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Background. In the Netherlands, the number of mpox cases started declining before mpox vaccination was initiated. Most cases 
were men who have sex with men (MSM). We investigated whether the decline in mpox could be attributed to infection-induced 
immunity or behavioral adaptations.

Methods. We developed a transmission model and accounted for possible behavioral adaptations: fewer casual partners and 
shorter time until MSM with mpox refrain from sexual contacts.

Results. Without behavioral adaptations, the peak in modelled cases matched observations, but the decline was less steep than 
observed. With behavioral adaptations in the model, we found a decline of 16%–18% in numbers of casual partners in June and 
13%–22% in July 2022. Model results showed a halving of the time before refraining from sex. When mpox vaccination started, 
57% of MSM with very high sexual activity in the model had been infected. Model scenarios revealed that the outbreak could 
have waned by November 2022 even without vaccination.

Conclusions. The limited duration of the mpox outbreak in the Netherlands can be ascribed primarily to infection-induced 
immunity among MSM with high sexual activity levels. The decline was accelerated by behavioral adaptations. Immunity 
among those most sexually active is essential to impede mpox resurgence.
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Mpox (formerly known as monkeypox) is a zoonotic disease 
caused by the mpox virus (MPXV) [1]. In May-July 2022, 
mpox outbreaks were reported, mostly among men who have 
sex with men (MSM) [2, 3]. The number of cases peaked within 
2–3 months in most countries and then declined [2]. Several 
factors may have contributed to the abrupt decline, including 
increased immunity due to MPXV infection, behavioral adap
tations, and public health interventions [3–5].

In the Netherlands, the number of mpox cases increased 
sharply in June 2022, but started declining in the second 
week of July 2022 [6], about 2 weeks before the national 
mpox vaccination program started on 25 July 2022 [7]. In 

May and June 2022, a large media coverage of the mpox out
break contributed to raise awareness of a new threat among 
MSM. In June 2022, health communication messages about 
mpox were disseminated in the media [7, 8]. Also, it was rec
ommended to refrain from sexual or physical contacts when 
mpox was suspected or diagnosed [9]. In an online survey 
carried out in August 2022, most participants reported to be 
willing to refrain from close physical and sexual contacts in 
case of MPXV infection and some had reduced their number 
of sexual partners since the start of the outbreak [9]. Sex venues 
and parties in Amsterdam experienced a considerable drop 
in numbers of visitors in July 2022 [10].

Our study aimed to assess the factors that may have led to 
the decline in the number of mpox cases observed in the 
Netherlands before the start of the mpox vaccination program. 
We developed a mathematical model that describes the trans
mission of MPXV via sexual or intimate contacts among 
MSM and fitted the model to numbers of mpox cases in the 
Netherlands until 25 July 2022, when the mpox vaccination 
program started. To disentangle the impact of immunity due 
to infection and the impact of behavioral adaptations from 
the impact of vaccination in shaping the course of the outbreak, 
we examined also model scenarios without the vaccination 
program until the end of 2022.
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METHODS

The Transmission Model

We developed a deterministic compartmental model that de
scribes MPXV transmission among MSM (Figure 1). The 
model parameters are defined in Table 1, Table 2, and 
Table 3. We accounted only for transmission via sexual or in
timate contacts with either main regular sex partners or casual sex 
partners, a distinction that follows earlier modelling of sexual re
lationships [11, 19, 28]. In this paper, the notion of “main regular 
sex partner” refers to a person with whom an individual engages 
in regular or ongoing sexual activity, typically (but not exclusively) 
within a committed relationship. Other relationships involving 
sexual contacts are referred to as casual partnerships in this study. 
Considering sexual or intimate contacts sufficient for MPXV 
transmission, for simplicity, we assumed 1 such contact per casual 
partner. In the model, MSM were divided into 4 groups based on 
level of sexual activity, which was measured in terms of the total 
number of sex partners men had: very low, fairly low, fairly 
high, and very high sexual activity (Table 2).

