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SUMMARY
The World Health Organization declared mpox a public health emergency of international concern in July
2022. To investigate global mpox transmission and population-level changes associated with controlling
spread, we built phylogeographic and phylodynamic models to analyze MPXV genomes from five global re-
gions together with air traffic and epidemiological data. Our models reveal community transmission prior to
detection, changes in case reporting throughout the epidemic, and a large degree of transmission heteroge-
neity. We find that viral introductions played a limited role in prolonging spread after initial dissemination,
suggesting that travel bans would have had only a minor impact. We find that mpox transmission in North
America began declining before more than 10% of high-risk individuals in the USA had vaccine-induced im-
munity. Our findings highlight the importance of broader routine specimen screening surveillance for
emerging infectious diseases and of joint integration of genomic and epidemiological information for early
outbreak control.
INTRODUCTION

Mpox is a viral zoonotic disease caused by the mpox virus

(MPXV), previously referred to as monkeypox virus, that is

endemic toWest and Central Africa.1,2 Prior to 2022, most cases

of mpox outside of endemic regions occurred in individuals with

either a recent travel history to Nigeria or with an exposure to live

animals from endemic areas. On May 7, 2022, an individual with

a travel history to Nigeria was diagnosed with mpox in the United

Kingdom (UK).3 Following this initial detection, the number of

mpox cases without a travel history to endemic countries began

to increase rapidly in various regions around the globe, consis-

tent with epidemic human-to-human spread.3 As of July 19,

2023, the Centers for Disease Control and Prevention (CDC) re-

ported 88,549 cases of mpox worldwide since January 2022.4

The 2022 mpox epidemic was characterized by human-to-hu-

man spread outside of endemic areas, mostly in men who have

sex with men (MSM), with a less severe illness presentation

compared with what was seen in historical short human-to-hu-

man transmission chains following repeated zoonoses.2,3,5 The

long incubation period of 5–21 days,3,6 as well as the atypical

and less severe illness presentation, suggests that mpox may
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have spread undetected prior to initial case discovery. Presymp-

tomatic transmission of mpox has also been documented, sug-

gesting that the epidemic was at least partially fueled by trans-

mission occurring prior to symptom onset.7–9

The WHO declared mpox to be a public health emergency of

international concern on July 23, 2022, promoting investigations

into disease spread, the use of vaccines to control transmission,

and potential guidelines for international travel.10 Individual

countries began vaccination efforts to curb mpox spread but

have been criticized for long delays in starting effective vaccina-

tion campaigns in high-risk areas.11 To date, it is still unclear to

what extent continued international travel contributed to the

explosive spread of mpox in various global regions and whether

or not national vaccination campaigns were wholly responsible

for controlling the epidemic.

Genomic epidemiology is uniquely poised to explore global

and regional transmission dynamics through the joint integration

of viral genomic information and epidemiological metadata. This

approach augments traditional public health surveillance, espe-

cially when case-based surveillance is limited.12 Although a few

studies have investigated the regional spread of mpox at various

stages of the 2022 epidemic,13–16 most relied on very few
, March 14, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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Figure 1. Case counts and publicly available sequences by geographic region

(A and B) Confirmed positive weekly mpox cases by country (A) and global region (B) smoothed using a 7-day rolling average on daily data and then aggregating

into weekly counts. Only countries with greater than 5 sequences on GenBank were included.

(C and D) Monthly count of publicly available MPXV genomes found on GenBank by country (C) and global region (D).
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pathogen genomes. Overall, the extent of undetected mpox

spread and the effectiveness of proposed interventions have

yet to be examined. Here, we employ recent advances in phylo-

geographic and phylodynamic methods to estimate changes in

case detection rate, the impact of underdetection on transmis-

sion, and the role of introductions in promoting local community

spread in various global regions. We also examine the impact of

vaccination campaigns on epidemic growth and decay in North

America as well as estimate the degree of transmission hetero-

geneity in the declining phase of the epidemic.

RESULTS

Early mpox spread in Western Europe sparks prolonged
outbreaks in Southern Europe, North America, and
South America
Following initial detection in the UK on May 7, 2022, the number

of mpox cases reported worldwide grew rapidly (Figure 1). In

early May, reported cases were found mainly in Western and

Southern, and then Central, Europe where the epidemic peaked

around mid-July (Figures 1A and 1B). Beginning in mid-May,

cases began to be reported in North America, which ultimately

led to the largest number of reported cases of any global region

studied, peaking at the beginning of August. Around the same
2 Cell 187, 1–13, March 14, 2024
time as the North American peak, cases were detected and

started rising in South America, which substantially contributed

to the later tail of the 2022 epidemic. Similarly, the number of se-

quences collected increased as more cases were detected, with

heterogeneity between regions and with North America (primar-

ily the US) submitting the largest number of sequences to

GenBank. (Figures 1C and 1D).

To investigate the spread of mpox throughout the course of

the epidemic across global regions, we employed a phylogeo-

graphic approach with an asymmetrical discrete trait model on

1,004 publicly available MPXV sequences subsampled based

on confirmed case counts (Figure 2; Figure S1A) to infer the

global region of origin for all internal ancestral nodes. We chose

a case-count-weighted subsampling scheme since discrete trait

analysis (DTA) assumes that sample sizes across subpopula-

tions are proportional to their relative population prevalence.17

Due to the low number of recorded cases in Central Europe,

no sequences from that region were included in the final subset

(Figure S1B). We infer that the most recent common ancestor

(MRCA) of the epidemic existed between March 9th and March

27th, 2022 (95% highest posterior density estimates [HPD]),

and phylogeographic estimation assigns this ancestor to West-

ern Europe. We infer the evolutionary clock rate to be

8:41310� 5 (95% HPD 7:71310� 5 to 9:103 10� 5) substitutions



Figure 2. Phylogeographical estimates of

MPXV spread in 4 global regions

(A) The maximum clade credibility tree summary of

the Bayesian inference conducted using asym-

metric discrete trait analysis and Skygrid prior on

1,004 sequences. Colors correspond to the re-

gions in the legend. Ancestral nodes with greater

than 50% posterior support are highlighted with a

white circle overlaid. Inset histogram on bottom left

corner shows 95% interval for the time to most

recent common ancestor (TMRCA).

(B–D) Estimated number of introductions (B), ex-

ports (C), and average time of local persistence in

days (D) for each global region. Horizontal black

line denotes median estimates.
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per site per year or approximately 16.8 substitutions per genome

per year. Alternative phylodynamic models place the MRCA in

November or December 2021 but show similar estimates of

clock rate (Table S2).

We observe strong population structure where single intro-

ductions often result in large local clades. These large local

clades suggest that local spread played a considerable role in

their respective regional outbreaks. We find that rapid early

spread in Western Europe led to a high number of introductions

into other global regions (46 introduction events, IQR: 41–53),

seeding regional outbreaks (Figure 2C). Our findings also show

evidence of repeated dissemination into North America and sub-

sequent sustained community transmission, as North America

had the highest median number of viral importations and longest

median viral persistence time (111 days, IQR: 108–114)

(Figures 2B and 2D).

To test the appropriateness and accuracy of the phylogeo-

graphic inference, we repeated the analysis in which 10% (100

tips in total) of the sequence locations were masked. We then in-

ferred these locations via the same phylogeographic approach

and found that the model correctly inferred 93% of the masked

tip locations, suggesting a strong genomic signal (Figure S2).

We also repeated our analysis using an equal spatiotemporal
subsampling scheme for every year-

week in the studied time period as well

as by subsampling directly from each re-

gion rather than from individual countries

and found highly similar estimates of the

MRCA and of patterns of introductions,

exportations, and persistence regardless

of the subsampling scheme used

(Figure S3).

