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Background

Monkeypox is a zoonotic infection caused by an orthopoxvirus and is related to the virus that causes
smallpox (Variola virus) [1]. There are two clades of monkeypox virus: the Central African clade, which
has an estimated case fatality rate of 10.6% (68/640), and the West African clade has an estimated case
fatality rate of 3.6% (9/247) [2]. The monkeypox virus spreads through contact with body fluids,
monkeypox lesions, contaminated items, or through respiratory droplets [3]. Primary infections in
humans occur from direct contact with animal reservoirs, and past work has suggested that the most

likely animal reservoir for the MPXV is rodents—though this is not confirmed [4], [5].

A unique aspect of these current clusters is apparent human-to-human transmission in non-endemic
countries. An outbreak where limited human-to-human transmission occurs is not uncommon in
endemic countries. The most recent outbreak where human-to-human and animal-to-human
transmission occurred was in Nigeria in 2017/2018. From Sept 22, 2017 to Sept 16, 2018, the West
African clade of the MPXV caused 122 confirmed or probable cases and 7 deaths across 17 states in
Nigeria [6]. As of yet, there is little evidence to suggest that MPXV will cause widespread, long-term

community transmission in countries outside Central and Western Africa, where MPXV has been



endemic. Instead, the virus may quickly spread and then die out, similar to past outbreaks of SARS (2003)
and Nipah [7], [8]. Recent estimates, using air travel data, of the risk of importation of an infected
individual from Portugal, Spain, the United Kingdom, and Canada to another country are especially high

for countries where cases have already been effectively detected. [9]

In Zaire (Central African strain), the probability of household transmission from one human to another
was previously estimated to be 3% (69/2278) [10]. However, there may be many factors that could
contribute to an increase in transmission of the current MPXV compared to past estimates, such as
decreased vaccination against orthopoxviruses since the eradication of smallpox in 1980 and spread in
specific subpopulations who may have a higher number of close contacts that are suitable for

transmission.

Preliminary phylogenetic analysis of sequenced genomes indicates that the ongoing multi-country
outbreak is likely the result of a single introduction event and that the MPXV driving this current
outbreak is closest to the West African clade of MPXV that caused the outbreak in Nigeria in 2018 [11].
This current MXPV diverges by a mean of 50 single nucleotide polymorphisms from the 2018 viruses,

which may partially explain the scale of the current outbreak.

The first outbreak in the US was in 2003 but at that time no human-to-human transmission was reported,
although limited evidence suggests potential asymptomatic transmission in health care settings [12].
Two more travel-related cases were identified in the USA [4] in 2021, but did not lead to secondary
infections. This most recent outbreak of MPXV is the first in the US where imported infections with
subsequent, human-to-human transmission is likely [3]. Local human-to-human transmission is

suspected in the United Kingdom and within the European Union (EU) [13], [14].
Methods
Recruitment and solicitation

Forecasters who subscribe to Metaculus—who were not necessarily subject matter experts—were
offered the opportunity to submit forecasts for questions related to MPXV. No specific material was sent
to solicit participation from the Metaculus community of forecasters, however Metaculus did post the

above questions on Twitter.

Unlike a typical survey, forecasters on Metaculus are given explicit, quantitative feedback on their
forecasting performance in terms of both accuracy and calibration. Thousands of Metaculus forecasters
participate on the platform monthly. In a 2020 survey that asked Metaculus forecasters “Which of the

following reasons for visiting Metaculus do you agree with?”, the top three responses were: “enjoyment
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and fun,” “training myself to think more rigorously about the future,” and “learning about fascinating
topics. Forecasters on Metaculus are often standing members of a community who are dedicated to

producing accurate, calibrated forecasts.

We sent personal emails on May 20, 2022 to more than 200 subject matter experts and posted
solicitations to two infectious disease forecasting communities: The Modeling of Infectious Disease Agent
Seminar (MIDAS), which has approximately 250 members, and the US COVID-19 Forecast hub google
group, which has approximately 300 members (See supplementary information for the message sent).
We estimate the total number of solicitations sent to unique experts to be more than 400. Though there
are many expert solicitations, we cannot confirm the number of experts who have submitted predictions

to the platform.

