nature health

Article

https://doi.org/10.1038/s44360-025-00022-9

Role of behaviour changein controlling the
2022 Paris mpox outbreak

Received: 2 May 2025

Accepted: 10 November 2025

Published online: 21 January 2026

Davide Maniscalco', Olivier Robineau'?, Pierre-Yves Boélle', Mattia Mazzoli'’,
Anne-Sophie Barret®, Emilie Chazelle®, Alexandra Mailles®, Harold No&l®,
Arnaud Tarantola?, Annie Velter®®, Laura Zanetti® & Vittoria Colizza® ¢

% Check for updates

The 2022 mpox outbreak led to arapid case surge among men who have

sex with men (MSM) in previously unaffected regions, followed by asudden
decline, whose drivers remain unclear. We developed a network model of

mpox transmission among MSM based on sexual behaviour data, focusing on
the Paris region epidemic. Our analysis tested three drivers for the decline:
postexposure prophylaxis vaccination, immunity among highly active MSM
and behavioural adaptations, either uniformin the population or based on
individual risk factors. Behavioural changes adopted by 49% (95% confidence
interval 47-51%) of MSM, regardless of risk factors, best explained the
decline, preventing an estimated 68% (15-99%) of potential cases in summer
2022. To validate model predictions, we analysed data from the 2023 ERAS
survey and found that 46% (45-48%) of MSM in the region reported reducing
their number of sexual partners during that period—closely matching model
estimates. In contrast, postexposure prophylaxis vaccination and immunity

among highly active MSM were insufficient to halt the outbreak. Both

model predictions and survey results underscore the role of widespread,
spontaneous behavioural adaptations, regardless of risk profile, in driving
the epidemic downturn. These findings highlight the importance of effective
risk communication and community engagement in outbreak management.

The 2022 global outbreak of mpox marked an international public
health crisis'. Endemic in Western Africa, monkeypox virus clade Il
rapidly spread to Western Europe, then through Central and Southern
Europe, to North America, Latin America and the rest of the world,
driven largely by international travel and extensive underdetected
dissemination’. By 23 July 2022, with more than 23,000 cases reported
in 94 countries, the World Health Organization (WHO) declared mpox
aPublic Health Emergency of International Concern. As cases surged
worldwide, a major concern was the mode of transmission.
Thespread of mpoxin 2022 was indeed remarkably different from
previous outbreaks. Unlike previous mpox outbreaks that remained

geographically limited to known endemic areas, the global outbreak
predominantly affected men who have sex with men (MSM)? and was
largely associated with sexual transmission'. A key factor driving the
rapid dissemination was the heterogeneity of sexual networks in the
MSM community. A small number of individuals with an exceptionally
high number of sexual partners largely amplified the disease spread,
creating conditions for sustained human-to-human transmission that
led to explosive case growth™*.

However, the explosive rise was soon followed by asudden decline
inviral circulation. This occurred as countries were struggling toimple-
ment control efforts through vaccination and risk communication. It
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Fig.1|Surveillance, behavioural and vaccination data. a, Mpox casesin the
Paris region from 7 May to 18 September 2022 (points, left y axis), together with
1st (solid bars) and 2nd (dashed bars) doses of PrEP vaccinesin the Paris region
(righty axis). b, Occurrence of the monthly number of sexual partnersin the
PREVAGAY survey and in five synthetic networks, inlog-log scale. ¢, Frequency of
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vaccinated contacts per mpox case estimated from contact tracing data. d, Onset-
to-testing delay estimates by month. Fitted values and interquartile ranges of
Gamma distributions estimated from onset-to-testing delays data (n = 78 for May,
n=>506for]June, n =276 forJuly).

remains uncertain whether these measures contributed to slow down
theepidemic.Indeed, the rapid infection of highly active MSM could have
already led to infection-induced immunity at the population level*® or
individuals may have spontaneously avoided risk in response to public
health messaging”®. The interplay between these factorsis complexand
context specific, with timing and impact varying across countries®*™,
depending on factors such as the time of firstimportations? vaccination
campaign onset and resource availability. In France, vaccine postexpo-
sure prophylaxis (PEP) of contacts of confirmed cases began on 27 May,
shortly after the first confirmed case on 19 May, but was initially limited
to 802 doses over 45 days. Mass pre-exposure mpox vaccination (mpox
PrEP, hereafter referred to as PrEP) only began after the epidemic had
peaked, both nationally and in the Paris region (ile-de-France), where
the peak occurred in late June (week 26, 27 June to 3 July). Public health
communication campaigns targeting MSM intensified over this period'®.
Clarifying the roles of both public health efforts and individual actions
iscritical for developing more effective strategies for future outbreaks.

We developed a data-driven network model of mpox transmission
toidentify the drivers behind the observed declinein mpox casesamong
MSM during summer 2022. The study focused on the Paris region, which

reported the majority of casesin France (63% at the time of the peak) and
has the largest MSM community in the country”. Our analysis tested three
main drivers: PEP vaccination, infection-induced immunity and behav-
ioural changes driven by different factors. Results were then validated
withsurveillance data and postoutbreak behavioural survey responses.

Results

To investigate the causes of the sharp decline in mpox cases among
MSMin the Paris region during summer 2022, we developed a stochas-
tic, data-driven network model of sexual transmission that integrated
behavioural survey data, case surveillance and vaccination timelines.
The model simulated mpox spread on dynamic networks constructed
fromsexual behaviour dataand considered varying assumptions about
transmission dynamics and sexual network topology, including degree
assortativity and venue-based correlations. We tested three hypotheses
to explain the observed epidemic decline. First, that PEP vaccination
contributed to the downturn, which we evaluated by comparing epi-
demic trajectories with and without vaccination, based on real-world
rollout data. Second, that the decline was consistent with infection-
induced immunity as the sole driver, which we assessed by treating the
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Fig.2|Model predictions for the three hypotheses. a,b, Mpox cases in the Paris
region (filled points refer to the data used for inference) and model predictions
under the behavioural change hypothesis, assuming homogeneous change of
behaviour across MSM (best-fit model) showing reported new cases (a) and
epidemicsize (b). ¢,d, Data versus model predictions under the PEP vaccination

hypothesis, scenarios with and without PEP vaccination, new cases (c) and
epidemicsize (d). e,f, Data versus model predictions under the infection-induced
immunity hypothesis, new cases (e) and epidemic size (). Allmodel predictions
are presented as means with 95% Pl (shaded areas) obtained from n =250
stochastic runs.

level of case underdetection as a free parameter to explore the plausi-
bility of extensive unobserved transmission. Third, that spontaneous
behavioural adaptations were responsible, which we examined through
three alternative mechanisms: a uniform reduction in sexual activity
across the MSM population, reductions preferentially among the most
sexually active or changes triggered by recent exposure to diagnosed
cases. Foreach scenario, we fitted model outputs to surveillance data
and used model selection criteria to determine the best explanation.
Finally, we validated model predictions using independent behavioural
data from the 2023 ERAS survey, which documented self-reported
reductions in sexual activity during the outbreak.