Rapid early spread characterized by
significant underdetection of cases
In order to analyze within-region trans-

mission dynamics and enhance infer-

ence via the joint integration of genomic

and epidemiological metadata, we then

employed an approximate structured

coalescent model (MASCOT) with a

generalized linear model (GLM)
approach with estimated prevalence and air passenger data

as empirical predictors on 587 sequences to infer the effective

population size and migration rates within and between each

region, respectively (Figure S4A). We also included a predictor

for each month to account for potential changes in case detec-

tion over time. The included sequences were subsampled with

equal temporal weighting to increase representation of under-

sampled regions such as Central Europe (Figures S1A and

S1C; see STAR Methods for more information). Despite the

improved computational efficiency of MASCOT over standard

structured coalescent approaches,18 parameter inference un-

der MASCOT-GLM is still computationally demanding

compared with DTA. For reference, the runtime for our main

DTA with 1,004 sequences was about 12.26 h/million states,

whereas for MASCOT-GLM with only 587 sequences, it was

about 16.45 h/million states. Using a minimum of

5 � 107Markov chain Monte Carlo (MCMC) steps to promote

convergence, these runtimes translate to 25.5 days of compu-

tational demand for DTA and 34.3 days for MASCOT-GLM. As

such, we reduced the number of sequences to 587 for

MASCOT-GLM to allow for inference within actionable time-

scales (Figure S1C). The MASCOT-GLM subsampling scheme

is different from that of DTA as the structured coalescent is
Cell 187, 1–13, March 14, 2024 3



Figure 3. Phylodynamic investigation reveals underdetection of mpox

(A) Regional-specific introductions and the resulting outbreak clusters extracted from the MCC tree summary of the Bayesian inference conducted using

MASCOT-GLMon 587 sequences. Colors correspond to the regions in the legend. Ancestral nodeswith greater than 50%posterior support are highlightedwith a

white circle overlaid.

(B) Estimates of effective population sizes (Net in years) fromApril 2022 through December 2024. The coalescent time scale depends on both effective population

size Ne (number of effective individuals) and on generation time t (years per generation), resulting in Net being a measure of coalescent time scale in years.20

(C and D) (C) Regional prevalence (in number of cases, interpreted as census population size N) estimated independently using publicly available case counts,

and (D) estimates of model predictor coefficients for Ne estimation. All of the predictors displayed on the x axis were included in the analytic model. Dark line

represents median estimates, and light bands represent 95% HPD.
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more robust to differences in sampling across regions and is

subsequently informed by regional prevalence.17,19 We used

aGLM approach to draw inferential power from relevant predic-

tors and reduce uncertainty relative to inferences using the

coalescent alone. After separating out each introduction and

its inferred descendants from the maximum clade credibility

(MCC) tree and comparing them to confirmed case counts,

we see strong evidence of viral circulation before initial detec-

tion in each global region (Figure 3A). Additionally, we revealed

that the largest downstream outbreak clusters arise from intro-

ductions prior to detection from public health surveillance,

whereas introductions after detection are more likely to be a

single case and extinguish quickly (Figure S4B).
4 Cell 187, 1–13, March 14, 2024
We investigated the extent of underdetection in each region by

comparing the MASCOT-GLM estimates of effective population

size Ne (Figure 3B) with prevalence estimated from case counts

(Figure 3C), which we assume to approximate the census popu-

lation size. Of note, the MASCOT-GLM estimates are informed

by prevalence as an empirical predictor, allowing us to assume

that differences between the coalescent-derived Ne and case-

based prevalence estimates could be due to differential case re-

porting. Although both estimates show regional peaks at similar

points in time, we find a divergence between the two estimates in

the early months of the outbreak—May, June, and July 2022—

where our coalescent-derived Ne show continuous viral

epidemic growth before case-based prevalence counts report



Figure 4. Phylodynamic estimates of MPXV

transmission dynamics in 5 global regions

(A) Relationship between estimated date of intro-

duction and persistence time. Each circle repre-

sents a single viral introduction with greater than

50% posterior support into the region denoted by

the color (i.e., a green point represents an intro-

duction intoWestern Europe). The size of each point

is proportional to the size of the outbreak cluster

resulting from each introduction with larger circles

representing more resulting downstream tips. Blue

dashed line represents the linear best-fit line using

Pearson’s correlation. Blue shaded region denotes

the variability of the line, and the resulting estimates

from Pearson’s correlation are shown in text above

the shaded region.

(B) Estimates of model predictor coefficients

for migration rate estimation. Error bars denote

95% HPD interval for the magnitude of predictor

coefficient.

(C) Percentages of new cases due to introductions

were estimated as the relative contribution of in-

troductions to the overall number of infections in the

region. The inner area denotes the 50% HPD inter-

val, and the outer area denotes the 95% HPD in-

terval. Estimates were smoothed using a 14-day

rolling average.
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any cases detected by local public health authorities, suggesting

significant underdetection of cases in these months. This obser-

vation is supported by the estimated coefficients of the monthly

predictors that show the direction and magnitude of each pre-

dictor’s effect on the inference of regional Ne. Figure 3D shows

that the predictors for the months of May, June, and July 2022

had a strong positive effect on predicting regional Ne. By August

2022, however, when a substantial number of cases had been

detected in all five regions, we see that our model no longer finds

the monthly predictors to be required, implying that prevalence

estimates are sufficient to describe Ne. The strong positive

effect of the monthly predictors from May through July, even in

the presence of competing information from the prevalence

predictor, suggests significant underreporting of cases in these

first few months. For comparison with our predictor-informed

MASCOT-GLM model, a strictly coalescent-based model

without predictors (Figure S5) shows similar trends inNe but dis-

plays more uncertainty, supporting the use of empirical predic-

tors to inform our inference.

After initial dissemination, viral importations had limited
impact on local spread
When analyzing transmission chains resulting from introductions

(Figure 3A), we identified a bimodal pattern in each region, where
most viral introductions resulted in a single

imported casewhile a very small number of

introductions sparked explosive and wide-

spread local transmission. Upon identi-

fying the regional introductions with the

highest posterior support in our MCC

tree, we found that early introductions led
to larger and more persistent transmission chains, whereas

those introductions that occurred after public health detection

in each region resulted in smaller outbreaks that extinguished

faster (Figure 4A; Figure S4B). The negative correlation between

time of introduction and persistence of downstream transmis-

sion chains remains even without the influence of the two large

transmission chains following the first two inferred introductions

(Figure S4C).We also found that air passenger volumes between

each global region were a significant positive predictor of viral

migration between each region, highlighting the importance of

regional connectivity in promoting international viral spread

(Figure 4B).

We sought to estimate the relative contribution of introduc-

tions vs. local spread in driving regional outbreaks via inferred

parameters fromMASCOT-GLM. To quantify the impact of intro-

ductions, we calculated the percentage of new cases from intro-

ductions in each region using the estimated changes in Ne over

time, the rate of viral migration between regions, and the incuba-

tion and infectious periods distributions for mpox. We found that

introductions played a relatively small role in each regional

epidemic, with introductions resulting in an average of 1.5%–

15% of new cases (Figure 4C). We see the percentage of new

cases due to viral introductions in North and South America

peaking at the start of their respective epidemics and then
Cell 187, 1–13, March 14, 2024 5



Figure 5. Estimates of time-varying repro-

ductive number (Rt) in five global regions

Estimates of Rt from April 2022 through January

2023 via MASCOT-GLM using 587 sequences

subsampled equally throughout time. The inner area

denotes the 50% HPD interval, and the outer area

denotes the 95% HPD interval. Dashed line high-

lights an Rt value of 1 above, which denotes an

exponentially growing viral epidemic. Estimates

were smoothed using a 14-day rolling average.
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quickly drop once the epidemic begins to peak. This finding sug-

gests that following the initial viral seeding, local transmission

dominates and that viral introductions play a very limited role in

the later stages of regional epidemics. We also see large vari-

ability in the contribution of introductions on local spread during

the later months, which could be driven by lack of genomic and

case-based information at those time periods (Figure 4C).