The Course of Mpox Infection

After infection, individuals are initially exposed but not yet in
fectious; later, they become infectious, but may not (yet) have 
symptoms [12, 13]. In the model, we assumed that infectious 

individuals may start refraining from sexual or intimate con
tacts a few days after becoming infectious, when they have 
symptoms or test positive for MPXV [13, 14]. MSM refraining 
from sexual/intimate contacts can still transmit MPXV (due to 
imperfect adherence or because they refrain only from specific 
types of contacts), but with a lower probability compared to 
those not refraining from sexual/intimate contacts [14]. Most 
mpox cases recover after a few weeks and become immune [15].

Vaccinated MSM

Smallpox vaccination was ended in the Netherlands in 1975. 
Based on the fraction of the male population 17–66 years old 
in the Netherlands being born before 1975, in the model we as
sumed that 25% of MSM in 2022 had been vaccinated in the past 
and that still offers some protection against mpox [7]. As we had 
no data to establish the percentage vaccinated in the past in each 
sexual activity group separately, we assumed the same percent
age (25%) in all activity groups. The importance of this assump
tion was examined in sensitivity analyses (see below). From the 
second week of June 2022, close contacts of individuals diag
nosed with mpox were offered vaccination with a single dose 
of Imvanex. To account for these vaccinations, we included in 
the model a small vaccination rate from 8 June 2022 onwards 
among those with the highest level of sexual activity.

Unvaccinated

Uninfected Exposed Infectious
not refraining 

from sex

Recovered 
& immune

Vaccinated in the past

In hospital

Infectious
refraining 
from sex

Vaccinated in 2022

1

Figure 1. Flow diagram of the model for monkeypox virus (MPXV) infections. Individuals in the model are divided into classes according to stage of mpox infection, vac
cination status, and whether they are refraining from sexual contacts. Unvaccinated individuals can be susceptible to MPXV (Sui ), exposed to MPXV (Eui ), infectious not 
refraining from sexual contacts (Iui ), or infectious but refraining from sexual contacts (Yui ). Individuals vaccinated in the past can be susceptible (Svi ), exposed (Evi ), infectious 
not refraining or refraining from sexual contacts (Ivi , Yvi ). Individuals vaccinated in 2022 can be susceptible (Spi ), exposed (Epi ), infectious not refraining or refraining from 
sexual contacts (Ipi , Ypi ). Infectious cases may need hospitalization (Hi ). After recovery, they are immune (Ri ). These classes are further divided into 4 subclasses according to 
level of sexual activity. In the model, we accounted for exit out of the population at a per capita rate μ that is not shown in the diagram.

e122 • JID 2024:230 (15 July) • Xiridou et al



Data

We used data on the daily numbers of mpox cases from the na
tional surveillance system for notifiable infectious diseases [7]. 
The numbers of confirmed mpox cases were ordered according 
to date of symptom onset throughout the analyses presented in 
this study. The earliest date of symptom onset among con
firmed mpox cases in the Netherlands was 27 April 2022.

Possible Behavioral Adaptations

We examined 2 possible adaptations: (1) MSM starting earlier 
to refrain from sexual contacts, thus resulting in shorter dura
tion of the infectious period while not refraining from sex; 
and (2) a decline in the number of casual partners [7]. We 

investigated scenarios with these behavioral adaptations taking 
place (1) only in July 2022 or (2) in June and in July 2022 [9, 10]. 
The magnitude and timing of the adaptations were obtained 
from the fitting process.

Model Fitting

The model was calibrated to the number of mpox cases using 
a Bayesian approach. We defined uniform prior distributions 
for the uncertain parameters (Table 1) and sampled 10 000 
combinations of parameter values. In a first step, we started 
the model calculations with 3 infectious unvaccinated cases 

Table 1. Model Parametersa

Parameter Value Source

Duration latent period, d 1/θ 5–8 [11–16]

Days infectious totalb 1
γ + 1

δ 14–28 [11, 13–15, 
17, 18]

Days infectious not refraining from sex 1/δ 2–8 [11, 14, 19, 
20]

Days infectious refraining from sex 1/γ … …

Probability of transmission per sexual 
contact

βs 0.1–0.9 [12, 18, 19]

Vaccine efficacy for vaccines 
administered in the past

1 − σ1 50%–65% Datad

Vaccine efficacy for vaccines 
administered in 2022

1 − σ2 80%–90% [1, 13, 14]

