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20 Abstract: The outbreak of monkeypox across non-endemic regions confirmed in May 2022
shows epidemiological features that are distinct from previous imported outbreaks, most notably

its observed growth and predominance amongst men who have sex with men (MSM). We use a
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transmission model fitted to empirical sexual partnership data to show that the heavy-tailed
sexual partnership distribution, where a handful of individuals have disproportionately many
partners, can explain the sustained growth of monkeypox among MSM despite the absence of
such patterns previously. We suggest the basic reproduction number (Ro) for monkeypox over
the MSM sexual network may be substantially above 1, which poses challenges to outbreak
containment. Ensuring support and tailored messaging to facilitate prevention and early detection

among MSM with highest numbers of partners is warranted.

One-Sentence Summary: Sexual partnership distributions explain sustained spread of

monkeypox predominantly among men who have sex with men.
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Main Text:

In May 2022 multiple countries in Europe, North America and elsewhere, reported clusters of
monkeypox cases (/—4). As of 31 May 2022, time of analysis, a total of 728 confirmed and
suspected cases have been reported in over 25 countries from previously non-endemic regions
(5). The global case count has substantially grown since and exceeded 30,000 from over 80
countries as of 10 August 2022 (6). To date, the reported cases are predominantly, but not
exclusively, among young males without a travel history to endemic regions in Central and West
Africa (2, 3). The initial epidemiological investigations suggest a link with sexual contact among
men who have sex with men (MSM) (/-3, 7). Prior to the current outbreak, monkeypox
infections had been assumed to be primarily caused by exposure to animal reservoirs but human-
to-human transmissions via direct routes including skin-to-skin contact, bodily fluids and
respiratory droplets have also been documented (8, 9). Sexually-associated exposure to skin
lesions, droplets and fomites could plausibly be a risk for transmission, whether monkeypox is
truly sexually transmissible (e.g., via semen) or not. Previous studies of monkeypox outbreaks
indicate about 10% secondary attack risk (SAR) among household members without smallpox
vaccination (8—10); the smallpox vaccine has been shown to be protective against monkeypox
with estimated effectiveness of 85% (/0). Investigation of previous outbreaks in Central and
West Africa identified a relatively limited proportion of cases of human-to-human transmission,
with at most seven generations observed (8, 9, 11, 12), and previous estimates of the basic
reproduction number (Ro) for monkeypox have been below 1 even in unvaccinated populations
(9, 10). Sporadic monkeypox outbreaks associated with imported animals or imported cases have
been observed in non-endemic regions (/3—/7) but subsequent human-to-human spread was

rarely observed. Prior to the current outbreak, only one healthcare worker and two household



10

15

20

contacts of an imported case had been identified as likely secondary cases in non-endemic

settings (13, 17).

The current spread of monkeypox in non-endemic regions appears in stark contrast to these
previous events. Most cases have no documented exposure to animals or travel history to
endemic settings. The rapid growth in notified cases and geographical dispersal suggest
substantial human-to-human transmission, rather than incidence driven by spillover from an
animal reservoir. This is also the first widespread outbreak of monkeypox predominantly in
MSM with suggested sexually-associated transmission (/, /8), although higher prevalence in
young males and frequent observation of genital lesions have also been documented in a recent
outbreak in Nigeria (12, 19, 20). Proposed explanations for the novel character of the current
outbreak include increased importation, undetected community-wide transmission, viral
evolution, and increased susceptibility due to the end of smallpox vaccination (7, 17, 18, 21).
While these theories are consistent with some aspects of the current observation, most of them
are not strongly supported by external (if indirect) evidence nor do they provide a coherent
explanation on why a similar monkeypox outbreak involving substantial human-to-human
transmission in a focal, rather than generalised, population had not arisen from the series of

importation events documented in non-endemic settings starting in 2003 (/3—17).

