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ARTICLE INFO ABSTRACT

Keywords: As mpox continues to spread globally, proactive monitoring and preparedness are crucial to minimize impact and
Mpox enhance response strategies. Using a mathematical model combining a negative binomial distribution with
Portugal ) Richards' logistic curve, we reconstructed the hidden phase of mpox transmission in Portugal, offering insights
Is\/;erl;};;n;t;c;lertnodelllng into the timing and dynamics of the initial outbreak. The analysis of 950 PCR-positive and 986 negative cases
Surveillance suggested that symptom onset occurred between March 24 and April 2, 2022, with March 27 identified as the
First case most probable date. This study delineates the likely period of silent circulation of MPXV in Portugal, providing a
clearer understanding of early outbreak dynamics and surveillance performance. Possible imperfections in early
diagnostic testing and limited awareness of mpox may have contributed to delayed recognition of the outbreak.
By demonstrating how retrospective mathematical modelling can estimate undetected transmission periods, our
findings highlight the value of such approaches in epidemic reconstruction and underscore the importance of
strengthening early surveillance systems to detect undiagnosed transmission of mpox in non-endemic countries.

(formerly West African clade), comprising subclades Ila and IIb. Clade I
is associated with higher virulence and mortality compared to clade II
[1,2].

Introduction

Monkeypox virus (MPXV), etiologic agent of mpox, is a member of

the Poxviridae family, genus Orthopoxvirus, which also includes vaccinia,
variola (smallpox), and cowpox viruses. These viruses share genetic and
antigenic characteristics that contribute to cross-immunity, with historic
smallpox vaccination providing partial protection against mpox [1].
MPXV has been classified into two primary clades: clade I (formerly
Congo Basin clade), comprising subclades Ia and Ib, and clade II

In May 2022, an unprecedented multi-country outbreak caused by
clade IIb strains emerged, prompting the World Health Organization
(WHO) to declare a Public Health Emergency of International Concern
(PHEIC) in July 2022 [2,3]. A second PHEIC was declared in August
2024 following a rise in clade Ib infections in the Democratic Republic of
the Congo and neighbouring countries, with exported cases reported in
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several non-endemic regions [4-6].

By January 2025, over 130,000 confirmed cases of mpox had been
reported across more than 130 countries [3]. The scale of this outbreak
highlights the need for rapid detection strategies and robust surveillance
systems, especially in regions without prior exposure to MPXV [7].

Mathematical modelling has proven valuable in reconstructing
epidemic trajectories and in estimating unseen transmission events, such
as during early COVID-19 waves [8-12]. For mpox, understanding the
timeline of virus introduction and symptom onset is crucial to assess the
effectiveness of public health responses.

Previous studies have applied mathematical and statistical modelling
to describe the transmission dynamics and detection delays of mpox and
other emerging infections. For instance, modelling frameworks have
been used to evaluate underdetection and transmission patterns during
the 2022-2023 mpox outbreaks [13-15], while other analyses demon-
strated how biases in diagnostic accuracy and reporting can distort
epidemic curves [16-18]. Also in a recent study, the authors have used
SEIR-based model and calculated markedly different model parameters
across countries [19]. These findings highlight that early epidemic data
are frequently influenced by imperfect diagnostic performance, which
may negatively impact on surveillance sensitivity. Building on this evi-
dence, the present study aims to reconstruct the probable onset window
of the first mpox infections in Portugal using a hybrid modelling
approach. By combining statistical and logistic growth models, we
sought not only to estimate the undetected circulation period but also to
demonstrate how retrospective modelling can support preparedness and
early detection strategies for future outbreaks.

Although Portugal was the second country to confirm mpox cases on
May 17, 2022, retrospective analysis suggests that the virus was circu-
lating prior to official detection [20,21]. This study aims to estimate the
most probable date of symptom onset for the first mpox case in Portugal
using a combined modelling approach. These findings will inform the
understanding of the initial transmission window and improve future
epidemic preparedness.

Methods
Study population and data processing

This retrospective study analysed laboratory-confirmed mpox cases
identified by the Portuguese National Institute of Health (INSA) between
April 26 and December 29, 2022. Clinical specimens were collected from
suspected mpox patients across all regions of Portugal.