We define an expert as an individual who self-identifies as an expert in the modeling of infectious disease,
epidemiology, or public health. The individuals that we contacted typically earned a graduate degree in

the above three fields or a related field and spanned both industry and academia.
Forecast submission

A forecaster on the Metaculus platform can submit a predictive density f as a convex combination of up
to five logistic distributions
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where m;, is a nonnegative weight associated with the kth logistic distribution g(x | g, si) and all weights
are constrained to sum to one. By default, a forecaster is presented with a single logistic density and a
slider bar underneath this density that contains a square and two circles (See supplemental figure). A
forecaster can change the value of u by shifting the square to the left for lower values and to the right for
higher values. The parameter s is adjusted by sliding the circles left and right. If they wish, a forecaster
may press “add a component” to add a second logistic distribution. A second slider will appear under the
first and two additional sliders that control the weights (1) associated with the first and second logistic
distribution. The predictive density a user creates is continually updated in the browser to facilitate
building their forecast for submission. When the forecaster is satisfied with their prediction, they press

“submit”.

After the first submission, a forecaster may revise their original prediction as many times as they choose.
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Forecasters construct a predictive density over a bounded interval that is presented either on a linear
scale or on a log scale (base 10). The choice of interval and linear vs. log scale is made by question

developers at Metaculus.

After 10 predictions from 10 unique forecasters are submitted to the Metaculus platform, an ensemble of

these predictions is revealed to the community.
Ensemble algorithm to combine individual predictions

An ensemble predictive density f was created as a weighted combination of all M individual forecaster

densities

fO) = Ym=1 o fn (%)
where the weight assigned to forecaster m, annotated as r,, , is a function of the forecaster’s accuracy on
past questions where they submitted a prediction with ground truth available and how recently they
submitted a prediction. This ensemble strategy applies to questions that ask a forecaster to submit a
predictive density over a closed interval. For binary questions, where forecasters are asked to submit a

single probability, the ensemble strategy takes the median of all submissions.
Forecast evaluation

When the ground truth t is available, we will assess an ensemble forecast f using two different methods:

(i) the difference between the truth ¢ and median prediction and (ii) the logarithmic score.

The logarithmic score (log score) is defined as the natural log of the predicted probability density (f)

value assigned to the eventually realized truth (¢)

LSt f) = log[ f(®)]

The log score approaches negative infinity as the probability a forecast assigns to the truth approaches
zero. The maximum (best) log score is a value of positive infinity. The log score is a proper score which
awards predictive densities that attempt to match as close as possible the assumed probability

distribution that is used to generate observed data [15].
Forecast solicitation/collection
Email solicitation sent to subject matter experts

There has been a recent reported increase in monkeypox infections in countries such as the US and
Europe where the disease is not endemic. As of 20 May at 4PM EST there have been a total of 146

suspected and confirmed cases of monkeypox in countries where the disease is not typically found and



on 20 May, 2022 the World Health Organization hosted a Strategic and Technical Advisory Group meeting

on the monkeypox outbreak.

To support public health decision making about the transmission and burden of the virus, we have
launched a human judgment forecasting effort to aggregate probabilistic predictions about the trajectory

of the monkeypox virus.

As an expert in public health, epidemiology, the modeling of infectious disease, and/or virology we ask
that you take time to submit probabilistic forecasts for the following questions through the Metaculus

platform as soon as possible:
e Transmission

1. Total estimated monkeypox infections in 2022

Total monkeypox cases in Europe as of 1 July

Total monkeypox cases in USA as of 1 July

2
3
4. Total monkeypox cases in Canada as of 1 July
5

How many countries will confirm at least one case of monkeypox by 31st July 2022?

6. Number of US states with monkeypox cases on July 1, 2022

e Public health policy and decision making

1. WHO declares that monkeypox is a PHEIC

Metaculus is a free browser-based platform for collecting crowdsourced predictive densities of targets of
interest. A forecast is composed of a convex combination of up to five logistic distributions or a binary
yes/no question. Predictions can be submitted and revised as many times as you wish. Details about

forecast submission can be found here https://www.metaculus.com/help/faq/#howpredict

Please feel free to send these questions to colleagues and close contacts who you feel too are experts in

the fields of public health, epidemiology, the modeling of infectious disease and virology.