Model and data

Tosimulate mpox transmission dynamics, we first constructed synthetic
sexual contact networks reflecting the structure and heterogeneity of
MSM partnershipsin the Paris region. These time-varying networks were
parameterized using behavioural survey dataon age, number of sexual
partners (Fig.1b) and attendance at different types of commercial ven-
ues™”. By design, the networks incorporate venue-based correlations,
as connectionsbetweenindividuals were only possibleifthey reported
attending the same type of venue. This structure, directly derived from
the data, reflects the increased likelihood of contact among individu-
alssharing the same sexual and social contexts. Mpox transmission on
sexual contacts was modelled with a stochastic susceptible-exposed-
infected-isolated-recovered scheme adapted toinclude case detection

(Supplementary Fig.1). We considered the effect of smallpox vaccina-
tion, of the PEP vaccination given to contacts of cases from 27 May to
10July (Fig.1c) and of the PrEP vaccination starting on 11july, according
to data on vaccine doses administered and the vaccination guidelines
defined by the Haute Autorité de Santé and Santé publique France***
(Supplementary Table 1). We used data on mpox cases obtained from
Santé publique France (Fig. 1a), reporting on age, area of residence,
dates of symptoms onset and testing, smallpox vaccination status and
self-identification as a MSM (91% of answering cases). Based on a total
0f 996 mpox cases with complete data for the period of May to August
2022, we estimated areduction of the mean onset-to-testing delay from
8.7 (interquartile range 5.5-11.2) days in May to 6.9 (3.9-9.0) days in
June, and 6.3 (3.3-8.3) days in July (Fig. 1d). The decreasing trend was
confirmed through an analysis of variance test (P <107°).

Drivers of the outbreak decline

To understand which factors contributed to the observed decline in
mpox cases, we simulated the epidemic under three distinct hypoth-
eses, each grounded in a different potential mechanism of epidemic
control. Foreach hypothesis, we defined aspecific modelling and fitting
strategy aligned with the nature of the assumed driver—vaccination,
immunity buildup or behavioural adaptation. We then compared simu-
lated outcomes to observed case data and assessed model performance
usinginformation criteria to determine which scenario best reproduced
the epidemic trajectory.
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For the PEP vaccination hypothesis, we fitted only the early rise
of cases and then compared simulations with and without vaccination
toassessitsimpact. For the infection-induced immunity hypothesis,
we fitted the full epidemic curve—including the vaccination phase—by
treating the detection probability as a free parameter to capture the
potential contribution of undetected infections to population-level
immunity. For the behavioural change hypothesis, we considered
three patterns of behavioural adaptations among uninfected and
unvaccinated MSM: uniform reductions in sexual activity across the
population, reductions concentrated among the most sexually active
orreductions triggered by recent exposure to diagnosed cases. In this
case, model fitting was conducted in two steps: we first estimated
baseline transmission by fitting the early rise of the epidemic, and
thensecond calibrated the extent and coverage of behavioural change
using the observed decline. Behavioural changes were assumed to
occur frommid-June to mid-July, with specific dates selected through
the Akaike Information Criterion (AIC).

Among all drivers, the model that best explained the observed
epidemic decline considered a uniform reduction in risk across the
MSM population. It closely matched the observed epidemic curve
(Figs. 2a,b and 3a), reproducing peak time, magnitude and epidemic
size.Itestimated that49% (95% confidence interval (CI) 47-51%) of MSM
reduced their sexual contacts by 93% (95% C1 86-98%). This adapta-
tion, occurring gradually between 15 June and 20 July (Table 1), led
to a39% (95% predication interval (PI) 35-41%) reduction in sexual
contacts, ultimately driving the epidemic decline. By comparing the
best-fit model simulations to those without behavioural changes, we
found thatrisk reduction prevented 68% (95% P115-99%) of mpox cases
during the study period (Fig. 3b). The infection dynamics from the
best-fit model showed rapid progression, particularly among highly
active MSM early in the epidemic. Despite representing only 0.4% of
the MSM population, individuals with over 100 sexual contacts per
month accounted for 6% (95% P10-13%) of early cases, declining to 4%
(95% P1 0-13.5%) in the later phase (Extended Data Fig. 1a). We found
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Table 1] Fit results of behavioural change models

Model MSM changing behaviour  Reductioninsexual Avoidedsexual Avertedcases Period of behavioural AIC
(% of the MSM population)  activity contacts changes
MSM uniformly changing 49% (47-51%) 93% (86-98%) 39% (35-41%) 68% (15-99%) 15 June-20 July 413.25
behaviour
Highly active MSM 19% (17-25%) 96% (82-100%) 1% (35-44%) 68% (8-100%)  21June-26 July 430.62
preferentially changing
behaviour
MSM contacts of cases change 8% (0.4-13%)° 100% (95-100%) 28% (2-42%) 65% (21-98%) 21 June-2 August 452.34

behaviour

2For this model, we fitted the percentage c of the contacts of mpox cases and obtained c=100% (95-100%), resulting in the percentage of the MSM population reported. Models are ranked
by increasing AIC. Data in the columns of ‘MSM changing behaviour’ and ‘Reduction in sexual activity’ are fit estimates with 95% Cl; data in the columns ‘Avoided sexual contacts’ and ‘Averted

cases’ are means with 95% Pl obtained from n=250 independent stochastic runs.

that17% (95% P10-72%) of these highly active individuals were infected
at peak time. The predicted mean age of mpox cases increased from
33 years (95% P120-57) in May to 38 years (95% P120-63) inJuly (¢-test
P<107%),aligning with surveillance data (Extended Data Fig. 1b). Simu-
lations estimated that 25% (95% P1 5-53%) of mpox cases occurred in
individuals vaccinated against smallpox, consistent with surveillance
data (Extended Data Fig. 1c).

To validate our model selection, we analysed responses from the
2023 ERAS survey?®, a behavioural survey that collected self-reported
dataonsexual activity, healthand mpox-related behaviours among MSM
in France (Methods). The analysis showed that 46% (95% CI 45-48%) of
MSM in the Paris region reported reducing their sexual partners dur-
ing summer 2022, aligning closely with our model prediction (Fig. 4a).
Importantly, in the survey response data we found no significant cor-
relation between sexual activity levels and individual risk-reduction
behaviours (P=0.3), further supporting our model ability to capture
behavioural changes across different activity levels (Fig. 4b). In con-
trast, the two rejected behavioural models did not align with observed
behavioural patterns. The first model, which assumed that highly active
MSM were the primary drivers of behavioural change, required only 19%
(95% C117-25%) of MSM to reduce sexual contacts to achieve epidemic
control (Table 1 and Extended Data Fig. 2). However, this underesti-
mated the community-wide behavioural change indicated by survey data
(Fig. 4a). The second model, which attributed behavioural changes
to recent contacts of detected cases, predicted an even more modest
adaptation (8%, 95% P10.4-13%, Table 1and Extended DataFig. 3). Both
models failed toreproduce the change of behaviour reported by survey
respondents with fewer than 50 partners per month (Fig. 4c,d).