During this period, INSA, as the national reference laboratory, was
the only laboratory in the country performing mpox diagnosis, ensuring
complete national coverage and methodological consistency. Laboratory
confirmation was based on at least one real-time PCR-positive sample
per patient, following national guidelines issued by the Directorate-
General of Health [21,27]. Suspected cases were reported by health-
care providers through the national surveillance platform (SINAVE),
after which clinical and epidemiological data were reviewed by regional
public health authorities before official notification. This standardized
workflow ensured uniform criteria for laboratory confirmation and case
reporting across all regions of Portugal.

Among all suspected cases, 950 were confirmed positive and 986
negative for MPXV. Indeterminate cases (n = 62) were excluded. For
confirmed cases, both of the sample collection dates and the reported
symptom onset dates were reviewed. When discrepancies greater than
20 days were observed between these two dates, the onset date was re-
estimated using a probabilistic correction approach to minimize
reporting bias.

Mathematical models framework

i) Negative binomial distribution
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To estimate the distribution of delays between symptom onset and
sample collection, a discrete negative binomial distribution was fitted
using least squares regression approach. The parameters (n and p) were
derived from 626 cases with known onset dates [22]. The probability
mass function of the negative binomial distribution is defined as:

si=(*3m ra-py W
where k represents the number of days of delay between symptom onset
and sample collection, n is the shape parameter describing the number of
successful events (or dispersion), and p denotes the probability of
observing an additional day of delay.

The negative binomial distribution was chosen due to its suitability
for modelling over-dispersed count data, which is common in epidemi-
ological settings where the variance exceeds the mean. In this study, the
distribution (eq. 1) was used to estimate the delay between symptom
onset and sample collection, a critical step for reconstructing the
epidemic curve when direct information is incomplete or biased. Unlike
the Poisson distribution, the negative binomial distribution accounts for
heterogeneity in individual behaviour, testing practices, and reporting
delays, factors that are particularly relevant during emerging outbreaks
like mpox. Its flexibility enables a more accurate representation of the
empirical delay distribution and supports robust imputation in
simulation-based models of transmission dynamics.

ii) Richards' Growth Model

A Richards' logistic model, widely used in epidemic forecasting, was
employed to generate an epidemic curve based on the moving average
(MA) of symptom onset dates and sample dates. The MA was calculated
using a 7-day centered window to smooth daily fluctuations and high-
light underlying trends. The derivative of the growth function provided
the daily case estimates [23-25]. The epidemic curve I(t) (eq. 2) was
obtained by the derivative of the accumulated growth curve.

rKe T(t-tm)

T —— 2
(14 ert=tm) ) @

I(t) =

where, r represents the intrinsic growth rate of the infection, t,, corre-
sponds to the inflection point (the time at which the growth rate changes
from accelerating to decelerating), and K denotes the final epidemic size,
i.e., the total number of cases expected by the end of the outbreak
[10-12]. These parameters were estimated by a least squares regression
process using the MA of dates.

The Richards' cumulative growth model was selected due to its su-
perior flexibility in fitting epidemic curves that deviate from the ideal
logistic shape. These features are particularly relevant in real-world
outbreaks, where underreporting, changes in testing capacity, and
behavioural interventions can distort the natural progression of case
counts. In the context of the mpox epidemic in Portugal, the Richards'
model enabled a more accurate estimation of the inflection point and
overall growth trajectory. This provided a robust framework for recon-
structing the timeline of early, undetected transmission.

iii) Simulation approach

Using the negative binomial distribution, 20,000 simulations were
performed to impute symptom onset dates for the 324 cases lacking
reliable data. For each simulation, a MA was computed. These MA series
were used to fit epidemic curves via least squares, from which prediction
confidence intervals were extracted [10-12,26].

iv) Model calibration and outcome estimation

The key outcome was the earliest symptom onset date of the putative
index case, defined as the lower bound of the 95 % prediction interval
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across simulations [26]. The mode of the distribution of all earliest onset
estimates was also reported as the most probable date.

Ethics considerations

This study was conducted in accordance with ethical standards and
approved by the Ethical Committee for Health of INSA (Approval N° 80/
2022). All samples were anonymized, and no personally identifiable
data were accessed. MPXV diagnostics were performed under official
public health mandates outlined in Technical Orientation N° 004/2022
by the Portuguese Directorate-General of Health [27].

