0.70 0.70 0.70 397 36 0 22169 0.64
19 0.70 0.70 0.70 0.70 0.70 0.70 364 33 0 22700 0.60
20 0.70 0.70 0.70 0.70 0.70 0.95 364 33 0 22700 0.60
21 0.70 0.70 0.70 0.70 0.95 0.95 364 33 0 22700 0.60
22 0.70 0.70 0.70 0.95 0.95 0.95 363 33 0 22700 0.60
23 0.70 0.70 0.95 0.95 0.95 0.95 363 33 0 22701 0.60
24 0.70 0.95 0.95 0.95 0.95 0.95 357 32 0 22709 0.60
25 0.95 0.95 0.95 0.95 0.95 0.95 351 31 0 22718 0.60
26d 0.0 0.10 0.0 0.10 0.0 0.10 643 63 1 6569 1.85
27 0.0 0.0 0.10 0.10 0.10 0.10 782 77 1 1052 2.26
28 0.0 0.0 0.0 0.0 0.10 0.10 798 80 1 69 2.34
29 0.0 0.0 0.0 0.10 0.0 0.10 790 79 1 421 2.31
30d 0.0 0.25 0.0 0.25 0.0 0.25 565 55 1 8714 1.69
31 0.0 0.0 0.25 0.25 0.25 0.25 769 76 1 1393 2.24
32 0.0 0.0 0.0 0.0 0.25 0.25 797 79 1 91 2.34
33 0.0 0.0 0.0 0.25 0.0 0.25 783 78 1 557 2.30
34 0.10 0.25 0.10 0.25 0.10 0.25 485 46 1 18540 0.92
35 0.10 0.10 0.25 0.25 0.25 0.25 537 51 1 16721 1.06

aMeasured after 6 months; bBaseline vaccination scenario used in sensitivity analyses to evaluate outbreak outcomes in the
absence of any vaccine; cReal-world outbreak scenario; dOptimal vaccination scenarios used in sensitivity analyses
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Table 2: Simulated outbreak results if each respective vaccination rate is introduced immediately once a case is detected. In this
scenario, vaccinated individuals are immune as early as Week 6.

Scenario
Group 1

(ψ1)
Group 2

(ψ2)
Group 3

(ψ3)
Group 4

(ψ4)
Group 5

(ψ5)
Group 6

(ψ6)

All
Infections

after 6
months

Severe
Infections

after 6
months

Deaths
after 6
months

Individuals
Vaccinated

after 6
months

Effective
Reproduction

Numbera

1b 0.0 0.0 0.0 0.0 0.0 0.0 799 80 1 0 2.34
2 0.0 0.0 0.0 0.0 0.0 0.10 796 79 1 33 2.34
3 0.0 0.0 0.0 0.0 0.10 0.10 794 79 1 82 2.34
4 0.0 0.0 0.0 0.10 0.10 0.10 766 76 1 552 2.31
5 0.0 0.0 0.10 0.10 0.10 0.10 742 73 1 1257 2.25
6 0.0 0.10 0.10 0.10 0.10 0.10 403 38 0 8643 1.72
7 0.10 0.10 0.10 0.10 0.10 0.10 286 25 0 19686 0.85
8 0.10 0.10 0.10 0.10 0.10 0.25 286 25 0 19691 0.85
9 0.10 0.10 0.10 0.10 0.25 0.25 285 25 0 19699 0.85
10 0.10 0.10 0.10 0.25 0.25 0.25 282 25 0 19772 0.84
11 0.10 0.10 0.25 0.25 0.25 0.25 278 24 0 19879 0.83
12 0.10 0.25 0.25 0.25 0.25 0.25 227 20 0 21027 0.75
13 0.25 0.25 0.25 0.25 0.25 0.25 195 16 0 22709 0.62
14 0.25 0.25 0.25 0.25 0.25 0.70 195 16 0 22709 0.62
15 0.25 0.25 0.25 0.25 0.70 0.70 194 16 0 22709 0.62
16 0.25 0.25 0.25 0.70 0.70 0.70 193 16 0 22715 0.62
17 0.25 0.25 0.70 0.70 0.70 0.70 191 16 0 22721 0.62
18 0.25 0.70 0.70 0.70 0.70 0.70 168 14 0 22808 0.61
19 0.70 0.70 0.70 0.70 0.70 0.70 148 12 0 22921 0.60
20 0.70 0.70 0.70 0.70 0.70 0.95 148 12 0 22921 0.60
21 0.70 0.70 0.70 0.70 0.95 0.95 148 12 0 22921 0.60
22 0.70 0.70 0.70 0.95 0.95 0.95 148 12 0 22921 0.60
23 0.70 0.70 0.95 0.95 0.95 0.95 148 12 0 22921 0.60
24 0.70 0.95 0.95 0.95 0.95 0.95 145 12 0 22925 0.60
25 0.95 0.95 0.95 0.95 0.95 0.95 141 11 0 22930 0.60
26c 0.0 0.10 0.0 0.10 0.0 0.10 411 40 0 7883 1.78
27 0.0 0.0 0.10 0.10 0.10 0.10 742 73 1 1257 2.25
28 0.0 0.0 0.0 0.0 0.10 0.10 794 79 1 82 2.34
29 0.0 0.0 0.0 0.10 0.0 0.10 768 76 1 503 2.31
30c 0.0 0.25 0.0 0.25 0.0 0.25 316 30 0 9090 1.69
31 0.0 0.0 0.25 0.25 0.25 0.25 711 69 1 1448 2.24
32 0.0 0.0 0.0 0.0 0.25 0.25 792 79 1 95 2.34
33 0.0 0.0 0.0 0.25 0.0 0.25 750 74 1 579 2.31
34 0.10 0.25 0.10 0.25 0.10 0.25 230 20 0 20913 0.76
35 0.10 0.10 0.25 0.25 0.25 0.25 278 24 0 19879 0.83