Next, we examined the role of PEP vaccination, testing whether it
alone could explain the epidemic decline. Simulations with and with-
out PEP vaccination yielded identical epidemic trajectories (Fig. 2c),
confirmed by a chi-square test (P=1.0). This suggested that PEP vac-
cination had no significant impact on the epidemic trajectory. Most
importantly, the model failed to replicate the observed incidence
of cases, predicting a delayed peak by 29 days (95% P11-57) and a
3.5-fold higher incidence (95% P1 0.3-5.6). By 31 August, the model
predicted 4,939 (95% P1104-6,773) detected mpox cases, correspond-
ing to 8% (95% P10.2-10%) of the MSM population—3.2 times higher
than observed (Figs. 2d and 3c). Even a lower detection probability
(Py=20%)—which would imply more undetected infections and higher
naturalimmunity—could not replicate the peak timing and magnitude,
leading to alonger-lasting and higher epidemic wave (Extended Data
Fig.4). We also tested whether infection-induced immunity might have
curbedthe epidemic, assumingbroader viral circulation than what was
observed. This scenario allowed the model to estimate the proportion
of undetected infections. While it provided agood fit to the epidemic
curve (Fig.2e), itrequired animplausibly low case detectionrate of only
P;=4%(95% Cl4-5%) of the cases be reported. Under this scenario, 52%
(95% P150-53%) of the MSM population in the Paris region—amount-
ing to 33,561 individuals (95% CI 32,432-34,661)—would have had to
contract mpox by the end of August (Figs. 2fand 3d).

Fitted values, estimated behavioural adaptations and AIC values
arereported for each model in Supplementary Table 5.

Sensitivity analyses

Werefitted the model with uniform behavioural changes among MSM
toassess theimpact of different assumptions exploredin the sensitivity
tests (Supplementary Table 6). We compared the results using the AIC
(Supplementary Table 7). When considering a detection probability
of P;,=80%, the model produced similar performance and outputs
(Extended Data Fig. 5c,d). In contrast, assuming P, =20% or that the
vaccine protected against both infection and transmission resulted
in considerably worse fits (Extended Data Fig. 5a,b). If unrecognized
mpoxinfections transmitted less than detected cases, aslightly smaller
reductioninrisk behaviour (84%, 95% P177-92%) was needed to explain
the epidemic decline compared to the best-fit model (Extended Data
Fig. 6).In addition, allowing smallpox-vaccinated MSM to also change
their behaviour required a higher percentage of sexual contacts (52%,
95% P149-54%) to be avoided to reproduce the downturn, since some of
these contacts were at lower risk of infection due to prior vaccination
(Extended Data Fig. 7). Overall, the other sensitivity tests, including
considering networks with a higher degree assortativity, showed no
substantial changesin results and none improved the fit compared to
the best-fit model (Supplementary Figs. 6-8).

Discussion
According to our analysis, asubstantial change inbehaviourin almost
halfthe MSMin the Paris region was the key factor in curbing the 2022
mpox epidemic and triggering its decline. These findings agree with
postoutbreak behavioural survey data. In contrast, our modelindicated
thatimplemented PEP vaccination or infection-induced immunity were
insufficient to explain the early downturn of the outbreak.
Thereductioninrisk behaviour waslikely due to heightened com-
munity awareness about mpox, as indicated by the shorter onset-to-
testing period over time pointing to better disease recognition and
treatment seeking. Our model identified 15 June 2022 as the onset
for the progressive reduction in sexual contacts, in line with a wide-
reaching communication campaign by authorities targeting the MSM
community'. Without risk reduction, our analysis showed that the
epidemic would have lasted longer and reached a substantially larger
scale, peakinginlateJuly with three times as many cases. About halfthe
MSM were predicted to have reduced their sexual contactsin response
tothe outbreak—consistent with behavioural changes reportedin46%
of MSM in the Paris region and 50% of MSM in Western Europe®. The
model suggested a 90% reduction in sexual contacts by MSM, which
may have resulted from several sources: a reduction in the number of
partnerships®; the adoption of safer sex practices reducing transmission
risk per contact—the WHO survey reported that 54% of respondents
avoided drug use in sexual settings®, and modelling results estimated
a61-87% dropinsexual transmissioninItaly™; or even being away from
the region-21% of Frenchmpox cases having travelled abroad inJune or
July 2022, for example?*. We found no evidence that change in behaviour
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was linked to high sexual activity or recent exposure to diagnosed mpox
cases. Indeed, the observed proportion of MSM required to change
behaviour under these hypotheses did not match that reported in the
ERAS survey, especially among lower-risk individuals. ERAS data also
showed nosignificant correlation betweenrespondents’ levels of sexual
activity and their reduction in sexual partnerships during the 2022
mpox outbreak, further confirming that the adoption of risk-reducing
behaviours was widespread throughout the community.
Surveillance data from France and other affected countries
showed a rapid, explosive surge in cases early in the outbreak’. This
has been reported to be driven by the heavy-tailed distribution of
sexual partnerships among MSM, where a small number of individu-
als have disproportionately many partners, and fuel the outbreak fast
acceleration>**, Networks built from sexual behavioural survey data

reproduced the hierarchical spread of the outbreak?, with highly active
MSM accounting for a larger proportion of cases during the growth
phase thanin the decline (6% versus 4%), mirroring observed trends™.
While our analysis showed that about half of MSM reduced sexual
contacts, we also found that reducing contacts in the most sexually
active would haverequired only 19% of MSM reducing risk behaviour to
yield the same impact on the outbreak. This suggests that prioritizing
high-risk groups should be favoured, especially when vaccine supplies
are limited. The large spontaneous change in behaviour may not be
sustainable in the long term, beyond our study period, and individu-
alswhoinitially altered their behaviour may eventually return to their
previous activity levels. However, WHO data shows that 23% of MSM
in Western Europe were still reducing their sexual activity 1year later®,
suggesting alasting impact from the 2022 epidemic wave.
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We found no measurable population-level impact from PEP vac-
cination. This likely stems from both the limited availability of doses
early in the outbreak and the substantial operational challenges in
implementing the strategy. Contacts could not be documented system-
atically for all cases: by 7July 2022, contact tracing had been reported
for only 145 of 656 diagnosed cases, and for nearly half of cases with
available data, no contacts were ultimately vaccinated. Even when
contacts were identified, 83% of vaccinated individuals received the
dose beyond the recommended 4-day postexposure window?, limiting
its effectiveness. These findings suggest that access to diagnosis, low
levels of declared contacts and delays in reaching vaccination centres
hindered theimpact of the PEP strategy. In contrast, once the epidemic
declined, PrEP vaccination contributed to long-term control®*** by
protecting individuals before exposure and overcoming many of the
logistical challenges seen with PEP implementation.