To understand transmission dynamics locally within each re-

gion, we computed Rt, the time-varying effective reproductive

number, using the estimated growth rate derived from changes

in Ne (Figure 5). We also employed our estimates of the percent-

age of new cases that are due to introductions to calculate Rt

without the influence of introductions (Figure S6A). Initially, we

observe high Rt with viral establishment in each respective

region followed by a subsequent rapid decrease in which most

regions achieve Rt < 1 (signaling a declining epidemic) by

September 2022. Initial Rt of 1.5–3 corresponds to an epidemic

doubling every 5.6–22.1 days. Removing the contribution of in-

troductions, however, has a very small effect on regional Rt,

showing the limited impact of introductions on local viral spread

after initial regional establishment (Figure S6A).

We calculated Rt using only case counts (see STAR Methods)

to highlight the impact of accounting for underreporting on Rt

estimation (Figure S6B). Compared with our phylodynamic esti-

mates that take into account underreporting in the first months of

the epidemic, renewal-based methods for Rt estimation from

only case counts significantly overestimate the transmissibility

of mpox for every region.

US vaccine campaigns had limited impact on curbing the
North American outbreak
Given that North America bore the largest burden of mpox cases

throughout the epidemic, we focused on this region to explore

the role introductions had on prolonging the local epidemic as

well as the impact of mpox vaccination campaigns on Rt. We

find that introductions accounted for only an average of about

5%–15% of local spread. By focusing on the declining half of

the North American epidemic (dates later than June 15, 2022),

we found that preventing introductions following the initial seed-

ing event would have caused the Rt to fall below one only less

than a week earlier (Figure S6A), highlighting the relatively low

importance of introductions.

When we overlaid North American Rt estimates alongside the

cumulative percentage of high-risk individuals in the USA with
6 Cell 187, 1–13, March 14, 2024
mpox vaccine-derived immunity (for description of the data

and definitions, see STAR Methods, under data sources), we

found that Rt began declining prior to initiation of vaccination

in the US (Figure 6A). Vaccine-induced immunity was estimated

via a 2-week lag since the date of vaccination. North AmericanRt

estimates fell below one near mid-August 2022, when the cumu-

lative percentage of high-risk individuals with vaccine-derived

immunity was less than 8%. Under a susceptible-infected-

recovered (SIR) model of infectious disease dynamics, vac-

cine-derived immunity impacts disease transmission by

removing individuals from the susceptible population in a linear

fashion. Before there was any mpox vaccine-derived immunity

in the US, North American Rt peaked at 1.49. Assuming a linear

decrease in Rt as cumulative vaccine-derived immunity

increased, we would expect Rt to fall below 1 only after greater

than 33% of the high-risk population of the US developed immu-

nity against mpox (Figure 6B, dashed gray line). When we

compare the actual decay of Rt in North America, we find that

Rt falls below one before about 10% of the high-risk population

developed immunity (Figure 6B, blue points and red spline),

implying that vaccination is not primarily responsible for the

drop of Rt below 1. The decay of Rt in North America before a

substantial percentage of high-risk individuals developed vac-

cine-related immunity remains clear even when assuming no

lag or a 1-week lag after vaccination for the development of im-

munity (Figures S6C and S6D). Of note, we were only able to

publicly access vaccination information for the US via the

CDC, but our regionalRt analysis for North America includes viral

dynamics for both the US and Canada.

High degree of transmission heterogeneity observed in
the declining phase of the mpox epidemic
Upon separating out each introduction and its inferred descen-

dants from the MCC tree (Figure 3A), we noticed that a small

number of introductions resulted in a sustained expansion of

local transmission, whereas the remaining majority produced

few downstream infections. The extent to which some individ-

uals tend to contribute disproportionately to infection events is

measured by the dispersion parameter k, which quantifies trans-

mission heterogeneity.21 Lower values of the dispersion param-

eter correspond to a higher degree of heterogeneity in transmis-

sion. When transmission heterogeneity is high, interventions

targeting themost infectious individuals can have a considerable

impact on epidemic burden. Quantifying transmission



Figure 6. North American MPXV local trans-

mission dynamics

(A) North American Rt estimated via phylodynamics

(the inner, dark blue area denotes the 50% HPD

interval, and the outer, light blue area denotes the

95%HPD interval). Dashed orange line indicates the

cumulative percentage of high-risk individuals with

vaccine-induced immunity in the US.

(B) Scatter plot comparing mean Rt calculated via

MASCOT-GLM for North America vs. cumulative

percentage of high-risk individuals with vaccine-

induced immunity in the United States. Vaccine-

induced immunity was estimated via a 2-week lag

since the date of vaccination. Red line indicates the

best-fit spline for scattered points. Dashed gray line

indicates expected linear decrease in Rt with

increasing vaccine immunity assuming SIR dy-

namics. Over each point are the dates that corre-

spond to the mean Rt and percent of immunity at

that moment.
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heterogeneity is hence important to guide control efforts. We

thus sought to quantify mpox transmission heterogeneity using

a method relying on the analysis of the size distribution of clus-

ters of identical sequences (46).

We observed that the mean size of clusters of identical se-

quences decreased over the course of the epidemic (Figure 7A).

We found that the timing of the decrease across locations was

consistent with our estimates of Rt obtained from the analysis

of sequence data (Figure 5), with larger cluster sizes observed

in the US than in Europe during June 2022. Globally, the size

of clusters of identical sequences ranged from 1 to 118 with

61% of sequences belonging to a cluster of size greater than 1

(Figure S7). The probability to observe a cluster of a given size

is determined by the effective reproduction number R across

the period, the degree of transmission heterogeneity measured

by the dispersion parameter k, and the fraction of infections

sequenced (see STAR Methods). Figure 7B depicts how the

probability to observe a cluster of size 118 (knowing we

observed 2,624 clusters) is impacted by R and k, assuming

that 5.5% of infections were sequenced (average proportion of

cases sequenced throughout the epidemic). We find that for

values of the reproduction number R greater than 1.5, observing

a cluster of identical sequences of size 118 is not unlikely,

regardless of the value of the dispersion parameter k. This is

consistent with the fact that in this parameter regime, the ex-

pected mean number of offspring with identical genomes is

greater than 1, so we expect some clusters of identical se-

quences to not go extinct.22 For a value of the dispersion param-

eter similar to what has been estimated during previous mpox

outbreaks (e.g., 0.3623), the reproduction number would need

to be greater than 1.31 for this probability to reach 5%. Consid-

ering a lower dispersion parameter value (0.1, which is on the
lower range of what has been estimated

across different pathogens21) would still

require the reproduction number to be

greater than 1.21 for this probability to

reach 5%. This suggests that transmission

heterogeneity alone (without a reproduc-

tion number greater than 1) is unlikely to
explain the size of the large polytomy observed at the beginning

of the epidemic. Overall, the large first polytomy is highly consis-

tent with a reproduction number greater than 1 at the beginning

of the mpox outbreak. This aligns with reproduction number es-

timates obtained from our phylodynamic analysis (Figure 5),

which is indicative of mpox spread within the community.