aMeasured after 6 months; bBaseline vaccination scenario used in sensitivity analyses to evaluate outbreak outcomes in the
absence of any vaccine; cOptimal vaccination scenarios used in sensitivity analyses.

3.3 Sensitivity Analyses

As mentioned above, immediate vaccination using the rates in Scenario 30 was the most optimal scenario for a
6-month theoretical outbreak of mpox. In this scenario, 25% of individuals in each of the high sexual risk behavior
groups are vaccinated per week. However, in the real-world outbreak, only 10% of individuals were vaccinated per
week, so a rate as high as 25% may not be possible [22, 23]. Therefore, we chose Scenario 26 and Scenario 30 to be
used in the sensitivity analyses in order to evaluate the optimal scenario 80 and a more realistic optimal scenario. For
the purposes of comparison, we also evaluated Scenario 1, in which no one is vaccinated over the 6-month period.
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Figure 2: Number of mpox cases and effective reproduction number 6 months after outbreak start for each of the 25 test vaccination
scenarios under each of the vaccination introduction timelines.

An overview of each sensitivity analysis can be found in Table 5. The optimal vaccination scenario of vaccinating
25% of individuals with high sexual risk behaviors (Scenario 30) remained the optimal scenario across each of the
sensitivity analyses (Figure 5 and Figure 6). Of note, when partner reduction, barrier protection use, or isolation
protocols were evaluated, the scenario with no vaccination (Scenario 1) did not differ from either of the vaccination
scenarios in terms of number of mpox cases, although it did differ with regards to Reff. The best scenario occurred
when vaccination was implemented in tandem with isolation protocols and partner reduction methods (Figure 5 and
Figure 6). For a detailed overview of the sensitivity analysis results, see the Supplemental Text.

4 Discussion

By evaluating a theoretical outbreak of mpox in Washington, DC using an SVEIR compartment model, we determined
that immediately vaccinating 25% of susceptible individuals with high sexual risk behaviors per week was the most
optimal vaccination scenario (Scenario 30). This scenario resulted in a substantially lower number of mpox cases
than in the real-world outbreak but only required vaccinating 9,090 individuals within the first 6 months. Therefore
reducing the number needed to vaccinate by 7,000 individuals, saving over 14,000 doses of the vaccine.

Although we found that immediate implementation of Scenario 30 was optimal, it may not be possible to immedi-
ately introduce this scenario once a case is detected. However, even when we modeled Scenario 30 under the delayed
vaccination model, the 6-month outbreak only resulted in 565 cases. This is approximately the same number of cases
in the real-world outbreak, while still reducing the number needed to vaccinate by the number in the validation model.
A comparison of the outbreak dynamics when Scenario 30 was immediate or delayed can be found in Figure 4.
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Furthermore, although we know a 25% vaccination rate per week may not be feasible, a 10% vaccination rate is
feasible since it was implemented in the real-world outbreak. If this 10% vaccination rate had been implemented
immediately in Washington, DC, our model suggests only 286 cases of mpox would have occurred and Reff would
have been less than 1 after 6 months. If only 10% of individuals with high sexual risk behaviors were vaccinated each
week, only 411 cases of mpox would have occurred, which is still lower than the original outbreak and once again
requires vaccinating 9,000 fewer individuals. However, if vaccination was delayed, this scenario resulted in more mpox
cases than were found in the validation model, suggesting this scenario may not be optimal if vaccination cannot be
implemented earlier.

After evaluating the optimal scenarios, we tested various sensitivity analyses and found that introducing isolation
protocols within 3-4 days of symptom onset resulted in a substantial drop in mpox cases, regardless of vaccination.
Isolation protocols also reduced the number of mpox cases during a surge event by 2,000-14,000, depending on vacci-
nation scenario (Figure 5). Furthermore, when partner reduction was added in combination with isolation protocols,
the lowest number of mpox cases resulted, showing these interventions are highly effective when used in tandem
(Figure 5 and Figure 6).

Overall, we propose that the most ideal vaccination scenario for reducing incidence of mpox in Washington, DC is
vaccinating 25% of the susceptible individuals with high sexual risk behaviors per week. When this is done in tandem
with lowering the number of sex partners and isolating within 3-4 days of symptom onset, cases are likely to be
substantially reduced. Previous models have also shown that vaccination alone is not sufficient to control an outbreak,
but rather additional measures such as vaccine mandates, isolation, contact tracing, and sexual risk behavior reduction
are needed [9,11,12]. A mathematical model of mpox also set in Washington, DC used a dynamic transmission network
approach to show that vaccination and behavioral changes together averted 80% of mpox cases [24]. Similarly, an
individual-based modeling approach showed that vaccinating 23% of those who take part in high sexual activity would
be sufficient for controlling an mpox outbreak, which aligns with our recommendation to only vaccinate those with
high sexual risk behaviors [25]. A more recent model by Omame et. al. showed that reduction in sexual risk behaviors
and control of HIV through ART use can be used to control an mpox outbreak in an HIV-mpox coinfection outbreak
scenario [26]. All of these models align with our findings that a combination of targeted vaccination, behavioral
changes, and isolation protocols are required to control future mpox outbreaks.