We also ask that you volunteer your name and affiliation to lend credence to these ensemble forecasts
and acknowledge your time and effort to improve public health decision making. Please use the following

link to add this information:_https://lehigh.col.qualtrics.com/jfe /form/SV 61K94vY8Nyvhohr8

We plan to incorporate these predictions in a manuscript and submit them for publication so that we can
send, as fast as possible, rapid information about the evolving monkeypox virus. Those who choose to
volunteer their name and affiliation in the above link will be included in a table of experts who

contributed predictions to this work. Individual predictions will be de-identified.



Thank you for helping us in this effort to attempt to support public health decision making with rapid

human judgment forecasts of the transmission and burden of the monkeypox virus.

Please feel free to send any questions about this effort to mcandrew@lehigh.edu

Thomas McAndrew

Assistant Professor

College of Health at Lehigh University

Juan Cambeiro, Nikos Bosse, Tamay Besiroglu, Sylvain Chevalier, Gaia Dempsey

Metaculus Team

Metadata related to questions posed to crowd

Num. of Lower Upper Created Resolve
API url title Forecasts bound bound time Publish time|time
How many
human
infections of
monkeypox
will be
estimated to
https://ww have
w.metaculu| occurred
s.com/api2 before 2022-05- | 2022-05- | 2023-12-
/questions/| 2023, 500,000,00|19T15:34:1{18T04:00:0 [31T20:00:0
10976/ |worldwide? 281 200 0 6.890047Z 0Z 0Z
What will be
https://ww| the total
w.metaculu| number of
s.com/api2 | confirmed 2022-05- | 2022-05- | 2022-07-
/questions/ and 19T16:20:3(19T19:00:0{01T16:00:0
10978/ | suspected 20 75 100,000 | 4.116855Z 0Z 0Z




monkeypox
cases in

Europe as of]

July 1,
20227
What will be
the total
number of
confirmed
and
suspected
monkeypox
https://ww| cases in the
w.metaculu| United
s.com/apiZ2 | States as of 2022-05- | 2022-05- | 2022-07-
/questions/| July 1, 19T16:39:0(19T19:00:0{01T16:00:0
10979/ 20227 26 100,000 | 4.867290Z 0Z 0Z
How many
countries
will confirm
https://ww| at least one
w.metaculu| case of
s.com/api2 | monkeypox 2022-05- | 2022-05- | 2022-07-
/questions/| by July 31, 19T14:07:1(19T19:00:0|31T16:00:0
10975/ 20227 82 196 0.757688Z 0Z 0Z
How many
https://ww/|states in the
w.metaculu| United
s.com/api2 | States will 2022-05- | 2022-05- | 2022-07-
/questions/| report 19T18:14:3(19T19:00:0{01T16:00:0
10981/ having a 65 50 8.738737Z 0Z 0Z




monkeypox

case of

as of July 1,
20227

https://ww

s.com/api2
/questions/

10977/

w.metaculu |[Internationa

Will WHO
declare the
spread of
monkeypox
a Public
Health
Emergency

of

1 Concern
before

20237

147

2022-05-
19T15:34:2
3.359907Z

2022-05-
19T19:00:0
0Z

2023-01-
01T17:00:0
0Z

https://ww
w.metaculu
s.com/api2
/questions/

11039/

What will be

the total
number of
confirmed

and

suspected
monkeypox
cases in
Canada as of]
July 1,
20227

22

20,000

2022-05-
20T20:07:5
5.2402517Z

2022-05-
20T21:00:0
0Z

2022-07-
01T16:00:0
0Z

https://ww
w.metaculu
s.com/api2

/questions/

How many
deaths due
to

monkeypox

56

5,000,000

2022-05-
19T20:03:2
3.1953827Z

2022-05-
19T22:00:0
0Z

2023-12-
31T20:00:0
0Z




10982/ will be
estimated to
have
occurred
before
2023,

worldwide?

Supp. Table 1: A line list for each question of the API url], title of the question, the number of forecasts

submitted, lower and upper bounds, the creation, publication, and resolution dates.