We then estimated R and k during the decreasing phase of the

epidemic in different geographical regions (Figures 7C and 7D;

Tables S3 and S4). Assuming that half of infections were de-

tected, we estimated k across locations at 0.30 (95% CI: 0.18–

0.54) and reproduction numbers below unity across locations

(Table S3). This corresponds to heterogeneity in transmission

with 65%–72% of infected individuals producing 0 offspring

(and hence the remainder responsible for all transmission

events). Assuming a greater fraction of infections were detected

lead to lower estimates of R and greater estimates of k. This had,

however, little impact on the fraction of individuals producing

0 offspring (Table S3). Allowing the dispersion parameter k to

vary between locations resulted in similar estimates, though

with considerably more uncertainty (Table S4). Our results sug-

gest considerable transmission heterogeneity, which could be

explained by the structure of the sexual contact network in

MSM.24,25 Our estimate is consistent with those previously ob-

tained for sexually transmitted infections spread between MSM

(e.g., dispersion parameter of 0.257 estimated during a gonor-

rhea outbreak in MSM26).

DISCUSSION

Despite the heightened focus on public health surveillance

of emerging infections since the start of the SARS-CoV-2

pandemic, MPXV sparked regional epidemics around the world,
Cell 187, 1–13, March 14, 2024 7



Figure 7. Transmission heterogeneity estimates obtained from clusters of identical mpox sequences

(A) Mean size of clusters of identical sequences for different geographical regions by month of first cluster detection.

(B) Probability to observe a cluster of size 118 among 2,624 clusters as a function of the reproduction numberR and the dispersion parameter k assuming 5.5% of

infections are sequenced.

(C and D) Estimates of (C) the reproduction number R by geographical unit and (D) the dispersion parameter k across geographical units from August 2022

exploring different assumptions regarding the proportion of infections detected. In (B), the point corresponds to estimates obtained by Blumberg and Lloyd-Smith

(43) from the analysis of epidemiological clusters during previous outbreaks. The segments correspond to the associated 95%confidence intervals. In (C) and (D),

points correspond to maximum likelihood estimates and vertical segments to 95% likelihood profile confidence intervals. The horizontal dotted line and the

shaded area correspond to estimates obtained by Blumberg and Lloyd-Smith (43) from the analysis of epidemiological clusters during previous outbreaks. In (B),

the dotted white lines correspond to contour lines for probabilities of 10�4, 10�2, and 10�1.
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contributing to a high degree of morbidity among those

affected.24,27,28 In this study, we present both a global and

regional view of mpox detection, expansion, and containment

by jointly analyzing genomic, mobility, and epidemiological

data. We find evidence of rapid spread following initial regional

viral seeding events, community transmission prior to detection

by local public health surveillance, differential changes in case

detection throughout the epidemic, a limited role of viral intro-

ductions in prolonging regional epidemics, a large degree of

transmission heterogeneity, and limited impact of vaccination

campaigns during the early phases of the North American

epidemic.

Despite double-stranded DNA viruses typically exhibiting a

slower evolutionary rate than RNA viruses,29 clade IIb of MPXV

has been found to have a significantly faster evolutionary rate

since transitioning to sustained human-to-human transmission

driven by APOBEC3 editing.30 Although the evolutionary rate of
8 Cell 187, 1–13, March 14, 2024
the variola virus (a closely related poxvirus to MPXV) has been

previously estimated to be about9310� 6 substitutions per site

per year,31 we infer the evolutionary rate of the B.1 lineage of

MPXV to be 8:41310� 5 (95% HPD 7:71310� 5 to 9:103 10� 5)

substitutions per site per year or approximately 16.6 substitu-

tions per genome per year (compared with the 1–2 substitutions

per genome per year for variola virus). This increased evolu-

tionary rate approaches the rate of many RNA viruses32 and al-

lows for a strong phylogenetic signal (Figures S2 and S5) to

analyze epidemic spread and dynamics.

Although prior studies have analyzed the global spread of

MPXV via phylogenetic methods,13–15 they were often limited

by small sample sizes and a superficial description of regional

trends. Recent advances in phylodynamic and phylogenetic

methods have been developed to tackle issues of low genetic di-

versity and biased sampling where phylodynamic uncertainty is

reduced by the joint inference of genomic information alongside
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relevant predictors, such as epidemiological and mobility infor-

mation.25,33–35 In this study, we leveraged these recent advances

through the use of MASCOT-GLM, an approximate structured

coalescent approach found to be more robust to sampling bias

than traditional phylogeographic methods that allow for the inte-

gration of important predictors, notably estimated prevalence

and air passenger volumes, to informestimates of local transmis-

sion dynamics and regional viral migration.

These phylodynamic estimates, in addition to untangling

global dispersion, allowed us to explore changes in case detec-

tion and the impact of viral introductions on local spread on a

regional level, highlighting global differences in epidemic out-

comes. Despite the heightened interest in public health surveil-

lance, we found evidence of early undetected spread in each re-

gion (Figure 3). These early undetected transmission events were

often associated with the largest downstream clusters, whereas

later viral introductions were quickly contained. Additionally, we

found a strong influence of monthly predictors for the beginning

months of the epidemic—May, June, and July 2022—with re-

gards to estimating regional effective population size. The strong

effect of the early monthly predictors implies the presence of sig-

nificant case underreporting as the prevalence predictor in our

model was not solely sufficient to inform inference ofNe. Despite

worldwide attempts to improve public health surveillance, our

study shows the limitations of current surveillance systems, pro-

moting the need for broader routine specimen screening for a

wide range of pathogens with outbreak potential.

Rt is a measure of transmissibility and has been widely used

for monitoring changes in transmission dynamics and evaluating

the impact of interventions.36 The most common methods for

estimating Rt rely on a time series of case counts and the distri-

bution of the generation time and rely on the assumption of con-

stant detection rates.37,38 As our results suggest that case

detection for mpox varied significantly in the early stages of

the epidemic (Figure 3), such methods will result in biased esti-

mates of the reproduction number.37 In contrast to Rt estimates

obtained solely from case counts (Figure S6A or Laurenson-

Schafer et al.39), we obtained estimates that are smaller in

magnitude by relying on phylodynamic models informed by

prevalence estimates and monthly predictors that account for

changes in case detection. Case-based Rt calculations will be

overestimated if case detection is increasing as the estimates

capture both the true rise in infections and the rise in detection

of infections. For mpox, case detection stabilizes in August

2022 (Figure 3D), after which time we expect case-based Rt es-

timates to be more accurate. This suggests that our approach of

integrating multiple data sources would provide a more accurate

estimation of mpox transmissibility and of the impact of interven-

tions, especially in the beginning stages of an epidemic where

accurate knowledge of Rt can have high impact in informing

public health action.

An outstanding question raised during the beginning of the

mpox epidemic that remains unclear is the potential impact of in-

terventions in preventing and controlling spread.40 Similar to the

early phases of the SARS-CoV-2 pandemic, the MPXV epidemic

prompted considerations around travel bans and restrictions in

an attempt to curb transmission to previously unaffected areas.

Although travel bans were ultimately not implemented, the CDC
issued a series of travel recommendations and warnings for

both individuals exposed to MPXV and for those traveling to

areas with a high number of mpox cases on June 6, 2022.41

Despite these travel recommendations, our models show that

there were already many introduced lineages circulating in North

America before June 6th (Figure 3), limiting the impact and effec-

tiveness of these recommendations on curbing disease spread.

Our results show that following initial viral seeding, viral introduc-

tions played a limited role in promoting local transmission, ac-

counting for less than 15%of newcases in any given region stud-

ied (Figure 4). We also found that removing the influence of

introductions also would have had limited impact in the timing

of North American Rt dropping below one (Figure S6). Together,

this suggests little potential impact of travel restrictions aftermid-

May2022onceMPXVhadalready beenestablished in the region.

Our estimates of transmission heterogeneity, where we found

that only 28%–35% of infected individuals were responsible for

all transmission events observed during the decreasing phase

of the epidemic (Figure 7), promote tailoring public health inter-

ventions to high-risk groups rather thanpopulation-wide policies.