Here, we show that transmission over a sexual contact network empirically characterised by a
heavy-tailed partnership distribution can reasonably explain the rapid growth of human-to-
human transmissions in the current monkeypox outbreak despite the absence of such patterns of

spread in the past. Specifically, it is plausible that monkeypox has had a substantial transmission
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potential in the MSM sexual contact network but that due to the small cumulative number of
imported cases in non-endemic settings, it had not reached members of this network with high
numbers of contacts from whom onwards transmission was most probable. The main analysis of
this study was conducted using only information available as of 31 May 2022, a few weeks after
the outbreak had been first recognised, and the original version was submitted on 12 June 2022
(available from: (22)) to provide key insights from the earliest data available. We retain this
original context of the analysis in this paper to highlight that the findings were obtainable in the
earliest phase of the outbreak, and discuss them in retrospect given the updated situation since

the time of analysis.

Previous work on sexual partnership distributions (i.e., degree distribution of sexual contact
networks) often fitted Pareto distributions to the reported number of partners over a specific time
window (e.g., over a year) (23, 24) However, Pareto distributions can be scale-free, which
causes the modelled networks to have some individuals with impossibly high numbers of
partners and as a result Ry defined in the networks tends to infinity (25). We found that Pareto
distributions do not describe existing datasets of MSM partnerships well (see Supplementary
materials). The Weibull distribution is an alternative distribution that also has a heavy-tailed
shape (20) and does not exhibit the unphysical features of the Pareto distribution. Using Weibull
distributions fitted to the empirical data on same-sex and opposite-sex sexual partnerships of the
UK population aged 18—44 (from the National Surveys of Sexual Attitudes and Lifestyles; Natsal
(26-28)), we constructed a branching process model of transmission over sexual contact
networks. Following (25), we assumed that individuals can become infected at a probability
proportional to their network degree (i.e., those with a large number of partners are more likely

to be chosen). This assumption neglects the possible existence of densely-clustered “core group”
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(29); see Supplementary materials for sensitivity analysis. We assumed an infectious period of
21 days for monkeypox based on the documented duration of illness (30-32), which we also
varied in our sensitivity analysis to account for variation and possible behaviour changes in

symptomatic individuals.

Using this model, we simulated sexually-associated outbreaks of monkeypox in MSM and non-
MSM populations, under varying assumptions for the risk of transmission between sexual
partners (SAR per sexually-associated contact during the infectious period) between 0—100% in
the absence of empirical data on this parameter. Starting from a specified number of initial cases,
we simulated the number of cases in each generation of transmission over MSM and non-MSM
sexual contact networks. For the non-MSM sexual network, we assumed that the initial cases
have equal chances of being male or female and that subsequent generations of infection
alternate between heterosexual (HS) men and women. Women who have sex with women were
not considered in our analysis as their partnership distribution suggested a substantially lower
transmission potential than the HS network (see Supplementary materials). In the model, we
considered only sexually-associated transmission over separate sexual contact networks of MSM
and non-MSM and did not explicitly model other transmission routes (non-sexually-associated
skin-to-skin contact, respiratory droplets, fomites, etc.) or links between MSM and non-MSM
sexual contact networks, except for the initial cases. We discuss transmission dynamics of
monkeypox as a mixture of these transmission routes in a separate analysis using the next
generation matrix (33). The methodology used is described in more detail in the Supplementary

materials.
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We first simulated the probability of observing a chain of transmission of a size equal to or
greater than the current global monkeypox outbreak (728 cases as of 31 May 2022) in the MSM
population generated from a given number of initial cases. We considered three scenarios for the
profile of introduction events: (1) The initial cases in the MSM population acquired infection via
a sexually-associated route, i.e., the numbers of their sexual partners are preferentially drawn
from the tail of the sexual partnership distribution; (2) The initial cases in the MSM population
were non-sexually-associated and therefore their partnership degrees were drawn from across the
full distribution; (3) Initial cases were from the general population (of which 2% were assumed
to be sexually-active MSM based on the Natsal datasets) who acquired infection via non-
sexually-associated routes. We then simulated the probability of the current outbreak leading to a
major outbreak over the MSM sexual contact network. For comparison, outbreaks over the non-
MSM sexual contact network, given specified numbers of initial cases (either sexually-associated
or non-sexually-associated), were also simulated. Our estimates suggest that with a range of
sexually-associated SAR values comparable to or greater than the previous estimates of
household SAR (8—10), even one event of sexually-associated transmission to the MSM
population (scenario 1) is consistent with a high likelihood (20-50%) of observing an outbreak
of the current size or greater (Fig. 1A). The likelihood becomes smaller (although not negligible)
if non-sexually-associated exposure (e.g., exposure to animals or non-sexual direct contact with
cases; scenario 2) is involved in the introduction to the MSM population (Fig. 1B). By contrast,
50-100 or more non-sexually-associated initial cases from the general population (scenario 3)
would have been necessary for the likelihood of an outbreak of the current size in the MSM