International reports on the mechanisms responsible for the 2022
mpox epidemic decline showed different results. Our findings differ
markedly from previous work suggesting that the accumulation of
immunity among highly active MSM drove the observed epidemic
fadeout globally®. Here we found that only 17% of highly active MSM
were predicted to beinfected before the epidemic peak, although they
contributed a disproportionate share to infected cases (6% of cases
despite representing only 0.4% of the population). For saturation to
explain the course of the epidemic, our model required that approxi-
mately half of the entire MSM community would have been infected
by summer 2022, corresponding to only 4% of cases being detected.
While detection probabilities during the 2022 mpox outbreak remain
undetermined in France, estimates from similar countries'***° range
between 60% and 80%. We used a 60% detection probability®° as a
reference value and found that increasing it to 80% produced similar
results and model fit. Lowering the detection probability to 20% in
our model led to aconsiderably worse fit of the observed wave. Taken
together, these results indicate that behavioural adaptation primar-
ily drove the epidemic decline, with only secondary contribution of
infection-induced immunity.

Substantial behavioural adaptations are consistent with results
from two modelling studies on the UK outbreak®”. They estimated that
the epidemicdeclineresulted from45% reductionin the sexual partner
rate in one model®, and from a 40% decrease in the transmission rate
in another’. These estimates are close to the 39% reduction in sexual
contacts resulting from our best fit, although the second study also
acknowledges animportant role of infection-induced immunity. Inthe
Netherlands, even if the epidemiological situation (1,000 cases by 8
August®) was similar to that in the Paris region (1,357 cases by the same
date), behavioural changes were not as instrumental to the reduction
in cases, given that a reduction by 15-20% was sufficient to account
for the decline®. Two studies in the USA found that PrEP vaccination
and behavioural changes together prevented between 64% and 84%
of cases'>*. However, the mpox outbreak started later in the USA and
peaked in mid-August?, whereas the PrEP vaccination campaign had
begunon26june. This gave the USA ample time for postvaccine collec-
tiveimmunity to considerably protect the population and contribute
to the epidemic decline. Although both studies recognize the role
of behavioural adaptations, it was less important than in the French
context where PrEP started well after the decline.

This study presents some limitations. First, we did not model
presymptomatic transmission®, similarly to other modelling stud-
ies”>!*, Asymptomatic transmission was addressed by including unde-
tected milder cases and testing lower transmissibility in our sensitivity
analyses, without altering our main findings. Second, we assumed a
constant detection probability over time. As a result, part of the esti-
mated behavioural change could be due toanincreased detectionrate
over time. However, our findings on behavioural change are supported
by postoutbreak survey data and hold in the range 60% to 80% for case
detection, estimated for other countries™*°. Third, ERASisbasedona

convenience-based samplerecruited online and through social media,
as is often the case for surveys related to MSM*’. The findings from
thissurvey may not fully represent the experiences of everyoneinthe
community. Fourth, our networks constructed from sexual behavioural
survey data are not degree assortative. However, sensitivity analyses
increasing degree assortativity levels showed noimpact onthe results.
By contrast, venue-based correlation is intrinsic to the network con-
struction—derived from co-attendance to specific venue types—and
reflects the increased likelihood of connection among individuals
sharing the same sexual and social contexts. Finally, our three scenarios
for sexual contact reduction did not cover all possible nuances. Better
documenting these aspects could be the objective of future surveys.

Our findings highlight the critical role of adaptive community
behaviour in successfully controlling outbreaks like mpox. This is
especially relevant during periods when vaccination coverage is still
increasing’. Itunderscores the power of effective risk communication
asacornerstone of outbreak management, particularly when targeting
highly-vulnerable communities. In the ongoing mpox crisis***, as new
waves of infection caused by clade I, vaccine distribution challenges
and transmission across various settings persist, these insights are yet
more vital. Empowering communities with timely, clear and accessible
information candrive substantial behavioural changes that, when com-
bined with vaccination efforts, can substantially reduce transmission.
Future public health strategies for emerging pathogens must prioritize
adual approach: fostering behavioural adaptations while accelerating
and expanding vaccine access to ensure both short-term mitigation
and long-term epidemic control.

Methods

MSM definition

MSM refers to all men who engage in sexual relations with other men.
The words ‘men’ and ‘sex’ are interpreted differently in diverse cul-
tures and societies and by the individuals involved. Therefore, the
term encompasses the large variety of settings and contexts in which
male-to-male sex takes place, regardless of multiple motivations for
engaging in sex, self-determined sexual and gender identities, and
variousidentifications with any particular community or social group®.

Mpox surveillance data

Data onthe mpox outbreak were reported to Santé Publique France®
(French Public Health Agency), including age, area of residence, dates
of symptoms onset and testing, smallpox vaccination status and self-
identification asa MSM (91% of answering cases). We accessed surveil-
lance data for the Paris region, which included 1,616 mpox cases with
symptoms onset or testing dates between 7May and 22 September 2022
(Fig.1a). Amongthese, 33 cases had missing or misreported symptoms
onset dates, but valid testing dates. For these, we imputed symptoms
onset dates from the onset-to-testing delay obtained from cases with
complete data (Supplementary Table 2 and Supplementary Fig. 2).
During the study period from 7 May to 31 August, 1,530 cases were
includedinthe analysis, 30 withimputed onset dates.

Vaccination data

Smallpox vaccination in France was mandatory until 1979. Therefore,
allMSM in the synthetic network born up to 1979 (47% of the popula-
tion) were considered vaccinated against smallpox. The efficacy of
first-generation vaccines against developing mpox was originally
estimated as 85% (ref. 37). Part of the protection, however, may have
been lost throughout the years. In this work, we considered a vaccine
effectiveness of 71%, recently estimated for France®, and the case of a
vaccine effectiveness of 85% was tested for sensitivity.

During the 2022 outbreak, the third-generation Modified Vaccinia
Ankara smallpox vaccine Imvanex (called Jynneos in the USA) was used
against mpox in France®. Data on third-generation vaccine doses
administeredinthe Parisregionin the study periodincluded PEP doses
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for at-risk contacts from 27 May to 10 July, and PrEP doses starting on
the1l]July (Fig.1a). There were two phases of the vaccination campaign,
as reported in Supplementary Table 1. In the first phase starting on
27 May 2022%°, vaccines were offered to at-risk contacts of detected
cases as PEP due to limited resources. The Haute Autorité de Santé
indicated to administer the vaccine in the first 4 days following the
at-risk contact and no later than 14 days®*. A total of 468 PEP vaccine
doses were administered in the Paris region between 27 May and 10 July.
We modelled the PEP vaccination process by randomly selecting and
vaccinating anumber n of contacts established by mpox cases within
the preceding 14 days. The value of n was sampled from the distribu-
tion of vaccinated at-risk contacts per detected case, estimated from
available contact tracing data (Fig. 1c). During the initial PEP phase,
contact tracing coverage was limited and the vaccination campaign
had programmatic difficulties. Contacts were reported for only 145 of
656 diagnosed cases by early July, and among 64 cases with available
vaccinationdata, 47% had no contacts vaccinated. The mediannumber
of reported at-risk contacts was two per case (Supplementary Fig. 3),
likely an underestimate. To account for these limitations, we ensured
thatall PEP doses distributed in the Paris region during this phase were
administered to case contacts in the simulation.