We also examined the impact of vaccination campaigns on

controlling the mpox epidemic in North America by comparing

changes in local transmission as measured by Rt to the cumula-

tive percentage of high-risk individuals in the US with vaccine-

derived immunity (Figure 6). Although even a half vaccination

dose has been found to be effective at providing robust immunity

against mpox,42,43 there was concern over the delayed start of

vaccination campaigns in the US.We find that local transmission

in North America decreased below one in mid-August 2022

before 10% of the population had any vaccine-induced immu-

nity. In the present analysis, we only accounted for vaccine-

derived immunity. However, we can attempt to account for im-

munity derived from natural infection by comparing mpox cases

to the size of the at-risk population. Doing so, we find that less

than 2% of the high-risk MSM population in the US had reported

cases of mpox as of November 22, 2023 (see STARMethods un-

der data sources). Converting this crude cumulative incidence

into an estimate of the total proportion of the population infected

requires knowing the reporting rate of mpox infections. If we as-

sume complete reporting then we expect just 2% cumulative

incidence, which should have negligible impact on lowering

epidemic Rt. However, if the reporting rate was 10% then we

expect approximately 20% cumulative incidence, which starts

to have an impact on Rt. Although we were unable to find a pre-

cise estimate of reporting rate in the US, prior studies in

Portugal44 and in North Carolina45 estimate the rate of detection

to be 62% (95%CI, 43%–83%) and 66% (95%CI, 44%–91%). If

we assume that the US reporting rate falls on the lower bound of

those estimates, we expect 4.7% cumulative incidence. Thus, in

general, we expect that natural immunity will have played aminor

role in reducing epidemicRt compared with behavioral modifica-

tion and vaccine-derived immunity.

The incongruent population definitions (high-risk population in

the US for vaccine-derived immunity and a single Rt estimate for

the US and Canada combined) could conceivably bias our con-

clusions regarding the relationship between Rt and vaccine

coverage. Despite the lack of publicly available vaccination infor-

mation for the whole of Canada, vaccination data for Montreal46
Cell 187, 1–13, March 14, 2024 9
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and Ontario47 show that pre-exposure vaccination began at a

similar time, if not later, than the vaccination efforts in the US (im-

munization in Montreal began onMay 27, 2022 and in Ontario on

June 9, 2022 compared with May 22, 2022 in the US4). We

believe that the similar, if not later, start of vaccination cam-

paigns in Canada biases our results in a conservative and limited

fashion compared with what would be expected if the Canadian

vaccination efforts began earlier than those in theUS. In addition,

the Canadian MSM population is estimated to be 10% of the US

population,48,49 further suggesting that vaccination in Canada

should have a limited role in reducing mpox Rt in North America.

More broadly, our estimates of Rt and vaccine-derived immunity

aggregate across large spatial regions. Further spatially resolved

analyses could provide additional information about the relation-

ship between Rt and vaccine coverage.

Mpox in the US and Canada spread predominantly among

high-risk MSM populations,50 suggesting that the majority of

the North American sequences in our study were derived from

a similar (but not identical) population as used to estimate vac-

cine coverage. Our conclusions are concordant with those

from the CDC which also found that Rt fell below one in August

2022 when only about 1.3% of the high-risk population in the US

had any vaccine-induced immunity.51 Similarly, modeling of

mpox in Washington, D.C. suggests that behavioral modifica-

tions within the MSM community were the main contributing

factor to slowing initial mpox spread, but that vaccination cam-

paigns were ultimately needed to definitively curb the local

epidemic and prevent future outbreaks.52,53 A UK-based

modeling study focusing on MSM found that vaccination could

not explain the drop in mpox incidence in the region but rather

attribute the declining incidence to changes in behavior within

the same community.54 Together, these findings highlight the

significant effect of behavioral change among MSM in curbing

the epidemic as well as emphasize the need for prompt public

health response in order to maximize the population-level effec-

tiveness of vaccination campaigns.

In conclusion, our study integrates diverse data sources to

provide crucial insights on the spread and control of mpox.

Despite global efforts to improve molecular surveillance, our

study shows that early unrecognized spread was critical to

driving the initial epidemic. Once the mpox epidemic was recog-

nized, behavioral modification in theMSMcommunity resulted in

a sharp decline in Rt in North America ahead of vaccination

rollout in the US. Our findings are relevant for policymakers in

promoting broader routine specimen screening as a core tenant

of pandemic preparedness. Recent emerging disease out-

breaks—Zika, Ebola, SARS-CoV-2, and now mpox—have

been characterized by late public health detection and cryptic

local transmission as a result.55–57 Our work shows that rapid

pathogen detection and subsequent behavioral change could

be sufficient to curb epidemic spread. Additionally, our work

prompts swift public health investments and interventions to

protect marginalized and vulnerable populations from mpox

and other emerging infections.11,28

Limitations of the study
Our study has noteworthy limitations. Our genomic data from

GenBank only cover a small selection of countries and regions,
10 Cell 187, 1–13, March 14, 2024
suggesting that we are missing transmission events that involve

unsampled countries, especially from regions such as Asia, Oce-

ania, and Africa, although mpox cases in these areas in summer

2022 were limited and unlikely to significantly impact our results.

The changing availability of genomic sequencing, as well as un-

equal sampling across the regions study affect the probability

that a case shows up as a sequence in our dataset. If viruses

migrate frequently between our study countries and countries

that lack genomic sampling, the lack of samples that might inter-

digitate with samples from the study country may affect our abil-

ity to distinguish separate introductions. Despite this potential

bias, the 2022 mpox epidemic mainly affected Europe and the

Americas, which are regions that are well represented in our

study, limiting the effect of this bias. Additionally, we attempted

to account for this variation by weighting the subsampling for

DTA according to confirmed case counts and by oversampling

undersampled regions (and downsampling overrepresented re-

gions) in our MASCOT-GLM analysis (Figure S1) as well as by

adding in estimated prevalence as a predictor in themodel to ac-

count for this variation.

Bayesian coalescent models assume random sampling of in-

fected individuals, meaning that targeted sampling of super-

spreader events, or via contact tracing, could bias our phylody-

namic estimations. We attempt to quantify the extent of

transmission heterogeneity via our estimates of overdispersion

(Figure 7). In the analysis of transmission heterogeneity, we

explicitly accounted for the fraction of cases sequenced and

explored several assumptions regarding the proportion of infec-

tions detected by the surveillance system. This was done

assuming that all infections had the same probability of being de-

tected as cases and sequenced. Active surveillance targeting

larger clusters could lead to underestimating the extent of trans-

mission heterogeneity.23,58

We see a discrepancy in the time to MRCA (TMRCA) between

various models (Table S2) and find our estimates to be highly

dependent on the tree prior and thus should be interpreted

with caution. Inference of TMRCA is dependent on the estimate

of effective population size in early 2022. Different tree priors as-

sume different parametric forms of effective population size and

so differ in TMRCA estimates. The rapid exponential growth

observed in early 2022 suggests that effective population size

should be low in January–March 2022. This information is used

by the DTA skyline and skygrid models, as well as the

MASCOT-skyline model, resulting in TMRCA estimates close

to the earliest March sequences. Consistently, the MASCOT-

GLM model estimates the coefficient of the monthly predictor

for April 2022 and earlier at �1.09 (95% HPD: �1.89–0.00, Fig-

ure 3D), again supporting a small effective population size in

this time period. We suggest a conservative interpretation of

these results, supporting a TMRCA between September 2021

and March 2022.
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METHOD DETAILS

Genomic data and maximum likelihood tree generation
All available MPXV sequences were downloaded from GenBank while excluding sequences from countries with five or fewer se-

quences, leaving Austria, Belgium, Canada, Colombia, France, Germany, Italy, Peru, Portugal, Slovakia, Slovenia, Spain,

Switzerland, United Kingdom, and the USA. Sequences with ambiguous date of collection in themonth column, with a sample collec-

tion earlier than January 2022, and flagged as being low quality by Nextclade https://docs.nextstrain.org/projects/nextclade/en/

stable/user/algorithm/07-quality-control.html)65 were excluded. Given that the 2022 epidemic was found to be driven byMPXV clade

II, lineage B.1,14,66 any sequences not part of lineage B.1 were also excluded, resulting in 3013 genome sequences included in our

analysis.