Results
Estimated timeline of first positive cases

The first mpox case in Portugal was officially diagnosed on May 17,
2022 [20]. However, retrospective analysis confirmed that MPXV was
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already circulating prior to that date [21]. A MA was applied to the daily
positive sample collection data to visualize trends. The growth of the MA
during this early period indicated a rapid acceleration of infections
(Fig. 1A). The first case with a recorded symptom onset reported April
22,2022 [21].

Determination of stationary MA of positives cases

To identify the most accurate baseline for epidemic curve of positive
cases modelling, the ratio between positive and negative tests was
analysed over time. This ratio transitioned on May 26, 2022, signalling
the point when testing likely began capturing a representative portion of
infections in the population. Hence, MA of positives cases prior to this
date were not considered stationary for modelling purposes (Fig. 1B).

Delay between symptom onset and sample collection dates

Among the 950 confirmed cases, 626 included symptom onset dates.
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Fig. 1. Evolution of sample collection dates, symptom onset estimates, and modelled epidemic curves. (A) Distribution of positive cases collection dates with MA in
2022 (red line). (B) MA ratio of positive and negative cases, highlighting shift on May 26, 2022, indicating representative population testing. (C) Distribution of
delays between sample collection and known symptom onset dates (black line), with fitted negative binomial regression (red line) and simulated distributions from
20,000 imputations (blue bars). (D) Estimated symptom onset dates combining known data and simulated values, with MA starting on May 26 (solid lines); dashed
lines indicate the 95 % prediction confidence interval, marking earliest (Mar 15) and latest (Apr 15) onset estimates. (E) Distribution of first symptom onset dates
across stationary MA estimates (May 20-26, 2022). (F) Epidemic curve symptom onset dates based on MA starting May 22, showing the most probable onset date
(March 27, 2022). Blue line: MA; dashed lines: prediction interval limits; red lines: average limits between simulations with the lower limit on March 27. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 1. (continued).

The difference between symptom onset and sample collection dates was
modelled using a negative binomial distribution, which showed a peak
at a 4-day interval (Fig. 1C). The best-fit distribution parameters were n
= 5and p = 0.4627.

Simulation of unavailable symptoms onset dates

Using the negative binomial distribution, 20,000 simulations were
performed to impute symptom onset dates for the 324 positive cases
without this information and the respective MA were calculated. Using
seven different assumed delays, each MA series was truncated accord-
ingly to create distinct starting points (Table 1). For each MA, an
epidemic curve with the respective prediction limits of 95 % was found
by least squares regression. Each lower limit of the prediction interval
was used to estimate the earliest likely start date.

Using a delay of zero days, we have in Fig. 1D the MA that produces
the lower limit of prediction later and the MA that produces the lower
limit of prediction earlier, among these we have all the others. All these
dates produced a distribution curve with a normal pattern.

All delays have then produced a date distribution curve and the peak
of each distribution gave the most likely one. All delays have then
produced a distribution curve of most likely dates (Table 1 and Fig. 1E).

Estimated onset window for the first putative case

The most likely dates of symptom onset ranged from March 24 to
April 2, 2022 (Table 1). As the most likely delay is four days (Fig. 1C)
The most likely onset date was March 27, 2022 (Fig. 1F), implying
approximately 50 days of silent viral transmission before the first
laboratory-confirmed case. Table 1 summarizes peak onset date esti-
mates for different presumed delay intervals between symptom onset
and sample collection dates.

Table 1
Estimated symptom onset dates by assumed delay between symptom onset and
sample collection dates.

Delay (days) MA Start Onset Range (Start-End) Peak Onset Date
6 May 20 Mar 10 - Apr 06 Mar 24
5 May 21 Mar 10 - Apr 07 Mar 25
4 May 22 Mar 11 - Apr 09 Mar 27
3 May 23 Mar 13 - Apr 10 Mar 29
2 May 24 Mar 15 - Apr 12 Mar 31
1 May 25 Mar 14 - Apr 14 Apr 01
0 May 26 Mar 15 - Apr 15 Apr 02

Discussion

Portugal was one of the first countries to detect mpox cases on behalf
of the 2022 multi-country outbreak and is believed to have played a
pivotal role in the initial international spread of MPXV [13]. This study
provided strong evidence that the MPXV was circulating in Portugal well
before the first laboratory-confirmed case on May 17, 2022 [20,21]. By
applying a combined mathematical modelling approach using a nega-
tive binomial distribution and Richards' logistic curve, we reconstructed
the likely timeline of symptom onset and identified a probable 50-day
gap between initial viral transmission and formal detection [22,23].