Owing to the limited dose availability in the PEP phase, we con-
sidered that only MSM not vaccinated against smallpox could receive
the PEP vaccination. We considered 89% vaccine effectiveness 14 days
after administration, derived fromstudies conducted in Spain®***° and
the USA". A recent meta-review largely reduced the estimate of the
effectiveness of PEP vaccination to 20% (ref. 42). This does notimpact
our conclusions, since in our results we did not find a measurable
population-level impact of the PEP vaccination even with the higher
estimate used in our study.

Inthe second phase starting on11july”, vaccines became available
onavoluntarybasis as PrEP. The Haute Autorité de Santé recommended
the vaccination of individuals at risk, prioritizing multipartner MSM,
transgender individuals and sex workers. Inour simulations, we admin-
istered the vaccines according to the data on the distributed number
of doses per week. Vaccine effectiveness 14 days after administration
was set to 78% according to available estimates*>*,

PREVAGAY survey, time-varying sexual contact network
construction and MSM population estimate

We used data from the 2015 PREVAGAY survey of sexual behaviour
and HIV serostatus conducted among MSM in France'®”. The survey
was designed to include MSM only, where MSM were self-declared.
MSM were eligible if they were at least 18 years old, had sex with men
inthe previous12 months, and could read and speak French. A total of
2,646 MSM reported sociodemographic data, such as age and place
of residence, and sexual habits, in terms of number of sexual partners
and attendance at MSM commercial venues. We used data from the
1,089 MSM living in Paris. Of these respondents, 44% declared having
more than 10 sexual partnersin the previous month, and 8% declared
more than 50 partners. Survey participants were asked to indicate if
they attended gay venues in the past 12 months, including bars and
clubs without sex, saunas with sex, backrooms or darkrooms, clubs
or sex clubs and if they used internet dating sites or geolocalized gay
dating apps.

From PREVAGAY data, we built stochastic time-varying networks
of sexual contacts among MSM in the Paris region'®. In this approach,
MSM are represented by nodes in the network and time-varying sex-
ual partnerships are represented by edges connecting two MSM and
changing every day. Data allowed the reporting of sexual contacts
occurring in specific venue types (for example, saunas, backrooms,
clubs and online dating) that we combined in a single network. We
simulated partnerships in a synthetic population of 10,000 MSM,
assigning to each MSM the following features taken from the PREVA-
GAY data according to sampling weights: age, monthly number of

sexual partners and information on his attendance or not at each
venue type. We interpreted sexual contacts reported in the survey
as single-day partnerships in our daily sexual contact networks. For
each venue type, network realizations were generated by sampling
from power-law distributions fitted to the venue-specific reported
number of monthly sexual partners. Power-law distributions provided
abetter fitthan Weibull alternatives (Supplementary Table 3). The dis-
tribution of the monthly number of sexual contacts of the generated
networksisshowninFig.1b andin Supplementary Fig. 4 for the venue-
specific plots. The fit is poorer when stratifying per venue, and this is
likely to be influenced by rounding in self-reported partner numbers.
Specifically, the network was constructed by assigning a number of
monthly partners to each MSM for each venue type by sampling the
corresponding fitted power-law distribution 6 times, representing
6 months. To preserve the individual sexual behaviour over time, the
sampled numbers were sorted and assigned to individuals in the same
order each month. We distributed the partners over time according
to a multinomial distribution over the days of each month. We then
generated the time-varying network corresponding to the sequence
of 180 daily occurring partnerships in the MSM population using the
configuration model**, pairing MSMs according to date and place of
encounter'®*, The networks incorporated venue-based correlation,
asindividuals could only be connected if they reported attending the
same type of venue. However, they were not degree assortative, there-
fore wealsotested alternative versions of the sexual networks imposing
acertain level of degree assortativity. To take into account variability
inthe network building, we considered 5 stochastic realizations of the
sexual network, and we confirmed the robustness of results to specific
realizations of the network by considering 50 network configurations
(Supplementary Fig.9).

The synthetic population 0of 10,000 MSMis a scaled representation
ofthe estimated 65,000 MSMin the Paris region (26% of the estimated
250,000 multipartner MSM in France®*°). To compare simulation
outputs to observed data—such as reported case counts or vaccine
doses administered—we rescaled model outputs by a factor of 6.5 to
align with the total target population size.

Degree-assortative sexual contact networks

The sexual contact networks generated from PREVAGAY survey data
arenot degree assortative—that is, nodes do not preferentially connect
with others of similar degree. To explore the potential impact of assor-
tative mixing, we applied a rewiring algorithm to increase degree
assortativity while preserving the daily degree distribution (Supple-
mentary Fig. 5). The algorithm was applied independently to each day
of the temporal networks, ignoring venue information. The steps of
thealgorithm canbe summarized as follows. For each pair of connected
nodes A and B, we define a distance d(A, B) = |k, — kz| Where k, and kg
arethe degrees of node Aand node B, respectively. All connected pairs
aresorted by decreasing distance. Starting from the top of the list (pair
(A,B)), the algorithm searches for another connected pair (C,D) satisfy-
ing the following conditions:

« A,B,Cand D areall distinct nodes

« Links (A,D) and (B,C) do not already exist

« Rewiring reduces the degree distance:
d(A,B) + d(C,D) > d(A,D) + d(C,B)

When a pair is found, links (A,B) and (C,D) are replaced by (A,D)
and (C,B). This process is repeated iteratively. The algorithm stops
when the variance in the last 10 assortativity values falls below 107°,
indicating convergence.

ERAS 2023 survey

Since 2017, Santé publique France has conducted aweb-based Enquéte
rapportausexe [relation to sex] survey called ERAS once every 2 years
to monitor the use of different means of HIV prevention among MSMin
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France”. The 2023 edition was conducted from 24 February to 6 April
2023. Participants were recruited via a variety of digital media. Banners
were posted directly on geolocated gay dating applications and gay
affinity information sites. They were also posted on social networks,
targeting profiles similar to those of visitors to the Sexosafe prevention
website”. The inclusion criteria for participation were being male and
18yearsofageorolder. The survey included questions about registered
sexatbirth, gender, sexual orientation definition and number of sexual
partners in the past 6 months (male, female and transgender male
or transgender female). The survey had 23,502 respondents, 3,965
(16.9%) of whom were multipartner MSM living in the Paris region. We
restricted our analysis to this subset. The survey was divided into four
mainsections: sociodemographic characteristics, lifestyle and sociali-
zationdata, health data, and sexual and preventive behaviour over the
last 6 months and during the last sexual encounter. In addition, the
survey asked respondents whether they reduced their sexual activity
in the summer of 2022 during the mpox epidemic. Participants were
also asked whether they were diagnosed with mpox.