Mpox-related death rate μd 0.0004 [21, 22]

Factor reducing infectiousness of 
those vaccinated in the past

v1 v1 = σ1 …

Factor reducing infectiousness of 
those vaccinated in 2022

v2 v2 = σ2 …

Hospitalization rate ζ 0.01–0.02 Datad [22]

% of MSM who were in the past 
vaccinated against smallpox

… 25% [23]

Rate of entry into and exit out of the 
populationc

μ 0.02/y …

Mixing parameter for main regular 
partnerships

εM 0.1–0.9 …

Mixing parameter for casual 
partnerships

εC 0.1–0.9 …

Vaccination rate, per de φki 0.0003– 
0.0005

…

Factor reducing transmission from 
infectious in abstinence

w 0.15–0.7 [14]

Number of MSM in the Netherlands 250 000 [23, 24]

Number casual partners/d, MSM very 
high sexual activity group

0.7–1.0 Table 2

Abbreviation: MSM, men who have sex with men.  
aParameters with a range were included in the Latin hypercube sampling.  
bThe total number of days a mpox case is infectious is the sum of the days being infectious 
not in sexual abstinence and the days being infectious in abstinence.  
cBased on assumption that MSM are sexually active approximately for 50 y.  
dData from the national database of notifiable infectious diseases of the Netherlands [7].  
eThe vaccination rate is φ1i for uninfected and φ2i for exposed individuals of activity group i. 
Range of values shown is for fairly high and very high sexual activity groups, from 7 June 
2022, chosen such that the weekly number of vaccinations was 0.5-1.5 times the weekly 
number of cases, assuming that in this period approximately 1 contact of each diagnosed 
case was vaccinated. The vaccination rate for the low activity groups was zero 
throughout the calculations.

Table 2. Parameters that Depend on the Sexual Activity Group of 
Individuals

Parameter For Activity Group i

Activity Group

Very 
Low

Fairly 
Low

Fairly 
High

Very 
High

% in specific activity groupa 45.1 36.4 17.7 0.7

Rate of forming main regular 
partnerships per ya (αMi )

0.1 0.2 0.7 0.7

Number of sex contacts per main 
regular partner per d (ui )

0.03 0.06 0.14 0.14

% with main regular partnera (qi ) 60 51 54 42

Number of casual partners per da 

(αci )
0.006 0.044 0.139 0.7– 

1.0
aParameters estimated from data from the first round of the “COVID-19, Sex, and Intimacy 
Survey” [25]. We used only data from the questions relating to sexual activity in the second 
half of 2019 (before the start of the pandemic in the Netherlands). Men in the very high 
sexual activity group reported more than 100 partners in the second half of 2019.

Table 3. Prior Distributions of Uncertain Parameters Relating to the 
Adaptations in Behavior of MSM That May Have Occurred in June/July 
2022

Days Infectious Not Refraining 
From Sexual Contacts

Reductiona in Number 
Casual Partners of Group, 

%

Lowb
Fairly 
High

Very 
High

Scenario with adaptations at 1 time point

After T2 2–8 0–30 0–30 0–30

Scenario with adaptations at 2 time points

Between T1 

and T2

2–8 0–30 0–30 0–30

After T2 2–8 0–30 0–30 0–30

Dates when adaptations occurred

T1 17–27 June 2022

T2 5–15 July 2022

Values were sampled from the uniform distribution with the ranges shown in this table.  
aIt was assumed that the number of casual partners of activity group i was αci at the 
beginning of the outbreak (as estimated from the data; see Table 2) and was reduced to 
(1 − Dij )∗αci after day Tj , with Dij sampled from the uniform distribution between 0 and 
0.3. The maximum of 30% reduction was based on preliminary results from the survey 
“Monkeypox: a new challenge for your sex life” [9, 26, 27]and reports from club owners 
in Amsterdam who experienced reduced numbers of visitors in July 2022, with the 
reduction reaching its maximum at the end of July 2022 with approximately 30% fewer 
visitors (P. Zantkuijl, personal communication).  
bChange applied to both very low and fairly low activity groups.
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in the subgroup with very high sexual activity level. With each 
combination of parameter values, we computed the daily num
ber of mpox cases and its Poisson likelihood up to 5 July 2022 
for the scenarios with adaptations only in July 2022 (and up 
to17 June 2022 for the scenarios with adaptations in June and 
July 2022). Table 3 shows parameters relating to the behavioral 
adaptations. This provided us with the posterior distributions 
of all uncertain parameters except those relating to the behavio
ral adaptations that occurred in June and July 2022. In a second 
step, we used the posterior distributions obtained from the first 
step and fitted the model to data for the remaining days until 
25 July 2022. The prior distributions of the parameters in the first 
and the second step are shown in Table 1 and Table 3, respective
ly. The posterior distributions are shown in Supplementary 
Tables 1–3.