It is important to recognize that diagnostic accuracy may influence
the apparent shape of early epidemic curves. During the initial phase of
any emerging outbreak, limited assay validation and variability in
testing sensitivity can lead to outcome misclassification, potentially
biasing reconstructed trajectories. Similar challenges were documented
during the early stages of COVID-19 and influenza pandemics [16-18].
Although our analysis assumes optimal diagnostic performance, unde-
tected false negatives could have slightly extended the estimated period
of hidden transmission. Future modelling should incorporate explicit
parameters for test sensitivity and specificity to reduce potential bias in
the inferred timelines.

The observed 4-day delay between symptom onset and sample
collection matches findings from previous viral outbreaks [25]. How-
ever, in the early phase of mpox emergence, this gap may have been
longer, contributing to delayed recognition. Temporal variation in this
interval is expected as public awareness, testing access, and diagnostic
capacity evolve throughout the outbreak. Consequently, the delay dis-
tribution may have narrowed over time, potentially biasing early
epidemic reconstructions. Future models should explicitly incorporate
time-dependent delay distributions to account for such dynamics. This
temporal heterogeneity may influence the estimated shape of the
epidemic curve, potentially leading to underestimation of early trans-
mission intensity if unaccounted for.

The estimation of March 27, 2022, as the most likely date of symp-
tom onset aligns with genomic and epidemiological analyses from other
countries affected early in the outbreak [29]. Similar retrospective as-
sessments in the United Kingdom and Spain also suggested silent
transmission several weeks prior to case notification, supporting the
hypothesis of undetected international spread [7].

While our modelling framework does not assume multiple in-
troductions of MPXV in Portugal in initial stages, our previous study
relying in epidemiological and genomic data suggests that multiple
importations cannot be entirely excluded [13]. Nevertheless, the limited
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phylogenetic diversity in beginning of the Portuguese epidemics,
reflecting the dominance of a single lineage, makes it difficult to assess
this issue in a robust manner.

Our findings underscore the critical importance of integrating
mathematical modelling with epidemiological surveillance [10-12].
Models capable of estimating backdated infection curves allow public
health systems to refine their understanding of outbreak origins,
improve early response strategies, and calibrate risk communication
[10-12]. In Portugal, the combined use of a negative binomial model, to
estimate delays between symptom onset and testing, and Richards'
growth curve, to reconstruct the epidemic trajectory enabled retro-
spective estimation of when community transmission likely began.
These modelling tools, which have previously proven effective in iden-
tifying early, undetected spread during the initial stages of the COVID-
19 and SARS outbreaks [10-12,23], were particularly valuable in a
context where public health surveillance was not yet attuned to detect a
non-endemic pathogen like MPXV [20].

The high proportion of missing symptom onset data (34 % of
confirmed cases) is a known limitation in outbreak settings, often due to
reporting inconsistencies or asymptomatic presentation. By imputing
missing values with probabilistic simulation, we accounted for uncer-
tainty while preserving the integrity of the epidemic curve. The esti-
mates of the present study should be interpreted considering potential
uncertainties in retrospective symptom recall and diagnostic delays.

In addition to the combined approach used in this study, other
modelling strategies could have been considered. Compartmental
models such as SEIR (Susceptible-Exposed-Infectious-Recovered) offer
greater granularity by simulating latent periods and the effects of in-
terventions [28]. However, they require detailed epidemiological pa-
rameters, which are often unavailable during early outbreak stages or
retrospective analyses with incomplete data, as was the case here. Time-
series models like ARIMA (Autoregressive Integrated Moving Average)
are useful for short-term trend forecasting but lack the epidemiological
foundations needed for robust back-estimation of undetected cases [29].
Hierarchical Bayesian models offer strong flexibility by incorporating
uncertainty and prior knowledge, yet they demand significant compu-
tational resources and calibration effort [30]. The hybrid approach
adopted here, combining a negative binomial distribution with Richards'
growth model, proved particularly well-suited to the study objectives.
This methodology has previously demonstrated its reliability in recon-
structing hidden transmission phases during the early waves of COVID-
19 and SARS, especially in settings where detection was delayed. Its
successful application across diverse outbreaks reinforces its value in
retrospective modelling, particularly when dealing with delayed detec-
tion and missing symptom data [10-12].