Our study has several limitations. First, we assumed proportionate mixing where the likelihood of a sex partner
being selected is proportional to the number of sex acts they take part in. This method of modeling sex partners may
not be entirely accurate as it is not able to capture the tendency for people to select sex partners who are more like
them [27]. A “with-like” mixing assumption may be more accurate to model the likelihood of a chosen sex partner
being in the high or low sexual risk behavior group [27]. If this assumption had been included in the model, it is
likely case counts would have gone up as people in the high sexual risk behaviors group would have been more likely
to select a partner with high sexual risk behaviors and therefore more likely to select a partner with mpox. However,
adding this assumption would have introduced an additional layer of uncertainty as it may be difficult to determine the
degree to which people are more likely to select similar sex partners. Even still, if this assumption had been included,
it would have reinforced our conclusion that the optimal vaccination scenario is only vaccinating individuals with high
sexual risk behaviors as cases would have likely remained concentrated to this group. Our model also did not allow for
the number of sex partners to change over time. Although multiple studies have found significant changes in sexual
activity among men who have sex with men in response to the mpox outbreak, our model was not able to account for
these variations [25, 28–31]. Similarly, we could not account for sexual networks that may impact the transmission
dynamics of our model.

9



Journal of Mathematical Epidemiology, 2(1) (2026), 1-27. Research Paper
Open Access

ISSN: 3108-4052

Second, while we are confident in many of our model inputs, a few have limited supporting evidence in the literature.
Specifically, the transmission probability per partnership, vaccine efficacy among PWH and low CD4, and the infectious
period among PWH with severe mpox and low CD4 could not be confirmed in the literature. Therefore, some of our
model outcomes should be interpreted with caution, especially since the transmission probability per partnership can
have a significant impact on outbreak dynamics. In addition, our model allowed individuals to be considered fully
vaccinated 6 weeks after the vaccine was introduced. This assumption does not account for the low levels of efficacy
that occurs after 1 dose of the vaccine [32]. Given that there was a high level of 1 dose vaccination in the real-world
outbreak, there may have been more individuals with low-level immunity to mpox in the real-world than what our
model suggests [6, 33]. Finally, our validated model accounted for and compared case counts at the start and end
of the real-world outbreak but did not incorporate timing of cases throughout the outbreak. This limited our ability
to evaluate time-dependent outbreak outcomes. Overall, while our model provides a useful overview of a theoretical
mpox outbreak and the potential impacts of various vaccination interventions, future models are needed to account
for these limitations.

Despite these limitations, our study had several strengths. Few modeling studies on the current mpox outbreak have
accounted for the different epidemiological parameters across those with and without HIV, as well as those with high
and low CD4, and none have modeled mpox vaccination while simultaneously accounting for these epidemiologic
heterogeneities. Furthermore, none have accounted for the differences in sexual risk behaviors and the potential for
targeted countermeasures based on HIV status and sexual risk. The heterogeneity captured in our study provides a
better imitation of the real-world transmission dynamics and is important to consider when modeling mpox outbreaks
under the 2022 parameters. Finally, due to the heterogeneity captured in our model, we are the first study to evaluate
such a wide range of vaccination and countermeasure scenarios. Stratification by risk group allowed us to evaluate
targeted vaccination scenarios, model behavioral changes relative to risk group, and capture the higher likelihood of
severe mpox based on HIV status and CD4. The wide range of scenarios tested in our study provide a better overview
of the diverse real-world scenarios we may encounter in future mpox outbreaks and gives public health professionals
insights into the impacts of a variety of countermeasures in tandem with targeted vaccination programs.

5 Conclusion

We evaluated the impact of various vaccination scenarios using a heterogeneous SVEIR model of a theoretical mpox
outbreak in Washington, DC. Immediately vaccinating 25% of susceptible individuals with high sexual risk behaviors
per week was optimal for reducing mpox cases over a 6-month period. When this vaccination scenario was imple-
mented, the number needed to vaccinate was nearly cut in half while the resulting outbreak outcomes were better
than in the real-world outbreak. If this vaccination strategy was implemented in tandem with isolation protocols
and partner reduction, cases were substantially reduced while maintaining a low Reff. Notably, if vaccination imple-
mentation was delayed, the resulting number of mpox cases was similar to the real-world outbreak, despite still only
requiring half the number of vaccine doses. In conclusion, vaccination campaigns targeted at individuals with high
sexual risk behaviors, combined with isolation protocols and partner reduction, are most ideal for controlling future
mpox outbreaks and lowering the incidence of mpox in Washington, DC.
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6 Supplemental Material