Sensitivity Analyses

Based on the size of the male population 17–66 years old [23] 
and available data on the prevalence of same-sex behavior 
[24], we assumed that the number of MSM in 2022 was 
250 000. Due to uncertainty in those estimates, we repeated the 
analyses with a population size of 200 000 or 300 000 MSM. 
Also, we carried out sensitivity analyses for the fraction of the 
population that had been vaccinated before 1975 via the discon
tinued smallpox vaccination program. In our main results, we 
assumed that 25% of the current MSM population had been vac
cinated against smallpox in the past. We examined also 2 scenar
ios where (1) the percentage vaccinated in the past was higher 
among those with higher levels of sexual activity: 23%, 25%, 
30%, and 40% vaccinated in the group with very low, fairly 
low, fairly high, or very high level of sexual activity, respectively; 
and (2) the percentage vaccinated in the past was higher among 
those with lower levels of sexual activity: 29%, 25%, 15%, and 
10% vaccinated in the group with very low, fairly low, fairly 
high, or very high level of sexual activity, respectively. These per
centages were chosen in such a way that in the overall MSM pop
ulation 25% had obtained smallpox vaccination in the past.

Hypothetical Scenarios for the Course of the Outbreak Without 
Vaccination

Earlier work has indicated that the mpox outbreaks could fade 
out within a few months even without vaccination or other 
major interventions [4, 5, 17, 19]. To investigate this possibility, 
we examined hypothetical scenarios for the course of the mpox 
outbreak until the end of 2022, without the mpox vaccination 
program.

We undertook model calculations until 31 December 2022 
for the following scenarios: (1) without behavioral adaptations, 
and (2) with behavioral adaptations in July 2022. For both sce
narios, the parameter values were those obtained via the fitting 
process using data up to 25 July 2022. Also, we investigated 
whether new introductions of mpox cases could elicit a 

resurgence in mpox. For the scenario with behavioral adapta
tions in July 2022, we examined 2 scenarios with import of un
vaccinated infectious mpox cases into the group with very high 
sexual activity level: (1) import of 20 cases on 1 November 2022, 
or (2) import of 1 case per day from 1 November until 31 
December 2022.

RESULTS

The Decline in the Mpox Outbreak With and Without Behavioral 
Adaptations

Without behavioral adaptations in the model, the daily number 
of mpox cases among MSM started declining around 8 July 2022, 
but the decline was less steep than observed (Figure 2A). The 
epidemic curve in the overall MSM population paralleled the 
epidemic curve in the group with very high sexual activity level 
(Figure 2B). Allowing for behavioral adaptations in July 2022, we 
found a decline of 13% (95% credible interval [CrI], 1%–28%), 
15% (95% CrI, 1%–29%), and 24% (95% CrI, 1%–30%) in num
bers of casual partners of MSM with low, fairly high, and very 
high sexual activity, respectively, compared to before the mpox 
outbreak (Supplementary Table 1). The infectious period while 
not refraining from sexual contacts was reduced from 6.0 days 
(95% CrI, 4.4–7.8 days) in May-June 2022 to 2.6 days (95% 
CrI, 2.0–4.3 days) in July 2022. The timing of these behavioral 
adaptations was calculated from the model at 7 July 2022 and 
there was a rather sharp decline in the number of cases thereafter 
(Supplementary Table 1 and Figure 2C). With behavioral adap
tations in June and July 2022, we found that the numbers of 
casual partners of MSM with low, fairly high, and very high 
sexual activity were reduced by 17%, 16%, and 18%, respectively, 
in June, and by 13%, 18%, and 22%, respectively, in July 
(Supplementary Table 1). The infectious period while not re
fraining from sexual contacts was 6.9 days in May, 5.6 days 
in June, and 2.4 days in July 2022 (Supplementary Table 1). 
The adaptations occurred as of 21 June and 10 July 2022 
(Supplementary Table 1 and Figure 2D).

