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Many countries affected by the global outbreak of mpox in 2022
have observed a decline in cases. Our mathematical model
accounting for heavy-tailed sexual partnership distributions
suggests that mpox epidemics can hit the infection-derived
herd immunity threshold and begin to decline, with <1% of
sexually active men who have sex with men infected
regardless of interventions or behavioral changes. We
consistently found that many countries and US states
experienced an epidemic peak, with cumulative cases of
around 0.1% to 0.5% among men who have sex with men.
The observed decline in cases may not necessarily be
attributable to interventions or behavioral changes primarily.
Keywords. depletion of susceptibles; heavy-tailed
network; herd immunity; men who have sex with men; mpox.

Since May 2022, sustained local transmission of mpox (formerly
monkeypox) has been confirmed in Europe, the Americas, and
other regions where the virus was not observed to circulate previ-
ously. Unlike previous outbreaks, this mpox outbreak has a novel
profile—specifically, its rapid spread predominantly among men
who have sex with men (MSM). This novelty can be explained
by sexually associated transmission and a heavy-tailed empirical
distribution of sexual partners among MSM (ie, a small number
of people have disproportionately many partners), which could
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lead to sustained human-to-human transmission in this popula-
tion but not others [1]. However, by the end of 2022, many of those
countries saw an apparent slowdown in growth of cases, followed
by a decline. In this study, we show that accumulation of immunity
among individuals with the highest numbers of partners can ex-
plain this decline and thus should be accounted for when attempt-
ing to estimate the impact of interventions and behavioral changes.

Methods

We developed a mathematical model of mpox transmission
that accounts for the accumulation of infection-derived immu-
nity in a heavy-tailed MSM sexual contact network (see
Supplementary Materials for methodological details). We rep-
resented the heavy-tailed distribution of sexual partners among
MSM over the infectious period of mpox (assumed to be
14 days) as a left-truncated Weibull distribution parameterized
in our previous study [1]. We assumed that non-MSM transmis-
sion dynamics is negligible because transmission over MSM sex-
ual networks could well approximate the overall dynamics of
mpox in the current outbreak. The risk of an individual being
in contact with an infectious sexual partner was modeled as being
proportional to the number of sexual partners over 14 days. Upon
recovery, infected individuals were assumed to develop long-term
immunity and maintain their sexual behavior without further
risk of reinfection. To improve robustness of the model to uncer-
tainties in time-related parameters such as generation time and
reporting delay, we used cumulative incidence as a measure of ep-
idemic progression instead of time—that is, we directly modeled
the relationship between the cumulative number of cases per
MSM population and the effective reproduction number, Re.

To compare our model outputs with observed mpox outbreak
data [2, 3], we identified the period during which reported cases
likely peaked in different populations (European countries, the
US, Canada, and US states). We fitted Gompertz curves to the cu-
mulative case count over time in each country and US state and
estimated the cumulative number of mpox cases per MSM popu-
lation size by the apparent epidemic peak (cumulative incidence
proportion at a peak of an epidemic [CIPP]), where the estimated
daily epidemic growth rate is consistent with a near-zero value (ie,
within +0.01). We defined the “consensus range” as a set of values
that lies within the CIPPs of at least 50% of countries/states. That
is, the consensus range represents the CIPP values shared by the
majority of the countries/states.

Results

Using publicly available mpox outbreak data [2, 3], we identi-
fied the period during which reported cases likely peaked in

BRIEF REPORT « JID « 1

€20z 1snbny og uo Jasn uopuo abs|j00 Alsianun Aq 8/681.2./ySzZPeI/SIPIUE60L 0L /10p/aole-e0ueApE/pIf/wo dno-olwapese//:sdiy wolj papeojumoqg


http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiad254#supplementary-data
https://orcid.org/0000-0002-7219-5981
https://orcid.org/0000-0003-0701-7860
https://orcid.org/0000-0001-8057-8037
https://orcid.org/0000-0001-8235-757X
https://orcid.org/0000-0002-0787-4515
https://orcid.org/0000-0001-5574-251X
https://orcid.org/0000-0002-2842-3406
https://orcid.org/0000-0001-6377-7296
mailto:akira.endo@lshtm.ac.uk
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/infdis/jiad254

different populations (European countries, the United States,
Canada, and US states) and estimated the peak level per MSM pop-
ulation size. The consensus range among the countries suggested
that their epicurves were generally consistent (though with some
apparent outliers) with a saturation of growth when the cumulative
case count reached 0.15% to 0.47% of the estimated MSM popula-
tion size (Figure 1A). Moreover, 22 (73%) of 30 countries had their
CIPP ranges overlapping at 0.24% (Supplementary Figure 5A).
The consensus range among US states was 0.11% to 0.24%, and
CIPPs of 25 (58%) of 43 states shared 0.16% to 0.18% in common
(Figure 1B, Supplementary Figure 5B).