6.1 Supplemental Text

6.1.1 Model Equations

If we let i = [1, 2, 3, 4, 5, 6] correspond to each risk group labeled above, then each stratum of our model yields
the following ordinary differential equations:

dSi(t)/dt =Λi − (ψi + λi(I) + µi)× Si(t),

dVi(t)/dt =(ψi)× Si(t)− (λiv (I) + µi)× Vi(t),

dEin(t)/dt =(λi(I))× Si(t)− (σinm + σins + µi)× Ein(t),

dEiv(t)/dt =(λiv (I))× Vi (t)− (σivm + σivs + µi )× Eiv (t),

dIim(t)/dt =(σinm)× Ein(t) + (σivm)× Eiv(t)− (γim + µi)× Iim(t),

dIis(t)/dt =(σins)× Ein(t) + (σivs)× Eiv(t)− (γisr + γisd + µi)× Iis(t),

dRim(t)/dt =(γim )× Iim (t)− (µi )×Rim(t),

dRis(t)/dt =(γisr )× Iis(t)− (µi)×Ris(t),

dDi(t)/dt =(γisd)× Iis(t).

Here, the force of infection (λi (I)) is represented by:

λi (I) = cjβi

(
gh

(
I2m(t) + I2s(t) + I4m(t) + I4s(t) + I6m(t) + I6s(t)

n2 + n4 + n6

)
+ gl

(
I1m(t) + I1s(t) + I3m(t) + I3s(t) + I5m(t) + I5s(t)

n1 + n3 + n5

))
,

where cj is the current number of sexual partners per week, βi is the probability of mpox transmission per partnership,
and gj represents the likelihood that the new partner selected is either in the low (gl) or high (gh) sexual risk group:

gj =

(
cj × nj

N

)
ch × nh

N + cl × nl

N

.

Among vaccinated individuals, this force of infection is modified to account for imperfect vaccine efficacy:

λiv (I) = (1− ei)λi (I) .

In our system of equations, σi represents the inverse of the incubation period. This is modified to account for the risk
of severe mpox among non-vaccinated and vaccinated individuals. Specifically, the rate of non-vaccinated individuals
entering the Iim compartment (σinm) is represented by:

σinm = (1− sin)σi,

where sin represents the proportion of non-vaccinated individuals who develop severe mpox. The rate of non-
vaccinated individiausl entering the Iis compartment (σins) is represented by:

σins = (sin)σi.

Similarly, the rates of vaccinated individuals entering the Iim and Iis compartments, respectively, are represented by:

σivm =(1− siv)σi,

σivs =(siv)σi,

where siv represents the proportion of vaccinated individuals who develop severe mpox.

Finally, γim represents the inverse of the infectious period among those with mild infection and γis represents the
inverse of the infectious period among those with severe infection. Among those with severe infection, γis is modified
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to account for the risk of death due to mpox. The rate of individuals moving from the Iis compartment to the Ris

compartment is therefore represented by:
γisr = (1− dis) γis,

where dis is the proportion of individuals with severe mpox that die due to mpox. Therefore, the rate of individuals
moving from the Iis compartment to the Di compartment is represented by:

γisd = (dis) γis.

If we let n1, n2, n3, n4, n5, n6 represent the total number of susceptible individuals at the start of the outbreak in each
group, then the total population can be represented by:

N = n1 + n2 + n3 + n4 + n5 + n6.

The Reff can be calculated as follows:

Reff = ((

6∑
i=1

Si + (1− ei)Vi)/N)R0,

where R0 is calculated as:

R0 = gh

(
chβ

γ

)
+ gl

(
clβ

γ

)
,

where β and γ are weighted averages as follows:

β =

6∑
i=1

(ni
N

)
βi,

γ =

6∑
i=1

(ni
N

)
((1− sin) γim + (sin) γis) .

6.1.2 Real-World Conditions for the Validated Model

The mpox outbreak in Washington, DC began in the last week of May 2022 to the first week of June 2022, when
3 cases were found. Within approximately a week of the first cases found, 9 more cases were diagnosed, suggesting
they had already been exposed at the outbreak start [15]. Therefore, we modeled our theoretical outbreak assuming
3 individuals were infectious with mpox and 9 more individuals were exposed, but not yet infectious, at the outbreak
start. Furthermore, vaccination was introduced in Washington, DC approximately 7 weeks into the outbreak with an
estimated 2,500 people vaccinated each week, representing approximately 10% of our population at risk [22, 23].
However, mpox vaccination requires 2 doses, given 4 weeks apart and patients are considered immune 2 weeks after
the second dose [32]. Therefore, we simulated 10% of people in each strata effectively entering the Vi compartment
at week 13, to mimic the time from vaccination receipt to full immunity.