Distribution of Mpox Cases According to Level of Sexual Activity

By 25 July 2022, 64% of mpox cases were MSM with very high 
and 18% with fairly high levels of sexual activity (Figure 3A and 
3B). At that point, 57% (95% CrI, 33%–66%) of the group with a 
very high sexual activity level had been infected with MPXV 
(Figure 3C), but only 1.1% (95% CrI, 0.9%–1.3%) of the overall 
MSM population. Of all MPXV infections in the model until 25 
July 2022, the infecting partner was a man with very high, fairly 
high, fairly low, or very low sexual activity in 76.7%, 18.7%, 
3.9%, and 0.7% of infections, respectively (Figure 3D).

Sensitivity Analyses for the Size of the MSM Population

With a smaller population of 200 000 MSM (Supplementary 
Figure 2 and Supplementary Table 2), the modelled decline 
in the daily number of cases started earlier and the number 
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of cases in the very high sexual activity group was lower than 
in the scenario with 250 000 MSM. In a larger population of 
300 000 MSM, the outbreak without behavioral adaptations 
would have been more severe than what we observed in the 
data (Supplementary Figure 3 and Supplementary Table 2). 
The number of mpox cases in the model started declining 
around 20 July 2022, about 10 days later than observed 
(Supplementary Figure 3A). The fraction of the group with 
very high sexual activity level that had been infected with 
MPXV by 25 July 2022 was 66% in a population of 200 000 
MSM and 45% in a population of 300 000 MSM (Figure 3C).

With different percentages of MSM vaccinated against small
pox in the past across the different sexual activity groups, the re
sults were similar (Supplementary Figure 4 and Supplementary 
Table 3). The transmission probability per sexual act was esti
mated at 0.60 (95% CrI, 0.47–0.80) with a higher percentage 
vaccinated among those with higher numbers of sex partners 
(Supplementary Table 3); 0.42 (95% CrI, 0.32–0.68) with a 

higher percentage vaccinated among those with lower numbers 
of sex partners (Supplementary Table 3); and 0.48 (95% CrI, 
0.39–0.81) in the scenario with the same percentage vaccinated 
in all activity groups (Supplementary Table 1).

Hypothetical Scenarios for the Course of the Outbreak Without 
Vaccination

Figure 4 shows the daily numbers of mpox cases from the mod
el and from data until 31 December 2022. Without behavioral 
adaptations in 2022, the outbreak faded out by December 2022 
with most of the parameter combinations (Figure 4A and 
Supplementary 5). With the remaining parameter combina
tions, the modelled number of mpox cases reached its peak af
ter July 2022, but it rapidly declined by the end of 2022. In 4.6% 
of the parameter combinations, we found more than 3 mpox 
cases by 31 December 2022 (Supplementary Figure 5). These 
parameter combinations included high transmission probabil
ities combined with long infectious period without refraining 

A B

C D

Figure 2. The daily number of mpox cases among men who have sex with men (MSM) in the Netherlands from 27 April to 25 July 2022. Bullets show data from the national 
database of notifiable diseases of the Netherlands. All other results were calculated from the model. Mpox cases are shown according to date of symptom onset. The 
box-plots show interquartile range and min-max range of the daily numbers of mpox cases in the overall MSM population: (A) without behavioral adaptations; (C ) with 
behavioral adaptations only in July 2022; and (D) with behavioral adaptations in June and July 2022. B, Median daily number of mpox cases in the overall MSM population 
(thick line) and separately in the four groups with different sexual activity level. C and D, Vertical grey lines show medians (solid lines) and 95% credible intervals (dashed 
lines) of the day at which the behavioral adaptations occurred, as obtained from the model fitting. Model results were calculated in a population of 250 000 MSM.
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from sexual contacts and low level of assortativeness in sexual 
mixing with casual partners. With behavioral adaptations in 
July 2022 in the model, the outbreak faded out by November 
2022 (Figure 4B).