Background ~ Forecast Timeine
information
Past consensus
prediction
'w Make a Prediction
Probability Density
Prediction
tool
Question
Ress)lut.lon Logistic Dist. 1
criteria
Logistic Dist. 2
“Add
C t . lower 25% ”
v (Optional) Text box median cgmponent
to leave comments R option to add up
to five logistic
distributions

Supp. Fig. 1: Example of the Metaculus platform used by forecasters to generate probabilistic predictions

of questions posed about monkeypox.

Quantile predictions of transmission

As of May 24, 2022, The crowdsourced median prediction of the estimated number of human monkeypox

infections that will occur globally by the end of 2022 is 8,314 [10th percentile: 1,783, 90th percentile:
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93,254]. The median prediction of the number of deaths due to human monkeypox during the year 2022
is 263 [10th percentile: 63, 90th percentile: 3,037] (Supp. Fig. 2).

The median prediction of the number of monkeypox cases by July 1, 2022 in the US is 76 [10th percentile:
23,90th percentile: 363], in Canada by July 1, 2022 is 76 [10th: 36, 90th: 210], and in Europe is 801
[10th: 300, 90th: 4,236]. The total number of reported confirmed plus suspected monkeypox cases as of
May 24, 2022 worldwide is 270, in the US is 7, in Canada is 27, and in Europe is 234.

The ensemble median prediction of the number of countries that will report one or more cases of the
monkeypox infection by July 31, 2022 is 46 [10th: 18, 90th: 88]. As of May 24, 2022, the number of
countries reporting one or more cases of monkeypox is 19. The median prediction of the number of states
in the US that will report one or more cases by July 1, 2022 is 14 [10th: 2, 90th: 31], and as of May 24,

2022 there are 3 states reporting one or more human monkeypox cases.

Num. of estimated monkeypox 1,783__8,314 93,254
infections in 2022

Num. of deaths due 63___263 3,037
to human monkeypox in 2022

Human monkeypox cases reported
in US as of July 1, 2022

Human monkeypox cases reported 36_76 210
in Canada as of July 1, 2022

Human monkeypox cases reported 300_801 4,236
in Europe as of July 1, 2022

Num. of countries reporting 18 46 88
at least one case on July 31

Num. of US states reporting 2___14 31

at least one case on July 1
10 100 1,000 10,000 100,000

Predicted values

Supp. Fig. 2: Quantiles from human judgment ensemble predictions for 7 questions about the monkeypox
virus and human monkeypox disease. The median is represented as a circle and the shaded region

captures the 10th-90th percentile of predictions.
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Public health impact

At the time of publication, crowdsourced ensemble forecasts regarding the monkeypox virus suggest that
reported cases will increase globally over the coming weeks. However, the crowd assigned a wide
uncertainty to the reported number of cases at the global and country/region specific level, which may
reflect the lack of historical data in locations outside of Subsaharan Africa. Relatively little weight was
assigned to extremely high incidences by the ensemble forecast, indicating limited belief that monkeypox
is a pandemic-level threat at this time. The crowd is also at this time uncertain about whether the WHO
will declare the ongoing outbreak a Public Health Emergency of International Concern (PHEIC). That said,
the crowd assigned a median probability close to 25% that the virus is declared PHEIC. The median
probability the crowd assigned to a PHEIC started at 80% and decreased to approximately 25%,
indicating that forecasters have revised their predictions over time to align with new information about

the outbreak.

Current crowd predictions suggest that the existing smallpox vaccine emergency stockpiles (2.8 million
in Geneva; ca. 600 million globally) are likely sufficient for ring vaccination of close contacts, but that
many countries should proactively plan for extensive demands on health systems for contact tracing, and

quarantine/isolation spaces [16].