Our analysis is subject to limitations. First, the negative binomial
model assumes a stable distribution of delays, which may not reflect
dynamic testing access or behaviour changes during the outbreak
described by others [22,26]. Second, symptom onset data are subject to
recall bias, especially in retrospective collection. Third, the model does
not account for asymptomatic transmission or underreporting in sub-
clinical cases. Regarding the latter, a previous study estimated a 62 %
infection-reporting rate in Portugal [14]. Despite these constraints, the
overall trajectory observed, progressing from undetected introduction to
confirmed community spread, matches the profile of other imported
epidemics [11,15]. Moreover, the persistence of clade IIb in Portugal, in
the absence of clade I introductions, may reflect specific transmission
dynamics and travel patterns [29,31].

Beyond reconstructing past transmission dynamics, the modelling
approach presented here provides actionable insights for strengthening
public health surveillance systems. By identifying the likely window of
undetected transmission, such retrospective analyses highlight critical
periods when enhanced diagnostic capacity, public awareness, or tar-
geted testing could have accelerated case recognition. Integrating real-
time modelling tools that account for diagnostic accuracy and report-
ing delays into national surveillance platforms, such as SINAVE, could
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enable earlier detection of anomalous transmission patterns and
improve situational awareness during emerging outbreaks. These in-
sights also support preparedness planning for other re-emerging or novel
pathogens, particularly in non-endemic regions where early warning
signals are easily overlooked. Such retrospective analyses can inform
prospective surveillance by identifying diagnostic and reporting delays
that affected early detection during the mpox outbreak. Recognizing
these gaps allows public health systems to adjust alert thresholds, refine
case definitions, and expand testing capacity more rapidly in future
events, thereby reducing the time between initial transmission and
detection.

In conclusion, this study demonstrates the silent circulation of mpox
in Portugal for nearly 50 days before official detection, emphasizing the
need for early and adaptive surveillance in non-endemic regions.
Mathematical modelling proved essential for reconstructing hidden
transmission phases. Strengthening laboratory-based detection, timely
data reporting, and integrated public health responses will be critical for
preventing future outbreaks and improving global preparedness against
emerging infectious diseases.

CRediT authorship contribution statement

Rita Cordeiro: Writing — review & editing, Writing — original draft,
Validation, Methodology, Investigation, Formal analysis, Conceptuali-
zation. Fernando da Conceicao Batista: Writing — original draft,
Validation, Software, Methodology, Formal analysis, Data curation,
Conceptualization. Ana Pelerito: Writing — review & editing, Investi-
gation. Isabel Lopes de Carvalho: Writing — review & editing, Inves-
tigation. Silvia Lopo: Writing — review & editing, Investigation. Raquel
Neves: Writing — review & editing, Investigation. Raquel Rocha:
Writing — review & editing, Investigation. Paula Palminha: Writing —
review & editing, Investigation. Maria José Borrego: Writing — review
& editing, Investigation. Maria Sofia Ntincio: Writing — review &
editing, Investigation. Joao Paulo Gomes: Writing — review & editing,
Writing — original draft, Validation, Supervision, Methodology, Inves-
tigation, Conceptualization.

Declaration of generative Al and Al-assisted technologies in the
writing process

During the preparation of this work the author(s) used ChatGPT
(GPT-5 model, OpenAl, accessed via https://chat.openai.com) in order
to assist in language editing, paragraph restructuring, and summariza-
tion. After using this tool/service, the author(s) reviewed and edited the
content as needed and take full responsibility for the content of the
published article.

Declaration of competing interest
None.
Acknowledgements

The authors acknowledge Fundacao para a Ciéncia e a Tecnologia
(FCT) for its financial support via the project CDRSP Funding (DOI:
10.54499/UID/04044/2025) and ARISE funding (DOI: 10.54499/LA/
P/0112/2020).