6.1.3 Sensitivity Analyses Results

First, we evaluated the vaccination scenarios with alternative vaccine efficacy. Specifically, we evaluated one sce-
nario in which the vaccine efficacy aligns with the upper range reported in the literature and one scenario in which
the vaccine efficacy aligns with the lower range reported in the literature (Sensitivity Analyses A and B). Under cir-
cumstances with a better vaccine, Scenario 26 only resulted in 384 mpox cases, compared to the 411 from the base
model, and Scenario 30 only resulted in 294 mpox cases, compared to the 316 in the base model. On the other hand,
with a worse vaccine, there were 440 cases of mpox in Scenario 26 and 342 cases of mpox in Scenario 30 (Figure 5).
The Reff after 6 months did not substantially change in either of the sensitivity analyses when compared to the base
model (Figure 6).
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Then, we evaluated various sensitivity analyses of behavioral changes (Sensitivity Analyses C, D, and E). First, we
evaluated a surge event where partner changes rates are doubled across groups. Under these circumstances, over
14,000 cases occurred without any vaccination, nearly 5,000 cases occurred under Vaccination Scenario 26 and 2,588
occurred under Vaccination Scenario 30 (Figure 5). Given the high rate of infections, the Reff was only 0.44 for
the scenario where no one is vaccinated and remained around 1 for each of the vaccination scenarios after 6 months
(Figure 6). On the other hand, partner reduction, in which individuals cut their partner change rate in half, and barrier
protection use, such as effective condom use, both resulted in substantial drops in the number of mpox cases after 6
months (Figure 5). Of note, neither of the vaccination scenarios under these circumstances differed substantially from
the scenario without vaccination, although the Reff after 6 months was reduced substantially when vaccination was
introduced (Figure 6).

We also evaluated a model where isolation protocols are introduced into the population (Sensitivity Analysis F).
Specifically, we determined model outcomes if individuals with mpox are isolated within 3-4 days of symptom onset.
With isolation protocols, all scenarios resulted in less than 120 cases of mpox after 6 months, regardless of vaccination
rate (Figure 5). However, once again, Reff remained high without vaccination (Figure 6). Next, we evaluated isolation
protocols combined with a surge event, partner reduction, or with a worse vaccine (Sensitivity Analyses G, H, and
I). When combined with a surge event, isolation protocols reduced the number of mpox cases from thousands to
approximately 150 cases after 6 months. With partner reduction, isolation protocols kept the number of mpox cases to
just over 100, which was the best scenario modeled overall. Then, even with a worse vaccine, isolation protocols were
effective at reducing mpox cases to less than 120 after 6 months (Figure 5). Once again, in each of these scenarios,
the Reff was over 2.0 when no vaccine was introduced but was reduced to 1.7-1.8 when vaccination was introduced
(Figure 6). Finally, we modeled an outbreak with the mortality of Clade I mpox (Sensitivity Analysis J). Specifically,
we compared the number of deaths in the baseline model to the number of deaths if mortality due to mpox was 0.05
across all strata. Under the higher mortality scenario, there were 4 deaths in the first 6 months of the outbreak without
vaccination, 2 deaths under vaccination Scenario 26, and only 1 death under Vaccination Scenario 30. As expected,
other outbreak results were similar to that of the base model (Figure 5 and Figure 6).

Previous studies have shown that vaccination alone is not enough to control an outbreak of mpox, but rather
additional behavioral changes are needed as well [9, 24, 25, 34]. Therefore, we evaluated our optimal vaccination
scenarios in combination with various behavioral changes. We found that if a surge event occurs and partner change
rates are doubled, vaccinating 25% of individuals with high sexual risk behaviors per week can reduce the resulting
number of mpox cases by approximately 12,000, showing the importance of immediately introducing vaccination if
mpox cases are detected in the time period surrounding a potential surge event, such as festival season.

On the other hand, if individuals reduce their partner change rate, we found that vaccination did not result in a
substantial decrease in mpox cases when compared to scenarios in which no vaccination is released. These findings
align with previous studies that show behavioral change is a key factor in controlling an mpox outbreak [9,24,25,34].
A prior study by Omame et. al. used an SEIR model to show that HIV can facilitate mpox spread, but reductions
in sexual behaviors combined with access and adherence to HIV antiretroviral therapy (ART) can help control an
outbreak, although this study did not incorporate vaccination into the model [26]. Another potential behavioral
change we evaluated was the use of barrier protection to prevent mpox. In a scenario where the number of sex
partners remained unchanged, but people used barrier protection, such as condoms, the results were similar to the
effect of partner reduction across each of the vaccination scenarios. However, it is still unclear whether condoms can
effectively prevent the spread of mpox, therefore these findings should be interpreted with caution [35,36].

Finally, we evaluated a scenario in which the mortality due to mpox is that of Clade I, which is the variant behind
the ongoing mpox outbreaks in Central and Eastern Africa [37]. This scenario is important to consider given that
we have shown that even a few cases of mpox introduced into a population are enough to start an outbreak. Our
model showed that even with the high mortality of a Clade I mpox outbreak and only vaccinating individuals with
high sexual risk behaviors, death due to mpox can be reduced to 1-2 deaths after a 6-month period compared to
the 5 estimated deaths if no vaccination is reintroduced. However, ongoing epidemiologic evidence is showing the
transmission dynamics for Clade I differ from that of Clade II and therefore these results should be interpreted with
caution [37–40]. Future modeling studies should evaluate an mpox outbreak under the transmission parameters
associated with Clade I specifically.
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6.2 Supplemental Tables

Table 3: Overview of model inputs for the SVEIR model.

Variable Notation Definition Input Value Confidence References

Total Population N Total number of individuals. 25,000 High [16]

Strata
Population

n1

Total number of individuals among peo-
ple without HIV with low sexual risk be-
havior.

13140 High [41,42]

n2

Total number of individuals among peo-
ple without HIV with high sexual risk be-
havior.