A temporally-resolved phylogeny was created using a modified version of the Nextstrain59 monkeypox workflow (https://github.

com/nextstrain/monkeypox), which aligns sequences against the MPXV_USA_2021_MD (accession ON918611) reference using

nextalign,65 infers a maximum-likelihood phylogeny using IQ-TREE67 with a GTR nucleotide substitution model, and estimates mo-

lecular clock branch lengths using TreeTime.64 The resulting phylogeny specific to this dataset can be found at https://nextstrain.org/

groups/blab/monkeypox/hmpxv1.

Regional geographic scales
Due to the low number of sequences from various countries, we analyzedmpox spread at the scale of global regions. We focused on

five regions with the highest number of publicly available sequences on Genbank: Central Europe, North America, South America,

Southern Europe, and Western Europe. Country to region mapping can be found in Table S1.

Data Sources
Data on the number of reported mpox cases per region per month were downloaded from OWID (https://ourworldindata.org/; last

accessed on February 13 2023).

Population sizes for each country were downloaded from the World Bank (https://data.worldbank.org/indicator/SP.POP.TOTL)

and aggregated based on respective countries and then regions as described in the previous section.

To compare vaccination rates with changes in Rt, we accessed publicly available vaccination counts from the CDC (https://www.

cdc.gov/poxvirus/mpox/response/2022/vaccines_data.html) as well as the cumulative percentage of high risk individuals vacci-

nated.51 The CDC defined ‘‘high-risk individuals’’ as MSM for whom preexposure prophylaxis against infection for HIV is clinically

indicated as well as MSMwho are living with HIV. In order to account for the development of immunity, we followed the CDCmethod

of assuming the development of immunity took two weeks following vaccination51 and thus only considered individuals as ‘‘having

vaccine-induced immunity’’ after reaching two weeks from the date of first vaccination.

We additionally estimated that 1.88% of the high risk population in the US was infected with mpox (calculated by dividing the total

number of confirmedmpox infections in the US, which is 31,010 as of November 22, 2023, by 1,647,121, which is the total number of

US individuals estimated by the CDC to be at high risk for mpox infection.)

We used air travel data from the International Air Transport Association (IATA) quantifying the monthly number of passengers on

origin-destination itineraries between airports in the 15 included countries.68

Site masking
We found that fewer than 1%of nucleotide positions out of 197,209 total sites in theMPXV sequence alignment were phylogenetically

informative, ie. polymorphic. To reduce computational runtime for phylogeographic reconstruction (discrete trait analysis), we

masked 90% of invariant positions from theMPXV alignment prior to further analysis. The Nextstrain monkeypox workflow produces

a BED file containing phylogenetically uninformative or misleading alignment positions to be masked. A VCF file was generated from

the alignment using SNP-sites v2.5.1.69 We identified variable positions from the VCF using Pysam v0.20.0.70 Next, we selected a

random subset of 90% of all invariant positions to remove and appended the remaining nucleotides to the BED file. A new alignment

of 19,721 positions was generated with the modified BED file using the Nextstrain workflow. Clock rate estimates inferred with a

masked alignment were adjusted by a magnitude of 10 in order to account for the degree of masking.

Phylogeographic analysis
To investigate the dispersal history of MPXV among five global regions, we first conducted an asymmetric discrete trait phylogeo-

graphic analysis61 using the Bayesian stochastic search variable selection (BSSVS) model implemented in BEAST 1.10.60 For this

analysis, we considered each global region as a discrete location and employed subsampling weighted by mpox case counts for

each region using a random seed, resulting in a final subset of 1004 sequences (distribution across countries and regions shown

in Table S1). We masked the alignment as described above. We employed a strict molecular clock with a uniform distribution

from 0 to 1 and an initial value of 6310� 5 and a GTR+G nucleotide substitution model. We used a Skygrid coalescent tree prior

allowing grid points to change every two weeks.71 Two independent Markov chain Monte Carlo (MCMC) procedures were run for

53108 iterations and sampled every 1000 iterations. Resulting posterior distributions were combined after discarding initial 20%

of sampled trees as burn-in from each of them. We used Tracer 1.772 to assess convergence and to estimate effective sampling
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size (ESS). These values were all >150. We then used TreeAnnotator 1.10 to obtain a maximum clade credibility (MCC) tree removing

the first 20% of iterations for burn-in.

The number of viral imports and exports between regions was estimated by calculating the number of regional transitions walking

from tips to root in the posterior set of trees and calculating the median as well as the 50% and 95% highest posterior density es-

timates (HPD). Following Bedford et al.,73 persistence time was measured by calculating the average number of days for a lineage to

leave its sampled region, walking backwards up the phylogeny from the tip up until the node location was different from the tip region.

In a secondary analysis, in order to check the accuracy of ancestral state reconstructions as well as the strength of genomic signal,

out of the same 1004 sequences, 10% had their locations masked and then reconstructed55 via the same discrete trait analysis

described above. Reconstruction accuracy was assessed by comparing themost likely reconstructed location with the true location.

Estimation of mpox incidence, prevalence, and effective reproduction number via case counts
To jointly estimate mpox case incidence, prevalence, and effective reproduction number, we used the renewal equation framework

from Figgins and Bedford.62 The time-varying effective reproduction number (i.e. the average number of secondary cases infected by

a single primary case) was modeled using a 4th order spline with 5 evenly spaced knots assuming a discretized gamma-distributed

generation time with mean 12.6 days and standard deviation 5.7 days.6 Case counts were modeled using a zero-inflated negative

binomial distribution. Thismodel produces posterior estimates of daily incidence (defined as the number of newly infected individuals

in absolute counts) and effective reproduction number. We then used this incidence and an assumed gamma-distributed infectious

period with a mean of 4.5 days to compute the prevalence, which we define as the number of actively infected individuals in absolute

counts.6

Models were fit to aggregated case counts for each region using full-rank stochastic variational inference. Optimization was per-

formed using the ADAM optimizer with learning rate 4e-3 and for 50,000 iterations and 500 samples were drawn from the approxi-

mate posterior.

Estimated importation intensity
We estimated the monthly importation intensity of mpox between the five selected global regions between May and December 2022

using air travel data, estimated regional prevalence and regional human population size. The monthly estimated importation intensity

(EII) is an estimate of the number of mpox cases imported into each region during a given month, calculated as

EIIaðtÞ =
X
i! = a

PiðtÞ
Ti

3 ni /aðtÞ;

where EII for region a atmonth t is computed using the estimatedmpox prevalencePiðtÞ in a different region i, the population size Ti

in region i and the number ni /aðtÞ of air passengers traveling from region i to region a (adapted from Fauver et al.63). The sum over

every global region excluding domestic travel. We used the prevalence estimates obtained from case data as described in the pre-

vious paragraph.

MASCOT-GLM
To analyze the transmission dynamics within and between each global region, we used an adapted version of MASCOT.18 MASCOT

is an approximate structured coalescent approach74 that models how lineages coalesce (share a common ancestor) within the same

locations and migrate between locations. We used generalized log-linear models33 to estimate whether estimated regional mpox

prevalence and air passenger volumes are predictive of MPXV effective population sizes and migration rates over time, respectively.