Ethics statement
All surveillance data were anonymized before use. Surveillance was
considered as noninterventional research only requiring the nonop-
position of the patient (article L1211 of the French public health code).
The PREVAGAY study was authorized by the Comité de pro-
tection des personnes ile-de-France IX (no. 2014-A01605-42). The
ERAS study was approved by Inserm’s Ethics Evaluation Committee
(IRBOO003888 avisno.23-989). Participantsin both studies gave their
informed consent.

Mpox transmission model

We described mpox transmission on the network of sexual contacts
among MSM using astochastic susceptible-exposed-infected-isolated-
recovered agent-based model, adapted to include case detection. A
susceptible individual (S) establishing a sexual contact with an infec-
tious individual can contract the infection with a given probability
(transmissibility ) per sexual contact. Following infection, the indi-
vidualbecomes exposed (E) but cannot yet transmit. After the latency
period, he becomesinfectious entering one of the two following infec-
tious compartments: |, if detected with detection probability Py, or |
(undetected) otherwise. The detection probability Py was fixed to 60%
(ref.30) and varied for sensitivity (P, = 20%, 80%), except when testing
theinfection-induced immunity hypothesis where P was fitted. After
the onset-to-testing period, I, enters isolation (Q) where we assumed
he abstains from any sexual contact, therefore preventing further
transmission. After the infectious period or the isolation phase, the
individual enters the recovery state (R, Ry), becoming fully immune
to the disease. The model was stratified to account for smallpox vac-
cinationstatus at the start of the simulations, rolling vaccination over
time in the study period for both vaccine PEP and PrEP. The model is
illustrated in Supplementary Fig. 1and was informed with the param-
eter values reported in Supplementary Table 4.

Adaptive behaviour models

We explored three models of behavioural changes in uninfected and
unvaccinated MSM: uniform changes across the population, changes
based onsexual activity or triggered by recent exposure to diagnosed
cases. Adaptive changes were modelled from mid-June to mid-July
2022, with the reduction lasting through the study period. We tested
9 periods startingon15June, 18 June or 21June 21, lasting 4 to 6 weeks.
The reduction level rand the percentage c of MSM reducing contacts
were estimated by fitting each model to the epidemic decline. The
models differed in how MSM were selected and in the definition of
the percentage c. In the first two models we considered that a daily
percentage of MSM adapted their behaviour, resulting in a gradual
changein the population reducing their risk, amounting to an overall

percentage c of MSM. MSM were chosen with a uniform probability in
the populationin the first model, and with a probability proportional to
their sexual activity in the second model. The third modelinstead was
based on exposure to detected cases. We assumed that a percentage
cof MSM who had a sexual interaction with a case in the 14 days prior
to the case detection reduced their sexual activity. MSM were chosen
uniformly among case contacts.

Inference framework

We simulated a population of 10,000 MSM and rescaled it to match
the Paris region population of 65,000. We averaged over 250 stochas-
tic simulations to compute the expected epidemic curve and fitted
the model to observed case counts through a (pseudo-) likelihood
approach”, described here.

Y, was used for the observed daily incidence of mpox cases that
we consider as the observed data, X, for the variables describing the
status of the population over time (¢) and 6 for the parameters to be
estimated. In our model, the distribution of Y, is specified by P(Y, | X,);
itis acompound binomial, as new cases arise as a proportion of all
infected or susceptible pairs that are linked in the contact network at
agiventime. We approximated this binomial distribution by a Poisson
distribution, which is appropriate since incidence remains small with
respect to the size of the simulated population:

Py(Y|X;) ~ Poisson(Y;|H(X;, 6))

where H(X,|0) is the expected incidence computed in the model. Like-
wise, given that the epidemic process is Markovian in discrete time,
Py(X,) is specified by the initial state Py(X,) and the conditional
probabilities Py(Y ;X ;) 1<j<t.

The log likelihood of the observed incidence up to time T can be
computed as follows:

log Py (s, ..., Yy) = 10g Py (Vi .., YeiXe oo Xp)

TT PoXelXe-)PXo)dXo ... X7 =

1<t<T

> logPoisson

1<t<T
Xo,..Xr T 7

(YelHO, 0) T r Po XelXe) P(Xo) dXo .. dX;

thatis, averaging over all trajectories compatible with observed inci-
dence. Theintegral canbe approximated by the Monte Carlo method as:

D)

1<k<K,1<t<T

log Poisson (V;|H(XX, 6))

where Xk areaset of Ktrajectories obtained by simulation under Po(X,).
Last, we approximate this quantity to the first order as

> log Poisson(Y,|H*(X,|6))
t

where

H* (X)) =

thatis, wereplace the average probability over individual trajectories
by the probability of the mean trajectory.

Therefore, the algorithm for the likelihood estimation works as
follows: (1) first obtain the meanincidence over time by averaging 250
trajectories simulated withthe model; then (2) use Poisson distribution
tocomputethelikelihood. As we had at maximum two free parameters,
we performed a grid search to find the maximum likelihood, using a
quadratic approximation to smooth the response surface and locate
the maximum.
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The number of fitted parameters depended on the hypothesis
considered. In all cases, we fitted the rate of transmission per sexual
contact (f) and the date of introduction of 10 seeds (t,), explored
between 6 May and 20 May. For the PEP vaccination hypothesis, the
fit was performed on the early case rise up to 18 June, for simulations
with and without vaccination. We associated likelihood ratio 95% CI
to the estimate of . For the infection-acquired immunity hypothesis,
we fitted the model to the full epidemic curve and estimated P, as
well, associating 95% bootstrap Cl to their estimates. For behavioural
changes, we first fitted $ and ¢, on the early rise (with likelihood ratio
95% Cl), then estimated cand r (as described earlier) on the remaining
trajectory—maintaining fand ¢, fixed. When the parameter set corre-
sponding to the maximum likelihood was onthe border of the domain
we took it as the maximum likelihood estimate (MLE). In this case, we
computed the likelihood ratio 95% Cl rounded to the closest points of
the explored grid. Otherwise, we associated to the estimates of c and
ra95%bootstrap Cl.

Thebest-fit model was determined using AIC. Simulations without
changeinbehaviour served as a counterfactual.

Sensitivity analysis

We conducted a total of seven sensitivity analyses. They were per-
formed on the hypothesis and assumption of the best-fit model, that
isunder the behavioural change hypothesis assuming ahomogeneous
change of behaviour, to assess how these aspectsimpact the results of
the best-fit model.

(1) Detection probability. The model was parameterized with a
detection probability P;= 60% estimated for Portugal®
(except when evaluating the infection-acquired immunity
hypothesis where P, was fitted). In absence of an estimate
specific for France, we repeated our analyses with a lower
(P4=20%) and a higher (P,=80%) probability of detection.