8760 High [41,42]

n3

Total number of individuals among PWH
and high CD4 with low sexual risk behav-
ior.

1702 High [41,42]

n4

Total number of individuals among PWH
and high CD4 with high sexual risk be-
havior.

1135 High [41,42]

n5

Total number of individuals among PWH
and low CD4 with low sexual risk behav-
ior.

158 High [41,42]

n6

Total number of individuals among PWH
and low CD4 with high sexual risk behav-
ior.

105 High [41,42]

Sexual Risk
Strata
Population

nl
Total number of individuals in the low
sexual risk behavior group. 15000 High [41,43,44]

nh
Total number of individuals in the high
sexual risk behavior group. 10000 High [41,43,44]

Population
Increase per
Week

Λ1

Number of people who enter the group
per week in the group of people without
HIV with low sexual risk behavior.

3 High [45]

Λ2

Number of people who enter the group
per week in the group of people without
HIV with high sexual risk behavior.

2 High [45]

Λ3

Number of people who enter the group
per week in the group of PWH and high
CD4 with low sexual risk behavior.

0 High [45]

Λ4

Number of people who enter the group
per week in the group of PWH and high
CD4 with high sexual risk behavior.

0 High [45]

Λ5

Number of people who enter the group
per week in the group of PWH and low
CD4 with low sexual risk behavior.

0 High [45]

Λ6

Number of people who enter the group
per week in the group of PWH and low
CD4 with high sexual risk behavior.

0 High [45]

Partner Change
Rate

cl
Number of new partners per week among
the low sexual risk behavior group. 0.75 Medium [41,44]

ch
Number of new partners per week among
the high sexual risk behavior group. 1.50 Medium [41,44]
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Table 3 (continued): Overview of model inputs for the SVEIR model.

Variable Notation Definition Input Value Confidence References

Transmission
Probability per
Partnership

β1

Transmission probability per partnership
among people without HIV with low sex-
ual risk behavior. One partnership is de-
fined as one sexual partner, regardless of
number of acts with that partner.

0.90 Low [24,27,46,47]

β2

Transmission probability per partnership
among people without HIV with high
sexual risk behavior. One partnership is
defined as one sexual partner, regardless
of number of acts with that partner.

0.90 Low [24,27,46,47]

β3

Transmission probability per partnership
among PWH and high CD4 with low sex-
ual risk behavior. One partnership is de-
fined as one sexual partner, regardless of
number of acts with that partner.

0.90 Low [24,27,46,47]

β4

Transmission probability per partnership
among PWH and high CD4 with high sex-
ual risk behavior. One partnership is de-
fined as one sexual partner, regardless of
number of acts with that partner.

0.90 Low [24,27,46,47]

β5

Transmission probability per partnership
among PWH and low CD4 with low sex-
ual risk behavior. One partnership is de-
fined as one sexual partner, regardless of
number of acts with that partner.

0.90 Low [24,27,46,47]

β6

Transmission probability per partnership
among PWH and low CD4 with high sex-
ual risk behavior. One partnership is de-
fined as one sexual partner, regardless of
number of acts with that partner.

0.90 Low [24,27,46,47]

Vaccine Efficacy

e1
Vaccine efficacy among people without
HIV with low sexual risk behavior. 0.76 High [5–7,48–50]

e2
Vaccine efficacy among people without
HIV with high sexual risk behavior. 0.76 High [5–7,48–50]

e3
Vaccine efficacy among PWH and high
CD4 with low sexual risk behavior. 0.70 Medium [5–7,48–50]

e4
Vaccine efficacy among PWH and high
CD4 with high sexual risk behavior. 0.70 Medium [5–7,48–50]

e5
Vaccine efficacy among PWH and low
CD4 with low sexual risk behavior. 0.70 Low [5–7,48–50]

e6
Vaccine efficacy among PWH and low
CD4 with high sexual risk behavior. 0.70 Low [5–7,48–50]

Inverse of the
Incubation
Period

σ1

Inverse of the incubation period among
people without HIV with low sexual risk
behavior.

1.00 High [51–55]

σ2

Inverse of the incubation period among
people without HIV with high sexual risk
behavior.

1.00 High [51–55]

σ3

Inverse of the incubation period among
PWH and high CD4 with low sexual risk
behavior.

1.00 High [51–55]

σ4

Inverse of the incubation period among
PWH and high CD4 with high sexual risk
behavior.

1.00 High [51–55]

σ5

Inverse of the incubation period among
PWH and low CD4 with low sexual risk
behavior.

1.00 High [51–55]

σ6

Inverse of the incubation period among
PWH and low CD4 with high sexual risk
behavior.

1.00 High [51–55]
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Table 3 (continued): Overview of model inputs for the SVEIR model.

Variable Notation Definition Input Value Confidence References

Probability of
Severe Mpox
among
Non-Vaccinated

s1n

Probability of having severe mpox among
non-vaccinated people without HIV and
low sexual risk behavior.

0.10 High [3,48,56–60]

s2n

Probability of having severe mpox among
non-vaccinated people without HIV and
high sexual risk behavior.

0.10 High [3,48,56–60]

s3n

Probability of having severe mpox among
non-vaccinated PWH and high CD4 and
low sexual risk behavior.