As individuals with the highest numbers of partners are most
likely to be infected in the earliest phase of an epidemic, the ef-
fective reproduction number R,y would rapidly decline as
transmission progresses, even in the absence of any interven-
tions or behavioral changes. Based on assumed secondary at-
tack risk (SAR; risk of transmission per contact) values of
10%, 20%, and 30%, our model found that while R, (the initial
value of R.f) is well above 1, R rapidly decreases and crosses 1
after relatively few cases (<1% of the MSM population;
Figure 1C). The herd immunity thresholds given an SAR of
10%, 20%, and 30% were estimated to be 0.15%, 0.43%, and
0.74% of the MSM population, respectively. These thresholds
are substantially lower than the classical herd immunity thresh-
old in a homogeneous population, 1 — RLO (55%, 78%, and 85%,
based on the values of Ry in our model), and roughly align with
estimated CIPP ranges. We show in Figure 1D that the ob-
served consensus ranges of CIPPs are consistent with SARs of
around 10% to 20% (global) or 10% to 15% (US states) if
they are formed primarily by infection-derived immunity and
our model assumptions are valid. We also estimated the final
size of an epidemic driven by infection-derived immunity alone
corresponding to different SAR values (Figure 2). The estimat-
ed final epidemic size was generally more than double the size
of CIPP, contrary to outcomes for a conventional homoge-
neously mixing transmission model (Supplementary
Materials). This suggests that the decreasing phase of an epi-
demic with highly heterogeneous transmission patterns may
be more gradual than that of a homogeneous epidemic. The es-
timated final size relative to CIPP increased with SAR.

Discussion

Many countries saw a dramatic decrease in mpox cases to
which various reactions since the identification of the current
outbreak could have contributed, including public health inter-
ventions such as contact tracing and vaccination [4, 5] and
heightened awareness triggering behavioral changes among
high-risk populations [6]. However, available evidence is over-
all insufficient to quantify the relative contribution of these re-
sponses to the decline in different countries, and operational
indicators suggest that the impact may have been blunted by

practical factors. In some settings, contact tracing and ring
vaccination have been hampered by difficulty identifying con-
tacts and a limited consent rate for postexposure vaccination
among those traced [5]. Vaccine supplies were initially limited,
slowing rollout of mass vaccination and precluding many
countries from achieving substantial coverage before observing
a peak [7, 8] —moreover, the time required for eligible individ-
uals to complete the dosing schedule (eg, 2 doses 4 weeks apart
for JYNNEOS vaccine in the United States [9]) and for immu-
nity to be established (suggested to be up to 2 weeks by public
authorities, although evidence remains limited [10]) renders
prompt epidemic control by vaccination more challenging.
Providing a coherent explanation to the observed decline in
growth in many affected countries at different times and out-
break sizes is not straightforward.

Another key mechanism that can shape epidemic trends is
the accumulation of infection-derived immunity, known as
“depletion of susceptibles’ or “herd immunity” [11]. Highly
heterogeneous contact patterns are known to lead to a high ba-
sic reproduction number (R) but lower the herd immunity
threshold for immunizing infections [12]—for instance, when
a small fraction of individuals exhibits disproportionately
high contact rates, the initial epidemic growth could be acceler-
ated by transmission among them, but this growth would also
be short-lived as they become rapidly infected and immune and
no longer contribute to the outbreak. The heavy-tailed nature
of the sexual partnership distribution among MSM could create
these conditions and thus explain the initial growth of mpox
cases in many affected countries [1] but also their quick satura-
tion. Britton et al [13] showed in their illustrative example that
introducing heterogeneity into a SARS-CoV-2 transmission
model lowers the herd immunity threshold from 67% to 50%.
However, when compared with the context of respiratory infec-
tions, heterogeneity relevant to the transmission dynamics of
mpox is more extreme due to the heavy-tailed nature of sexual
contact patterns. As a result, our model—assuming accumula-
tion of infection-derived immunity but no interventions or be-
havioral changes—replicated mpox epidemics over an MSM
sexual contact network that started to decline even before 1%
of MSM population experienced infection.