Additionally, in order to account for differential underreporting by month, ten additional effective population size predictors were

added, one for every month of the time period studied from April 2022 through January 2023. Empirical predictors were obtained

via data sources described above. The model included error terms to account for observation noise and omitted predictor variables.

We implemented aMASCOT-GLM33 analysis with BEAST275 software, allowing the effective population sizes and themigration rates

to change every week. We performed effective population size and migration rate inference using an adaptive multivariate Gaussian

operator76 and ran the analyses using an adaptive Metropolis-coupled MCMC77 using four chains with a length of 2:53 108. For this

analysis, we employed equal temporal subsampling to enrich for undersampled regions by randomly choosing a max of 11 se-

quences per region per calendar month via Augur filter,78 resulting in 587 included sequences. We chose an equal temporal subsam-

pling scheme due to recent work showing that maximizing spatiotemporal diversity reduces bias in MASCOT-GLM19 The unmasked

alignment was used for all MASCOT-GLM analyses.

MASCOT- Skyline
In order to investigate the degree of genomic signal and influence of empirical predictors on tree reconstruction, we reran our

MASCOT analysis without empirical predictors using a MASCOT-Skyline approach. To allow for population sizes to change over

time, we modeled the effective population sizes similar to the Skygrid approach for unstructured populations.71 We estimated the

effective population size for each location between time t=03tree height, ., t=13tree height. Between each time point where we

estimated the Ne, we assumed exponential growth. We assume the prior on the effective population size over time to be a Gaussian
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Markov random field (GMRF) and estimate the variance of the GMRF prior on the effective population size over time. We assume the

GMRF prior for each state to have the same varianc We assumed the migration rate to be constant forward-in-time, mf
zy, between

states y and z. As the structured coalescent assumes backwards-in-time migration rates, we assumed that the backwards-in-time

rate of migration between state y and z, mb
yz is = mf

zy 3
NeðtÞz
NeðtÞy. To infer effective population sizes and migration rates over time, we

employed an adaptable multivariate gaussian operator.76

Posterior processing
Parameter traces were visually evaluated for convergence using Tracer, tree distributions were visually inspected using IcyTree,79

and 20% burn-in was applied for all phylodynamic analyses. All tree plotting was performed with baltic (https://github.com/

evogytis/baltic) and data plotting was done using Altair.80

The number of migration events between regions was estimated by calculating the number of regional transitions walking from tips

to root in the posterior set of trees and calculating themedian as well as the 50% and 95% highest posterior density estimates (HPD).

In order to calculate themigration rate for eachmodel, we divided the total migration count for each tree in the posterior set by the tree

length (the sum of all branch lengths) and then calculated the mean and 95% HPD.

Estimating percentage of new cases due to introductions
We estimated the percentage of new cases due to introductions for each global region by adapting the methods previously

described.34,81 The percentage of cases due to introductions p at time t can be calculated by dividing the number of introductions

at time t by the total number of new cases at time t. We first represented the total number of new cases in a region as the sum of the

number of introductions and the number of new local infections due to local transmission, resulting in the following equation:

pðtÞ =
# of introductionsðtÞ

# of new local casesðtÞ+# of introductionsðtÞ :

We estimated the number of new local cases at time t by assuming the local epidemic in each global region follows a simple trans-

mission model, in which we derived the number of new cases at time t as the product of the transmission rate b (new infections per

day per individual) multiplied by the number of people already infected in that region I. For the number of introductions, we similarly

assumed that the number of introductions equals the product of the rate of introduction (introductions per day per infectious individ-

ual, which we refer to as migration ratem) and the number of people already infected in that region I. We use the number of infected

individuals in the destination region rather than the origin region for calculating the number of introductions since the approximate

structured coalescent approach models epidemic processes as backwards-in-time, resulting in the equation containing only infor-

mation about the number of infected individuals in the destination region (more information on backwards migration rates below). We

then rewrote the above equation as

pðtÞ =
mðtÞ IðtÞ

bðtÞ IðtÞ+mðtÞ IðtÞ ;

where I(t) denotes the number of infected people in that region at time t. Given the presence of I(t) in every element, we factored out

I(t) to arrive at

pðtÞ =
mðtÞ

bðtÞ+mðtÞ :

For each region, we considered introductions at time t to be the sum of the introductions coming into the region from each other

global region, assuming a negligible number of introductions from unincluded regions. We define the percentage of new cases due to

introductions p at time t for region y as

pyðtÞ =

P
i! = y

mb
y /iðtÞ

byðtÞ+
P
i! = y

mb
y /iðtÞ

;

where mi /y denotes the migration rate per lineage per day into region y from every other region.

In a SEIR transmission modeling framework (employed due to the incubation period of MPXV), the transmission rate b is a function

of the infectious period g, the incubation period s, and the exponential growth rate r (as adapted from Example 4 in Ma 202082):

b =
ð2r+g+sÞ2 � ðs � gÞ2

4s

To compute the growth rate in region y, we assumed that differences in effective population size between adjacent time intervals

can approximate the growth rate r and thus
dðlogðNeyÞ

dt zr. In addition, we assumed that dNedt is independent from the rate of introduction.

We calculated the growth rate of the effective population size dNe
dt as
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dðlogðNeÞÞ
dt

=
logðNeðt+DtÞÞ � logðNeðtÞÞ

Dt
;

where NeðtÞdenotes the effective population size of a region at time t. We ran our MASCOT-GLM analysis using weekly time in-

tervals but averaged over three week intervals ( = 3) for the growth rate in order to reduce noise and account for the long generation

time for mpox.

By also assuming an expected time until becoming uninfectious g for each individual of 4.5 days and an incubation period s of

8 days,6 we calculated the transmission rate b at time t in region y as

byðtÞ =

�
2

�
d
�
log

�
Ney

�
dt

�
+g+s

�2

� ðs � gÞ2

4s
:

Since the coalescent, which MASCOT approximates, works backward-in-time, we calculated the rate of introductions into each

global regionmyðtÞ as the backwards migration ratemb
y ðtÞ from inferredMASCOT parameters. To compute the backwardsmigration

rate, we extract the forward-in-time migration ratemf
yiðtÞ, where i refers to a different region in a combination of global regions c, that

is inferred viaMASCOT-GLM, and then calculate the backwards-in-timemigration rate into region y, as the sum of the products of the

ratio of effective population sizes
NeyðtÞ
NezðtÞ and the forward migration rates:

mb
y ðtÞ =

Xc

i = 1

NeyðtÞ
NeiðtÞ 3mf

yiðtÞ;

whereNeyðtÞ refers to the effective population size in region y at time t andNeiðtÞ refers to the effective population size in a different

region i from a combination of global regions c at time t.

Estimating the effective reproductive number Rt from pathogen genomes
We calculated the effective reproductive number Rt, the time-varying average of secondary infections from a primary infected indi-

viduals, in each region, assuming an exponentially distributed infectious and incubation period of mean respectively 1= g and 1/s,

yielding Rt =
�
1 + r

g

��
1 + r

s

�
.83 Additionally, we sought to separate out the contributions of introductions versus local transmission

to Rt in each region. To do so, we modified the Rt equation to include the percent of new cases from introductions as an estimate of

local community spread so that Rt =
�
1 + r

g

��
1 + r

s
Þð1 � p

�
, where p refers to the percentage of new cases due to introductions as

described above.