References

[1] Mitja O, Ogoina D, Titanji BK, et al. Monkeypox. Lancet 2023;401:60-74. https://
doi.org/10.1016/S0140-6736(22)02075-X.

[2] Antunes F, Cordeiro R, Virgolino A. Monkeypox: from a neglected tropical disease
to a public health threat. Infect Dis Rep 2022;14:772-83. https://doi.org/10.3390/
idr14050079.


https://chat.openai.com
https://doi.org/10.1016/S0140-6736(22)02075-X
https://doi.org/10.1016/S0140-6736(22)02075-X
https://doi.org/10.3390/idr14050079
https://doi.org/10.3390/idr14050079

R. Cordeiro et al.

[31

[4]

[5]

[6]

[7

—

[8

=

[91

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

World Health Organization. 2022-23 Mpox (Monkeypox) Outbreak: Global Trends
(accessed January 28, 2025). Available from, https://worldhealthorg.shinyapps.
io/mpx_global/; 24 January 2025.

World Health Organization. Mpox (monkeypox) outbreak 2022 - Global (accessed
January 28, 2025). Available from, https://www.who.int/emergencies/situation
s/monkeypox-oubreak-2022.

World Health Organization. Mpox: Multi-country External Situation Report no.45.
published 11 January 2025 (accessed January 28, 2025). Available from,
https://www.who.int/publications/m/item/multi-country-outbreak-of-mpox—exte
rnal-situation-report-45—11-january-2025.

European Centre for Disease Prevention and Control, Solna, Sweden. Surveillance
report: Weekly Communicable Disease Threats Report, week 4, 18-24 January
2025 (accessed January 28, 2025). Available from, https://www.ecdc.europa.eu/e
n/publications-data/communicable-disease-threats-report-18-24-january-20
25-week-4.

Abed Alah M, Abdeen S, Tayar E, et al. The story behind the first few cases of
monkeypox infection in non-endemic countries, 2022. J Infect Public Health 2022;
15(9):970-4. https://doi.org/10.1016/].jiph.2022.07.014.

Kumar R, Saxena B, Shrivastava R, et al. Mathematical modelling for COVID-19.
AIP Conf Proc 2025;3254(1):020017.

Anirudh A. Mathematical modeling and the transmission dynamics in predicting
COVID-19: what next in combating the pandemic. Infect Dis Model 2020;5:366-74.
https://doi.org/10.1016/j.idm.2020.06.002.

Batista FC, Cunha Jr A. Inferéncia dos estagios iniciais da COVID-19 em Portugal.
In: XXIII Congresso Brasileiro de Automatica; 2020.

Gianfelice PRL, Oyarzabal RS, Cunha Jr A, et al. The starting dates of COVID-19
multiple waves. Chaos 2022;32(3):031101. https://doi.org/10.1063/5.0076704.
Cunha Jr A, Batista FC, Gianfelice PRL, et al. EpidWaves: a code for fitting multi-
wave epidemic models. Software Impacts 2022;14:100393. https://doi.org/
10.1016/j.simpa.2022.100393.

Borges V, Duque MP, Martins JV, et al. Viral genetic clustering and transmission
dynamics of the 2022 mpox outbreak in Portugal. Nat Med 2023;29(10):2509-17.
https://doi.org/10.1038/541591-023-02542-x.

Paredes MI, Ahmed N, Figgins M, et al. Underdetected dispersal and extensive local
transmission drove the 2022 mpox epidemic. Cell 2024;187(6):1374-1386.e13.
https://doi.org/10.1016/j.cell.2024.02.003.

Siewe N, Greening Jr B, Fefferman NH. Mathematical model of the role of
asymptomatic infection in outbreaks of some emerging pathogens. Trop Med Infect
Dis 2020;5(4):184. https://doi.org/10.3390/tropicalmed5040184.

Burstyn I, Goldstein ND, Gustafson P. It can be dangerous to take epidemic curves
of COVID-19 at face value. Can J Public Health 2020 Jun;111(3):397-400. https://
doi.org/10.17269/541997-020-00367-6 [Epub 2020 Jun 23].