A forecasting platform offers an approach for rapidly aggregating predictions from statistical models,
mechanistic models, and intuition. Independent infectious disease modeling teams may not have a
streamlined process for sharing forecasts and modeling approaches with one another, or teams may have
limited motivation to do so. A forecasting platform like the one presented here supports, and incentivises,
the sharing of computational forecasts and human intuition and expertise. Finally, a forecasting platform
can serve as a repository for current forecasts—both computational and intuition-based—of targets of

public health importance. Limitations to human judgment forecasting are detailed in the appendix
Limitations to human judgment forecasting

Limitations of human judgment forecasting are a lack of transparency into how predictions are formed;
limits placed by the forecasting platform on the shape of a predictive density, as well as the choice of
scale (linear vs. log)—both of which may bias predictions; that resolution criteria for questions may not
be clear; that the wording of each question may bias forecasters, and the fact that any subscriber, not just
those with expertise in modeling, can submit predictions [17]. The Metaculus platform allows forecasters

to submit, alongside their prediction, comments such as the data they used to form a prediction or what
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techniques they used when making their predictions. However, submitting a comment is not required,
which makes it difficult to more fully examine the factors incorporated into a submitted forecast.
Forecasters on the platform are constrained to submit predictions over a bounded interval that is
determined a priori and forecasters are limited to a set of five logistic distributions for submission. The
platform also a priori restricts predictions to be submitted on a linear scale or a logarithmic scale. This
choice of scale could put undue influence on how a forecaster produced their prediction. An additional
limitation is that questions posted on the platform must be accompanied by a resolution source. Thus
questions that need answering must wait until a suitable resolution source can be identified, and adapted
when better sources become available. Finally, Metaculus, like many forecasting platforms, places
minimal restrictions on who can submit a forecast. Although trained ensembles based on forecasters’
past performance can be employed, performance on questions unrelated to infectious disease may not
apply to predictions of the monkeypox outbreak. Because of the above limitations, we caution trusting

the above—or any probabilistic forecast of the future.

In addition, how the Metaculus crowd estimates risks may be skewed by observing, and predicting,
events that are unrelated to the spread of a pathogen such as economic and politic events, and pathogens
that have dissimilar characteristics to the MPX outbreak such as seasonal influenza, and the COVID-19

pandemic

We could not conclude whether any experts that were contacted submitted forecasts, and as of May 24,
2022 zero experts have included their name and affiliation alongside a forecast. A challenge to address
for the future is development of (1) trust between experts and the forecasting community and (2)
methods to motivate experts to participate. Experts could share valuable insights that may not only
improve an ensemble prediction, but improve the knowledge of individual, non-expert forecasters.
Future work should also address to what degree forecasters are influenced by observing the ensemble

forecast and current reported data.
Concluding remarks

Human judgment probabilistic predictions can be rapidly mobilized to support public health decision
making during an outbreak when the infrastructure required for them is in place and sufficiently robust.
They are flexible enough to incorporate changing public health needs during the course of an outbreak

and can complement traditional computational approaches with the use of qualitative expert opinion.
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Page

Clearly define all predictors used in developing or validating the 7
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Statistical 7
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274
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10d Lines
relevant, to compare multiple models.
265-
274
Risk groups |11 Provide details on how risk groups were created, if done. NA
Results
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Describe the flow of participants through the study, including the
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[3a NA
applicable, a summary of the follow-up time. A diagram may be
helpful.

Participants Page
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Page
Give an overall interpretation of the results, considering 2
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Ground truth as of July 1, 2022

Prediction target Location Value Source Date of report
Number of reported cases Worldwide 3413 | World Health Organization* June 27, 2022
Number of reported cases European Union | 2933 | World Health Organization* June 27, 2022
Number of reported cases United States 142 World Health Organization* June 27, 2022
Number of reported cases Canada 210 World Health Organization* June 27, 2022
Number of countries to report = 1 infection | Worldwide 50 World Health Organization* June 27, 2022
Number of US states to report > 1 infection | United States 30 Centers for Disease July 1, 2022

Control and Prevention™*

WHO Declaration of PHEIC NA No World Health Organization*** | June 25, 2022

* https://www.who.int/emergencies/disease-outbreak-news/item/2022-

DON396#:~:text=Since%201%20]anuary%20and%20as,new%20countries%20have%20reported%20c

ases. ** https://www.cdc.gov/poxvirus/monkeypox/response /2022 /us-map.htm] ***

https://www.who.int/news/item/25-06-2022-meeting-of-the-international-health-regulations-(2005)-

emergency-committee--regarding-the-multi-country-monkeypox-outbreak
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