Import of unvaccinated infectious MSM with very high level 
of sexual activity resulted in a small increase in mpox cases. 
With import of 20 cases on 1 November 2022, we found 41 
(95% CrI, 30–106) additional mpox cases (Figure 4C); with im
port of 1 case per day from 1 November to 31 December 2022, 
we found 81 (95% CrI, 63–211) additional cases (Figure 4D) 
compared to the scenario without import.

DISCUSSION

We developed a transmission model of the mpox outbreak 
among MSM and fitted this model to the daily numbers of 
mpox notifications in the Netherlands. We demonstrated that 
reduction in the number of susceptibles among MSM with 

very high levels of sexual activity may have limited further 
growth of the mpox epidemic, but could not solely account for 
the rapid decline after the peak. This suggests that behavioral ad
aptations may have accelerated the decrease in mpox cases. 
Furthermore, our findings suggest that, even without the mpox 
vaccination program, the level of immunity due to infection 
among MSM with a very high level of sexual activity was suffi
ciently high to lead to the fading out of the outbreak by 
November 2022.

The major strength of our study is that we quantified the 
contribution of infection-induced immunity and the con
tribution of behavioral adaptations in shaping the out
break. The model, informed by the daily numbers of 
registered mpox cases during the rise and the decline of 
the mpox outbreak, allowed us to explore counterfactual 
situations and to show that the outbreak could have waned 
by the end of 2022 even without mpox vaccination or be
havioral adaptations.

A B

C D

Figure 3. The role of subgroups of men who have sex with men (MSM) with different levels of sexual activity, as calculated from the model, for the scenarios with be
havioral adaptations in July 2022. A, Distribution of cumulative mpox cases until 25 July 2022. B, Distribution of daily mpox cases. C, Percent of MSM with very high sexual 
activity being susceptible to monkeypox virus. D, Distribution of new monkeypox virus infections among MSM according to the sexual activity group of the infecting indi
vidual. A and C, Results with population of 200 000, 250 000, or 300 000 MSM. B and D, results with population of 250 000 MSM.
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We incorporated heterogeneity in sexual activity by dividing 
the population into groups with different levels of sexual activ
ity and captured the assortative mixing of highly active 
individuals that is characteristic of sexual contact networks. 
This modelling approach has the advantage of being well estab
lished, validated, and extensively studied in the past 4 decades 
in the context of several sexually transmitted infections [25, 29– 
31]. Heterogeneity in the number of sexual partners and assor
tative mixing may enhance the selective spread of infection 
among individuals with higher sexual activity (see [29, 30] 
and references herein). Our findings are consistent with previ
ous studies on MPXV transmission showing that a very small 
group of MSM with high level of sexual activity can be sufficient 
to cause large outbreaks of short duration [4, 17, 19]. Our 
results correspond well also with a study that showed how 
the observed decline in mpox cases could be primarily attributed 
to infection-induced immunity [5]. The present study extends 
earlier findings as our results quantify the contribution of 

infection-induced immunity and the contribution of behavioral 
adaptations and reveal how these factors shaped the outbreak. In 
contrast with other studies projecting smaller outbreaks [32] or 
more severe and longer-lasting outbreaks [4, 11, 19], we found 
that the size of the 2022 mpox outbreak was large but self-limited 
and could have died out within a few months even without be
havioral adaptations or vaccination.