Burstyn I, Goldstein ND, Gustafson P. Towards reduction in bias in epidemic curves
due to outcome misclassification through Bayesian analysis of time-series of

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]
[29]

[30]

[31]

Global Epidemiology 11 (2026) 100238

laboratory test results: case study of COVID-19 in Alberta, Canada and
Philadelphia, USA. BMC Med Res Methodol 2020 Jun 6;20(1):146. https://doi.org/
10.1186/512874-020-01037-4.

Wu JT, Ho A, Ma ES, Lee CK, Chu DK, Ho PL, et al. Estimating infection attack rates
and severity in real time during an influenza pandemic: analysis of serial cross-
sectional serologic surveillance data. PLoS Med 2011 Oct;8(10). https://doi.org/
10.1371/journal.pmed.1001103. €1001103. [Epub 2011 Oct 4].

Tamakloe MD, Kuuwill A, Osumanu I, Siripi H. Mathematical modelling and time
series clustering of Mpox outbreak: a comparative study of the top 10 affected
countries and implications for future outbreak management. Glob Epidemiol 2025
Jul 27;10:100214. https://doi.org/10.1016/j.gloepi.2025.100214,

Perez Duque M, Ribeiro S, Martins JV, et al. Ongoing monkeypox virus outbreak,
Portugal, 29 April to 23 May 2022. Euro Surveill 2022;27(22). https://doi.org/
10.2807/1560-7917.ES.2022.27.22.2200424.

Cordeiro R, Pelerito A, de Carvalho IL, et al. An overview of monkeypox virus
detection in different clinical samples and analysis of temporal viral load dynamics.
J Med Virol 2024;96:€70104. https://doi.org/10.1002/jmv.70104.

Chattamvelli R, Shanmugam R. Negative binomial distribution. In: Discrete
distributions in engineering and the applied sciences. Synthesis lectures on
Mathematics & Statistics. Cham: Springer; 2020. https://doi.org/10.1007/978-3-
031-02425-2 5.

Richards FA. Flexible growth function for empirical use. J Exp Bot 1959;10(2):
290-301.

Hsieh YH, Lee JY, Chang HL. SARS epidemiology modeling. Emerg Infect Dis 2004;
10(6):1165-7. https://doi.org/10.3201/eid1006.030624.

Hsieh YH. Pandemic influenza a (HIN1) during winter influenza season in the
southern hemisphere. Influenza Other Respir Viruses 2010;4(4):187-97. https://
doi.org/10.1111/j.1750-2659.2010.00143.x.

Ross SM. Introductory statistics. 3" ed. Amsterdam: Elsevier; 2010.
Directorate-General of Health. Guideline N° 004/2022 Management of mpox cases
from May 31, 2022. updated as of March 8, 2024. Available from, https://www.
dgs.pt/saude-a-a-z.aspx?v=%3d%3dBAAAAB%2bLCAAAAAAABABLszUOAWAr
k10aBAAAAA%3d%3d#saude-de-a-a-z/monkeypox/normas-e-orientacoes.
Hethcote HW. The mathematics of infectious diseases. SIAM Rev 2000;42(4):
599-653. https://doi.org/10.1137,/50036144500371907.

Box GEP, Jenkins GM, Reinsel GC, et al. Time series analysis: Forecasting and
control. 5th ed. Hoboken (NJ): J ohn Wiley & Sons; 2015.

Allenby GM, Rossi PE, McCulloch RE. Hierarchical Bayes models: a practitioner’s
guide [Internet]. Rochester (NY): Social Science Research Network; 2005 Jan.
https://doi.org/10.2139/ssrn.655541 [Cited 2025 may 8]. Available from.
Cordeiro R, Caetano CP, Sobral D, et al. Viral genetics and transmission dynamics
in the second wave of mpox outbreak in Portugal and forecasting public health
scenarios. Emerg Microbes Infect 2024;13(1):2412635. https://doi.org/10.1080/
22221751.2024.2412635.