population to be around the order of 1-20% (Fig. 1C).
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These results suggest that a small number of sexually-associated transmissions among the MSM
population were sufficient to cause a large outbreak over the MSM sexual network, as we now
appear to observe, but that the number of non-sexually-associated imported cases required for the
virus to achieve the first few instances of sexually-associated transmission among MSM is
relatively large. The cumulative number of documented imported cases in non-endemic settings
had been up to around 100 prior to May 2022 (/3-17); it is therefore unsurprising that
introduction to the MSM population in non-endemic settings has never been observed
previously, assuming that the importations had been mostly non-sexually-associated cases from
the general population. The current outbreak in the MSM population may have been introduced
by an eventual introduction following non-sexually-associated importations or, alternatively, by
one or more sexually-associated importations acquired in the endemic setting. In the latter case, a
sexually-associated outbreak among MSM might also be ongoing in the endemic settings, which
warrants further surveillance. All scenarios projected that, without interventions or changes to
sexual behaviour, a major outbreak in the MSM population (defined as > 10,000 cases excluding
initial cases) was highly likely given the current outbreak size (Table 1); this projection, based on
the data as of 31 May 2022, turned out correct in retrospect (6). In contrast, sustained
transmission over the non-MSM sexual contact network was unlikely in all scenarios considered
(Table 1), owing to the less heavy tail of the corresponding partnership distribution, although
from 10 to 3,000 additional cases may be observed if a substantial number of infections are
introduced into the non-MSM sexual contact network (Fig. 1D). A caveat must be noted,
however, that sustained transmission in a local subnetwork among non-MSM that is more

densely clustered than modelled may still be possible (Fig. S4).
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The projected values of Ro were almost always above 1 in the MSM sexual network for a range
of sexually-associated SAR, while R¢ for the non-MSM sexual network was found to be below 1
unless SAR was nearly 100% (Fig. 2A). The potentially high Ro for the MSM sexual network is
particularly concerning because it can pose challenges to the control efforts (Fig. 2B). Contact
tracing and ring vaccination approaches, now being conducted extensively in many places with
cases, may need to identify almost all contacts of a case to bring the epidemic under control
(which would not be easily achievable in practice (2)) because untraced transmission may well
lead to other sustained transmission chains. Another possible approach would be to focus
resources on identifying acceptable and effective means of preventing transmission among those
men with the highest number of sexual partners, which could have a disproportionate effect on
transmission overall. We modelled the possible effect of such interventions by varying the
Weibull parameters for the MSM partnerships such that the (effective) numbers of partners at the
distribution tail are selectively controlled, e.g. via reduced contacts or reduced chance of
transmission per contact (see Supplementary materials for technical details). The level of control
at the tail is represented by the upper 1% percentile among those with at least one partner over 21
days. The Ry may sharply decrease if control efforts are effective in reducing transmissions at the
tail part of the partnership distribution (Fig. 2C). This would also lower the required intensity of
other (non-focused) measures to achieve outbreak control (Fig. 2D). Fig. 2E shows the tail part
of the modelled Weibull distributions under focused interventions. These distributions are most
different in the region x > 10, suggesting that focusing on those with more than 10 partners over

21 days would be of particular importance.