(2) Asymptomatic infections. Our model does not formally distin-
guish between asymptomatic and symptomatic infections, but
instead differentiates between undetected and detected cases.
However, undetected mpox infections are typically those show-
ing milder or no symptoms. In this perspective, and following
prior assumptions on presymptomatic transmissibility’, we
repeated our analysis assuming that undetected cases (I stage)
would have a 20% lower transmissibility than detected cases
(I, stage).

(3) Vaccination. Owing to the uncertainty about the type of pro-
tection vaccines provide, we tested the case of vaccine effec-
tiveness against both infection and transmission. We assumed
the same effectiveness, similar to previous modelling work®.
In another test, we repeated our analysis parameterizing the
model with the first available estimate of the effectiveness of
the first-generation vaccine (VE;, ;. = 85%)”".

(4) Behavioural change. In our main analysis, we assumed that
only nonvaccinated MSM would change behaviour. We carried
out a sensitivity test lifting this assumption and also taking
into account vaccinated MSM changing behaviour.

(5) Degree assortativity. We increased the level of degree assorta-
tivity of the networks and assessed the robustness of behav-
ioural change results to this network aspect.

Statistical analyses and validation
Monthly changes in onset-to-testing delays were tested by analysis of
variance. We compared mpoxincidence with and without vaccination
using a chi-square test. We compared the mean ages of infected cases
over successive months (¢-tests).
Uncertainty on model estimates were provided by the 95% PI.
Model selection was validated against ERAS and WHO® survey data,
analysing behavioural change responses across MSM populationsinthe
Paris region and reported estimates for Western Europe, respectively.

We analysed the responses from the ERAS 2023 survey, considering
MSM respondents residing in the Paris region who had at least two
male sexual partners in the previous six months. We computed the
percentage of respondents who declared having reduced the number
of sexual partnersinsummer 2022. The associated error was estimated
by computingabinomial proportion confidence interval usinganormal
approximation. The reductionin the number of sexual partners was also
analysed stratified by sexual activity. We performed alogistic regression
to examine the correlation between the number of sexual partners and
having changed behaviour or otherwise during summer 2022.

We also compared the predicted proportion of MSM changing
behaviour with published estimates from a cross-sectional electronic
survey conducted by WHO between 19 May and 31 May 2023 to explore
theexperiencesofgay, bisexualand otherMSMduringthefirstyearofthe
mpox outbreak®. The survey was undertaken in 23 affected countriesin
Europe and the Americas, including France. WHO advertised the survey
using in-app direct messages and/or pop-ups through four geospatial
dating applications. Inclusion criteria for participation were being 18
years old or older, and identifying as a gay or bisexual man, an MSM,
orasatrans-or gender-diverse person, and agreeing to participatein
the survey. The survey had 16,875 eligible respondents, 8,151 (48.3%)
from Western Europe.

Simulations were developed and executed in C++ (version 14.2.0).
Data processing and analyses were carried out in Python (version
3.8.10). Network construction and the quadratic approximation of the
fitting procedure were carried out using R (version 4.2.3).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Alldata used to parameterize the model, run the simulations and gen-
erate the findings—including age-informed sexual contact networks,
parameter values and vaccination data—are publicly available together
withthe model codeinthe GitHub repository associated with this study
(https://github.com/EPIcx-lab/mpox-behavioral). Access toindividual-
level data from the PREVAGAY and ERAS surveys, which contains sensi-
tive information on sexual behaviour and health, is restricted. These
datacanbe madeavailable toresearchers uponrequest to Annie Velter,
subject to approval of the proposed analyses and agreement to adhere
to security, confidentiality and collaborative conditions. Source data
are provided with this paper.

Code availability
Our code, usableto reproduce all our experiments, is publicly available at
the GitHubrepository (https://github.com/EPIcx-lab/mpox-behavioral).
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model predicted 3,534 (95%P12,556-4,031) detected mpox cases, corresponding
t0 5% (95%P14-6%) of the MSM population—2.3 times higher than observed. c,d:
Asin (a,b) assuming a detection probability p,= 80%. Model predictions are
presented as means with 95% prediction intervals (shaded areas) obtained
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model predicted 3,844 (95%P154-6,442) detected mpox cases, corresponding to
6% (95%P10.1-10%) of the MSM population—2.5 times higher than observed.
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Extended DataFig. 5| Impact of lower (p, = 20%) and of higher (p, = 80%)
detection probability. Results refer to the model with uniform behavioral
changes among MSM. a,b: Mpox cases in the Paris region (filled points refer to
the data used for inference) and model predictions, assuming p,=20%. Model
predictions are presented as means with 95% prediction intervals (shaded areas)
obtained from n =250 stochastic runs. The left panel (a) reports incident cases,
and theright panel (b) the epidemic size. The model resulted in a considerably
worse fit than the best-fit model (Supplementary Table 7) and estimated
that 53% (95% C150-53%) of the MSM reduced their sexual contacts by
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100% (95% C195-100%). This adaptation, occurring gradually betweenJune 15and
July 20, was predicted to lead to a 44% (95%P141-46%) reduction in sexual
contacts and 59% (95%P124-99%) averted mpox cases during the study period.
c,d: Asin (a,b) assuming p,= 80%. The model produced a similar performance
and output to the best-fit model (Supplementary Table 7) and estimated that
53% (95% CI50-53%) of the MSM reduced their sexual contacts by 85%

(95% C185-100%). This adaptation, occurring gradually between June 21and
July19,led to a38% (95%P134-41%) reduction in sexual contacts and

71% (95%P118-99%) averted mpox cases during the study period.
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Extended Data Fig. 6 | Impact of lower transmissibility of asymptomatic
cases. Results refer to the model with uniform behavioral changes among

MSM. a,b: Mpox cases in the Paris region (filled points refer to the data used for
inference) and model predictions. Model predictions are presented as means
with 95% predictionintervals (shaded areas) obtained from n =250 stochastic
runs. The left panel (a) reports incident cases, and the right panel (b) the
epidemic size. Under this hypothesis, the model fitted worse than best-fit model
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(Supplementary Table 7). It estimated that 51% (95% Cl1 46-56%) of the MSM in the
population reduced their sexual contacts by (84% (95% C177-92%)), i.e. a slightly
smaller reduction compared to the best-fit model. This adaptation, occurring
gradually between June 21 and July 20, was expected to lead to a 37% (95%P133-39%)
reductioninsexual contacts and 71% (95%P126-99%) averted mpox cases during
the study period.
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Extended Data Fig. 7 | Impact of allowing also vaccinated MSM to change

behavior. Results refer to the model with uniform behavioral changes among
MSM. a,b: Mpox cases in the Paris region (filled points refer to the data used for

inference) and model predictions. Model predictions are presented as means

with 95% predictionintervals (shaded areas) obtained from n =250 stochastic

runs. The left panel (a) reports incident cases, and the right panel (b) the
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epidemic size. The model fitted worse than the best-fit model (Supplementary
Table 7) and estimated that 89% (95% CI1 80-98%) of the MSM in the population
reduced their sexual partnerships by 75% (95% CI 68-83%). This spontaneous
adaptation, occurring gradually between June 15 and July 20, was estimated to
lead to a52% (95%P149-54%) reduction in sexual contacts and 71% (95%P127-100%)

averted mpox cases during the study period.