We showed that, without behavioral adaptations, the decline 
in mpox cases in a larger population of 300 000 MSM started 
later than what we observed in the data. This suggests that 
the observed decline could have been possible only with behav
ioral adaptations. When extending the model results without 
behavioral adaptations to the end of 2022, we found that in a 
small fraction of the fitted parameter combinations, the num
ber of mpox cases peaked after July 2022 and the outbreaks 
faded out after the end of 2022. In this situation, behavioral ad
aptations and vaccination could have prevented a large number 
of cases. Our results suggest that a reduction in numbers of 

A B

C D

Figure 4. Daily number of mpox cases among men who have sex with men (MSM) in the Netherlands from 27 April to 31 December 2022. Bullets show data obtained from 
the national database of notifiable infectious diseases of the Netherlands. Box-plots show medians, interquartile ranges, and min-max ranges calculated from the model in a 
population of 250 000 MSM. Vertical solid grey lines show the last day of each calendar month. A, Without behavioral adaptations. B, With behavioral adaptations in July 
2022. C, With behavioral adaptations in July 2022 and import of 20 unvaccinated infectious mpox cases into the group with very high level of sexual activity on 1 November 
2022. D, With behavioral adaptations in July 2022 and import of 1 infectious case per day (in the group with very high level of sexual activity) from 1 November to 31 
December 2022.
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sexual partners considerably expedited the decline in mpox cas
es. MSM may have started changing their behavior with the first 
news of mpox in the general media. This effect may have been 
strengthened by the mpox awareness campaigns that were con
ducted in gay sex venues and media [10, 33]. Accurate and 
timely communication with populations most at risk appears 
essential for public health response, as similar outbreaks could 
occur with other pathogens when introduced into subpopula
tions with sufficiently high contact levels. The mpox vaccina
tion program possibly accelerated the impact of awareness 
and behavioral adaptations and offered protection against 
mpox at the individual level. Vaccination also reduced the 
risk of resurgence of mpox because it enhanced immunity at 
the population level. Our model can be used to investigate 
the impact of vaccination for specific subgroups of MSM. 
Furthermore, our model could be extended to account for tran
sitioning across sexual activity groups.

Our study has important implications for the prevention of 
mpox outbreaks in the future. Prevention can be achieved by 
maintaining a high level of immunity among those with the 
highest sexual activity level. First, it should be taken into 
account that the group of MSM with the highest sexual activity 
level may not be a closed and fixed group over time: it is likely 
that over long time periods, some turnover occurs among this 
group and the rest of the MSM population. For example, MSM 
with low levels of sexual activity who did not receive vaccina
tion in 2022 might become more sexually active and replenish 
the pool of susceptible MSM with a high level of sexual activity 
[30], thus making a new mpox outbreak possible. Second, in 
assessing the effectiveness of public health messages and inter
ventions, it is important to consider the venues that the target 
group might visit. Having sex in sex clubs and parties has been 
identified as an independent predictor of MPXV infection [9]. 
Third, in the current study, we assumed that the percentage of 
MSM that had received smallpox vaccination in the past was 
the same in each sexual activity group. Our sensitivity analysis 
indicates that this assumption had a limited impact on the re
sults. However, the percentages immune due to the old small
pox vaccination programs may not be exactly the same across 
the MSM population, depending on the age distribution of 
men in each sexual activity group. For future prevention of 
mpox outbreaks it is important to include the changing distri
bution of immunity with age. Furthermore, caution is needed 
when extrapolating our results to other settings. We allowed 
for only small behavioral adaptations. With the high transmis
sion potential of MPXV, it is possible that with less assortative 
sexual mixing, the virus could have spread faster among the 
groups of MSM with low sexual activity levels. In that case, 
infection-induced immunity within the group with very 
high sexual activity level might have increased slower than in 
our analyses, making persistence more likely. Then fading 
of the outbreak would not have been possible without large 

reductions in numbers of sex partners. However, this is unlikely 
for the mpox outbreak in the Netherlands, because monthly 
numbers of sexually transmitted infection diagnoses, tests, 
and consultations were more or less stable throughout 2022 
[34], therefore, we have no evidence of a large decline in num
bers of sexual partners of MSM. Finally, recent reports point to 
the possibility of reinfections [35], but this was not accounted 
for in this study.

In conclusion, we demonstrated that depletion of susceptible 
MSM with high levels of sexual activity as well as behavioral ad
aptations accounted for the timing and speed of the decline 
in mpox cases among MSM in the Netherlands. The level of 
immunity due to infection within the subgroup of MSM with 
the highest level of sexual activity was build up so fast that 
the outbreak could have waned within a few months, even with
out interventions or behavioral adaptations. The risk of a resur
gence of mpox in the short term seems very low, even with 
import of mpox infections.
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