The analysis presented here only considered a single outbreak over either the MSM or non-MSM

sexual contact network with a given number of introductions. However, understanding the
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disease dynamics as a mixture of interacting populations via multiple modes of transmission is
crucial in projecting possible future scenarios, especially given the known or suggested non-
sexually-associated routes of transmission including via droplets, fomites or aerosols (9, 34).
One of the key questions is whether the current monkeypox outbreak can be sustained in the
general community via non-sexually-associated routes, i.e., whether the Ro corresponding to non-
sexually-associated transmission is above or below 1. Although we are unable to directly answer
this question because the presence of non-sexually-associated epidemiological links in the
current outbreak is so far largely uncertain/unknown, we propose a possible approach to inferring
the role of such transmission. We show in Fig. 2F that, in an exponential growth phase, the
proportion of cases without a sexually-associated epidemiological link among total cases will
approximately approach the ratio between Ro’s over the MSM sexual network and general non-
sexually-associated transmission routes as the outbreak progresses. One should be able to
conclude that the non-sexually-associated Ro for monkeypox is substantially lower than Ro over
the MSM sexual network if the proportion of non-sexually-associated cases remained low in the
future (35); however, caution is warranted as even in that case the general transmission Ro may
still be above 1 if Ry over the MSM sexual network is as high as suggested in some scenarios
presented in our analysis. As of 10 August 2022, there have been sporadic reports of probable
non-sexually-associated cases including 26 known pediatric cases aged 0—4 (35). However, there
has been no clear evidence supporting sustained transmission via non-sexually-associated routes.
Available data among cases from WHO (98.7% male, 97.2% self-identified MSM and 91.5%
with reported sexual encounters, among those who provided information) suggests that the
central mode of transmission likely remains to be over the MSM sexual contact network,

although uncertainty and the possibility of bias remain due to excessive missing values (335).
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Without needing a novel hypothesis, our results, using empirical sexual partnership data, propose
a simple but coherent explanation for a rapidly growing sexually-associated monkeypox
outbreak in non-endemic regions linked to the MSM population. We also suggest that R over the
MSM sexual network can be substantially higher than previous estimates in non-sexually-
associated contexts, if the sexually-associated SAR is comparable to or greater than the

household SAR.

These findings need to be translated into control efforts to inform and protect the MSM
community. Self-sustained transmission over the entire non-MSM sexual network or via non-
sexually-associated routes appears less likely, although many cases may still be observed if the
outbreak continues to grow in the subsets of sexual contact networks at a higher risk of
transmission. Control efforts, such as contact tracing and ring vaccination, need to achieve high
effectiveness given the large Ry values we have estimated; focused public health messaging and
support for individuals with multiple sexual partners would complement these approaches to

bring the outbreak under control.

Our conclusions hinge on the assumed parameters from previous outbreaks with different

transmission routes, including the SAR and infectious period of monkeypox, as well as the
observed characteristics of the sexual partnership distribution in the UK and accompanying
assumptions. We modelled the global transmission of monkeypox over a single connected sexual
contact network fitted to the datasets of the UK population aged 18—44. Populations not
represented by those datasets may be more or less vulnerable to the sexually-associated

monkeypox outbreak as a result of different partnership patterns and Ry values. This may also
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explain the limited observation of possible sexually-associated outbreaks in endemic countries
previously, although this may in part result from insufficient case ascertainment. Our sensitivity
analysis using only case counts within the UK yielded almost identical results (Table S3) and the
same approach could also be applied to other population settings where sexual partnership data is
available. Meanwhile, depletion of susceptibles, especially those with many partners, may have
visible effects in finite MSM populations at country-level, which can lead to smaller final
outbreak sizes than projected by the branching process model (Fig. S5). Some of the countries
with early introductions of cases including the UK have seen a slowdown in growth of cases as
of 10 August 2022 (6); depletion of susceptibles and other factors such as vaccination and
increased awareness (36) may have contributed to these trend changes. We did not consider the
possibility of degree assortativity or clustering, which would lead to more densely-clustered local
subnetworks than we modelled (37). It is plausible that there could be core parts or clusters of the
non-MSM sexual contact networks over which transmission could be sustained, which is not
captured by modelling transmission over the non-MSM partnership distribution as a whole.
Finally, because of the limited sample size of MSM partnerships in the Natsal datasets (N = 409),
uncertainty remains around their Ry values (Table S1, Fig. S2). Our estimates should be viewed
as a qualitative projection rather than precise estimates of Ro. Future empirical evidence from the
current outbreak and estimates of key epidemiological parameters, as well as the effectiveness of
interventions will inform our projections on the current and future epidemiology of the

monkeypox outbreak.