Attributing the observed decline in cases to interventions or
behavioral changes without accounting for rapid accumulation
of infection-derived immunity can bring a risk of misleading
policy assessment. While these factors may also have had ef-
fects, our analyses without assuming them find plausible sce-
narios in which infection-derived immunity alone could
explain the observed peak sizes. The observed CIPPs in the
global outbreak in 2022, ranging from 0.1% to 0.5% as opposed
to the classical herd immunity threshold >50% for an Ry >2,
underscore the role of heavy-tailed sexual contact networks.
Our model suggests that accumulation of infection-derived im-
munity among high-contact individuals in those networks is
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Figure 1. The observed and modeled number of cumulative mpox cases per MSM population. Estimated CIPP range by (4) country and (B) US state. We fitted Gompertz
curves to the cumulative reported case count over time in each country and US state and estimated the cumulative number of mpox cases per MSM population size by the
apparent epidemic peak, where the estimated daily epidemic growth rate is consistent with a near-zero value (ie, within +0.01). Some countries or US states have not clearly
passed the peak as of available data (last updated 15 October 2022 for countries and 15 March 2023 for US states); therefore, the upper CIPP limit is undetermined (blue
bars connecting to dotted lines). Others have apparently passed the peak and have both CIPP limits (red bars). The consensus range of CIPP (values consistent with at least
50% of included countries/states) is shown with light blue shades. C, Modeled trajectory of the effective reproduction number (Re) over the course of an epidemic. The
reproduction number was computed for 3 possible values of SAR (0.1, 0.2, and 0.3, from bottom to top). 0, Estimated relationship between CIPP and SAR. Thick (narrower) and
thin green (wider) areas represent the global and US consensus ranges of CIPPs, respectively. CIPP, cumulative incidence proportion at a peak of an epidemic; MSM, men who
have sex with men; SAR, secondary attack risk.
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Figure 2. Estimated peak and final sizes by secondary attack risk in the absence
of effective interventions or behavioral changes. Cumulative numbers of cases per
MSM population at the peak and end of an epidemic are shown, as estimated by
our model accounting for heavy-tailed sexual partnership distribution and infection-
derived immunity. For comparison, a dotted line representing double the outbreak
size at the peak is also included. MSM, men who have sex with men.

likely to have played a key role in limiting peak outbreak sizes.
Meanwhile, we observed variations in CIPPs that may reflect
other factors, including interventions, behavioral changes,
and differences in case ascertainment. Although we did not
find a clear correlation between CIPPs and allocated vaccine
doses in US states, we found that later epidemic onset was as-
sociated with a lower CIPP (Supplementary Figure 2). This
may indicate possible impacts of interventions and behavioral
changes because places with later epidemic onset may have
had more lead time to implement these early in their outbreaks.
However, interpreting these observed correlations requires
caution because of possible confounding—states with more
cases may be more likely to be allocated more vaccines, while
countries and states with more active MSM populations may
have been more likely to see mpox cases in the earlier phase
of the outbreak. More direct and robust evidence would be re-
quired to draw conclusions regarding the effects of interven-
tions and behavioral changes in lowering epidemic peaks.
Even given a role for accumulation of infection-derived immu-
nity in reaching epidemic turnover, it is still essential to char-
acterize the influence of behavioral changes and public health
interventions. Our model projected that in the absence of be-
havioral changes and interventions, the declining phase of an
epidemic in a heavy-tailed contact network may be gradual, es-
pecially if the SAR is high. This means that, regardless of the
factors driving peak incidence, promoting and providing effec-
tive and sustainable means of prevention, particularly vaccina-
tion, to those at risk—not only in newly affected countries but
also in countries where mpox has long been endemic—serves as
key operations to bring the disease spread under control and

minimize the disease burden. Ensuring access to prevention
for individuals at the center of sexual networks is crucial as
the acceptance and effectiveness among this group would con-
tribute most to epidemic control. This is emphasized by the se-
vere forms of mpox among cases with advanced HIV infection
[14] because the sexual network core groups and people living
with HIV often overlap [15]. Sustained resourcing despite the
declining trend is particularly important given that there might
be (1) waning of immunity or incomplete protection or (2)
turnover in the population of MSM with the most partners,
which would lead to the replenishment of susceptible individ-
uals and, therefore, epidemic potential.

Our simulations suggest that accumulation of infection-
derived immunity can plausibly reproduce the observed decline
in mpox cases but with a number of key limitations, especially
uncertainty in characterizing the transmission network and
SARs (see Supplementary Materials for details). Our model
provides a parsimonious explanation of the observed decline
in mpox cases, but future work with more detailed data may
discriminate the role of interventions and behavioral change
from saturation of infection. Such future work would help bet-
ter understand the determinants of mpox epidemic trends and
assess the risk of future resurgence.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by the
authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding
author.
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