0.15 Medium [3,48,56–60]

s4n

Probability of having severe mpox among
non-vaccinated PWH and high CD4 and
high sexual risk behavior.

0.15 Medium [3,48,56–60]

s5n

Probability of having severe mpox among
non-vaccinated PWH and low CD4 and
low sexual risk behavior.

0.25 Medium [3,48,56–60]

s6n

Probability of having severe mpox among
non-vaccinated PWH and low CD4 and
high sexual risk behavior.

0.25 Medium [3,48,56–60]

Probability of
Severe Mpox
among
Vaccinated

s1v

Probability of having severe mpox among
vaccinated people without HIV and low
sexual risk behavior.

0.02 High [56,58,61]

s2v

Probability of having severe mpox among
vaccinated people without HIV and high
sexual risk behavior.

0.02 High [56,58,61]

s3v

Probability of having severe mpox among
vaccinated PWH and high CD4 and low
sexual risk behavior.

0.02 Medium [56,58,61]

s4v

Probability of having severe mpox among
vaccinated PWH and high CD4 and high
sexual risk behavior.

0.02 Medium [56,58,61]

s5v

Probability of having severe mpox among
vaccinated PWH and low CD4 and low
sexual risk behavior.

0.02 Medium [56,58,61]

s6v

Probability of having severe mpox among
vaccinated PWH and low CD4 and high
sexual risk behavior.

0.02 Medium [56,58,61]

Inverse of the
Infectious
Period among
Mild Infections

γ1m
Inverse of the infectious period for mild
mpox among people without HIV with
low sexual risk behavior.

0.40 High [62–66]

γ2m
Inverse of the infectious period for mild
mpox among people without HIV with
high sexual risk behavior.

0.40 High [62–66]

γ3m
Inverse of the infectious period for mild
mpox among PWH and high CD4 with
low sexual risk behavior.

0.40 High [62–66]

γ4m
Inverse of the infectious period for mild
mpox among PWH and high CD4 with
high sexual risk behavior.

0.40 High [62–66]

γ5m
Inverse of the infectious period for mild
mpox among PWH and low CD4 with low
sexual risk behavior.

0.40 High [62–66]

γ6m
Inverse of the infectious period for mild
mpox among PWH and low CD4 with
high sexual risk behavior.

0.40 High [62–66]
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Table 3 (continued): Overview of model inputs for the SVEIR model.

Variable Notation Definition Input Value Confidence References

Inverse of the
Infectious
Period among
Severe
Infections

γ1s
Inverse of the infectious period for severe
mpox among people without HIV with
low sexual risk behavior.

0.39 High [48,62–69]

γ2s
Inverse of the infectious period for severe
mpox among people without HIV with
high sexual risk behavior.

0.39 High [48,62–69]

γ3s
Inverse of the infectious period for severe
mpox among PWH and high CD4 with
low sexual risk behavior.

0.39 High [48,62–69]

γ4s
Inverse of the infectious period for severe
mpox among PWH and high CD4 with
high sexual risk behavior.

0.39 High [48,62–69]

γ5s
Inverse of the infectious period for severe
mpox among PWH and low CD4 with low
sexual risk behavior.

0.17 Low [48,62–69]

γ6s
Inverse of the infectious period for severe
mpox among PWH and low CD4 with
high sexual risk behavior.

0.17 Low [48,62–69]

Probability of
Death due to
Mpox among
Severe
Infections

d1s

Probability of death due to severe mpox
among people without HIV with low sex-
ual risk behavior.

0.01 High [3,48,59,70]

d2s

Probability of death due to severe mpox
among people without HIV with high
sexual risk behavior.

0.01 High [3,48,59,70]

d3s

Probability of death due to severe mpox
among PWH and high CD4 with low sex-
ual risk behavior.

0.01 High [3,48,59,70]

d4s

Probability of death due to severe mpox
among PWH and high CD4 with high sex-
ual risk behavior.

0.01 High [3,48,59,70]

d5s

Probability of death due to severe mpox
among PWH and low CD4 with low sex-
ual risk behavior.

0.15 High [3,48,59,70]

d6s

Probability of death due to severe mpox
among PWH and low CD4 with high sex-
ual risk behavior.

0.15 High [3,48,59,70]

Probability of
Death due to
All-Cause
Mortality

µ1

Proportion of people who die of a natu-
ral death per week among people with-
out HIV with low sexual risk behavior.

0.0008 High [41,71–73]

µ2

Proportion of people who die of a natu-
ral death per week among people with-
out HIV with high sexual risk behavior.

0.0008 High [41,71–73]

µ3

Proportion of people who die of a natu-
ral death per week among PWH and high
CD4 with low sexual risk behavior.

0.0278 Medium [41,71–73]

µ4

Proportion of people who die of a natu-
ral death per week among PWH and high
CD4 with high sexual risk behavior.

0.0278 Medium [41,71–73]

µ5

Proportion of people who die of a natu-
ral death per week among PWH and low
CD4 with low sexual risk behavior.

0.0385 Medium [41,71–73]

µ6

Proportion of people who die of a natu-
ral death per week among PWH and low
CD4 with high sexual risk behavior.

0.0385 Medium [41,71–73]
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Table 4: Simulated outbreak results if each respective vaccination rate is introduced 7 weeks into the model. In this scenario,
vaccinated individuals are immune as early as Week 13. Scenario 7 represents the real-world vaccination scenario.