Estimating transmission heterogeneity
We analyzed the size distribution of clusters of identical mpox sequences to characterize the disease’s offspring distribution.22 We

assumed that the offspring distribution follows a negative binomial distribution characterized by its reproduction number R and its

dispersion parameter k.21 The probability rj that a cluster of identical sequences of size j can be derived as

rj =
Gðkj+j � 1Þ

GðkjÞ3Gðj+1Þ3

�
pR

k

� j� 1

�
1+

pR

k

� j� 1
;

where p denotes the probability that a transmission event occurs before a mutation event.

In practice, only a fraction of infections are sequenced. The probability ~rj to observe a cluster of size j was thus derived as:

~rj =

P
lR j

rl

�
l

j

�
ðpdetectÞ jð1�pdetectÞl� j

1 � P
lR 0

rl ð1 � pdetectÞl

where pdetect denotes the fraction of infections sequenced.

The probability for an observed cluster of identical sequences to be of size at least J can then be computed asPJ = 1 � PJ� 1
j = 1

~rj:The

probability to observe at least a cluster of size J among nclust clusters is thus equal to 1 � ð1 � PJÞnclust .
Former work has shown that the size distribution of clusters of identical sequences can be used to infer the reproduction number

and the dispersion parameter when the mean number of offspring with identical sequences lies below 1.22 For the 2022 mpox

epidemic, this would correspond to values of the reproduction number lying below 1.5.22 To ensure this criterion was met, we

analyzed the size distribution of clusters of identical mpox sequences for different geographical units (Portugal, the United Kingdom

and US states California, New York andWashington) from August 2022, which corresponds to the decreasing phase of the epidemic
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(Figure S7). We generated the size distribution of clusters of identical mpox sequences for these different geographical units and

defined clusters temporally based on their date of first detection. We estimated the fraction of cases sequenced in these different

regions fromAugust 2022 by computing the ratio between the number of sequences used and the number of cases publicly reported.

We first inferred the parameters of the offspring distribution assuming that the dispersion parameter was the same across these

geographical units and estimating a reproduction number for each of these geographical units. This was done by considering

different assumptions regarding the fraction of infections detected (10%, 50% and 100%) and assuming a probability that transmis-

sion occurs before mutation equal to 66%.83We also ran a location-specific model and estimated the reproduction number and the

dispersion parameter for these each region. We assumed that clusters of identical sequences stemmed from local transmission dy-

namics. This hypothesis is supported by the small contribution played by introductions estimated from the phylogeographic analysis.

We also generated the distribution of cluster sizes worldwide. We explored how different assumptions regarding R and k impacted

the probability to observe a cluster of size 118 (the largest cluster observed) among the 2624 clusters of identical sequences

observed. This was done assuming that 5.5% of infections were sequenced (which corresponds to the fraction of cases sequenced

since the beginning of the epidemic).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed either in Python or R version 4.2.2 and are described in the figure legends and in the method

details.
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Supplemental figures

Figure S1. Subsampling for phylogeographic and phylodynamic inference, related to Figure 1

(A) Flow diagram displaying the inclusion and exclusion criteria for the final two analytic samples.

(B) Temporal distribution of 1,004 genomes used for phylogeographic analysis. Genomes were subsampled using confirmed case counts as weights.

(C) Temporal distribution of 587 genomes used for MASCOT-GLM analysis. Subsampling was done to promote an equal number of samples from each deme for

each month in order to oversample underrepresented countries.
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Figure S2. Masked tip location inference, related to Figure 2

Horizontal bars indicate the posterior distribution of masked tip locations, colored by region. The correct location of each tip is outlined in white with the smaller

plot to the right showing only the posterior probability of the correct location. Bars marked with an open circle indicate cases where the correct location is within

the 95% credible set, and solid circles indicate cases where the location with the most probability mass is also the correct location.
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Figure S3. Phylogeographic analysis using alternative subsampling schemes, related to Figure 2

In comparison with main Figure 2 which uses a case-count-based subsampling scheme, (A)–(D) used an equal spatiotemporal subsampling scheme that at-

tempted to sample an equal number of sequences from each region for each year-month, which is the same strategy used for theMASCOT-GLManalyses. (E)–(H)

repeat the analyses but sampled sequences directly from global regions, irrespective of country of origin. (A and E) The maximum clade credibility tree summary

of the Bayesian inference conducted using asymmetric discrete trait analysis and skygrid prior on 991 (A) and 1,019 (E) sequences. Colors correspond to the

regions in the legend. Ancestral nodes with greater than 50% posterior support are highlighted with a white circle overlaid. Inset histogram on bottom left corner

shows 95% interval for the time to most recent common ancestor (TMRCA) (B–D and F–H) Estimated number of introductions (B and F), exports (C and G), and

average time of local persistence in days (D and H) for each global region. Horizontal black line denotes median estimates.
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Figure S4. Analysis of introductions inferred via MASCOT-GLM, related to Figures 3 and 4

(A) Themaximum clade credibility tree summary of the Bayesian inference conducted using MASCOT-GLM on 587 sequences. Colors correspond to the regions

in the legend. Ancestral nodes with greater than 50% posterior support are highlighted with a white circle overlaid.

(B) Exploded subtrees for each region with only the introductions with greater than 50% posterior support showing that early underdetected introductions lead to

longer transmission chains. Color at introduction origin represents inferred source region, and size of the circle at the origin is proportional to the number of

downstream tips. Length of line coming out of each introduction origin represents the length of the transmission chain. Case counts are overlaid for each region.

(C) Relationship between estimated date of introduction and persistence time with the first two large introductions removed. Each circle represents a single viral

introduction with greater than 50%posterior support into the region denoted by the color (i.e., a green point represents an introduction intoWestern Europe). The

size of each point is proportional to the size of the outbreak cluster resulting from each introduction with larger circles representing more resulting downstream

tips. Blue dashed line represents the linear best-fit line using Pearson’s correlation. Blue shaded region denotes the variability of the line, and the resulting

estimates from Pearson’s correlation are shown in text above the shaded region.
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Figure S5. Effective population size estimated via MASCOT-skyline, related to Figure 3

Estimates of effective population sizes (NeTao in years) from April 2022 through December 2024 using 587 sequences subsampled equally throughout time. In

contrast to the main MASCOT-GLM analysis, no empirical predictors were used, showing the extent of phylogenetic signal and uncertainty when using only

genomes.
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Figure S6. Estimates of time-varying reproductive number (Rt), related to Figures 5 and 6

(A) Estimates of Rt from April 2022 through December 2023 via MASCOT-GLM for four global regions separated by source of contribution. Blue denotes local Rt

without the influence of outside viral introductions, whereas orange shows the added contribution of introductions. Central Europe was removed due to limited

data on introductions.

(B) Estimates of time-varying reproductive number (Rt) in five global regions Estimates of Rt from April 2022 through December 2022 using renewal model

framework from case counts only. The inner area denotes the 50% HPD interval, and the outer area denotes the 95% HPD interval. Dashed line highlights an Rt

value of 1 above, which denotes an exponentially growing viral epidemic.

(C and D) Scatter plot comparing mean Rt calculated via MASCOT-GLM for North America vs. cumulative percentage of high-risk individuals with vaccine-

induced immunity in the United States with a 1-week lag to account for the development of immunity (C) and no lag following date of vaccination (D). Red line

indicates the best-fit spline for scattered points. Dashed gray line indicates expected linear decrease in Rt with increasing vaccine immunity assuming SIR

dynamics. Over each point are the dates that correspond to the mean Rt and percent of immunity at that moment.
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Figure S7. Size distribution of clusters of identical mpox sequences, related to Figure 7

(A) Size distribution of clusters of identical mpox sequences worldwide.

(B) Dynamics of mpox cases in the location of study. The colored rectangles correspond to the study period.

(C) Size distribution of clusters of identical mpox sequences by location during the decreasing phase of the outbreak (study period defined in B).
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