https://worldhealthorg.shinyapps.io/mpx_global/
https://worldhealthorg.shinyapps.io/mpx_global/
https://www.who.int/emergencies/situations/monkeypox-oubreak-2022
https://www.who.int/emergencies/situations/monkeypox-oubreak-2022
https://www.who.int/publications/m/item/multi-country-outbreak-of-mpox--external-situation-report--45---11-january-2025
https://www.who.int/publications/m/item/multi-country-outbreak-of-mpox--external-situation-report--45---11-january-2025
https://www.ecdc.europa.eu/en/publications-data/communicable-disease-threats-report-18-24-january-2025-week-4
https://www.ecdc.europa.eu/en/publications-data/communicable-disease-threats-report-18-24-january-2025-week-4
https://www.ecdc.europa.eu/en/publications-data/communicable-disease-threats-report-18-24-january-2025-week-4
https://doi.org/10.1016/j.jiph.2022.07.014
http://refhub.elsevier.com/S2590-1133(25)00056-2/rf0040
http://refhub.elsevier.com/S2590-1133(25)00056-2/rf0040
https://doi.org/10.1016/j.idm.2020.06.002
http://refhub.elsevier.com/S2590-1133(25)00056-2/rf0050
http://refhub.elsevier.com/S2590-1133(25)00056-2/rf0050
https://doi.org/10.1063/5.0076704
https://doi.org/10.1016/j.simpa.2022.100393
https://doi.org/10.1016/j.simpa.2022.100393
https://doi.org/10.1038/s41591-023-02542-x
https://doi.org/10.1016/j.cell.2024.02.003
https://doi.org/10.3390/tropicalmed5040184
https://doi.org/10.17269/s41997-020-00367-6
https://doi.org/10.17269/s41997-020-00367-6
https://doi.org/10.1186/s12874-020-01037-4
https://doi.org/10.1186/s12874-020-01037-4
https://doi.org/10.1371/journal.pmed.1001103
https://doi.org/10.1371/journal.pmed.1001103
https://doi.org/10.1016/j.gloepi.2025.100214
https://doi.org/10.2807/1560-7917.ES.2022.27.22.2200424
https://doi.org/10.2807/1560-7917.ES.2022.27.22.2200424
https://doi.org/10.1002/jmv.70104
https://doi.org/10.1007/978-3-031-02425-2_5
https://doi.org/10.1007/978-3-031-02425-2_5
http://refhub.elsevier.com/S2590-1133(25)00056-2/rf0115
http://refhub.elsevier.com/S2590-1133(25)00056-2/rf0115
https://doi.org/10.3201/eid1006.030624
https://doi.org/10.1111/j.1750-2659.2010.00143.x
https://doi.org/10.1111/j.1750-2659.2010.00143.x
http://refhub.elsevier.com/S2590-1133(25)00056-2/rf0130
https://www.dgs.pt/saude-a-a-z.aspx?v=%3d%3dBAAAAB%2bLCAAAAAAABABLszU0AwArk10aBAAAAA%3d%3d#saude-de-a-a-z/monkeypox/normas-e-orientacoes
https://www.dgs.pt/saude-a-a-z.aspx?v=%3d%3dBAAAAB%2bLCAAAAAAABABLszU0AwArk10aBAAAAA%3d%3d#saude-de-a-a-z/monkeypox/normas-e-orientacoes
https://www.dgs.pt/saude-a-a-z.aspx?v=%3d%3dBAAAAB%2bLCAAAAAAABABLszU0AwArk10aBAAAAA%3d%3d#saude-de-a-a-z/monkeypox/normas-e-orientacoes
https://doi.org/10.1137/S0036144500371907
http://refhub.elsevier.com/S2590-1133(25)00056-2/rf0145
http://refhub.elsevier.com/S2590-1133(25)00056-2/rf0145
https://doi.org/10.2139/ssrn.655541
https://doi.org/10.1080/22221751.2024.2412635
https://doi.org/10.1080/22221751.2024.2412635

	Undetected circulation of monkeypox virus in Portugal: Evidence for a 50-day gap before first detection
	Introduction
	Methods
	Study population and data processing
	Mathematical models framework
	Ethics considerations

	Results
	Estimated timeline of first positive cases
	Determination of stationary MA of positives cases
	Delay between symptom onset and sample collection dates
	Simulation of unavailable symptoms onset dates
	Estimated onset window for the first putative case

	Discussion
	CRediT authorship contribution statement
	Declaration of generative AI and AI-assisted technologies in the writing process
	Declaration of competing interest
	Acknowledgements
	References