Scenario
Group 1

(ψ1)
Group 2

(ψ2)
Group 3

(ψ3)
Group 4

(ψ4)
Group 5

(ψ5)
Group 6

(ψ6)
1 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 0.0 0.0 0.0 0.0 0.10
3 0.0 0.0 0.0 0.0 0.10 0.10
4 0.0 0.0 0.0 0.10 0.10 0.10
5 0.0 0.0 0.10 0.10 0.10 0.10
6 0.0 0.10 0.10 0.10 0.10 0.10
7 0.10 0.10 0.10 0.10 0.10 0.10
8 0.10 0.10 0.10 0.10 0.10 0.25
9 0.10 0.10 0.10 0.10 0.25 0.25

10 0.10 0.10 0.10 0.25 0.25 0.25
11 0.10 0.10 0.25 0.25 0.25 0.25
12 0.10 0.25 0.25 0.25 0.25 0.25
13 0.25 0.25 0.25 0.25 0.25 0.25
14 0.25 0.25 0.25 0.25 0.25 0.70
15 0.25 0.25 0.25 0.25 0.70 0.70
16 0.25 0.25 0.25 0.70 0.70 0.70
17 0.25 0.25 0.70 0.70 0.70 0.70
18 0.25 0.70 0.70 0.70 0.70 0.70
19 0.70 0.70 0.70 0.70 0.70 0.70
20 0.70 0.70 0.70 0.70 0.70 0.95
21 0.70 0.70 0.70 0.70 0.95 0.95
22 0.70 0.70 0.70 0.95 0.95 0.95
23 0.70 0.70 0.95 0.95 0.95 0.95
24 0.70 0.95 0.95 0.95 0.95 0.95
25 0.95 0.95 0.95 0.95 0.95 0.95
26 0.0 0.1 0.0 0.10 0.0 0.10
27 0.0 0.0 0.10 0.10 0.10 0.10
28 0.0 0.0 0.0 0.0 0.10 0.10
29 0.0 0.0 0.0 0.10 0.0 0.10
30 0.0 0.25 0.0 0.25 0.0 0.25
31 0.0 0.0 0.25 0.25 0.25 0.25
32 0.0 0.0 0.0 0.0 0.25 0.25
33 0.0 0.0 0.0 0.25 0.0 0.25
34 0.10 0.25 0.10 0.25 0.10 0.25
35 0.10 0.10 0.25 0.25 0.25 0.25

Table 5: Description of sensitivity analysis scenarios evaluated for the optimal vaccination scenario.

Sensitivity
Analysis

Name Description Parameter Change

A Better Vaccine Model the impact of higher vaccine efficacy.
[7,50]

e1 = 0.88; e2 = 0.88; e3 = 0.86;
e4 = 0.86; e5 = 0.72; e6 = 0.72

B Worse Vaccine Model the impact of lower vaccinated effi-
cacy. [7,50]

e1 = 0.65; e2 = 0.65; e3 = 0.65;
e4 = 0.65; e5 = 0.43; e6 = 0.43

C Surge Event Model a period where everyone doubles their
rate of sexual partners. cl = 1.5; ch = 3

D Partner Reduction Model a period where everyone cuts their
sexual partner rate in half. cl = 0.38; ch = 0.75

E Barrier Protection
Use

Model the impact of barrier protection use,
assuming a 67% reduction in the probability
of transmission. [74]

β1 = β2 = β3 = β4 = β5 = β6 = 0.30

F Isolation Protocols

Model the impact of implementing isolation
protocols where those infectious with mpox
isolate within half a week of their symptom
onset.

γim = γis = 2

G Surge Event &
Isolation Protocols

Modeling the joint impact of a Surge Event
with Isolation Protocols (see descriptions
above).

cl = 1.5; ch = 3; γim = γis = 2

H Partner Reduction &
Isolation Protocols

Modeling the joint impact of Partner Reduc-
tion with Isolation Protocols (see descriptions
above).

cl = 0.38; ch = 0.75; γim = γis = 2

I Worse Vaccine &
Isolation Protocols

Modeling the joint impact of a Worse Vac-
cine with Isolation Protocols (see descrip-
tions above).

e1 = 0.65; e2 = 0.65; e3 = 0.65;
e4 = 0.65; e5 = 0.43; e6 = 0.43;

γim = γis = 2

J Higher Mortality Model the impact of an mpox strain with
higher mortality, such as Clade I mpox. [75] dis = 0.05
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6.3 Supplemental Figures

Figure 3: Overview of SVEIR model schema, stratified by risk group.
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Figure 4: Plot of each SVEIR compartment over time for the validation model, the delayed vaccination model with Scenario 30
vaccination rates, and the immediate vaccination model with Scenario 30 vaccination rates.
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Figure 5: Number of mpox cases 6 months after outbreak start with no vaccination, vaccination scenario 26, and vaccination
scenario 30 in the baseline model and in each of the 10 sensitivity analyses. *Note y-axis scale difference for Surge Event plot.
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Figure 6: Effective reproduction number 6 months after outbreak start with no vaccination, vaccination scenario 26, and vaccination
scenario 30 in the baseline model and in each of the 10 sensitivity analyses.
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