(1)
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Table 1. Likelihood of an outbreak over MSM or non-MSM sexual contact network given

different numbers and profiles of introduction events.

Likelihood of 728+ cases in MSM given 1 Likelihood of 10000+ cases
introduction event given multiple introductions
SAR 1000 non-S-A
S-Aevent Non-S-A Non-S-A event 728 S-A events
events in non-
(MSM) event (MSM) (Gen. pop.) in MSM
MSM
5% 10% 0.25% 0.003% 100% <0.001%

10% 20% 0.9% 0.02% 100% <0.001%

19



20% 31% 2.6% 0.04% 100% <0.001%

50% 45% 7.3% 0.16% 100% <0.001%

SAR: secondary attack risk; MSM: men who have sex with men; S-A: Sexually-associated; Gen.

pop.: general population.
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Fig. 1. Likelihood of observing an outbreak given introduction events of different profiles.
(A—C) The likelihood of observing an outbreak of the current size (728 cases) or greater over the
MSM sexual contact network given initial cases who are: (A) MSM with sexually-associated
exposure; (B) MSM with non-sexually-associated exposure; (C) random cases from the general

population with non-sexually-associated exposure. The likelihood was computed from 100,000
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simulations for each value of SAR varied between 0% and 100%. (D) Simulated outbreak sizes

over non-MSM sexual contact network given 1,000 non-MSM initial cases who have had

sexually-associated exposure (blue) or non-sexually-associated exposure (red).
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Fig. 2. Basic reproduction number (Ro) of monkeypox over sexual contact networks and
control. (A) Projected Ro over the MSM and non-MSM sexual contact networks based on the
Natsal sexual partnership datasets. The dotted horizontal lines denote the epidemic threshold (Ro
= 1). (B) Relative reduction in Ry required to bring the outbreak under control. (C) Projected
reproduction number (R) over the MSM sexual contact networks with different levels of the
partnership distribution tail. Holding the body shape of the distribution (see Supplementary
materials for details) constant, we adjusted the parameter of the Weibull distribution to reduce
the weight of the distribution tail, which we assume reflects the effect of interventions for those
with highest numbers of partners. The degree of reduction in the distribution tail was represented
by the upper 1 percentile of the resulting (effective) number of 21-day sexual partners (among
MSM with at least one partner over 21 days). Dashed green lines indicate the upper 1% percentile
of the original Weibull distribution fitted to the Natsal datasets (baseline). Colours denote
different assumptions for the baseline SAR, i.e. risk of infection per contact without
interventions. (D) Relative reduction in R required for control with different levels of the
partnership distribution tail. Using the R corresponding to the adjusted Weibull distribution as
the baseline, additional relative reduction required to bring the outbreak under control is shown.
(E) Modelled 21-day effective sexual partnership distributions among MSM with different levels
of distribution tail. Histograms represent modified Weibull distributions under interventions
focusing on those with highest numbers of partners (with the upper 1% percentile of 15 and 10).
The original distribution fitted to the Natsal datasets (upper 1% percentile: 20.0) is shown as a
baseline. Only the range x > 5 is shown for readability; see Figure S6 for the range 1 <x <4. (F)
The relationship between the reproduction number ratio and the asymptotic proportion of non-
sexually-associated cases among total cases. The reproduction number ratio is defined as the

ratio between the reproduction number via non-sexually-associated routes of transmission and
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that of the sexually-associated route. The “MSM to non-MSM mixing” parameter denotes the
average proportion of non-MSM sexual partners a typical sexually-associated MSM case would

have. The mixing parameter of 0.0 corresponds to the 1:1 line.