Nature Health


http://www.nature.com/NatHealth

nature portfolio

Corresponding author(s): Vittoria Colizza

Last updated by author(s): Oct 23, 2025

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

XXX O OO0 000F
X

oo

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Computer code was not used to collect data

Data analysis Simulations were developed and executed in C++ (version 14.2.0). Data processing and analyses were carried out in Python (version 3.8.10).
Network construction and the quadratic approximation of the fitting procedure were carried out using R (version 4.2.3). Our code, usable to
reproduce all our experiments, is publicly available at the GitHub repository: https://github.com/EPIcx-lab/mpox-behavioral/

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data used to parameterize the model, run the simulations, and generate the findings—including age-informed sexual contact networks, parameter values, and
vaccination data—are publicly available together with the model code in the GitHub repository associated with this study (https://github.com/EPlcx-lab/mpox-




behavioral). Access to individual-level data from the PREVAGAY and ERAS surveys, which contain sensitive information on sexual behavior and health, is restricted.
These data can be made available to researchers upon request to Annie Velter, subject to approval of the proposed analyses and agreement to adhere to security,
confidentiality, and collaborative conditions. Source Data files for all data presented in graphs within the Figures and Extended Data are published alongside the

paper.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Surveillance data contained self-identification as MSM (yes/no). 2015 PREVAGAY survey was proposed to MSM only. MSM

»ou

were self-declared. 2023 ERAS survey contained self identification about the gender (“male”, “female”, “non-binary”, “other:

“), and about the sex at birth.

Reporting on race, ethnicity, or Survey and surveillance data were not specifically sampled based on race or ethnicity. Surveillance and ERAS data were
other socially relevant restricted to the Paris region (ile-de-France); PREVAGAY data to Paris. ERAS data were filtered to consider MSM respondents

groupings only (98% of lle-de-France’s respondents).

Population characteristics The characteristic of the sample of the various data sources are described in the Methods (sections: ERAS 2023 survey,
PREVAGAY survey, time-varying sexual contact network construction, and MSM population estimate, Mpox surveillance
data). Both PREVAGAY and ERAS surveys contained socio-demographic, health-related and sexual-related information; ERAS
contained also mpox-related questions. We used information on the number of sexual partners in the past month, age,
attended sex-related venues of the PREVAGAY survey. We used information on the number of sexual partners in the past 6
months and mpox-related behavioral changes in 2022 in the ERAS survey. Both survey were addressed to MSM.

Recruitment Data on the mpox cases were reported, anonymized, to Santé Publique France (French Public health Agency). Participants to
the 2015 PREVAGAY surveys were recruited in commercial gay venues in five French cities (Paris, Lyon, Lille, Montpellier/
Nimes/Béziers, Nice). Such commercial gay venues could be sex-related (Sauna, Backroom, sex-club) or non sex-related (Bar,
Club without backroom). The survey was specifically proposed to individuals self-defined as MSM. Participants to the 2023
ERAS survey were recruited via a variety of digital media. Banners were posted directly on geolocated gay dating applications
and gay affinity information sites. They were also posted on social networks, targeting profiles similar to those of visitors to
the Sexosafe prevention website visitors.

Ethics oversight All surveillance data were anonymized before use. Surveillance was considered as non-interventional research only requiring
the non-opposition of the patient (article L1211 of the French public health code).
The PREVAGAY study was authorized by the Comité de protection des personnes fle-de-France IX (n°2014-A01605-42). The
ERAS study was approved by Inserm's Ethics Evaluation Committee (IRBOO003888 avis n°23-989). Participants in both studies
gave their informed consent.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size In the fitting procedure, at each iteration, we averaged 250 stochastic simulations (50 for each of the 5 networks we generated) obtained
from the same parameter sets to compute the average expected value for the likelihood. We chose simulations number to ensure a relative
precision at least 10% on the variance estimates (based on the normal assumption - SD(s"2)/s"2 = 2/n, which gives n> 200 for at least 10%
relative precision). We conducted a sensitivity analysis for the number of networks. Sample sizes of surveillance data, PREVAGAY data, and
ERAS data are provided in the main manuscript.

Data exclusions  Our study focused on the Paris region (lle-de-France). All other data are excluded.
Replication The study contains several stochastic models: the generation of the networks, the epidemic model, the imputation of missing dates of
symptom onset. Each network generation and each model replication were independently executed. We tested the reproducibility of our

findings by varying the number of networks from 5 to 50 and the number of from stochastic runs from 250 to 2500.

Randomization  Our study is observational and population-based in nature, and involves no intervention. Randomization of subjects is therefore not
applicable.

Blinding Our study is observational and population-based in nature, and involves no intervention. Blinding techniques are therefore not applicable.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants

XXXXNXNXX s
OoOooooO

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-atithentication-procedures for-each-seed-stock-tised-ornovel-genotype-generated—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

-
g
C
=
()

©
O
Et\
o
=
—
™

©
O
E,..
)

Q
wn
C
3
=
Q
>

<




	Role of behaviour change in controlling the 2022 Paris mpox outbreak

	Results

	Model and data

	Drivers of the outbreak decline

	Sensitivity analyses


	Discussion

	Methods

	MSM definition

	Mpox surveillance data

	Vaccination data

	PREVAGAY survey, time-varying sexual contact network construction and MSM population estimate

	Degree-assortative sexual contact networks

	ERAS 2023 survey

	Ethics statement

	Mpox transmission model

	Adaptive behaviour models

	Inference framework

	Sensitivity analysis

	Statistical analyses and validation

	Reporting summary


	Acknowledgements

	Fig. 1 Surveillance, behavioural and vaccination data.
	Fig. 2 Model predictions for the three hypotheses.
	Fig. 3 Epidemic size and averted cases.
	Fig. 4 Change of behaviour.
	Extended Data Fig. 1 Best-fit model results.
	Extended Data Fig. 2 Highly active MSM preferentially changing behavior.
	Extended Data Fig. 3 MSM contacts of cases changing behavior.
	Extended Data Fig. 4 PEP vaccination hypothesis with pd = 20% and pd = 80%.
	Extended Data Fig. 5 Impact of lower (pd = 20%) and of higher (pd = 80%) detection probability.
	Extended Data Fig. 6 Impact of lower transmissibility of asymptomatic cases.
	Extended Data Fig. 7 Impact of allowing also vaccinated MSM to change behavior.
	Table 1 Fit results of behavioural change models.




